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Synopsis 

The placenta is a unique organ critical for the growth and development of the fetus. The 

placenta provides the link between maternal and fetal circulations, supplying nutrients and oxygen, 

removing waste and regulating metabolic and hormonal responses in both mother and fetus. The 

placenta develops from a single cell mass with a common cell progenitor diverging down multiple 

pathways responsible for the development of many cell lineages. Among these cell lineages is the 

villous trophoblast which form the junction for the aforementioned maternal and fetal interface. 

This junction consists of underlying cytotrophoblast cells which fuse and differentiate into a 

multinucleated syncytium. During this transformation from cytotrophoblast to syncytiotrophoblast, 

the organelles which accompany these cell types also undergo morphological and functional 

changes. This PhD will investigate these changes in organelle morphology and function. 

 

Cell studies on transformed placental trophoblast cells, Swan-71’s, in Chapter 2 examined the 

effect of endoplasmic reticular (ER) stress on mitochondrial function and dynamics under acute 

and chronic exposure. The aim of this work was to address the interactions between mitochondria 

and endoplasmic reticular stress which converges on pathways often associated with mitochondria 

dysfunction, that have been proposed to play a role in gestational disorders. It has been established 

that alterations in ER stress effects mitochondrial functionality in different ways dependent on 

exposure time and the pathway of ER stress initiated. Mitochondrial alterations in bioenergetics, 

reactive oxygen species production, mitochondrial dynamics and key metabolic proteins associated 

with differentiation were assessed under normal conditions and after induction of ER stress. 

 

While finding that ER stress does initiate mitochondrial dysfunction, the translatability of such 

a finding was difficult to ascertain due to examining a trophoblast precursor cell (most similar to 

the cytotrophoblast) containing a mostly uniform mitochondrial population in contrast to the vastly 

different populations observed in the placenta. Investigations in Chapter 3 aimed to optimise 

isolation methodology enabling the characterisation of mitochondria from the cytotrophoblast and 

syncytiotrophoblast cell lineages. These studies provided an experimental model to assess the 

bioenergetic and metabolic alterations between these different mitochondria, laying a foundation 

for future studies to be translated and the continued examination of mitochondrial interactions in 

pathologies. Chapter 4 utilised the optimized protocol to generate a proteomic profile of the 

mitochondrial populations from the placenta post differentiation, identifying key proteins involved 
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in the mechanisms which may drive this previously speculative process. Through this 

characterisation we established a more comprehensive understanding of mitochondrial 

transformations associated with trophoblast differentiation. We further investigated altered protein 

expression patterns in carbohydrate, fatty acid and amino acid metabolism, in combination with 

key structural proteins within the electron transport chain that were significantly altered. These 

findings expanded our knowledge and proposed mechanisms by which the previously observed 

alterations in mitochondrial functionality may occur. 

 

This was followed by an investigation into gestational disorders in Chapter 5 through 

examination of gestational diabetes mellitus (GDM) in placental samples. The aim of this 

investigation was to examine bioenergetic and metabolic pathways to determine if mitochondrial 

dysfunction occurred as a result of alterations in the previously identified mechanisms and proteins; 

with the specific intent to assess mitochondria from both cell lineages individually. The purpose of 

this was to ascertain if contradictory findings on mitochondrial function in GDM were as a result 

of whole tissue analysis, therefore not accounting for the differing mitochondrial populations 

present in the placenta. 

 

Overall, the findings presented in this thesis establishes that mitochondria and the ER are 

intrinsically linked through functionality, the implication of which require further investigation in 

the placenta. However, with the comprehensive characterisation of the two mitochondrial 

populations present in the cytotrophoblast and syncytiotrophoblast, this interaction can now be 

more thoroughly studied. This body of work identifies key mitochondrial pathways which are 

altered between the two populations, identifying mechanisms which may drive mitochondrial 

transformation within the placenta. Observations which have previously been speculative based on 

morphological appearance alone. This thesis provides a well characterised physiological basis for 

future work into placental mitochondria. Further, this body of work forms a critical foundation 

when assessing the importance of mitochondria in pathologies. While often linked to pathologies 

through mitochondrial dysfunction, this thesis highlights the importance of assessing isolated 

mitochondria from pathological placentae in order to minimise the often contradicting results in 

the literature obtained due to examination of whole tissue, thereby, not accounting for the different 

physiology of the mitochondrion in the placenta. This body of work identified that mitochondrial 

appear dysfunctional in GDM and proposed mechanisms which may be involved in the 

pathogenesis of the disorder although mechanisms underpinning this require further examination. 
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Chapter 1  
Literature Review 

 

Overview 

This chapter will provide a detailed background into placental physiology and 

trophoblast lineages throughout gestation, expanding to encompass gestational complications 

of pregnancy and establish the link between mitochondrial and endoplasmic reticulum function 

and optimal placental physiology. This chapter is a combination of published and unpublish 

work and as such examines placental physiology, mitochondria physiology, mitochondrial 

dysfunction and pathways associated with pregnancy complications, and the emerging field of 

endoplasmic reticulum and mitochondrial interactions within the placenta. Upon review of the 

literature, it is clear that mitochondrial function is vital to placental and fetal health; alterations 

to normal function drives many pathways associated with placental dysfunction. This is further 

complicated by the non-uniformity and differences in mitochondria within the placenta and the 

complex bidirectional relationship mitochondria share with other cellular organelles. 
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The Placental Interface 

Introduction 

The placenta is a highly specialised organ which forms the interface between maternal 

and fetal circulation for the purpose of supporting growth and development. Once fully 

developed the placenta consists of fetal tissue derived from the chorionic sac and maternal 

tissue derived from the endometrium. The fetal membrane encompasses the fetus throughout 

pregnancy before undergoing programmed rupture upon labour. The fetal membrane consists 

of a fetal-facing amnion and the maternal-facing chorion [1]. The amnion can be further divided 

into five layers beginning at the amniotic epithelium which contacts the amniotic fluid, 

followed by the compact, fibroblast, and spongy layers. The chorion is divided into three layers, 

reticular, basement membrane and trophoblast region. While the placental membrane consists 

of four layers; maternal facing syncytiotrophoblast, cytotrophoblasts, connective tissue of the 

villous and an endothelial layer which line the fetal capillaries [1] (Figure 1). 

The function and development of the placenta and the various cell lineages are therefore 

vitally important during gestation for both maternal and fetal health. If the placenta loses the 

ability to facilitate fetal demand at any stage throughout gestation due to impeded or defective 

cellular differentiation, insufficient implantation, perfusion or dysfunction at either a systemic 

or subcellular level, gestational disorders such as intrauterine growth restriction (IUGR), 

preeclampsia (PE) and gestational diabetes mellitus (GDM) may arise. Gestational 

complications account for 99% of all maternal deaths in developing countries [2, 3]. Though 

often thought of as an issue for developing countries, in Australia, PE occurs in 5-10% of 

pregnancies and account for 15% of maternal mortality and 10% of perinatal mortality [4, 5]. 

While GDM effects 4.6% of all women who gave birth aged 15-49 diagnosed with the disorder. 

Alarmingly, these disorders are increasing in Australia [6], and therefore pose an important 

area of research given the burden of disease extends past the immediate pregnancy 

complications, predisposing both the mother and fetus to detrimental health outcomes such as 

diabetes mellitus, cardiovascular and renal disease later in life {REF} While the majority of 

the gestational disorders can be monitored, treatments and cures are currently restricted by our 

limited understanding of the pathogenesis of the disorders. Treatment for PE for example, 

consists of only early delivery, while GDM is monitored and managed by either diet, insulin or 

pharmacological intervention until delivery. 
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It is almost certain that the limited of knowledge of mechanistic causes of these 

disorders and organelle interaction within placental cell lineages contributes to the lack of 

preventative measures and treatments. Research into the underpinning mechanisms driving 

pathogenesis, through observing alterations in organelle function, interactions in different cell 

lineages and the placenta as a whole, is crucial in furthering our knowledge and understanding. 

Such research will provide insight into the progression and mechanistic changes of these 

disorders and thus may result in the development of preventative strategies and novel 

treatments, and ultimately reduce morbidity and mortality associated with these conditions. 

Figure 1: Placental anatomy; frontal (coronal) plan of the placenta, enabling structural 

analysis and visualisation of the organ. Taken from “The developing human”[1]. 

Implantation and development of the placenta 

To begin to investigate placental dysfunction, it is important to first highlight the unique 

developmental cycle of this highly dynamic, transient organ. The placenta undergoes vast 

biological changes over its transient 40-week period of existence; these changes compound the 

complex nature of placental research as the stage of development and specific cell lineages must 

be considered. Here we examine the physiology of normal placental development and 
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summarise the many crucial steps necessary for optimum placental function and cellular 

transformation. 

In order to sustain the growth and development of the embryo, the placenta must first 

develop the physical connection to the mother through implantation and placentation. Prior to 

implantation, the fertilized zygote divides, creating a totipotent cell with the morula enclosed 

within the zona pellucida (3 days) and the compaction of the morula results in an early 

blastocyst (4 days). Blastocyst formation (day 6) indicates the first stage of implantation and is 

characterised by the differentiation of embryonic cells into three unique extraembryonic 

precursor cell lineages of the placenta. Firstly, a trophectoderm layer is formed around the 

outside of the morula. The trophectoderm consists of specialized epithelial cells called 

trophoblasts which create the physical connection between embryo and the endometrium of the 

uterus. The remaining undifferentiated cells form the inner cell mass (ICM) inside the 

trophectoderm layer and develop into the fetus [7]. To aid implantation, physiological 

preparation of the maternal endometrium is modulated through hormonal mechanisms, 

progesterone and 17β-estradiol, which in turn alter growth factors, cytokines and adhesion 

molecule expression on the endometrial surface [8]. This physiological change to the 

endometrium is referred to as decidualisation and results in the formation of the decidua. 

Initiation of decidualization results in endometrial cells undergoing functional changes 

including enlargement of connective tissue of the decidua as glycogen and lipids accumulate 

in their cytoplasm resulting in pale-stained decidual cell [1]. Preceding attachment to the 

decidua, the zona pellucida surrounding the blastocyst is lost, enabling immediate proliferation 

of the trophoblast layer upon attachment. 

Subsequent to attachment, trophoblastic differentiation occurs along two main 

pathways, villus (non-migratory) or extravillous (migratory) [1]. Trophoblastic proliferation 

down the villous pathway results in differentiation to form the inner cytotrophoblastic layer 

which then fuses to form a multinucleated syncytium referred to as the syncytiotrophoblastic 

layer [7]. The role of the syncytiotrophoblast is to extend into the endometrial connective tissue 

displacing endometrial cells at the implantation site. The depth of invasion is, in part, mediated 

by endothelial cells in conjunction with adhesion molecule (integrins), cytokines, 

prostaglandins, hormones (human chorionic gonadotropin (hCG) and progesterone), growth 

factors and enzymes [8, 9].  As the amnion, embryonic disk and umbilical vesicle form, lacunae 

(gaps in the decidua) appear in the syncytiotrophoblast (day 9) [7]. Lacunae fill with a mixture 
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of maternal blood from ruptured endometrial capillaries and establish the primordial 

uteroplacental circulation. The blastocyst then sinks below the endometrial epithelium and is 

filled by a closing plug (day 10). Lacunae begin to fuse establishing the lacunar network (12 

days), while syncytiotrophoblast cells erode endometrial blood vessels enabling maternal blood 

to move in and out of the lacunar network through the spiral endometrial arteries and 

endometrial veins. This exchange of blood is the beginning of the uteroplacental circulation. 

At this stage the glycoprotein hormone hCG produced from syncytiotrophoblasts can enter the 

maternal circulation via lacunae. hCG maintains hormonal activation of the corpus luteum, an 

endocrine gland whose primary role is the secretion of estrogen and prostaglandin, essential 

for the continuation of pregnancy. 

Concluding implantation and initiating placentation, proliferating cytotrophoblasts 

cells form columns or vascular processes from the chorion called villi and invade deep into the 

endometrium (day 14). These villious columns consist of cytotrophoblast cells with fused 

primitive syncytium on the outer layer of the chorionic villi. The primary villi consist of 

invaginations of syncytiotrophoblast cell with the aforementioned cytotrophoblast, and form 

the core interface between fetal and maternal compartments [7]. Exchange occurs primarily at 

the terminal villi, which project into the intervillous space while anchoring or stem villi remain 

attached to the basal plate and give rise to the invasive cytotrophoblast columns [10]. 

Vascularisation commences at the start of the third week with the branching of the primary 

villi. Mesenchymal cells then grow into the villi forming mesenchymal cores and become 

secondary villi covering the chorionic sac. Mesenchymal cells within the villi then differentiate 

into capillaries and blood cells; once blood vessels are visible, they are referred to as tertiary 

chorionic villi [10]. Embryonic blood flows into the intervillous space (day 21) diffusing 

through the villi and into the fetal capillaries [1]. 

Cytotrophoblast cell columns undergo further differentiation into endovascular 

trophoblasts and interstitial trophoblasts (migratory, extravillous pathway). Endovascular 

trophoblasts invade the decidua migrating to and penetrating the maternal blood vessels 

resulting in remodeling of the uterine spiral arteries. Remodeling consequently produces 

dilated, compliant uterine arterioles unresponsive to maternal vasomotor control [11]. 

Endovascular  cytotrophoblast  cells  are  also  responsible  for  the  low  oxygen environment 

<20mmHg (first 8 weeks) in the first trimester of pregnancy [12]. This is due to the formation 
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of endovascular cytotrophoblast “plugs” in the uterine spiral arterioles [13]. Interstitial 

trophoblasts prompt expansion of the placenta through the conscription of maternal arterioles 

and the growth of the villous region. At around 8 weeks of pregnancy, the interstitial 

trophoblast form terminally differentiated multinucleated giant cells which migrate into the 

decidua and myometrium. At approximately week 12, maternal blood begins to flow through 

the newly transformed maternal spiral arteries into the intervillous space increasing the oxygen 

tension to >50mmHg [12] and concluding the first trimester. The final phase in placental 

vascular development occurs at the beginning of the third trimester (24-26 weeks). During this 

phase, non-branching angiogenesis occurs, resulting in longitudinal looping and coiling of the 

capillaries and the formation of terminal villi, dramatically increasing surface area to volume 

ratio [14]. Terminal villi recruitment and growth of the placenta serves to meet the growing 

metabolic demands of the fetus and the site of nutrient, gas and waste exchange between mother 

and fetus. 

This complex and multifaceted development of the placenta and the various cell 

lineages is primarily to establish the placenta as an organ responsible for sufficient 

physiological exchange of nutrients and maintaining pregnancy through hormonal regulation. 

With various cells responsible for a multitude of roles the focus of this research was on the 

villous trophoblast (cytotrophoblast and syncytiotrophoblast), due to their primary role as the 

site for exchange between maternal and fetal circulation and role in hormonal regulation. 

Accompanying this, trophoblast differentiation and change in cell morphology from 

cytotrophoblast into syncytiotrophoblast alterations are observed in the accompanying 

organelles, none of which experience a more dramatic morphological change than the 

mitochondrion. An important yet not well understood change given the differing metabolic and 

hormonal need of all cell types throughout these complicated developmental and proliferative 

stages. 

Placental exchange and role in metabolism 

By the end of week 12, the anatomical structures required for the physiological 

exchange of oxygen, water, carbohydrates, lipids, amino acids, vitamins and minerals, and 

removal of carbon dioxide and other waste products are well established. However, prior to 

this, the placenta obtains nutrition primarily through trophoblastic phagocytosis of endometrial 

glandular secretions including the aforementioned glycogen and accompanying glycoproteins 
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recruited to the endometrium in preparation for implantation [15]. With the vascular network 

completed (week 12), maternal fetal exchange is enabled through the intervillous space at the 

terminal villi consisting of syncytiotrophoblast cells allowing for the vital exchange of nutrients 

and hormones as discussed here. 

Carbohydrates 

 
Transport of carbohydrates is primarily in the form of glucose which acts as the 

predominant source of energy for the fetus. Transport of glucose occurs by facilitated diffusion 

across the placenta from maternal to fetal circulation; this is necessary as the fetus has limited 

capability of gluconeogenesis. Transport is mediated by glucose transporters (GLUT), 

principally GLUT1 isoform located in the maternal blood-facing (microvillous) and fetal 

capillary-facing (basal) membranes of syncytiotrophoblasts [16]. The transport of glucose 

across the microvillous membrane of the syncytiotrophoblast is the rate limiting step [17]. The 

importance of placental GLUT transporters in the regulation of glucose into the placenta may 

directly impact the amount of glucose available to enter the Krebs cycle as pyruvate, ultimately 

regulating mitochondrial and therefore placental metabolism. Further, multiple GLUT 

transporters have been observed in the placenta in varying cell lineages as summarised in 

(Table 1), which clearly illustrates the diverse metabolic demand of the placenta and specific 

cell types throughout gestation. 

 

Table 1. Illustrates the multiple GLUT transporters which are present in the placenta and 

elaborates on their role. 

GLUT isoform Location of GLUT transporter Suggested role of GLUT 

transporter 

Reference 

GLUT3 Endothelial cells lining fetal 

capillaries 

Regulating glucose levels between 

endothelial cell and the blood 

[15, 16] 

GLUT4 Placental stromal cells May be involved in the conversion of [15, 16] 

  glucose to glycogen in response to  

  insulin in the fetal circulation  

GLUT8 Found in term placenta  [15, 16] 

GLUT9 Expressed in syncytiotrophoblast 

cells on both the basal membrane 

May play a role in diabetes- 

complicated pregnancies 

[15, 17] 

 and microvillous membrane   
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GLUT10   [15, 18] 

GLUT12 Villous vessel smooth muscle cells  [15, 16] 

 and villous stromal cells   

Lipids 

Lipid transport is necessary for cellular growth, metabolism, hormone production and 

as a constituent of cell membranes. Lipid transportation includes the sequestration of 

phospholipids, free fatty acids (FFA), triacylglycerols and cholesterol. Lipids bound to proteins 

such as FFA bound to serum albumin in plasma, non-esterified free fatty acids (NEFA), and 

glycerol can diffuse into the syncytiotrophoblast across the membrane. Phospholipids, 

cholesterol and triacylglycerol from maternal lipoprotein complexes are taken up directly via 

specific lipoprotein receptors or released as FFA from complexes via lipoprotein lipase on the 

maternal surface of the placenta [16, 20]. The availability of FFA transporters to mediate lipids 

may directly regulate lipid metabolism and the hormonal production within the placenta via 

mitochondrial β-oxidation and steroidogenic pathways. 

Amino acids 

 
Amino acid transport (AA) is essential for fetal protein synthesis allowing growth and 

development. Fetal AA concentration is normally greater than that of the maternal levels [21] 

with 20 specific active transporters identified in the microvillous or basal syncytiotrophoblast 

membranes well defined elsewhere [22, 23]. 

Although uptake of nutrients is important and often associated with placental function, 

how these nutrients are used for metabolic and bioenergetic homeostasis, hormonal synthesis 

and the bioavailability of nutrients for anabolism in the fetus and placenta throughout gestation 

are not well understood and thus is of particular interest to this thesis. These processes are 

centred on the mitochondrion within the cytotrophoblast and syncytiotrophoblast cell lineages 

and their respective metabolism and adaptions to perform specific roles. 

Hormonal Activity 

 
The placenta performs as an endocrine organ with roles in hormonal activation 

accountable for communication between fetus and mother. The placenta has endocrine, 

paracrine and autocrine factors and produces; oestrogens, progesterone, hCG, gonadotrophin- 
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releasing hormone, placental lactogen (hPL), cytokines, chemokines, growth hormones 

(insulin-like growth factors I and II, platelet-derived growth factors) among others [17, 24, 25]. 

The importance of hCG has been previously mentioned. Progesterone inhibits uterine 

contractions, maintains the endometrium and suppresses maternal immunological response to 

fetal antigens [20]. hPL acts maternally to promote breast tissue for later lactation, while also 

effecting maternal metabolism through glucose use and fat mobilization. Hormonal synthesis 

from the placenta occurs, in part, in the syncytiotrophoblast, with the unique mitochondria 

present in this cell lineage responsible for key enzymatic steps involved in the synthesis of 

these hormones [26]. These include mitochondrial specific proteins such as Cytochrome P450 

Family 11 subfamily A Member 1 (CYP11A1), also known as P450scc, and cholesterol side 

cleavage enzyme necessary to produce pregnenolone, a precursor of progesterone [27]. 

Any alteration in the previously mentioned pathways would have direct implications on 

mitochondria which reside within the two specific trophoblast lineages. Impacting fetal 

development through alterations in metabolic substrate supply, hormonal 

regulation/dysregulation, including key growth factors, and hormonal maintenance of 

pregnancy. Similarly, any alterations in mitochondrial function/dysfunction associated with 

trophoblast differentiation would affect the ability of the placenta to function adequately, thus 

initiating placental dysfunction and progression of pregnancy pathologies. The following 

section discusses the role of mitochondria in placental physiology, establishes the key 

differences associated with placental mitochondria post trophoblast differentiation and how 

these changes may effect, or be caused by, other organelles ultimately leading to pregnancy 

pathologies. 

 

Mitochondrial structure and function 

Mitochondria are organelles responsible for the generation of cellular energy in the 

form of adenosine triphosphate (ATP). Despite residing inside cells, mitochondria retain their 

own genome (mtDNA) comprising of genes which encode for proteins associated with ATP 

production, enzymatic activity, replication, and mitochondrial morphology [28]. Mitochondria 

are dynamic, semi-autonomous organelles, separated from the cytoplasm by two membranes 

referred to as the inner and outer membrane. The outer membrane enables movement of ions 

and small uncharged particles to pass through porins which include voltage dependent anion 

channels (VDAC’s) [29]. Larger molecules, however, must be imported by translocases and 
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due to the permeability and importance of ion movement the outer mitochondrial membrane 

has no membrane potential. The inner mitochondrial membrane strictly regulates uptake of ions 

and molecules through selective transport proteins. The selectivity of the inner mitochondrial 

membrane an electrochemical gradient equivalent to 180 mV is established, and referred to as 

the membrane potential (∆Ψm) [29]. The intermembrane space lies between the inner and outer 

membrane, while the interior of the mitochondrion is referred to as the 

mitochondrial matrix. The matrix is the mitochondrial site of transcription, protein synthesis 

and enzymatic reactions including the KREB cycle (Figure 2). 

 

 

 
Figure 2: Components of the mitochondrion. 

 
ATP is generated predominantly by oxidative phosphorylation, which involves the use 

and creation of an electrochemical gradient within mitochondria as previously mentioned. This 

gradient is then utilised to generate ATP from adenosine diphosphate (ADP). More specifically, 

the inner membrane contains cristae structures, which are tubular like protrusions of the inner 

membrane into the matrix and are the main site of oxidative phosphorylation. The cristae 

incorporate all complexes of the electron transport chain and ATP synthase. The electron 

transport chain is a series of five multiprotein complexes that act by accepting and donating 

electrons, complex I (NADH/ubiquinone dehydrogenase), complex II (succinate 

dehydrogenase), complex III (cytochrome c reductase), complex IV (cytochrome c oxidase) 

and complex V (ATP synthase) [29]. Complex I, III and IV create an electrochemical gradient 

by transferring protons in the form of H+ ion across the inner mitochondrial membrane. 

Complex I accepts two electrons from NADH produced in the KREB cycle whilst NADH is 
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reduced to NAD+ by Flavin mononucleotide (FNM) within complex I, resulting in electrons 

shifting to FMNH2. The electrons are then transferred via iron-sulphur clusters (Fe-S) within 

complex I to the lipid soluble ubiquinone (Q). Ubiquinone is reduced to quinol (QH2), releasing 

energy in the process shifting four protons from the matrix into the cristae lumen and the inner 

membrane space. Additional electrons enter the ETC through complex II from succinate and 

are directly transferred via flavin adenine dinucleotide (FAD) to Q, then reduced to QH2. 

Complex III then accepts electrons from the reduced quinol and passes them to cytochrome c, 

exchanging one electron from the matrix to the cristae. Complex IV accepts electrons from 

cytochrome c transferring them to the terminal electron donor oxygen, utilising four protons 

and resulting in water. Complex V uses the electrochemical gradient established throughout 

this process to drive ATP synthase, producing ATP via oxidative phosphorylation of adenosine 

diphosphate (ADP) and inorganic phosphate [30] (Figure 3). 

 

Figure 3: Schematic of the mitochondrial electron transport chain, electron flux through 

the complexes is indicated with the dashed line. ROS generation is summarised in the 

mitochondrial matrix within the red box. 

The production of ATP is critical in maintaining cellular homeostasis, regulating cell 

division, maintenance of cellular membrane potential (∆Ψm), cellular folding and degradation 

of proteins. Mitochondria are also responsible for cell signaling and are integral regulators of 

cell stress and viability through autophagic and apoptotic pathways. Alterations to 

mitochondrial homeostatic parameters is deemed mitochondrial dysfunction and has been 
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associated with a wide array of disorders, encompassing cardiovascular disease, diabetes, 

neurological disorders and recently gestational disorders [31]. Many of these disorders centre 

around oxidative stress, during oxidative phosphorylation as mitochondria utilise oxygen, 

consequently producing ROS. 

Placental Mitochondria 

Morphology 

As previously discussed, syncytiotrophoblast cells are derived from the fusion of 

cytotrophoblast into a multinucleated syncytium, as such both cell types have different 

functional properties. Differentiation involves more than just morphological change and is 

reflected in the mitochondrion observed in the cell lineages. Cytotrophoblast mitochondria are 

relatively larger and have a stereotypical shape with lamellar cristae, whereas 

syncytiotrophoblast mitochondria are small, more spherical, have tubular cristae and a less 

dense matrix (Figure 4) [32, 33]. 

 

Figure 4: Placental mitochondria. Mitochondria of cytotrophoblasts have a classical 

morphology, whereas in the syncytiotrophoblast mitochondria are smaller with a less well- 

defined cristae structure [34]. 

 
Steroidogenesis 
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Steroid hormones are derivatives of cholesterol which are synthesized in numerous tissues 

including, adrenal, gonadal, brain and placenta [35]. Critical to this process is mitochondria, 

more specifically the flux of cholesterol into mitochondrial membranes where specislised 

enzymes convert cholesterol into precursors in the synthesis pathway. It has been stated that 

both the rate limiting step and regulations of this vital pathways converges at mitochondria 

[35]. Specifically, in the placenta the small size of syncytiotrophoblast mitochondria has been 

suggested to aid in their steroidogenic function, as the most common sterol carrier protein 

family member responsible for mitochondrial cholesterol transport in other tissues — 

steroidogenic acute regulatory protein (StAR)— normally found on the outer mitochondrial 

membrane is not expressed in the placenta. However, the cleavage enzyme P450scc a 

cholesterol side-chain cleavage enzyme in the inner mitochondrial membrane which converts 

cholesterol into pregnenolone the precursor of progesterone [36] is found in much higher levels 

in syncytiotrophoblast mitochondria then cytotrophoblasts [27, 33]. It has been proposed that 

MLN64 an endosomal membrane protein containing the domain for cholesterol binding 

identified in syncytiotrophoblasts initiates the endocytosis of cholesterol into the 

mitochondrion in the absence of StAR. MLN64 snares to the mitochondrial membrane by 

interacting with structurally similar protein StAR related lipid transfer domain containing 3 

(STARD3), which attaches during the late endosome stage and promotes cholesterol flux [37]. 

It is through this mechanism that the proposed morphological changes benefit steroidogenesis 

as cholesterol may be transported more efficiently across membranes of smaller mitochondria 

[33, 37]. 

 

Structure 

Along with physiological adaptions to aid in steroidogenic function the reduced size 

and irregularity, cristae morphology observed in syncytiotrophoblasts [38] has been attributed 

to changes in electron transport chain (ETC) complexes. ATP synthase, complex V as 

previously discussed, consists of two functional domains the F1 and F0. F1 comprises of 5 

different subunits three α and β, and a single γ, δ, ε which correspond in the mitochondrial 

matrix. F0 is comprised of a, b, c, d, F6 and subunits e, f, g and A6L. F0 lays in the intermembrane 

space and allows protons to be transferred through to the matrix, F1 utilises the electrochemical 

gradient to phosphorylate ADP to ATP [39]. Reduction in F1F0 ATP synthase supercomplex 

dimerization, may limit self-association in the mitochondrial membrane altering curvature and 
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effecting formation of typical mitochondrial shape [38, 40]. Additionally, mitochondrial ability 

to form complex V dimers has been shown to effect cristae morphology, with decreased 

dimerization associated with tubular cristae [38, 41, 42]. Cristae structure has an irrefutable 

effect on ATP production due to the limited surface area for ETC complexes to be distributed. 

Furthermore, F1F0 are critical in maintaining high membrane potentials in normal mitochondria, 

promoting an optimal environment for ATP synthesis. This may explain the differences in 

oxidative phosphorylation observed between cytotrophoblasts and syncytiotrophoblasts, as the 

later have significantly lower levels of dimeric complex V [38, 43, 44]. While high membrane 

potential is vital for ATP production in cytotrophoblasts due to their primary role in oxidative 

phosphorylation, it may be far less important in syncytiotrophoblast. It has been suggested 

that most of the ∆Ψm in syncytiotrophoblast regulates ATP-diphosphohydrolase (an enzyme 

involved in cholesterol transport). As such, the NADPH/NADP+ ratio and nucleotide 

hydrolysis is prioritised over ∆Ψm due to the sensitivity of progesterone production [45]. 

Additionally, it has been suggested that cytotrophoblast mitochondria may regulate 

differentiation into syncytiotrophoblast through inhibition of mitochondrial respiration in 

cytotrophoblast which has been shown to decrease fusion into the syncytium through altering 

caspase 8; an apoptotic cascade protein required for fusion [46, 47]. An anaerobic shift in 

metabolism may also be necessary for cytotrophoblast differentiation, with lactate increased 

throughout cytotrophoblast in this process [48]. 

The mechanistic causes behind these mitochondrial morphological and functional 

adaptions which accompanying trophoblast differentiation from cytotrophoblast to 

syncytiotrophoblast is still highly speculative. The need for further characterisation and 

investigation of key differences between the two subpopulations may contribute to a better 

understanding of the underlying mechanisms. Establishing such key differences in healthy 

tissue will enable the field to more closely study the impact of mitochondrial dysfunction in 

tissues from complicated pregnancies, of which, the associations and links are plenty. 

Mitochondrial involvement in gestational disorders 

The majority of pregnancy pathologies seem to be affected by either; placental 

perfusion (consequently altering oxygen and nutrient supply), metabolic or hormonal 

dysregulation and therefore it can be said that the pathogenesis of these disorders converge on 

mitochondria of the placenta. Mitochondria have been associated in the progression of many 
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of these individual pathways in other disorders through their involvement in reactive oxygen 

species ROS production, apoptotic pathways and metabolic alterations. 

Reactive oxygen species 

As with most tissues, the primary use of oxygen in the placenta is to produce energy 

through oxidative phosphorylation, however even under homeostatic conditions reactive 

oxygen species (ROS) are generated as a by-product. ROS production is a normal part of cell 

biology and make up an integral component of mitochondrial messaging through intracellular 

signalling and tissue adaptions [49], with intracellular levels balanced by antioxidants [49] to 

prevent detrimental overaccumulation (Figure 5). However, excessive ROS production leads 

to oxidative stress and the oxidation of macromolecules that have been linked to pregnancy 

pathologies, additionally mitochondrial dysfunction is associated with an array of disorders 

including gestational complications [31, 50]. 

 

 
 

Figure 5: Reactive oxygen species signaling and damage. Reactive oxygen species 

(ROS) are important in cellular signaling, and can lead to cellular adaptations to counter 

stressful environments. However, when ROS production is greater than antioxidant and other 
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adaptive responses, ROS-mediated damage can lead to cell death [34]. 

The production of ROS is primarily generated from electron leakage at complex I and 

III as a consequence of electron transport, although may also occur through complex II. 

Electron leakage occurs during the transfer of electrons from Q to cytochrome c, through the 

intermediate semiquinone radical. The transfer of a single electron from the redox donor to a 

molecular oxygen results in superoxide (O2
-*) formation [51, 52]. From this other ROS and 

nitric oxides (NO) including hydrogen peroxide (H2O2), hydroxyl radicals (OH-) and 

peroxynitrite (ONOO-) can be generated (Figure 3). Oxidative stress can result when an 

imbalance occurs between ROS production and the scavenging capacity of antioxidant 

molecules such as superoxide dismutase (SOD), glutathione peroxidase (GPx), and thioredoxin 

reductase (TrxR) [53]. This is particularly the case when SOD2, GPx4 and TrxR2, the 

mitochondrial antioxidant variants, are not sufficiently expressed. The amount of ROS 

produced however is dependent on mitochondrial function and dynamics which are known to 

alter throughout gestation in response to fetal demand across many species [54,55]. These 

changes in ROS have been the subsequent focus of many investigations into gestational 

complications, identifying increased levels in gestational disorders. Further, common initiators 

responsible for the observed increases include: hypoxia, inflammation and immune activation 

[56]. Specifically, diabetes mellitus and possibly GDM converge at mitochondrial level 

through dysfunction and have been shown to have increased ROS production [57, 58]. 

Excessive ROS is also associated with hypertension and insulin resistance, both observed in 

GDM [31]. Similarly, increased ROS production has been observed in PE and associated with 

endothelial dysfunction and anti-angiogenic pathways [59]. In addition to possibly initiating 

endothelial dysfunction, ROS can be observed in response to ischemic reperfusion and hypoxic 

environments, driving oxidative stress and ultimately resulting in oxidative damage to tissue 

and mitochondrial dysfunction[59].Although no conclusive results have been observed when 

treating with broad antioxidant therapies, the intricate link between mitochondrial 

function/dysfunction and ROS has led to the emergence of mitochondrially targeted 

antioxidants such as MitoQ. Which has been used to some success in supporting mitochondrial 

function of rodents placenta exposed to hypoxia [60], holding potential for future treatment of 

human placenta once the mitochondrial physiology is better characterised. 

In regards to placental cell lineages the syncytiotrophoblast layer appears the most 
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responsive to changes in oxygen levels; likely in part to the unique mitochondria of the 

syncytiotrophoblast, and may help the placental/fetal unit adapt to maternal conditions [61]. 

Further, the syncytiotrophoblast has relatively low antioxidant function [61, 62], which would 

otherwise reduce ROS levels that may be critical to signaling within this cell layer. The 

syncytiotrophoblast also appears to be sensitive to damage from oxygen, which may be a 

consequence of high oxygen sensitivity through mechanisms such as low antioxidant function 

[61, 62]. As mentioned, syncytiotrophoblast mitochondria are central to placental 

steroidogenesis [37] and this may also be linked to syncytiotrophoblast susceptibility to ROS- 

mediated damage. Increased expression of cytochrome P450scc in syncytiotrophoblast 

compared to cytotrophoblast mitochondria is associated with changes in mitochondrial 

morphology [27, 33] and also increased production of superoxide (O2-*) and hydrogen 

peroxide (H2O2), potentially increasing the susceptibility to oxidative stress in this cell layer 

[63]. 

Regulation of apoptosis and mitochondrial dynamics 

Mitochondrial regulation of apoptosis is complex and integrated; proteins involved in 

oxidative phosphorylation are also mediators of cell death pathways. Cytochrome C, while 

necessary for the transfer of electrons from complex III and IV, simultaneously has the ability 

to activate caspases, which in-turn mediate apoptosis through intrinsic activation with 

Cytochrome C release [64-66]. Mitochondria regulate cell death in several ways, firstly through 

mitochondrial outer membrane permeabilization (MOMP) driving apoptosis. Secondly through 

mitochondrial permeability transition (MPT) leading to necrosis [64]. Mitochondrial dynamics 

and morphology have been suggested to play a role in mediation of MOMP. This is due to their 

occurrence at fission sites where mitochondria contact the ER and have been observed in 

response to fragmentation and cristae remodeling [65-67]. This initiates the release of 

Cytochrome C into the cytosol, normally found only in mitochondrial intermembrane space. 

Upon release cytochrome c activates caspases which precede cell death; as such this process is 

tightly regulated by anti-apototic Bcl-2 family proteins [68]. Mitochondria can also release 

caspase-independent cell death mechanisms referred to as apoptosis inducing factors (AIF) 

through MPT [68]. Mitochondrial dynamics are also associated through fission associated 

protein DRP1, which translocates from the cytosol to mitochondria during apoptosis, 

promoting oligomerization of the proapoptotic regulator Bcl-2-associated X protein (BAX), 

facilitating MOMP and apoptosis [69, 70]. 
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Increases in apoptotic markers are associated with the development of preeclampsia and 

GDM [71], however, we have also shown that anti-apoptotic B-cell lymphoma 2 (BCL2) is 

increased in placentae from preeclamptic pregnancies that reach term delivery, and that this 

protective effect is not seen in preeclamptic pregnancies that are delivered preterm [72]. 

Further, decreased pro-apoptotic FAS receptor, FAS ligand and Caspase-3, in addition to 

increased BCL2 have been observed in GDM placentae [73]. Therefore, differences in 

apoptotic signaling in GDM and preeclampsia may relate to disease severity or relative levels 

of mitochondrial dysfunction, with a mitochondrial-linked suppression of apoptosis in less 

severe cases of both. 

Mitochondria are constantly changing in a dynamic cycle [74]; fission segregates 

damaged mitochondria for disposal by autophagy, whereas fusion allows 

dysfunctional/damaged mitochondria to be rescued by amalgamation with more functional 

parts of the mitochondrial network [75] (Figure 6). This process may be dependent or 

independent of mitochondrial respiratory capacity and may vary between the mitochondrial 

subpopulations from the cytotrophoblast and syncytiotrophoblast, although this is a purely 

speculative suggestion and would require a more defined method of analysing mitochondrial 

subpopulations. In the placenta, mitochondrial fission/fusion appears to be impaired in cases 

of preeclampsia when assessing the whole tissue, but this relationship is complex and not well 

understood. Changes in molecular mechanisms of placental mitochondrial fission/fusion may 

relate to preeclampsia severity and gestational length but may also indicate the relative health 

of mitochondria from the tissue. In severe preeclampsia, increases in pro-fusion regulator Optic 

atrophy protein 1 (OPA-1) and decreases in pro-fission regulator Dynamin-related protein 1 

(DRP1) have been reported [76, 77], but no apparent changes were found in other fission/fusion 

regulators including Mitochondrial fission factor [77] and Mitofusins 1 and 

2(MFN1 and MFN2) [76]. In contrast, other research has found decreases in MFN1 and MFN2 

associated with preeclampsia, indicating a pro fission status [78, 79]. Placental mitochondrial 

dynamics is also affected in GDM, with hyperglycemia inducing mitochondrial fragmentation 

through a proposed mechanism involving DRP1 [80, 81]. Damaged mitochondria are removed 

by autophagy (Figure 6), and in both severe preeclampsia and GDM, increased placental 

autophagy markers have been observed [82]. Placental autophagy markers are altered in 

association with excessive ROS generation, decreased antioxidant capacity and enhanced 

mitochondrial turnover [82], directly linking changes in mitochondrial dynamics to 
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complications of pregnancy. 

 

 

 
 

Figure 6: Mitochondrial dynamics. The mitochondrial fission/fusion cycle regulates 

mitochondria to prevent cell damage. Fission isolates depolarized segments of the 

mitochondrial reticular network, which can then be disposed of via autophagy. More polarized 

mitochondrial segments re-join the network, and mitochondrial content can also be increased 

by biogenesis. Mitochondrial-endoplasmic reticulum interactions are important for assembly 

of fission and fusion apparatus [34]. 

 
The process of mitophagy itself is regulated through multiple metabolic signals, 

including ATP/ADP ratio and the availability of acetyl-CoA among others [83, 84]. Further 

suggesting a level of mitochondrial dysfunction or mitochondrial self-regulation via respiratory 

capacity. Permeabilized mitochondria are quickly degraded through mitophagy, which can be 

promoted through degradation of the antioxidant enzyme catalase, resulting in increased ROS 

within the mitochondrion and oxidative damage perpetuating mitophagy [64]. Mitochondrial 

morphology has also been related to disorders and apoptotic pathways. F1F0 ATP synthase has 

also been observed in mitochondrial control of apoptosis through MPT activation, resulting in 

a sudden increase in permeability of the inner mitochondrial membrane. However, in response 

to either Ca2+ or oxidative stress, a sudden decrease results in mitochondrial membrane 

potential triggers an influx of H2O and ions resulting in swelling of the mitochondrial matrix 
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and subsequent rupture of the outer mitochondrial membrane. Notably mitochondrial swelling 

has been observed in isolated mitochondria from PE placentae, with similar morphologies 

observed in mitochondria from GDM placental tissue [71, 85]. These studies associated 

mitochondria in gestational disorders with early stages of apoptosis. Ca2+ has also been 

associated with the activation of permeability transition pore complex (PTPC) a membrane 

pore responsible for MPT [86]. Although induction via Ca2+ varies, Ca2+ overload is sufficient 

to drive MPT while in cardiac monocytes exposed to ischemic-reperfusion Ca2+ overload was 

induced as a consequence of bioenergetic failure [86]. Further evidence of the involvement of 

bioenergetic dysfunction in the regulation of mitophagy and mitochondrial induced apoptosis 

may be established through adenosine nucleotide translocator (ANT) and ATP transporter 

voltage-dependent anion channels (VDAC) in the outer mitochondrial membrane which has 

been associated with the PTPC [87]. 

The role of mitochondrial induced apoptosis remains relatively unknown in the 

syncytiotrophoblast due to the multinucleated phenotype, and the limited experimental ability 

to assess syncytiotrophoblast in vitro. As no distinct cellular barrier is present in the syncytium 

mitochondrial induced apoptosis may be hampered, the inability of this process to progress in 

a controlled manner to remove damaged cells and organelles may leave the syncytiotrophoblast 

more dependent on mitophagy. Studies indicate decreased proapoptotic markers and 

Cytochrome C in the syncytium relative to cytotrophoblasts [88, 89]. Although this may simply 

be a result of bioenergetic alterations in syncytiotrophoblasts which accompany their shift 

towards steroidogenesis, it could also imply a higher level of mitophagy in response to 

mitochondrial dysfunction. Dysfunctional mitochondria within the syncytium may revert to 

mitophagy instead of inducing apoptosis which due to the lack of control would result in 

necrosis. An increased rate of mitophagy may subsequently increase syncytiotrophoblast 

shedding, a characteristic of gestational disorders [90, 91]. This association suggests the 

potential involvement of mitochondrial induced apoptosis in gestational disorders, although the 

dependence on mitochondrial dynamics and mitophagy is undetermined. 

Mitochondrial content and metabolism 

Mitochondrial content can alter in response to a variety of stimuli, allowing tissue 

adaption via changes in metabolism. Exercise promotes mitochondrial biogenesis in skeletal 

muscle that increases aerobic capacity [92, 93], whereas various pathologies either increase or 

decrease placental mitochondrial content [31]. Placentae of rats exposed to maternal 
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undernutrition increase content and alter expression of biogenesis/bioenergetic pathways [87], 

suggesting alterations in mitochondrial content may help increase bioenergetic efficiency under 

adverse conditions. Placental mitochondrial content is also altered in overweight/obese women 

and those with hypercholesterolemia [95, 96], therefore these changes in mitochondrial content 

may represent a similar placental response in humans. Changes in placental mitochondrial 

content may be a consequence of pathology-induced damage, or an active cellular adaptation 

to altered external environments to facilitate greater organ function . There appears to be no 

consistent pattern of either increase or decrease in placental mitochondrial content associated 

with specific pregnancy pathologies [31], suggesting that both damage and adaptive changes 

may be occurring. It is also likely that the distinct mitochondrial subpopulations in 

cytotrophoblasts and the syncytiotrophoblast respond differently to stimuli, and that these 

subpopulations will need to be investigated separately to understand placental responses. 

Oxygen pressure and possible signaling through ROS are likely to influence placental 

mitochondrial content [97, 98]. Oxygen-related mechanisms operate in other tissues; in cardiac 

and neurological pathologies, hypoxia and mtDNA damage can trigger increased mitochondrial 

content [99-101]. Placental mitochondrial content/respiration have been linked to oxygen 

fluctuations over gestation [55] and mitochondrial responses are correlated with changes in 

placental antioxidant status [102], demonstrating the ability of placental mitochondria to adapt 

to oxygen stimuli. Additionally, insulin resistance may drive mitochondrial content changes in 

multiple tissues [103] and could be a mechanism that affects placental mitochondrial biogenesis 

regulation in GDM [104]. 

Mitochondrial-Endoplasmic Reticulum Interactions 

The ER is a continuous membrane which similar to mitochondria can be divided into 

several independently functioning organelles performing various roles. The Rough ER (RER) 

is a tubular structure with ribosomes studded throughout, while the smooth ER (SER) is absent 

of ribosomes, more convoluted and distended. Although the majority of membrane proteins 

associated with ER are shared across both domains the RER contains increased levels of 

proteins involved with translocation and processing of newly synthesised proteins [105]. SER 

expresses transitional ER in all cells and are involved in packaging proteins for transport from 

the ER to the Golgi apparatus. However, SER are more selectively expressed and abundantly 

found only in certain cell types, such as; steroidogenic cells and muscle cells where they are 

referred to as the sarcoplasmic reticulum and mediate Ca2+ release [105]. It is this additional role 
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in Ca2+ homeostasis, increased expression in steroidogenic cells and the convergence of 

mitochondrial dynamics at ER contact sites which is of interest in the initiation and progression 

of gestational disorders. The contact site between mitochondria and the ER membrane is 

referred to as mitochondrial associated ER membrane (MAM) [106]. MAM’s enable the 

movement of Ca2+, lipids synthesis and trafficking of phospholipids between the organelles 

[106]. Calcium transporters and ion channels are also highly expressed at MAM sites, 

suggesting Ca2+ movement between the organelles tethers their functionality in a bidirectional 

manner [107]. Calcium from ER cisternae flows mainly through the transmembrane calcium 

channel inositol 1,4,5-trisphosphate receptors (IP3R) and ryanodine receptors (RyR) into the 

MAM space, where VDAC and mitochondrial calcium uniporter (MCU) facilitate Ca2+ flux 

across the outer mitochondrial membrane while ANT enables flux through the inner 

mitochondrial membrane [106, 108, 109]. Ca2+ movement links the organelles functionality; 

however, the interaction between ER and mitochondria is far broader influencing mitochondrial 

metabolism, dynamics and inflammation (Figure 7). 
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Figure 7: Multifaceted representation of interactions at MAMs (indicated by yellow shaded 

stripes) taken from “The endoplasmic reticulum–mitochondria connection” [106]. 

Metabolism 

A transient increase in Ca2+ into the mitochondria has been shown to upregulates ATP 

production and mitochondrial respiration. Activation of several KREB cycle dehydrogenases 

in the mitochondrial matrix are stimulated by Ca2+ these include; α-ketoglutarate 

dehydrogenase and pyruvate dehydrogenase [110]. As such, ER control over Ca2+ flux released 

from IP3R and taken up by mitochondria in MAM’s provide essential regulation over 

mitochondrial bioenergetics. This is validated in studies which inhibited IP3R, observing 

dysfunctional mitochondria and decreased ATP production [111]. Although the transient influx 

of Ca2+ is beneficial the contrary has been previously discussed. Therefore, the pathway must 

be highly regulated and balanced to prevent MTP. Sarco-endoplasmic Ca2+ ATPase (SERCA) 

enables the efflux of Ca2+ back to the ER lumen to re-establish homeostatic levels of Ca2+ and 

has been proposed to alter flux in response to energetic demands [109]. Low levels or early 

phases of ER stress have also been associated with increased mitochondrial metabolism, 

mediated through increased organelle coupling and calcium transfer [112]. However, high 

levels of ER stress or dysfunction may have profound detrimental effects on mitochondria, with 
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high levels of Ca2+ overstimulating the ETC contributing to greater ROS concentrations. 

Positively regulating ROS through nitric oxide (NOX) may result in increased ER-based Ca2+ 

channels levels, increasing release of Ca2+, resulting in a detrimental cycle of over activation 

leading to apoptosis (Figure 8). Alterations in Ca2+ have been shown to decreased 

mitochondrial membrane potential, decreased ATP levels and evidence of ER stress are all 

commonly associated with metabolic diseases like insulin resistance, type II diabetes and 

neurological disorders [113, 114]. Although the mechanisms behind this remain unclear it may 

also contribute to the development of GDM as decreased mitochondrial function and oxidative 

phosphorylation have been associated with these disorders [104]. Similarly, PE placentae have 

alterations in intracellular Ca2+ and decreased expression of respiratory chain enzymes [115, 

116], which like GDM may also be associated with ER stress. This has been proposed to result 

in the decreased mitochondrial respiration [116]. In the placenta the true interaction between 

mitochondria and ER is relatively unknown and even less so in those affected by gestational 

pathologies. ER stress and dysfunction is evidenced primarily through activation of the 

unfolded protein response (UPR) a key indicator of stress which also results in decreased 

respiration and overall dysfunction of mitochondria [107]. 

 

Figure 8: the dynamic relationship between mitochondria and ER illustrated through 

Ca2+ and ROS production, taken from Calcium and ROS: A mutual interplay [117]. 
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ER stress and gestational disorders 

ER stress can occur when unfolded proteins exceed the folding capacity of the 

organelle, resulting in cellular damage [118]. In order to combat this damage, the UPR is 

initiated with the intent of restoring homeostasis. In the ER this process involves three key 

pathways; PRKR-like endoplasmic reticulum kinase (PERK), phosphorylate eukaryotic 

initiation factor 2-α (eIF2-α) rapidly blocking translation, and to activate transcription factors 

NRF2 and ATF4. Secondly, activating transcription factor 6 (ATF6) and lastly inositol- 

requiring enzyme-1(IRE-1), both of which along with NRF2 and ATF4 aim to increase 

antioxidant responses through cysteine conversion to glutathione [109]. ER stress has been 

observed in syncytiotrophoblast of PE with ER cisternae appearing swollen [119] and proposed 

to alter the capacity of hormones produced by the placenta through abnormal glycosylation of 

hCG and hPL [120]. Similarly, ER cisternae have been observed dilated in placenta 

complicated by GDM, with an increase in phosphorylated eIF2-α [121] indicating activation 

of the UPR in the same study. Additionally, ER dysfunction in gestational pathologies can be 

observed in the decreased expression of antioxidant enzymes SOD, GPx [122], which are 

stimulated through UPR, and if functioning correctly should be increased. Further, inducers of 

UPR in animal models of pregnancy have indicated reduced placental weights, alterations in 

morphology and GLUT transport distribution [123]. Further, evidence of the involvement of 

ER stress in regulating mitochondrial function in early-onset PE has been observed when 

eliciting changes to the UPR [124], suggesting a more intricate link between the organelles and 

gestational disorders than ever before. 

ER-mitochondrial Dynamics 

As discussed previously, mitochondrial dynamics converge at ER contact sites. This 

combined with increased ER content in syncytiotrophoblasts may explain the observed 

morphological differences between them and cytotrophoblasts. Similarly, ER-mitochondrial 

interaction mediates fusion through MFN1, while MFN2 acts as a tethering antagonist 

preventing over accumulation of ER mitochondrial sites [125]. MFN1 is also proposed to 

mediate SER mitochondrial interactions while MFN2 act predominantly on RER [126, 127]. 

ER dysregulation therefore may determine mitochondrial biogenesis and content in gestational 

disorders. MAM sites have been identified as the site of lipid exchange during biogenesis [108], 

thus, dysfunction would greatly impede biogenesis and alter mitochondrial dynamics and 

function. Altered biogenesis in response to ER dysfunction may explain the decreased 



Joshua Fisher Chapter 1, page 48  

 

  

expression levels of PGC-1α, PPARγ, and NRF1 observed in PE and GDM, suggesting that the 

lower mitochondrial content when compared to healthy tissues is associated with impaired 

mitochondrial biogenesis pathways [31, 104]. ER-mitochondrial interactions are also associated 

with UPR through the PERK and IRE pathways in conjunction with alterations of 

mitochondrial dynamics, morphological and functional changes. Increased levels of autophagy 

and apoptosis are observed in placentas of IUGR and PE women (previously discussed) and 

may be a consequence of increased inflammation associated with ER and mitochondrial 

dysfunction at MAMs [106]. 

 

Conclusion 

The importance of the placenta to both fetal and maternal health is undeniable, with a 

growing body of evidence showing the importance of organelle function in a healthy 

pregnancy. Further, the impact of organelle dysfunction in the placenta and the resulting 

contribution to gestational disorders is an ongoing and ever evolving field of research. Most 

importantly, and the focus of this Chapter was to establish the crucial role mitochondria play 

in placental physiology, pathogenesis of pregnancy disorders and how their function may be 

impacted by ER interactions. Given the recent advancements associating ER stress to 

pregnancy pathologies and more importantly mitochondrial dysfunction, and the well- 

established links between mitochondrial dysfunction and poor pregnancy outcomes, it is 

imperative to better understand these mechanisms within the placenta. The following body of 

work will aim to investigate this complex interaction between ER and mitochondria, 

determining the effect of ER stress on mitochondrial function through utilisation of a 

trophoblast cell model. Investigation of this complex relationship between organelles in 

placental tissue however is made more complicated due to the unique and vastly different 

morphology of mitochondria from the cytotrophoblast and syncytiotrophoblast cell lineages. 

Currently a large body of literature within the field when assessing mitochondrial function 

considers mitochondria as a single entity and continues to study mitochondria in a traditional 

manner as in other tissues, not accounting for the aforementioned differences that exist within 

the placenta as an organ. While studies have attempted to separate mitochondria in the past, 

several short comings exist; using cell lines for only cytotrophoblast or causing syncytialisation 

through pharmacologic agents, the use of ultracentrifugation to separate mitochondria and the 

very time sensitive restrictions on mitochondrial respiratory assessment. The dynamic nature 
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of mitochondria and their ability to adapt quickly means that assessing a population of 

mitochondria from a well selected cell line, inducing artificial fragmentation and cell changes, 

or damage to cristae structure through ultracentrifugation may inherently alter mitochondrial 

characterisations. Therefore, to overcome these issues and expand on the field we must first 

refine a reproducible methodology of assessing mitochondrial function in individual 

mitochondrial populations from placental tissue and eliminate as many confounding factors as 

possible. Further, key to translating cell models of ER stress and understanding mitochondrial 

changes in response to pathologies, is first well characterising mitochondria from the cell 

lineages in healthy tissue, investigating what drives these mitochondrial transformations and 

translating these observations through examining a pregnancy pathology such as GDM. The 

aim of this body of work is to expand our knowledge on the organelle interactions and changes 

mitochondria undergo during trophoblast differentiation, pathogenesis of pregnancy disorders 

and ultimately provide the foundation to utilise novel targeted treatments to prevent and 

decrease the severity of gestational pathologies. 
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Chapter 2 
Investigating the molecular mechanism behind 
mitochondrial dysfunction: The bidirectional 

intricacies of ER stress on mitochondria 
 

             Overview 
 

This body of work was designed to examine the complex and bidirectional relationship between 

mitochondria and endoplasmic reticulum (ER). With the majority of research into this 

multifaceted dynamic relationship focused on inducing stress in one organelle and examining 

the outcomes on the other, this project aimed to establish the effect of ER stress on 

mitochondrial function. While a large proportion of the literature focuses on what we would 

deem chronic stress (24+hrs), we examined the effects on mitochondria in a more acute manner. 

Observing which pathways were initiated to mitigate the stress and the overall effectiveness of 

mitochondria to adapt in the short term. Further, we aimed to examine this through multiple 

initiators of ER stress which inhibit or activate different pathways prior to converging on 

mitochondria, and thereby affecting mitochondria differently. This was initially aimed to 

provide an insight into which pathways may be targeted/affected (apoptosis, mitochondrial 

dynamics and respiratory function) in a cell-model of trophoblasts prior to assessment in human 

tissue samples. 

 

This chapter is a combination of published and unpublished work assessing the mitochondrial 

response to ER stress, bioenergetically, biochemically and at a mechanics level. 
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Chapter 2-A 
              Introduction 

As discussed in detail in the previous chapter, the bidirectional and complex nature of the 

endoplasmic reticulum (ER)-mitochondrial relationship has the ability to regulate many aspects 

critical to cellular function. As this emerging field continues to progress, the implications of 

ER stress in pregnancy pathologies such as gestational diabetes and preeclampsia is becoming 

more apparent [1, 2]. When assessing the impact of ER stress, a large proportion of the research 

observes functionality and outcomes after a chronic or severe exposure period. However, it is 

difficult to uncover the molecular mechanism/s behind such changes through cell models 

represented in the literature given the different methods used to induce ER stress (the use of 

different drugs, varying concentrations/treatment duration). The majority of the literature 

examining ER stress focuses on targeting a response through three main pathways; the unfolded 

protein response, altering Ca2+ flux into mitochondria or from the ER lumen [3-5]. Given the 

convergence of these pathways on mitochondrial physiology and the close relationship between 

ER and mitochondria it is surprising that relatively little is published on the direct effects of ER 

stress on mitochondrial functionality in placental cells. With the foremost publication directly 

associating mitochondrial changes to electron transport chain expression in placental cells to 

ER stress published as an important, al be it, supplementary figure [4], in a much larger 

characterisation of hypoxia in the human placenta and protein synthesis inhibition. This is in 

contrast to the examined links between ER stress and mitochondrial dysfunction shown in other 

cell lines, tissues and disease states [6, 7]. Given the dynamic nature of mitochondria, and the 

intricacies of the ER-mitochondrial interactions in mediating mitochondrial bioenergetics, 

metabolism and morphology, the importance of understanding how these mechanisms are 

altered under ER stress in placental cell lines is vital to investigating the implications of ER 

stress and the well established mitochondrial dysfunction in the pathogenesis of pathologies [2, 

8, 9]. 
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18 Abstract. 

19 The integral bidirectional  relationship  between mitochondria and the  endoplasmic reticulum 

20 (ER) is an emerging field of research, with the dysfunction or maladaptation of one organelle 

21 impacting the physiological  function of the  other  through  multiple mechanisms.  Given the 

22 strong links between mitochondrial dysfunction and gestational pathologies such as 

23 gestational diabetes and preeclampsia, investigation into the cause of these observations is 

24 ongoing with findings implicating ER stress in mitochondrial dysfunction, placental 

25 dysfunction and the pathophysiology of these conditions. Recently, this interaction has been 

26 investigated using chronic ER stress and examining mitochondria function in placental cell 

27 lines. As mitochondria are organelles capable of reacting acutely to their surroundings the 

28 present study investigated the acute response of mitochondria to ER stress initiated through 

29 multiple pathways. Bioenergetic alterations and changes to redox chemistry through 

30 generation of reactive oxygen species (ROS) and antioxidant capacity was observed. Our 

31 findings indicate the impact of ER stress on the mitochondria has a more acute  response than 

32 previously found in placental cells, with alterations in bioenergetics and  ROS occurring after 

33 only 4 hours. Furthermore, we showed that dependent on the mechanism of ER stress, 

34 mitochondria can adapt to varying degrees to mitigate these acute responses. 

Introduction 

35 Mitochondria are vital for homeostasis through regulation of cellular bioenergetics, 

36 reactive oxygen species signaling and hormonal synthesis, and as such must be tightly 

37 regulated. The process of mitochondrial regulation is often referred to as mitochondrial 

38 dynamics, which is dependent on the functionality of the mitochondria-ER junctions and 

39 interactions. Mitochondrial dynamics is an integrated cycle of fission (separation), fusion 

40 (joining), mitochondrial targeted autophagy (mitophagy) and mitochondrial biogenesis to 

41 maintain a healthy population of highly functioning mitochondria 1. What has also become 

42 apparent over recent years, is the involvement of endoplasmic reticulum (ER) in this process, 

43 acting as tethering mechanisms in which mitochondria can undergo these processes, while 

44 also directly regulating mitochondria function through mediating Ca2+ flux and availability. 

45 Due to the strong association between mitochondrial function, dysfunction, and outcomes of 

46 disease in many tissues, this integral bidirectional relationship must be further understood. 

47 The contact site between mitochondria and the ER membrane is referred to as mitochondrial 

48 associated ER membrane (MAM) 2. MAM’s enable the movement of Ca2+, lipids synthesis 

49 and trafficking of phospholipids between the organelles 2. As such, calcium transporters and 

50 ion channels are highly expressed at MAM sites, suggesting Ca2+ movement between the 
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51 organelles, and thus mitochondrial homeostasis tethers the organelles functionality in a 

52 bidirectional manner 3. Calcium from ER cisternae flows mainly through the transmembrane 

53 calcium channel inositol 1,4,5-trisphosphate receptors (IP3R) and ryanodine receptors (RyR) 

54 into the MAM space; voltage dependent anion channel (VDAC) and mitochondrial calcium 

55 uniporter (MCU) facilitate Ca2+ flux across the outer mitochondrial membrane 2,4,5. 

56 Physiological implications of ER and mitochondrial calcium mediation 

57 A transient increase in Ca2+ into the mitochondria has been shown to upregulate ATP 

58 production and mitochondrial respiration through altered membrane potential, effecting 

59 electrochemical gradients. Further, activation of several KREB cycle dehydrogenases in the 

60 mitochondrial matrix is stimulated by Ca2+, including α-ketoglutarate dehydrogenase and 

61 pyruvate dehydrogenase 6. As such, ER control over Ca2+ flux to the mitochondria via 

62 MAM’s provide essential regulation over mitochondrial bioenergetics. This bidirectional 

63 relationship was validated in studies which inhibited IP3R and observed dysfunctional 

64 mitochondria 7. However, the complexity of this relationship appears more integrated than 

65 first thought, with low levels, or early phases, of ER stress shown to increase mitochondrial 

66 metabolism mediated through increased organelle coupling and Ca2+  transfer in HeLa cells 8. 

67 While high levels of ER stress or ER dysfunction was observed to have detrimental effects on 

68 mitochondria, with high levels of Ca2+ overstimulating the ETC contributing to greater ROS 

69 concentrations, decrease mitochondrial membrane potential, decreased ATP levels 8 . 

70 Physiologically, alterations in Ca2+ resulting in decreased mitochondrial membrane 

71 potential, decreased ATP levels and evidence of ER stress are all commonly associated with 

72 metabolic diseases like;  insulin resistance, type II diabetes and neurological disorders  9,10.  It 

73 is this link to metabolic pathologies and mitochondrial dysfunction that has led to the 

74 investigation into ER stress in pregnancy disorders, with strong evidence of mitochondrial 

75 dysfunction associated with gestational diabetes mellitus and preeclampsia 1,11. 

76 Burton et al 5 has established and extensively reviewed that ER interactions have a 

77 more prominent outcome on mitochondrial and placental health than previously thought, with 

78 studies investigating hypoxia and simultaneously looking at protein synthesis inhibition 

79 utilising ER stress which found that intentional stressing of the ER has profound impacts on 

80 mitochondria 12. Work regarding ER stress induced through initiation of the unfolded protein 

81 response (UPR), disrupting sarco/endoplasmic reticular Ca2+ (SERCA) pumps, and ATPase 

82 pumps, directly effecting Ca2+ flux and has been shown to alter mitochondrial function; 

83 however, studies into the acute function and adaptions to the stress mitochondria undergo is 

84 not well characterised. Mitochondria are organelles that are designed to respond to 
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85 bioenergetic demands, with some pathways, such as the phosphocreatine, pathway acting in 

86 seconds. The majority of studies examining the effect of ER stress assess the impact 

87 following what could be called “chronic” exposure, with the literature in placental cells 

88 utilising 24-48hr treatment 13. With those examining mitochondrial function even up to 72hrs 

89 
12 

before assessment. Given the ability of mitochondria to adapt and respond to changing 

90 cellular environments, this study will focus on mitochondrial responses to acute ER stressors 

91 acting through multiple different  pathways,  assessing the adaptive responses  and impact  on 

92 mitochondrial physiology. 

 
95 Cell culture 

94 Methods 

96 This study utilised the trophoblastic Swan-71 cell line cultured in vitro in Dulbecco 

97 Modified Eagle Media (DMEM) (Invitrogen Australia) with 10% fetal bovine serum 

98 (Invitrogen Australia), 1% Penicillin-streptomycin (Invitrogen Australia) and 5% CO2 , 20% O2. Cells 

99 were seeded  at  10,000  cells per  well,  and  following  attachment, media  was removed and 

100 replaced with treatment media. Treatment media was removed, and cells were washed with 

101 PBS prior to assessment. 
 

102 Induction of ER stress was performed using published models utilising Tunicamycin 

103 (Sigma-Aldrich), Thapsigargin (Sigma-aldrich) and Ca2+ ionophore (Sigma-Aldrich:A23187) 

104 
12,14

, resuspended per the manufacturer’s instructions. Treatment concentrations obtained 

105 from the literature were validated by MTT (3-(4,5-diemthylthiazol-2-yl)-2,5- 

106 diphenylterazolium bromide) end point assay (Invitrogen, Australia) to determine 50% 

107 viability at 24hrs to best induce acute stress previously described in detail 15. 

108 Mitochondrial bioenergetics 

109 Mitochondrial respiration was measured utilising the Oxygraph-2k instrument 

110 (OROBOROS Instruments, Innsbruck, Austria) normalised to 1 million cells per/ml through 

111 performing a substrate-uncoupler-inhibitor-titration (SUIT) protocol and recorded via 

112 DataLab 7.0 software (OROBOROS Instruments, Innsbruck, Austria). Routine respiration 

113 was measured in the absence of substrates, with oligomycin (2.5µM) used to determine 

114 LEAK respiration prior to the Maximum  Respiratory Capacity assessed  through uncoupling 

115 of the  electron  transport  chain  via  carbonyl  cyanide  m-chlorophenyl  hydrazone (CCCP; 

116 1nm), with units of respiration expressed as p/mol O2/sec per million cells. 

117 Measurements of membrane potential were obtained utilising fluorometric assay, 

118 50nM TMRE (tetramethylrhodamine ethyl ester) and 100nM MitoSPY Green 

119 (Biolegend,United states) expressed in a ratio of TMRE/MitoSPY Green. Media containing 
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120 stains were removed following 25 minutes incubation to allow for incorporation of the dyes 

121 into the mitochondrial membrane and washed with media before being subjected to treatment 

122 conditions. 

123 Oxidative stress and Antioxidant capacity 

124 Measurements of hydrogen peroxide were obtained utilising fluorescent intensity. 

125 Amplex Ultra Red (Thermo Fisher Scientific) in the presence of horseradish peroxidase at 

126 excitation 563nm, emission 587nm adapted from Oroborous Instruments 16. Superoxide 

127 production was measured using MitoSOX Red (Thermo Fisher Scientific) as per the 

128 manufacturer’s protocols at excitation 510nm /emission 580nm. 

129 Measures of antioxidant capacity were conducted through Superoxide dismutase 

130 (SOD), Glutathione Peroxidase (GPx), and Thioredoxin Reductase (TrxR) enzyme activity 

131 assays. SOD activity was quantified by fluorometric analysis performed utilising a 

132 Superoxide Dismutase Assay Kit (Cayman Chemicals) in accordance to the manufacturer’s 

133 instructions. Samples were assayed in duplicate and enzyme activity was expressed as 

134 Units.mg. GPx assay is expressed as moles/min/mg of protein using a spectrophotometric 

135 measurement adapted from Flohe and Gunzler (1984) modified to work with a 96-well 

136 microplate 17,18. Samples were run in triplicate and measured at 340nm every minute over 10 

137 minutes. TrxR activity was assessed using Colorimetric Assay Kit (Cayman Chemicals), 

138 samples were run in duplicate with absorbance measured at 412nm every minute for 10 

139 minutes and expressed in as μmol/min/mg protein. 

140 Statistical analysis 

141 Data is represented as mean ± SD and was analysed using Graphpad PRISM 7.02 

142 (GraphPad, USA). Reactive oxidant species data and antioxidant capacity are presented 

143 normalised to control cells. Data was analysed using one-way ANOVA, with multiple 

144 comparisons selected, significance was established at p<0.05. 

Results 

145 Cell viability 

146 To establish treatment concentrations viability assays were performed to ascertain the effect 

147 of acute (4hrs) and chronic (24hr) exposure at varying concentrations of ER stressors (Figure 

148 1). In response to a 4 hr treatment only Tunicamycin at a high dose of 10µg/ml and the 

149 DMSO control had a significant (p=<0.0001) effect on viability at this time point, while after 

150 24 hrs all doses showed significant reductions in cell viability (p=<0.0001) (Figure 1 A,B). In 

151 response to acute Thapsigargin treatment, all concentrations significantly affected cell 

152 viability (p=<0.0001) at the acute 4hr time point (Figure 1C) and continued at the 24hr time 
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153 point although no treatment group was reduced by more than 25% viability (Figure 1D). 

154 Following exposure to Ca2
+ Ionophore after 4hrs all doses significantly decreased cell 

155 viability  (p=<0.0001)   (Figure   1E),   a finding  exacerbated after exposure for 24hrs 

156 (p=<0.0001) (Figure 1,F). These results confirmed existing treatment  concentrations used  in 

157 the literature and enabled the selection of doses of 2.5µg/ml for Tunicamycin, 100nM for 

158 Thapsigargin and 10µM for Ca2
+ Ionophore which were associated with 50% or less 

159 reduction in cell viability at the 24hr time point 12,19,20. 

160 Mitochondrial function 

161 Assessment of mitochondrial membrane potential remained unaffected when 

162 normalised to control following acute exposure to ER stress except for the positive control 

163 which  was  significantly  decreased  (P<0.0001)  (Figure  2,  A).  Chronic exposure when 

164 normalised to the control group showed a significant increase in membrane potential after 

165 24hr   when   exposed   to   Ca2+    Ionophore   (P<0.0001)   (Figure 2,  B). Examination of 

166 mitochondrial respiration was performed to ascertain the physiological  function of  the 

167 mitochondria. When  assessing  acute exposure,  routine respiration  (Figure  4,  C) was 

168 significantly decreased in response to Thapsigagin and Ca2+ ionophore (P<0.05, P<0.01) 

169 respectively. No significant alterations were observed in leak respiration in response to any 

170 treatment (Figure 2, E). Maximum Respiratory Capacity was also significantly decreased in 

171 Thapsigargin and Ca2+  ionophore (P<0.01, P<0.05 respectively) in response to acute exposure 

172 (Figure 4,  G). Assessing  chronic  exposure saw differing results,  with  only  Ca2+ ionophore 

173 significantly   (P<0.001) reducing   respiration   through Routine, Leak and Maximum 

174 Respiratory Capacity (Figure 2, D, F, H) while other treatments remained unchanged. 

175 Reactive oxygen species & antioxidant capacity 

176 Production of reactive  oxygen  species  in  response to ER  stressors  was  assessed with both 

177 production of superoxide and  hydrogen  peroxide across acute  and  chronic exposure.  After 

178 4hr exposure of Tunicamycin and Thapsigargin, superoxide production was significantly 

179 increased (p=<0.01 and p=<0.05) respectively (Figure 3, A). After 24 hr exposure to ER 

180 stress superoxide production appeared to re-establish norms, (Figure 3, B).  

181 However, the effect of ER stress induced through  Ca2+  ionophore 

182 was significantly increased (p=<0.0001) (Figure 3, D). To assess the antioxidant response to 

183 ER stress  the  activity of  glutathione  peroxidase  (GPx), Thioredoxin  reductase (TrxR), and 

184 superoxide  dismutase  (SOD)  was  assessed  at  both  acute  4  hrs  and  chronic  24  hrs.  No 

185 significant changes were observed in response to induction of acute ER stress after 4 hrs of 
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186 treatment in any of the measured antioxidants (Figure 3 , E, G, I). Following 24 hrs of 

187 treatment there was a significant increase of GPx in response to Tunicamycin (P<0.05) and 

188 significant decrease in response to Ca2+  ionophore (P<0.01) (Figure 3, F). There was reduced 

189 TrxR activity observed  in response  to Ca2+  ionophore (P<0.05) (Figure  3,  H). There  was a 

190 global decrease in SOD activity in response to all ER stressors (P<0.01, P<0.05, P<0.01) 

191 respectively (Figure 3, J). 

Discussion 

192 The use of Tunicamycin to induce the ER stress through initiation of the unfolded 

193 protein response (UPR) utilises inhibition of N-glycosylation. This pathway has previously 

194 been shown in another placental cell line BEWO to result in mitochondria alterations 12. 

195 Furthermore, the emerging field of ER-mitochondrial interactions has observed significant 

196 alterations in mitochondrial function in response to various ER stressors such as Thapsigargin 

197 
12

,  a non-competitive binding inhibitor of SERCA pumps, and  Ca2+   ionophore 14, mediating 

198 calcium flux from the endoplasmic lumen and inhibiting mitochondrial ATPases in other cell 

199 lines. The literature shows varying responses dependant on the type of ER stressors, cell line, 

200 tissue, dosage and exposure; as such, investigation of the specific effect of ER stress on 

201 overall  mitochondrial  physiology remains  unclear  and  critical  important  to  investigate in 

202 placental cells.  This is  further emphasized when  considering the established  links  between 

203 mitochondrial dysfunction and pregnancy pathologies  11. When assessing  the implication  of 

204 ER  stress  on  placental  mitochondria,  the  effect  of  acute  and  chronic  stress  must  be 

205 considered. Mitochondria are organelles crucial to homeostatic maintenance, able to adapt  to 

206 bioenergetic differences within seconds, as is the case through utilisation of the 

207 phosphocreatine pathway, while also having complex dynamic cycles capable of combating 

208 long  term   chronic  stress   and   cellular  fluctuations.   This  study  finds   that mitochondria 

209 experience differing levels of dysfunction dependant on the pathways, which the ER stress 

210 converges upon. Further, our study suggests that mitochondria have the ability to adapt in 

211 various ways, and far more acutely than previously established in placental cell lines. This 

212 study highlighted an investigative oversight surrounding the short-term effects and adaptions 

213 mitochondria undergo in response to ER stress. Therefore, the aim of this study was not to 

214 establish if ER stress effects mitochondria over longer time intervals, as per literature 

215 suggests, but to use this chronic time point as a positive control and investigate mitochondrial 

216 responses to ER stress at acute time points. Establishing mechanisms which may be crucial in 

217 mitigating  ER  stress  and  how  these  changes  are  reflected  in  mitochondrial  survival and 

218 function after a prolonged period. Further, this provides an important foundation for assessing 
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219 ER stress in placenta complicated by gestational disorders, as levels of ER stress, pathways 

220 effected, and how mitochondria adaptions change have the potential to confound findings if 

221 not accounting for the aforementioned issues. 

222 Mitochondrial physiology 

223 To characterise the functional effects of multitargeted acute ER stress on 

224 mitochondria, membrane potential was measured. Given no alterations to mitochondrial 

225 membrane potential were observed in response to acute ER stress, we saw Ca2+ ionophore 

226 treatment group significantly change at the chronic time point. This limited change to 

227 membrane potential makes physiological sense, as alterations in membrane potential have 

228 drastic outcomes on cellular viability and homeostasis. Mitochondria must be able to mitigate 

229 bouts of stress and Ca2+ depletion as is the case in exercise, so fluctuations in membrane 

230 potential were not expected in response to acute treatments. Given that membrane potential 

231 must be stable to maintain cellular homeostatic requirements, the effects of acute nonlethal 

232 doses of ER stressors would not be expected to alter membrane potential in a significant 

233 manner. As such, the effects of acute stress on the functional capacity of mitochondria may 

234 still be altered, with decreased total ATP and overall mitochondrial dysfunction potentially 

235 present with function only sufficient to support basic homeostatic conditions. However, 

236 prolonged periods of ER stress are known to increase or decrease membrane potential, 

237 resulting in the initiation of selective elimination of dysfunctional mitochondria and 

238 alterations in proton motor force effecting the capacity to undertake oxidative 

239 phosphorylation 21. 

240 To ascertain if mitochondrial functionality was altered while membrane potential 

241 remained unchanged, respiratory capacity was measured. Unexpectedly, significantly 

242 decreased Routine and Maximum Respiratory Capacity was found in response to acute 

243 exposure to Thapsigargin and Ca2+  ionophore. The convergence of both treatments  on 

244 mitochondrial Ca2+ flux highlighted the difference in mitochondrial responses to ER stress 

245 pathways, as initiation of the UPR via Tunicamycin did not elicit an effect on bioenergetics. 

246 This acute decrease in mitochondrial respiration resulting from ER stress, has to our 

247 knowledge not been observed in placental cells after such limited exposure. Interestingly, the 

248 findings  of  decreased  respiration after acute exposure was not conserved in response to 

249 Thapsigargin  after  chronic  exposure,  with  only  Ca2+ Ionophore significantly decreased 

250 across Routine, Leak and Maximum Respiratory Capacity. This is an important finding when 

251 assessing mitochondrial response to ER stress and the bidirectional importance of optimal 

252 function, as on the whole Ca2+ mediated pathways appear more immediately impactful on 
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253 mitochondrial physiology. However, the ability of mitochondria to adapt to Ca2+  mediated 

254 pathways  is  varied,  as  evidenced  by our results  following chronic  exposure  effecting the 

255 SERCA pumps (Thapsigargin) and Ca2+  efflux from the ER lumen and ATPase activity (Ca2+ 

256 ionophore). 

257 Alterations in Ca2+, decreasing ATP levels and evidence of ER stress are all 

258 commonly associated with metabolic diseases like; insulin resistance, type II diabetes and 

259 neurological disorders 9,10. Although the mechanisms remain unclear, many similarities are 

260 observed in the development of GDM, with decreased mitochondrial function and oxidative 

261 phosphorylation associated with the disorder along with increased markers of ER stress 22. 

262 Our findings  highlight  an  acute  bioenergetic adaption  of mitochondria,  to  compensate ER 

263 mediated stress, with the UPR stimulating no functional changes when initiated through N- 

264 glycosylation inhibition thus easily compensated at a mitochondrial level over the short term. 

265 While stress associated with inhibition of SERCA pumps was initially detrimental, this 

266 pathway is also seemingly mediated in the mitochondria reflected by the loss of significance 

267 and return to normality of Thapsigargin exposed cells after chronic exposure. These results 

268 clearly establish that inhibition of ATPase machinery and efflux of Ca2+ from the ER lumen 

269 may be permanently detrimental to mitochondria or at least more difficult to adapt to 

270 bioenergetically. Further, this established the precedence that many of the findings associated 

271 with ER stress observed in pathological tissue are either the respective beneficial  adaptations 

272 which enable mitochondria to remain functional, or end point changes associated with a 

273 complex mechanisms which remain altered due to the inability to adapt.  Given that our acute 

274 results show significantly altered changes in mitochondrial respiration which in some cases is 

275 not present after prolonged exposure, it would stand to reason that the pathway of ER stress 

276 and duration of exposure are crucial to understanding the mitochondrial response. Crucial to 

277 this mechanism of adaption or maladaptation may be reactive oxygen species, often 

278 associated with oxidative phosphorylation and mitochondrial dysfunction. 

279 Reactive oxygen species 

280 Mitochondrial reactive oxygen species (ROS) are produced as a by-product of 

281 oxidative phosphorylation and adenosine triphosphate (ATP) generation. ROS, in particular 

282 superoxide (O-*) and hydrogen peroxide (H2O2), are commonly associated with mitochondrial 

283 dysfunction and implicated in gestational disorders. What drives the associated mitochondrial 

284 dysfunction remains inconclusive; however, ER stress has been shown to increase ROS, with 

285 greater H2O2 levels observed in response to UPR and oxidative protein folding 23,24 . 

286 Similarly, both ROS and low-grade ER stress have been associated with the pathophysiology 
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287 of gestational diabetes mellitus 1,25. Our findings would support this statement in placental 

288 cells, establishing that ER stress does induce an increase in ROS. Our findings show 

289 production of O-* in response to UPR initiation and SERCA pump inhibition significant 

290 increased at the acute time point. However, this increase was seemingly compensated at the 

291 chronic 24hr mark, presumably through mitochondrial adaptations and exhausting antioxidant 

292 systems, limiting ROS  production and damage.  This result  could not be said to simply be  a 

293 result of cell death as all findings were normalised to the relevant controls and nonlethal 

294 doses chosen through assessing cell viability and validating commonly used concentrations. 

295 Further, an increase in H2O2 was observed after chronic exposure to ATPase pump inhibition 

296 through Ca2+ Ionophore, suggesting again that stress pathways are initiated and thus, the 

297 differing stimuli alter the ability of mitochondria to recover and adapt. Interestingly our data 

298 would suggest that there was no observed increase in H2O2 in response to any ER stress in an 

299 acute setting, a finding that would necessitate the assessment of antioxidant capacity to 

300 establish the ability of the system to convert O- to H2O2 before conversion into the harmless 

301 water and oxygen. 

302 Antioxidant capacity 

303 To ascertain the adaptive responses to increased superoxide production and lack of 

304 acute alterations in H2O2, enzymatic antioxidant capacity was assessed through measurement 

305 of glutathione peroxidase (GPx), thioredoxin reductase (TrxR) and superoxide dismutase 

306 (SOD). No changes in antioxidant activity of GPx, TrxR and SOD were observed in response 

307 to acute ER stress. This may explain why no changes were observed in H2O2 production in 

308 response to acute exposure to despite having increased O-*, as antioxidant capacity was able 

309 to reduce all present H2O2. When assessing the antioxidant capacity in response to chronic 

310 exposure our findings were more conclusive. GPx was significantly increased in response to 

311 the tunicamycin, while significantly decreased in response to Ca2+  ionophore. These  changes 

312 may be due to the cellular compartment in which the stressor exerts its effect, be it direct or 

313 indirect on the mitochondria; Tunicamycin induces the UPR in the ER, a process which 

314 impacts the mitochondria indirectly through downstream signaling. Given that recent studies 

315 suggest that the ER is also capable of generating large amounts of ROS this may have 

316 provided a stimulus which enabled an upregulation of cytosolic GPx’s intended to 

317 compensated ROS over the duration of exposure. Whereas, Ca2+ ionophore acts in a far more 

318 direct manner having a greater effect on the mitochondria; as such, producing greater 

319 immediate amounts of H2O2 and thus requiring more GPx to reduce ROS, depleting the 

320 antioxidant capacity beyond the point of return. TrxR antioxidant capacity tended to decrease 
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321 in response to  all  treatments  although only significantly in  Ca2+  ionophore treatment group. 

322 This result reinforces the apparent differing mitochondrial responses in a pathway dependent 

323 manner. When assessing SOD activity all ER stressors at the chronic time point showed 

324 significant decreases in antioxidant capacity. This finding may be a more accurate depiction 

325 of mitochondrial generated ROS through superoxide with SOD responding to the ER stress 

326 and increased requirement of scavenging O- to produce H2O2. Again, it may be suggested that 

327 the overall decrease in SOD is due to a depletion of the enzyme resulting from increased O-* 

328 at this time point. These results simultaneously explain why no increases in H2O2 were 

329 observed as the chronic time point as all mitochondria appear to have sufficient antioxidant 

330 responses to mitigate the ROS produced. These results again indicate that the mitochondrial 

331 response to stress is different depending on the type of ER insult. 

Conclusion 

332 The role of this study was not to re-establish whether ER stress is occurring in 

333 response to these well documented treatments, but to establish the acute adaptions and insults 

334 mitochondria undergo and overcome when exposed to ER stress, using a more chronic time 

335 point  as a positive control.  It  is  clear from this  study that ER  stress does  induce a level of 

336 mitochondrial dysfunction, although this is not a uniform effect. Mitochondria’s ability to 

337 respond to ER stress is dependent on the pathway initiated. Systems which modulate Ca2+ 

338 between  the ER  and  mitochondria have a more  severe  and seemingly irreparable  response 

339 when compared to that which initiated the unfolded protein response. This study showed the 

340 potential for ER stress to detrimentally effect mitochondria in a very acute manner with 

341 adaptions in respiration observed far earlier than commonly reported or examined in the 

342 literature of placental cells. These findings highlight the importance to ascertain the pathway 

343 and cause of ER  stress  and necessity to  better  understand the acute responses mitochondria 

344 employ to adapt to such stimuli. 
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Figure 1: Percentage viability, as determined by MTT assay, of cells exposed to varying 

concentrations of ER stressors for 4 hr and 24hr. A) Cell viability in response to acute 

treatment with Tunicamycin treatments across multiple concentrations (1-10 µg/ml at 4 hrs). 

B) Response to Tunicamycin concentrations at 24 hrs. C) Cell viability in response to acute 

treatment of (1-100nM) Thapsigargin at 4 hrs. D) Cell viability after 24 hr exposure to 

Thapsigargin. E) Cell viability in response to Ca2+ Ionophore at 4 hrs ranging from (1- 100µM). 

F) Cell viability in response to Ca2+ Ionophore at 24 hrs. 

 
 

Figure 2: Mitochondrial adaptions to membrane potential and respiratory capacity in 

response to acute (4hrs) and chronic (24hrs) exposure to ER stressors. A) membrane potential 

in response to acute (4hrs) ER stress. B) alterations in membrane potential observed in chronic 

(24hrs) exposure to ER stress. C) Routine Respiration in response to acute 4 hr ER stressors. 

D) Routine Respiration in response to chronic 24 hr ER stressors. E) Leak respiration in response 

to acute 4hrs ER stress. F) Leak respiration in response to chronic 24 hr ER stressors. G) 

Maximum Respiratory Capacity following acute 4 hr exposure to ER stressors. 

H) Maximum Respiratory Capacity following chronic 24 hr ER stressors. Mean 

±SD, N=8. (*=<0.05,**=<0.01, ***=<0.001, ****=<0.0001) Control (black), Tunicamycin 

(TUNICA, light grey) Thapsigargin (THAP, dark grey) Ca2+ ionophore (CaION, white). 

 
Figure 3: Reactive oxygen species and antioxidant capacity in response to ER stress at acute 

(4hrs) and chronic (24hr) time points. A) Superoxide generation after 4hrs exposure to the ER 

stress. B) Superoxide levels following 24 hrs of exposure to ER stress. C) Hydrogen peroxide 

production after 4 hrs exposure to various levels of ER stress. D) Hydrogen peroxide production 

following 24hr exposure to ER stress inducers. E) GPx activity after 4 hrs of treatment with 

stressors. F) GPx activity after 24 hrs exposure to stressors. G) TrxR activity of TrxR after 4 

hrs. H) TrxR activity after 24 hrs. I) SOD activity following 4 hrs of treatment. J) SOD activity 

following 24 hrs of treatment. Mean ±SD, N=8 ROS assessment N=4 antioxidant capacity. 

(*=<0.05,**=<0.01, ***=<0.001, ****=<0.0001) Control (black), Tunicamycin (TUNICA, 

light grey) Thapsigargin (THAP, dark grey), Ca2+ ionophore (CaIon, white). 
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FIGURE 1. 
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FIGURE 2. 
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FIGURE 3. 
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Chapter 2-B 
 

 

              Additional unpublished mechanism 

The body of work (under review) presented in Chapter 2-A showed initiating ER stress through 

multiple pathways has a varied and acute response in mitochondrial bioenergetics, reactive 

oxygen species and antioxidant response. In addition to this work, this chapter investigated 

potential mechanisms which underpin the acute mitochondrial response, and the apparent 

adaptive abilities of mitochondria to mitigate certain ER stress over the acute to chronic period. 

 

              Introduction to additional content 

 
As previously discussed, mitochondrial associated ER membrane (MAM) have the important 

role of mediating Ca2+ signaling, lipid and cholesterol metabolism and mitochondrial 

morphology and function [10]. Therefore, any stress induced in the ER which is seen to 

influence mitochondria would most likely exert its effect though MAM interactions. Our 

methods of inducing ER stress acted through inhibiting N-glycosylation, inhibition of SERCA 

pumps and stimulating efflux of Ca2+ from the ER lumen while effecting ATPase machinery. 

We observed conclusive data on acute changes both biochemically and bioenergetically in 

mitochondria, a result that was dependent on the ER stress pathway initiated and seemingly 

identified adaptive mechanisms that mitochondria possess to mitigate certain stressors between 

the acute and chronic timepoints. What remained unclear was which mechanism induced both 

the immediate changes in function, but more importantly, the apparent beneficial adaptions or 

repair mechanisms observed at the chronic time point. As such, this subsequent body of work 

was undertaken to examine if ER stress which induced mitochondrial changes were mediated 

through MAMs. This was assessed through targeting multiple aspects of ER mitochondrial 

interactions including, assessing mitochondrial number, ER-mitochondrial tethering, fission 

and fusion, calcium regulation and metabolic adaptions. 

Mitochondrial content is a relative measure of mitochondria per cell and is commonly 

used to assess mitochondrial integrity and function [11]. While it can be used to ascertain the 

effect of mitochondrial dysfunction in disease states [12], it can also be employed to assess 

adaptions to a stimuli both negative or positive, as is the case in exercise [13]. Although no 

direct link has been made between ER stress and fluctuations in mitochondrial content, it could 

be suggested to play a role due to the way ER mediates mitochondrial dynamics. Mitochondrial 

dynamics described previously involve the tethering of mitochondria to ER in order to undergo 
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fusion (joining) into large more bioenergetic respiratory units, or fission (separation) of poorly 

functioning portions of the mitochondrion before marking these for mitophagy (mitochondrial 

specific autophagy). With changes in key proteins involved in this process known to effect 

mitochondrial functionality and morphology [14]. As such, this process is tightly regulated and 

involves the mitofusins both 1 & 2 (MFN1 & MFN2) acting as tethering mechanisms and 

preventing overaccumulation while allowing key proteins such as OPA1 to initiate 

mitochondria membrane fusion [15]. ER also mediate metabolism and cell fate through Ca2+ 

flux into mitochondria at MAM sites [10] with both ER specific (IP3R) and mitochondrial 

specific (VDAC) components, having direct and indirect effects on metabolism and the citric 

acid cycle (TCA) [10]. While work surrounding the impact of ER stress on Ca2+ flux on 

physiological parameters has been discussed, the mechanism behind such responses remains 

unclear. Further, as previously eluded, to the large focus of this emerging field is on chronic or 

severe adaptions to ER stress. Given this and our observed mitochondrial responses, the 

subsequent work will investigate these mechanisms after acute (4hrs) exposure to multiple ER 

stressors. 

 

             Methods 

 
Western blotting and mitochondrial content 

Protein concentrations of mitochondrial isolates were quantified via a Pierce BCA 

Protein Assay Kit (Thermo Scientific, Australia). 20 μg of protein was loaded onto 12% 

Polyacrylamide gels prior to electrophoretic separation. On conclusion, proteins were wet- 

transferred to PVDF (polyvinylidene fluoride) membrane and blocked with Odyssey® blocking 

buffer. Membranes were incubated in primary antibody overnight with agitation at 4˚C. 

Primary antibodies utilised in these experiments consisted of β-actin (ab8227) at 1:1000, 

VDAC1 (ab14734) at 1:1000 dilution, OPA1 (Cell signalling D6U6N) at dilution 1:1000, 

PCK2 (ab187145) at 1:1000 dilution. Membranes were washed thoroughly utilising Tris 

Buffered Saline (TBS/Tween) and TBS prior to incubation with secondary antibody, anti- 

mouse (IRDye 800CW donkey, Licor, Lincoln, NE, USA) and anti-rabbit (IRDye 680 goat, 

Licor, Lincoln, NE,USA) at 1:1000 dilution. The developed blot was then imaged by Licor 

Odyssey and quantified by Image studio v 5.2. Mitochondrial content was assessed using 

mtDNA/nDNA ratio using the 2-ΔΔCt method. qPCR was performed with Quanti-Nova SYBR 

Green PCR kit (Qiagen, Australia) using primers and methodology previously published(table 

1) [11]. RNeasy mini kit (Qiagen) were used to extract RNA from treated cells with iScript 

gDNA clear 
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cDNA synthesis kit (Biorad, Australia) used for reverse transcription. Extraction and synthesis 

were performed in accordance to the manufacturers guidelines. 

Table 1. shows the PCR primer sequences utilised to determine mitochondrial content in this 

Study. 

 

Statistical analysis 
Data is represented as mean ± SD and was analysed using Graphpad PRISM 7.02 

(GraphPad, USA). Reactive oxygen species data and antioxidant capacity are presented 

normalised to control cells. Data was analysed using one-way ANOVA, with multiple 

comparisons selected, significance was established at 0.05. 

 

              Results 

Continuing to examine the effect of ER stress on mitochondrial physiology, 

mitochondrial content was assessed, a relative measurement of mitochondrial number per cell. 

After acute exposure to ER stressors Ca2+ ionophore significantly (P<0.05) decreased the 

relative number of mitochondria (Figure 4, A). This result was conserved following chronic 

exposure (P<0.01) and observed in conjunction with Tunicamycin (P=<0.05) (Figure 4, B). To 

assess mitochondrial dynamics and the site of interaction between mitochondria and ER voltage 

gated anion channel 1 (VDAC1) protein expression was assessed and found to be significantly 

decreased in response to all ER stressors after acute 4hr exposure (P=<0.001, P=<0.05, 

P=<0.001) respectively (Figure 4, C). No changes were observed in mitofusin 1 or 2 

(MFN1&2) in response to acute 4hr ER stress (Figure 4 D, E). Optic atrophy protein 1 (OPA1) 

protein expression was significantly increased across all stress treatments (P=<0.05, P=<0.01, 

P=<0.05) respectively (Figure 4, F). While measures of pyruvate metabolism through 

phosphoenyolpyruvate carboxykinase 2 (PCK2) protein expression increased, although only 

Tunicamycin treatment was significant (P=<0.05) (Figure 4, G). 

 

 Primer Name Primer Sequence Primer Marker 

 

MTAIB F 5’ – GAGTTTCCTGGACAAATGAG – 3’ Nuclear DNA 

 R 5’ – CATTGTTTCATATCTCTGGCG – 3’  

MTBA F 5’ – AGCGGGAAATCGTGCGTGAC – 3’ Nuclear DNA 

 R 5’ – AGGCAGCTCGTAGCTCTTCTC – 3’  

MTRT5 F 5’ – GCCTTCCCCCGTAAATGATA – 3’ Mitochondrial DNA 

 R 5’ – TTATGCGATTACCGGGCTCT – 3’  

MTRT4 F 5’ – ATGGCCCACCATAATTACCC – 3’ Mitochondrial DNA 

 R 5’ – CATTTTGGTTCTCAGGGTTTG – 3’  
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Figure 4: Examines mitochondrial copy number, a relative measure of mitochondrial 

number as well as mitochondrial and ER associated function through western blot analysis 

of proteins after acute 4hr treatment with ER stressors. A) Assesses changes in mitochondrial 

content after acute exposure, B) Assesses changes in mitochondrial content after chronic 

exposure. C) Voltage gated anion channel 1 (VDAC1) protein expression in response to 

acute ER stress, D) Mitofusin 1 (MFN1) protein expression in response to acute ER stress, 

E) Mitofusin 2 (MFN2) protein expression in response to acute ER stress, F) Optic atrophy 

protein 1 (OPA1) protein expression in response to acute ER stress. G) Phosphoenolpyruvate 

carboxykinase 2 (PCK2) protein expression in response to acute ER stress. Mean ±SD, N=4. 

(*=<0.05, **=<0.01, ***=<0.001, ****=<0.0001) Control (black), Tunicamycin (TUNICA, 

light grey) Thapsigargin (THAP, dark grey) Calcium ioniphore (CaIon, white). 

 

             Discussion 
Mitochondrial dynamics 

Given the apparent ability of mitochondria to mitigate ER stress and adapt to various 

stimulated pathways and exposure times the complex machinery by which they remain viable 

was assessed. As discussed previously, mitochondrial dynamics converge at ER contact sites 

or MAM’s, mediating fusion through MFN1, while MFN2 acting as a tethering antagonist 

preventing over accumulation of ER mitochondrial sites [16]. MFN1 is proposed to mediate 

smooth-ER mitochondrial interactions while MFN2 act predominantly on rough-ER [17, 18]. 

The way mitochondria adapt to ER stress through dynamics may therefore directly determine 

mitochondrial biogenesis and content in gestational disorders shown to have higher levels of 

stress. Further, MAM sites have been identified as the site of lipid exchange during biogenesis 

[19], thus, dysfunction would greatly impede this process limiting membrane formation and 

further impact the dynamic cycle. As a result, requiring the conservation of more poorly 

functioning mitochondria through fusion due to the inability to synthesize new mitochondria 

via biogenesis. When assessing the effect of acute and chronic stress, Ca2+ ionophore showed 

significant decreases in mitochondrial content in response to acute exposure, while both 

Tunicamycin and Ca2+ ionophore were significantly decreased in response to chronic exposure. 

This decrease in mitochondrial content would confirm our previous observations that 

mitochondrial mechanisms are operating to adapt to the physiological and environmental 

changes in a different, time-dependent manner. Decreases in mitochondrial content associated 

with Ca2+ ionophore at the acute time point would again highlight that the differences in ER 

stress pathways plays a role in the severity of the mitochondrial response. It could also be 

inferred from these results that no mitochondrial biogenesis is occurring under ER stress and 
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that mitophagy or at least fusion is occurring to form larger mitochondria capable of providing 

adequate respiratory rates. A suggestion that may help explain the decreased expression levels 

of mitochondrial biogenesis proteins peroxisome proliferator-activated receptor gamma 

coactivator 1 (PGC-1α), peroxisome proliferator-activated receptor gamma (PPARγ), and 

nuclear respiratory factor 1 (NRF1) observed in PE and GDM [20]. The implication of ER 

stress in dysregulation of mitochondrial biogenesis and an increase in fusion to compensate is 

supported by our OPA1 findings; OPA1 is a pro fusion protein involved in the joining of 

mitochondrial membranes and was significantly increased in response to all levels of ER stress. 

This is an important finding as no changes in tethering mechanisms were observed, meaning 

that the molecular machinery required for tethering, fission and fusion are all present and not 

responsible for alterations to mitochondria influencing ER mediated stress. Further, while 

tethering mechanisms are not altered the mitochondrial outer membrane protein VDAC1 which 

regulates Ca2+ influx and ATP release into the cytosol, a crucial mitochondrial component of 

MAM is significantly decreased after acute 4hr exposure to ER stress. Thus, limiting the 

binding of Ca2+ inositol triphosphate receptor (IP3R) and glucose regulating protein 75 

(GRP75) to VDAC and thus limiting Ca2+ flux between the organelles [8, 21]. To assess the 

potential for the mitochondrion to respond to decreased Ca2+ flux and respiratory consequences 

via simply upregulating metabolic pathways we examined a protein central to pyruvate 

metabolism phosphoenolpyruvate carboxykinase 2 (PCK2). While higher in response to all ER 

stressors this was significantly so following tunicamycin treatment. This metabolic response to 

increase pyruvate availability in the citric acid cycle may be responsible for the ability of 

tunicamycin treated cells to maintain mitochondrial respiratory capacity. This finding may 

elucidate a mechanism to counteract stress in an acute manner through upregulation of 

metabolic proteins. This finding may be the key difference between the three types of stressors, 

where Thapsigargin and Ca2+ ionophore target Ca2+ and act quickly requiring more drastic 

dynamic adaptions to restore function (Thapsigargin, via dynamics) or may not be rescuable 

(Ca2+ ionophore), tunicamycin due to its mechanism of action, may allow an alternative and 

less integrated response to mediate ER stress. 

 

              Conclusion 

This investigation into the complex bidirectional nature of mitochondrial and ER 

through examining mitochondrial dynamics in response to ER stress was performed as a follow 

up to our findings presented previously in this chapter (submitted paper). This study continued 

to show the potential for ER stress to detrimentally effect mitochondria in a very acute manner, 

along with the adaptions in respiration and redox balance we observed alterations in crucial 
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proteins involved in mitochondrial dynamics. Again, these findings were observed far earlier 

than commonly reported or examined in the literature in placental cell models. These acute 

alterations in protein expressions were observed in voltage gated anion channel 1, a 

mitochondrial associated portion of the complex MAM system, indicating an acute 

mitochondrial response to ER dysfunction, with the apparent aim to compensate and mitigate 

the alterations in ER function through acute adaptions. Furthermore, ER stress and indeed the 

mitochondrial response does not appear to effect the tethering mechanisms between the ER and 

mitochondria associated with MAM’s and mitochondrial dynamics in this study. Although, an 

increase in pro fusion was observed through increases in OPA1, potentially to attempt to 

compensate for the poor functioning mitochondria by promoting the formation of larger 

mitochondria. Similarly, inducing ER stress saw a mitochondrial upregulation of pyruvate 

metabolism via PCK2 to varying degrees, again, potentially to mitigate changes in respiration. 

With the success of this adaption to pyruvate metabolism potentially enabling mitochondria to 

be less susceptible to overall mitochondrial dysfunction when exposed to stress through the 

UPR. Accumulatively, this preliminary body of work into the effect of ER stress on 

mitochondrial dynamics supports the previous conclusion that mitochondria undergo acute 

responses to mitigate ER stress and that this response varies depending on the pathway initiated. 

These findings provide a future avenue for investigation into mitochondrial responses to ER 

stress, with further research required into these complex interactions. 

 

Limitations and future direction 

While this research is the first to examine the effect of acute ER stress on mitochondrial 

function in trophoblasts and acknowledged that this experiment was performed under 20% 

oxygen. The use of a consistent 20% oxygen was chosen to eliminated consistent hypoxia 

reperfusion incidence which would have skewed the experimental results towards 

dysfunctional mitochondria and not provided an accurate representation of the intricately linked 

effect of ER stress on mitochondria. Future experiments would examine this relationship under 

5% oxygen now that an extensive preliminary body of work has been performed at 20%, as 

well as assessing ATP-dependent functions like production of hormones, amino acid and fatty 

acid uptake within the cell culture in combination with immunohistochemistry to visualize and 

confirm the effects of ER stress on mitochondria. 
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              Conclusion of Chapter 

When assessing the outcomes from this body of work, it is evident that mitochondria respond 

and adapt to stress in a far more acute manner than previously established. This body of work 

demonstrates that different initiators of ER stress have varying levels of impact on 

mitochondrial physiology; stress initiated through the unfolded protein response (UPR) appears 

to be less severe as stress targeted to induce an insufficient flux of Ca2+. This outlines the 

importance of Ca2+ in maintaining mitochondrial function, which is not surprising given 

membrane potential, bioenergetics, dynamics and apoptosis are intricately linked to Ca2+ 

homeostasis. However, despite the bioenergetic outcomes not appearing equally effected across 

all inducers, ER stress globally altered dynamics and the interaction between the ER and 

mitochondria. 

Due to vastly different mitochondrial populations which reside in the human placenta 

(cytotrophoblast and syncytiotrophoblasts), it became apparent that translating these findings 

from trophoblast placental Swan-71 cells into placental tissue would be challenging. We felt it 

was imperative to assess the impact of ER stress on mitochondrial bioenergetics and dynamics 

in different mitochondrial populations in order to meaningfully speculate on the implications 

of these findings in pregnancy disorders. Given the lack of characterisation of mitochondrial 

function in the placenta, a method was sought to conclusively characterize different 

mitochondrial populations present in the placenta (based on bioenergetics, metabolic, 

mitochondrial dynamics and steroidogenesis) prior to experimentation on tissue. However, it 

became clear such a method had not yet been established at a reproducible level which would 

enable assessment of all the previously mentioned parameters. As such, it was necessary for 

the progression of this project, to develop a reproducible and reliable method for future work 

to interpret and adapt findings made in cell models of ER stress to tissue and isolated 

mitochondria alike. Chapter 3 of this thesis outlines the development and validation of this 

method. 
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Chapter 3 A  
Mitochondrial Isolation and 

Characterisation in the healthy term placenta 
 

     Overview 
Chapter 3 is the second research chapter undertaken in this thesis and consists of a body 

of work separated in two distinct subchapters (3-A and 3-B). 

Chapter 3-A, which consists of published work, aimed to develop a method of isolation 

and cryopreservation of placental mitochondria from various cell compartments. The aim of 

this chapter was to enable the progression of work outlined in Chapter 2 to progress from a 

cell-model into human placental tissue. As previously outlined, in order to investigate ER- 

mitochondrial interactions in human tissue, a reliable method of isolation and characterization 

of mitochondria from the cytotrophoblast and syncytiotrophoblast cell lineages was required. 

Therefore, the work outlined in this chapter involved an initial investigation of the complex 

methodology behind the isolation of mitochondria from the two cell lineages. Further, in order 

to eliminate the time sensitive nature of this work (usually performed exclusively on fresh tissue 

at time of collection), and to allow for storage while establishing a bank of placental tissue 

collected post-birth, this work set out to develop a method which allowed for storage of isolated 

mitochondria at -80°C. We have demonstrated that not only can we reliably isolate 

mitochondria from different lineages, we can examine mitochondrial physiology, determining 

the bioenergetic capacity post-storage at -80oC with no significant loss of viability when 

compared to fresh (unfrozen) tissue. 

Chapter 3-B, consists of unpublished work aimed to continue the characterization of 

isolated mitochondria from the placenta necessary for the progression of this field of work. 

This subsequent investigation utilised the optimized and published methodology to assess 

mitochondrial dynamics, antioxidant capacity and hormonal regulation of mitochondria from 

the two different cell lineages. The importance of which cannot be understated when providing 

a thorough characterization of mitochondria to use as a foundation for future work into 

trophoblast differentiation, ER stress and mitochondrial dysfunction in pregnancy pathologies 
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This chapter is a combination of work published in the journal Placenta and unpublished work 

characterising mitochondria from the cytotrophoblast and syncytiotrophoblast. 
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Chapter 3-A 
 

Introduction 
This study aimed to address the time sensitive nature often associated with 

mitochondrial investigation and provide the first assessment of bioenergetics when 

mitochondria are separated from placental tissue based on their cell lineage. We aimed to 

provide a well characterised bioenergetic profile of mitochondria from the cytotrophoblast and 

syncytiotrophoblast in normal healthy placenta, to act as a baseline comparator and thus offer 

more in-depth and meaningful analysis of the mitochondrial dysfunction which may underpin 

the pathogenesis of pregnancy pathologies. 

The importance of mitochondrial function to the placenta is central to healthy 

development and growth of the fetus, influencing metabolism, availability of nutrients, oxygen 

supply and hormone synthesis through the fetal maternal interface occurring at the terminal 

villi. It has long been established, as shown by the publication by Carolyn Jones and Harold 

Fox in 1991 which characterised the ultrastructure of the normal human placenta [1], that along 

with the differentiation of the underlying cytotrophoblast to the multinucleated 

syncytiotrophoblasts the accompanying cellular organelles dramatically change. None more so 

than mitochondria, changing from stereotypical bean like mitochondria with highly developed 

cristae to a punctate, smaller, spherical organelle. Work continued by Martinez et al in 1997 

[2] begun to investigate these changes publishing that alteration in mitochondria had structural 

and functional implications. Although, these findings were mainly observed through protein 

work with measurements of functional physiological parameters not truly established. 

Furthermore, the mechanisms which drive this transformation in mitochondria remain elusive, 

with speculation that changes were solely in response to the necessity of surface area for 

cholesterol transport and hormone synthesis [3]. However, recent developments in 

mitochondria physiology have determined a more complex understanding of factors which may 

impact on mitochondrial morphology, number and function. These include, but are not limited 

to, mitochondrial dynamics, protein expression of mitochondrial electron transport chain 

complexes, generation of reactive oxygen species, and alterations in metabolism alterations [4- 

8]. 
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Additionally, these advances have led to investigations into the complex mechanism in 

placental cell lines and tissue, however, crucially, these experiments have primarily been 

conducted in whole tissue or assessed after pharmacological induction of syncytialisation. As 

such, the conclusions regarding mechanism which drive adaptions vary widely depending on 

the tissue assessed, method of sample preparation, and time elapsed during preparation. These 

inefficiencies are compounded when assessing mitochondrial mechanisms due to the different 

populations of mitochondria within the two cell lineages of the placenta [2, 9]. We believe that 

it is this investigation of mitochondria, while not accounting for the two populations, differing 

in appearance and suggested function, that is influencing the inconsistencies in determination 

of the exact involvement of mitochondria in both healthy and pathological studies. Furthermore, 

the inability to isolate mitochondria from both cell lineages of the placenta and store them in a 

manner which allows examination of complex physiological processes at a later time point, 

significantly hinders the fields advancement. 

This study aimed to address both the time sensitive nature often associated with 

mitochondrial investigations and provide the first assessment of bioenergetics, dynamics and 

antioxidant capacity in placental mitochondria separated based on their cell lineage. Providing 

a well characterised basis in normal healthy placenta for more in-depth analysis of the 

mechanisms which drive mitochondrial changes post differentiation may further our 

understanding of the pathogenesis of pregnancy pathologies. 
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1. Introduction 

 
The placenta consists of multiple cell layers, including the under- lying 

cytotrophoblast layer and a multi-nucleated, terminally differ- entiated 

syncytiotrophoblast. These two cell types possess mitochondria with 

unique properties; differing in size, morphology, energy produc- tion and 

steroidogenic capacity [1–3]. Mitochondria are vital to vir- tually every 

aspect of cellular function from supplying energy in the form of ATP, 

processing metabolic intermediates, modulating Ca2+ signalling, 

controlling ROS production and playing a critical anabolic role. Many 

studies have shown that mitochondrial dysfunction con- tributes to 

placental pathology underpinning gestational disorders [4,5]. However, 

due to the complex cell structure of the placenta and the very different 

biology of cytotrophoblast and syncytiotrophoblast, mitochondrial 

populations from both are often studied together so subtle variations are 

missed. One of the key challenges to date has been the development of 

methodologies for isolation of functional mi- tochondria that allow key 

parameters to be assessed in an efficient and reproducible way [3]. 

Therefore, the aim of this study was to develop methodologies for the 

isolation, cryopreservation and biochemical analysis of mitochondria from 

both cytotrophoblast and the syncytio- trophoblast. 

 
2. Methods 

 
2.1. Placental collection and mitochondrial isolation 

 
Ethical approval was granted by both Queensland Health and 

 
Griffith University. Placentae were from healthy term pregnancies, post 

vaginal birth, and villous tissue was collected as previously described 

[6]. Isolation of mitochondrial subpopulations was achieved by differ- 

ential centrifugation adapted from Martinez et al. [3]. Samples were 

homogenised in a glass dounce homogenizer with 1 mL of chilled iso- 

lation media (250 mM sucrose, 0.5 mM Na2EDTA, 10 mM Tris, pH 7.4). 

Homogenates were centrifuged at 1,500 g for 10 min at 4 °C and the 

supernatant collected and centrifuged at 4,000 g for 15 min at 4 °C to 

produce a pellet of enriched mitochondria (Fraction 1 or Cyto-Mito). 

The supernatant was collected and centrifuged at 12,000 g for 15 min at 

4 °C to produce a second pellet of enriched mitochondria (Fraction 2 or 

Syncytio-Mito). As the isolation media is designed to allow for cryo- 

preservation ofextracted samples, both fractions were analysed freshor 

snap frozen and stored at −80 °C. Cryopreserved isolates were revived 

by warming to 37 °C for 5 min, prior to assessment of mitochondrial 

respiration. For measurement of mitochondrial membrane potential 

and ATP production, isolates were revived from storage at −80 °C up to 

five months later. 

 
2.2. Transmission electron microscopy 

 
Placental tissues were pre-fixed in 3% glutaraldehyde and post-fixed in 

1% osmium tetroxide, dehydrated in ethanol, embedded in Epon resin 

using the Pelco Biowave fixation system and polymerised over- night at 60 

°C. Tissue blocks were sectioned (80 nm) using a Leica Ultracut UC6 

ultramicrotome and imaged utilising a Joel JSM1011 transmission electron 

microscope with an Olympus Morada digital camera. Isolated 

mitochondrial fractions were fixed in 3% 
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glutaraldehyde in mitochondrial isolation buffer, centrifuged to create a 
cell pellet that was processed and imaged as described for placental tissue. 
The number of mitochondria were counted, and mitochondrial length 

measured,  and  mitochondria  classified  as  large  (≥0.2μm)  or 

small  (≤0.1μm).  Ratio of large  to  small  was  used  to  assess  %  purity. 

2.3. Real time respirometry and ATP measurements 

 
Mitochondrial respiration was measured at 37 °C via Oxygraph-2k 

(OROBOROS, Innsbruck, Austria) using the Substrate-Uncoupler- 

Inhibitor-Titration (SUIT) protocol. Mitochondrial fractions were added in 

MiRO5 respiration media (0.5 mM EGTA, 3 mM MgCl2·6H2O, 60 mM K- 

lactobionate,  20 mM  taurine,  10 mM  KH2PO4,  20   mM   HEPES, 110   mM 

sucrose, 1 g/L fatty acid free BSA, pH 7.1) for baseline cali- bration (5mins) 

prior to the sequential addition of Glutamate (10 mM), Malate (2 mM), 

Pyruvate (5 mM), ADP (1–5 mM) followed by the ad- dition of cytochrome 

C and Succinate (10 mM) to activate Complex I + II linked respiration and 

assess mitochondrial membrane integrity, Carbonyl cyanide m-

chlorophenyl hydrazone (CCCP; 1 mM) to measure Maximum respiratory 

capacity. Complex I and III inhibition with 

Rotenone (1 μM) and Antimycin A (5 mM) respectively, provided 
measurement of non-mitochondrial respiration. Non-mitochondrial re- 

spiration was subtracted from all obtained values to normalise for solely 

mitochondrial respiration. Respiratory rates were recorded via OROB- 

OROS DataLab 7.0 software and units of respiration are expressed aspmol 

O2/sec per mg protein. The level of ATP was quantified, after removal of 

contaminating proteins, utilising an ATP Assay Kit (Abcam, Australia) 

following the manufacturer's instructions. ATP content was is expressed 

as umole/mg of mitochondrial extract. 

 
2.4. Flow cytometry measurement of membrane potential 

 
Following revival mitochondrial isolates were incubated 100 nM 

MitoSPY Green (Biolegend, United States) and 50 nM TMRE (tetra- 

methylrhodamine, ethyl ester) for 25 min at 37 °C before centrifugation 

at appropriate speed and resuspension in PBS. Median fluorescence 

intensity was measured on a BD SORP LSR II Fortessa flow cytometer 

(BD Biosciences, United States) with identification a minimum of 

50,000 fluorescent positive events. Fluorescence Minus One was uti- 

lised to establish appropriate gating controls and the intrinsic auto- 

fluorescence of unlabelled mitochondria was taken into account [7]. 

Data was analysed with FlowJo V10 software (FlowJo LLC). 

 
2.5. Statistical analysis 

 
Data is presented as mean ± SD, with the exception Median 

Fluorescent Intensity (MFI) for flow cytometry. Analyses were per- 

formed using GraphPad PRISM 7.02 (GraphPad, USA), with Student T 

tests and two-way ANOVA used to determine significance. 

 
3. Results and discussion 

 
As shown in Fig. 1A, mitochondria from cytotrophoblast cells were 

generally round or ovoid, larger (0.2 μm up to 0.8 μm) with clearly defined 

cristae (Fig. 1B). Syncytiotrophoblast mitochondria were smaller (0.1 μm 

or less) with less cristae evident (Fig. 1C). Isolation by 
differential centrifugation yielded mitochondrial subpopulations of 

high purity (85–95%), which maintained morphology similar to mi- 

tochondria in situ, with no apparent damage induced by centrifugation. 

Mitochondrial respiratory capacity wasevaluatedimmediatelyafter 

isolation and after cryopreservation. Leak state respiration (Fig. 2A) 

was significantly greater in Cyto-Mito (p = 0.0028) than Syncytio- 

Mito. Although it appears that isolated mitochondria from both cell 

lineages have low leak state respiration, it subsequently increased sig- 

nificantly with addition of substrates  (17.5  fold for Cyto-Mito and 20 

fold for Syncytio-Mito).  Complex I + II  linked respiration  (CI  + II; 

 

 

Fig. 1. Placental mitochondria in cytotrophoblasts (CT) and the syncy- tiotrophoblast 

(ST). Representative transmission electron microscope images of 

(A) intact villous placental tissue and isolated mitochondria in Fraction 1 (B) and 

Fraction 2 (C). Mitochondria were false coloured and a dotted line  added  to  visually 

separate the cell lineages to aid in identification. 

 
Fig. 2B), and maximum respiratory capacity (Fig. 2C) were significantly 

higher in Cyto-mito when compared to Syncytio-mito (CI + II: fold 

change  =  2.50,  p  =  0.0002;  Max  Res Cap.  fold  change  =  2.36, p 

= 0.002). The changes in isolated mitochondria observed in this study 

supports the existing literature from isolated trophoblast cells, which 

concluded that cytotrophoblast have a higher respiration rate than 

syncytiotrophoblast [8]. Further, it has been long established that 

changes in the cristae structure affect bioenergetics [9], and this may 

explain the lower bioenergetic capacity of Syncytio-Mito. Furthermore, 

alterations in respirasome complexes and ATP synthase have been as- 

sociated with altered mitochondrial ultrastructure in the placenta [2]. 

This study also found that mitochondrial membrane potential was sig- 

nificantly lower in Syncytio-Mito (p = 0.02) compared to Cyto-Mito and 

this was  reinforced  by  a  significant  drop  in  ATP  production (p 
= 0.0016). 

Leak state respiration (without the addition of ADP) was similarly 

maintained and not significantly affected by the cryopreservation. 

Respiration and maximum respiratory capacity were not significantly 

different between cryopreserved mitochondrial fractions and fresh 

isolates, with recovery of respiratory rates between 83 and 93% of 

freshly isolated mitochondria. As was the case for fresh isolates, CI + II 

respiration and maximum respiratory capacity were lower in Syncytio- 

Mito  compared  to  Cyto-Mito  (Fig.  2B;  CI  +   II:  fold  change  2.36, p 

= 0.0011; Fig. 2C; Max Res Cap. fold change 2.14, p = 0.0009). 

Evaluation of the outer mitochondrial membrane via exogenous cyto- 

chrome c (Figure D) showed an increase in respiration of only 2% in the 

cryopreservation isolates compared to fresh isolates, while maintaining 

the ability to determine significance between Cyto-Mito and Syncytio- 

Mito (p = 0.0023 fresh and p = 0.0025 frozen). These findings suggest 

that cryopreservation did not have any significant effect on mitochon- 

drial outer membrane integrity. This result is important as when con- 

sidered in conjunction with membrane potential and ATP production 

(Fig. 2, E, F) it confirms that the inner mitochondrial membrane was 



Joshua Fisher Chapter 3, page 94  

 
 

Fig. 2. Mitochondrial respiration, membrane potential and ATP production in fresh and cryopreserved mitochondria from cytotrophoblast (Cyto-Mito (Black bars)) 

and syncytiotrophoblast mitochondria (Syncytio-Mito (Grey bars)). A) Leak Respiration (n = 7). B) Complex I + II linked respiration (n = 7). C) Maximum 

respiratory capacity (n = 7). D) Cytochrome C dependent respiration (n = 7). E) Mitochondrial membrane potential post cryopreservation (n = 5). F) ATP 

production post cryopreservation (n = 9). All data is presented as mean ± SD with exception of E which is presented as median ± SD, and n is the number of 

individual placentae studied. 

 

protected and functioning. The constituents of the isolation buffer aids in 

the functional recovery post cryopreservation through the use of sucrose, 

which preserves physiological osmolarity and prevents the loss of matrix 

ions, protecting the mitochondria from swelling and lysis [10,11]. 

When comparing our results to that of other human mitochondrial 

experiments, the placenta has a lower capacity for oxidative phos- 

phorylation than skeletal muscle and cardiac tissue but may be 

equivalent to that of the liver [12–14]. These comparisons highlight the 

need to assess mitochondrial subpopulations when examining bioe- 

nergetics as respiration rates can change between tissue or even mi- 

tochondrial sub populations with a single tissue such as placenta. This 

researchdemonstrates theability to cryopreserve isolatedmitochondria 

at −80 °C, without changes in key functional parameters. This will 

facilitate the study of placental mitochondria from normal and ab- 

normal pregnancies. 

Acknowledgements 

 
The Authors would like to acknowledge the facilities and technical 

assistance of Microscopy Australia, Centre for Microscopy and 

Microanalysis, University of Queensland. 

 
References 

 
[1] O. Holland, M. Dekker Nitert, L.A. Gallo, M. Vejzovic, J.J. Fisher, A.V. Perkins , Review: 

placental mitochondrial function and structure in gestational disorders , Placenta 

54 (2017) 2–9. 

[2] D. De los Rios Castillo, M. Zarco-Zavala, S. Olvera-Sanchez, J.P. Pardo, O. Juarez, 

F. Martinez, G. Mendoza-Hernandez, J.J. García-Trejo, O. Flores-Herrera, Atypical 

cristae morphology of human syncytiotrophoblast mitochondria: role for complex V, 

J. Biol. Chem. 286 (27) (2011) 23911–23919. 
[3] F. Martinez, M. Kiriakidou, J.F. Strauss 3rd, Structural and functional changes  in 

mitochondria associated with trophoblast differentiation: methods to isolate en- 

riched preparations of syncytiotrophoblast mitochondria, Endocrinology 138 (5)  

(1997) 2172–2183. 
[4] E. Teran, I. Hernández, L. Tana, S. Teran, C. Galaviz-Hernandez, M. Sosa-Macías, 

http://refhub.elsevier.com/S0143-4004(19)30105-5/sref1
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref1
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref1
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref1
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref1
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref1
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref1
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref2
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref2
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref2
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref2
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref2
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref2
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref2
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref2
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref3
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref3
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref3
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref3
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref4


Joshua Fisher Chapter 3, page 95  

G. Molina, A. Calle, Mitochondria and coenzyme Q10 in the pathogenesis of pre- 

eclampsia, Front. Physiol. 9 (2018) 1561-1561. 

[5] C. Mandò, G.M. Anelli, C. Novielli, P. Panina-Bordignon, M. Massari, 

M.I. Mazzocco, I. Cetin, Impact of obesity and hyperglycemia on placental mi- 

tochondria, Oxidative Med. Cell. Longevity 2018 (2018) 2378189-2378189. 

[6] G.J. Burton, N.J. Sebire, L. Myatt, D. Tannetta, Y.L. Wang, Y. Sadovsky, A.C. Staff, 

C.W. Redman, Optimising sample collection for placental research, Placenta 35 (1) 

(2014) 9–22. 

[7] S. Dingley, K.A. Chapman, M.J. Falk, Fluorescence-activated cell sorting analysis of 

mitochondrial content, membrane potential, and matrix oxidant burden in human 

lymphoblastoid cell lines, Methods Mol. Biol. 837 (2012) 231–239. 

[8] K.S. Kolahi, A.M. Valent, K.L. Thornburg, Cytotrophoblast, not syncytiotrophoblast, 

dominates glycolysis and oxidative phosphorylation in human term placenta, Sci. 

Rep. 7 (2017) 42941. 

[9] C.R. Hackenbrock, Ultrastructural bases for metabolically linked mechanical ac- 

tivity in mitochondria. I. Reversible ultrastructural changes with change in meta- 

bolic steady state in isolated liver mitochondria, J. Cell Biol. 30 (2) (1966) 269–297. 

[10] 

J. Nedergaard, B. Cannon, [1] Overview—Preparation and Properties of 

Mitochondria from Different Sources, Methods in Enzymology, Academic Press, 

1979, pp. 3–28. 

[11] J.M. Skehel, Preparation of Extracts from Animal Tissues, Protein Purification 

Protocols, Springer, 2004, pp. 15–20. 

[12] E. Gnaiger, Capacity of oxidative phosphorylation in human skeletal muscle: new 

perspectives of mitochondrial physiology, Int. J. Biochem. Cell Biol. 41 (10) (2009) 

1837–1845. 
[13] H. Lemieux, S. Semsroth, H. Antretter, D. Höfer, E. Gnaiger, Mitochondrial re- 

spiratory control and early defects of oxidative phosphorylation in the failing 

human heart, Int. J. Biochem. Cell Biol. 43 (12) (2011) 1729–1738. 
[14] C. Koliaki, J. Szendroedi, K. Kaul, T. Jelenik, P. Nowotny, F. Jankowiak, C. Herder, 

M. Carstensen, M. Krausch, W.T. Knoefel, M. Schlensak, M. Roden, Adaptation of 

hepatic mitochondrial function in humans with non-alcoholic fatty liver is lost in 

steatohepatitis, Cell Metabol. 21 (5) (2015) 739–746. 

http://refhub.elsevier.com/S0143-4004(19)30105-5/sref4
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref4
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref4
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref4
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref5
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref5
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref5
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref5
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref5
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref6
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref6
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref6
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref6
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref6
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref6
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref7
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref7
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref7
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref7
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref7
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref8
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref8
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref8
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref8
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref8
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref8
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref8
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref9
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref9
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref9
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref9
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref9
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref9
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref9
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref10
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref11
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref11
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref11
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref11
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref12
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref12
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref12
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref12
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref12
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref12
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref13
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref13
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref13
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref14
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref14
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref14
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref14
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref14
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref14
http://refhub.elsevier.com/S0143-4004(19)30105-5/sref14


Joshua Fisher Chapter 3, page 96  

Chapter 3-B 
 

 

 

     Additional unpublished characterisation 
In addition to the published bioenergetic and biochemical characterization paper, 

investigation into mitochondrial antioxidant activity, hormonal regulation and dynamics was 

assessed as to better encompass all crucial aspects of mitochondrial physiology and function 

between the two mitochondrial populations. Examination and characterisation of multiple 

proposed mechanisms which may underpin our observed mitochondrial alterations from 

Chapter 3-A between the cytotrophoblast and syncytiotrophoblast will provide an insight into 

how these mechanism work in isolation. Similarly enabling an additional level of understanding 

of these complex regulatory mechanisms within the placenta, establishing a foundation for 

which to build future work investigating trophoblast differentiation, ER stress and 

mitochondrial dysfunction and the pathogenesis of pregnancy pathologies. 

 

      Introduction to additional content 
Mitochondrial dysfunction has often been associated with an increase in reactive 

oxygen species (ROS) and shown to be central to the pathophysiology and development of both 

preeclampsia and gestational diabetes mellitus [7, 8]. Although, the contribution that individual 

mitochondrial populations may play remains speculative and complex. As to better understand 

the protective mechanisms mitochondria from each cell lineage possess, measurement of 

superoxide dismutase (SOD) could prove invaluable. SOD is a key antioxidant enzyme 

involved in the conversion of superoxide to hydrogen peroxide [10], a ROS molecule that can 

then be converted into O2 and H2O through the action of antioxidant enzymes such as 

peroxidases. Examination of this first key step in antioxidant mechanisms between the 

mitochondrial populations would benefit the field in ascertaining the impact that ROS may pose 

to each individual cell lineage. Further, this may provide mechanistic insights into the 

pathogenesis of gestational disorders and expand upon the mitochondrial dysfunction we 

showed in Syncytio-Mito of the placenta. Literature often proposes that the changes in 

morphology we observed in the previous publication are associated with steroidogenesis [3]. A 

key protein involved in synthesis of progesterone is the mitochondrial specific Cytochrome 

P450 Family 11 subfamily A Member 1 (CYP11A1) also known as P450scc, a cholesterol side 

cleavage enzyme necessary to produce pregnenolone, a precursor of progesterone [3]. Thus, 
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examination of this protein between mitochondria from cytotrophoblast and 

syncytiotrophoblast would confirm these hypotheses enabling the field to continue 

investigation of the steroidogenic capacity of mitochondria and how alterations in these 

mechanisms may impact on pregnancy complications. More expansive theories on what drives 

the morphological changes we observed previously, propose alterations in the complex 

dynamics of mitochondria, suggesting that fission and fusion mechanisms are altered in each 

cell line, as such resulting in the different mitochondrial phenotypes [11, 12]. Fusion and fission 

act as an internal quality control and can be affected by bioenergetic demand, mitochondrial 

content and responses to cellular stress [8]. The primary role of mitochondrial fusion is to 

ensure a highly functional mitochondrial network and is initiated by mitochondrial tethering to 

the endoplasmic reticulum via Mitofusin-1 and Mitofusin-2 (MFN1, MFN2). Following this, 

optic atrophy 1 (OPA1) connects the inner mitochondrial membranes which effects the joining 

of the two mitochondria. Fission is initiated by mitochondrial fission 1 protein (FIS1) which 

acts as a guide for the recruitment of Dynamin related protein 1 (DRP1), encompassing the 

mitochondria in a ring link formation allowing for separation and cleavage [12]. 

 

 

      Methodology 

Superoxide dismutase activity 

Superoxide dismutase (SOD) activity was quantified by fluorometric analysis 

performed utilising a Superoxide Dismutase Assay Kit (Cayman Chemicals, mitochondrial 

isolates) in accordance to the supplier’s instructions [13]. 

 

Progesterone production 

Progesterone production was assessed by Human Total Progesterone ELISA (DuoSet, 

Australia) in accordance to manufacturer’s guidelines and performed in duplicate. 

 

Western blotting 

Protein concentration of mitochondrial isolates were determined using the Pierce BCA 

Protein Assay Kit (Thermo Scientific, Australia). 20 μg of protein was loaded into 12% 

Polyacrylamide gels then separated electrophoretically. Upon completion gels were wet- 

transferred to polyvinylidene fluoride (PVDF) membrane then blocked with Odyssey® 

blocking buffer. Membranes where then incubated in the primary antibody overnight with 

agitation at 4˚C. Primary antibodies utilised in experiments consisted of β-actin (ab8227) at 

1:1000 dilution, CYP11A1 (ab175408) at 1:1000 dilution, 1:1000 dilution MFN1 (ab57602) 

MFN2(ab56889), DRP1 (ab184247), FIS1 (GT4211) and OPA1 (D6U6N) at 1:1000. 
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Incubation in secondary antibody anti-rabbit (IRDye 680 goat, Licor, Lincoln, NE,USA) 

1:1000 dilution under gentle agitation at 4˚C. Imaged by Licor Odyssey and quantified by 

Image studio v 5.2. 

 

 

      Results 
Assessment of SOD activity showed a decrease in Syncytio-Mito when compared to 

Cyto-Mito (Figure 3-B1). While measurements of steroidogenesis showed increased capacity 

for in Syncytio-Mito across both protein expression levels of CYP11A1 and progesterone 

production assessed by ELISA (Figure 3B-2 A, B). Assessment of dynamic proteins established 

an increase in MFN1 and MFN2 in Syncytio-Mito, while DRP1, FIS1 and OPA1 were not 

significantly altered between the mitochondrial populations (Figure 3-B 3). 
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Figure 3B-1: Antioxidant capacity of mitochondria following cryopreservation in enriched 

mitochondrial fractions. Superoxide dismutase (SOD) activity compared between Cyto-Mito 

(Black), Syncytio-Mito (Grey). n=9. Mean values, ± standard deviation. 

 

S
 O

 D
 

( 
U

 /
 m

 g
 p

 r
 o

 t
 e

 i
n

 )
 



Joshua Fisher Chapter 3, page 99  

 

Figure 3-B 2: Mitochondrial endocrine function maintained following cryopreservation. A) 

CYP11A1 expression relative to β-actin (N=7).B) Relative Progesterone production Cyto- 

Mito (Black), Syncytio-Mito (Grey) Mean ±SD( N=9). 
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Figure 3-B 3: Mitochondrial dynamics assessment of isolated mitochondria. Western blots of Cyto-

Mito and Syncytio-Mito for proteins involved in mitochondrial fission and fusion. (A) Mitofusion 1 

expression and densitometry relative to β-actin (N=7). (B) Mitofusin 2 expression and densitometry 

relative to β- actin (N=7).(C) DRP1 expression and densitometry relative to β-actin (N=5-6). (D) FIS1 

expression and densitometry relative to β-actin (N=5-6) (F) OPA1 expression relative and densitometry 

relative to β-actin (N=,7 representative blot shown) .Cyto-Mito (Black), Syncytio-Mito (Grey) Mean 

±SD. 

     Discussion 
Mitochondria are a major contributor to the production of ROS primarily through 

electron leakage from complex I and III of the electron transport chain (ETC) as a by-product 

of oxidative phosphorylation, and as such are highly susceptible to ROS-mediated damage. 

ROS are countered by antioxidants, and the disruption of this ROS/antioxidant balance is 

associated with a range of pathologies [8]. Assessment of antioxidant capacity through SOD 

activity assay indicated a significantly reduced capacity of Syncytio-Mito to protect themselves 

from ROS (Figure 3). It could be proposed, based on the above publication that Cyto-Mito have 

a higher inert level of antioxidants to counter their relatively greater mitochondrial respiration 

and therefore a greater potential for ROS production due to the inert electron leakage from the 

ETC. This result may also suggest a reduced ability to scavenge ROS in syncytiotrophoblast 

mitochondria, which has been previously observed in the syncytium during the first trimester 

[14]. This is of increasing importance when assessing mitochondrial dysfunction as an inability 

to protect against ROS in mitochondria  due to the lack of histones present within mitochondrial 

DNA (mtDNA) has a greater detriment [15]. Thus, if the Syncytio-Mito population have an 

inherently decreased SOD activity and repressed ability to respond to stress induced by 

mitochondrial dysfunction or external demands on the placenta during pregnancies, it may 

indeed drive the alterations observed in the previous publication [9] (Chapter 3-A) through 

damage to mitochondrial genome . When theorising the effect of damage to the genome, it must 

be considered that the mitochondrial genome consists of only 16,569 base pairs coding for 37 

genes and 13 proteins [15]. Damage to the mtDNA due to the inability to protect against ROS 

observed in this mitochondrial population, may indeed perpetuate the effect of mitochondrial 

dysfunction, resulting in the eventuation of altered morphology and physiology. Although 

often, and in this case associated with mitochondrial dysfunction, a statement that ROS is 

detrimental and therefore an increase in antioxidants indicates an adverse environment, or 

conversely that a repression in antioxidants is positive or negative would be potentially 
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misleading due to the important yet complex role ROS play in normal cell homeostasis [7]. It 

may indeed be a simple explanation as proposed above that due to the decreased bioenergetics, 

the Syncytio-Mito do not require the level of SOD observed in Cyto- Mito. Furthermore, the 

structure of the multinucleated syncytium may also lend itself to this explanation. Continued 

examination into the mechanism behind these differences between subpopulations and a more 

in-depth characteristic examination within placental mitochondria from healthy and non-

healthy pregnancies is required. 

As previously stated, our results in cryopreserved mitochondria, are consistent with the 

literature and suggested the primary role of Syncytio-Mito is shifted towards steroidogenesis 

and particularly the production of progesterone, rather than the production of energy through 

ATP generation [16]. We observed evidence of higher pregnenolone production in 

syncytiotrophoblast compared to cytotrophoblast mitochondria, with both levels of CYP11A1 

and in vitro progesterone production higher in Syncytio-Mito (Figure 3-B 2 A, B). This 

adaption in mitochondria may be in response to a phenotype required by the invasive nature of 

the primitive syncytium, and the cells monolayer being the interface between maternal and fetal 

systems responsible for hormonal signaling (predominantly progesterone) [17]. Morphological 

alterations in size and cristae structure observed between the two mitochondrial populations 

have therefore been speculated to improve the transfer of cholesterol into syncytiotrophoblast 

mitochondria, as improving the surface to volume ratio may increase the rate of cholesterol 

translocation into the inner membrane [2, 16]. 

To investigate the prior statement that the morphological adaptations observed are 

simply a result of surface to volume ratio, the complex nature of mitochondrial dynamics was 

investigated. Increases in MFN1 and MFN2 within the Syncytio-Mito population observed in 

this study would indicate a pro-fusion state, although, FIS1, DRP1 and OPA1 did not reach 

significance in this study so further investigation is warranted. The higher levels of MFN1&2 

observed in Syncytio-Mito may be a result of their tethering mechanism to ER, of which, may 

be more abundantly accessible within the multinucleated syncytium. These alterations in 

mitochondrial dynamic proteins may play an important role in the differentiation and 

morphological transformation of mitochondria in healthy term placenta. Mitochondrial 

dynamics has been shown to be altered in placentae from pathological pregnancies and has 

been correlated with gestational length, therefore further investigation is warranted with more 

in-depth characterisation of ER and mitochondrial interactions as well as the multitude of 

associated proteins.
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     Limitations and future directions 

While successfully characterising mitochondria from the placenta and optimizing an 

isolation protocol (the primary aim of this body of work), this study was limited in the ability 

to access ER function, a component of the previous chapter. While this work was driven by the 

need to identify and characterise mitochondrial populations future experiments would build 

upon the results in 3-Band examine the link between dynamics, mitochondria and ER function. 

Employing immunohistochemistry to stain both smooth and rough ER within the placental cell 

lineages, and determine if ER variation and adaption is as prominent as those observed in the 

mitochondrion and ascertain the interactivity between these organelles. 

 

Conclusion of Chapter 
When both the published and supporting unpublished results are taken together, 

mitochondria from the cytotrophoblast (Cyto-Mito) and syncytiotrophoblast (Syncytio-Mito) 

appear to be vastly different populations; the Syncytio-Mito show evidence of bioenergetic 

dysfunction and decreased ability to respire through oxidative phosphorylation, although 

greatly increased ability to produce progesterone and facilitate steroidogenic pathways. While 

evidence supports changes in antioxidant capacity and changes in mitochondrial dynamics, 

these complex and multifaceted mechanisms need further investigation to completely 

understand the processes which drive the observed alterations. However, both our published 

and unpublished data does provide an important insight into the necessity for mitochondria 

from the cytotrophoblast and syncytiotrophoblast to be considered independently when 

assessing overall mitochondrial function of the placenta. While thorough investigation into 

bioenergetic capacity was published and hormonal differences identified, the mechanisms 

driving these physiological adaptations and transformations post cellular differentiation is yet 

to be determined. This study optimised the ability to separate and store mitochondria, a novel 

technique which will allow the future characterisation of key proteins involved in the 

differentiation, transformation and adaption of mitochondria in the human placenta. This body 

of work will contribute to our understanding of mitochondrial involvement in gestational 

pathologies and uncovered the complex bioenergetic differences and natures between two 

populations of mitochondria across two cell lineages post cellular differentiation. 
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Chapter 4 
Investigation of molecular mechanisms 

involved with mitochondrial transformation 
 

  Overview 
Chapter 4 is the third research component of this thesis and will expand upon the previous 

published work and bioenergetic characterisation. This chapter employed proteomics analysis 

to identify and investigate which pathways are altered in response to trophoblast differentiation. 

Building on the developed methodology of isolating mitochondria at highly enriched 

populations this chapter refines the analysis to only proteins specific to mitochondria through 

the use of MitoCarta2.0; a publicly available database comprised of mitochondrial proteins 

across multiple tissues, including the placenta. This chapter aims to identify specific proteins 

and pathways which are altered between mitochondria post differentiation and investigate how 

these alterations may be involved with the significant morphological and bioenergetic 

differences between the Cyto-Mito and Syncytio-Mito. The extent of this proteomic 

investigation is summarised in Figure 1. 

 
 

 

Figure 1: Shows the scale of proteomic analysis performed and an overview of all proteins 

discovered and is then further divided in to respective fold changes between Cyto-Mito and 

Syncytio-Mito post differentiation in term placenta. 
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This chapter consists of work published in Frontiers in Physiology, Mitochondrial Research, 

which identified and examined 26 proteins of interest from our extensive findings across a 

multitude of pathways. These observations provided insight into the fundamental alterations 

that mitochondria undergo during differentiation and several key proteins which may drive this 

transformation. 
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   Introduction 
As discussed previously, the complex structure of the placenta is necessary for multiple 

functions essential for the growth and development of the fetus, with the associated 

extraembryonic membranes and the placenta formed from the zygote at the beginning of 

pregnancy. The two primary cells present at this stage are the extraembryonic mesoderm and 

the trophectoderm that form the wall of the blastocyst; it is this trophectoderm which will in- 

turn differentiate into trophoblast cells. The differentiation of trophoblast cells proceed down 

two main pathways the extravillous and villous; the villous pathway results in the 

differentiation of the underlying cytotrophoblast which fuse and terminally differentiate into 

syncytiotrophoblasts. These villous trophoblast cell lineages form the layers of the terminal 

villi (primarily from 20 weeks onward), a highly vascularized capillary network that accounts 

for a surface area of 12-14m2 at term, and is vital for the fetal and maternal circulatory interface 

[1]. Often referred to as villous trees, the trophoblast cell lineage which is on the outmost layer 

is the syncytiotrophoblast and due to this localization the syncytiotrophoblast is responsible for 

active transport, synthesis of peptides and hormones among other roles. Resulting metabolic 

demand, of the syncytiotrophoblast accounts for 40% of the total feto-placental consumption 

of oxygen [2]. Given the vital importance and the expansion of the syncytiotrophoblast layer 

during pregnancy through the fusion of the underlying cytotrophoblast, it would stand to reason 

that this mechanism would already be characterised. On the contrary, the specific mechanisms 

which underpins this transformation remains speculative. Furthermore, the associated roles that 

organelles such as mitochondria may play in driving this process is also unknown, despite the 

drastic and previously mentioned differences which occur between the cell lineages. 

Many recent studies have investigated differentiation of human trophoblast cells 

through the utilisation of large scale “omic” experimentation including; proteomics and single 

cell RNA sequencing across gestation and specific time points corresponding to 

syncytiotrophoblast formation, implantation and placentation [3-5]. Palmfeldt et el [6] 

highlighted the recent advancements in this field stating that proteomics will become vital to 

the future of research centered on human mitochondria. Further, Palmfedt et al [6] conveyed 

the importance of utilizing, and continually developing, mitochondrial databases such as 

MitoCarta2.0 (a publicly available database comprised of mitochondrial proteins across 

multiple tissues, including the placenta) as bioinformatic tools to ascertain solely mitochondrial 

proteins from any large experimental dataset [6]. Comparative proteomics and the use of such 
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databases has been utilised in term placental tissue to determine mechanisms which are altered 

in response to gestational complications such as preeclampsia [4, 5] and early pregnancy loss 

[7], with more specific adaption of proteomics used to investigate microvesicles released from 

the syncytium in preeclampsia [8]. This process has recently been adopted in animal models, 

with comparative proteomics used in the analysis of mitochondrial-associated ER membranes 

in type 2 diabetic models [9]. The strength of proteomics lays both in the ability to investigate 

the mechanism of the observed changes through pathway enrichment analysis while 

simultaneously obtaining quantitative data which enables direct comparison of protein 

abundance between groups. 

In addition to proteomics, Single Cell RNA sequencing has recently been adopted to 

investigate the gene expression levels of individual cell lineages within a whole tissue. 

Recently, Pavlicev et al [10] utilised this technique to show cell communication networks of 

the maternal-fetal interface in term intravillous and extravillous trophoblast including the 

transcriptome of syncytiotrophoblast. Further, this method provides the opportunity to 

investigate the difference in gene expression throughout gestation with Suryawanshi et al [11] 

providing the foundation for future work characterising syncytiotrophoblasts, villous 

cytotrophoblast and fibroblast in first trimester samples. With in-depth analysis at a gene level 

being characterised as early as peri-implantation stages in human embryos (days 8,10,12) [3]. 

The culmination of these techniques and data from gene through to protein expression shows 

potential for investigation across gestation, providing a promising opportunity to identify 

previously unknown mechanisms which drive the differentiation process. 

These recent advancements in the field of “omics” when combined with progress on 

functional and morphological isolation techniques provides an opportunity to investigate the 

transformation of cellular organelles which accompany differentiation. Experiments centered 

on characterising cellular organelles such as mitochondria may provide insight into mechanism 

which inadvertently or by design drive the differentiation process. Given the crucial 

involvement of mitochondria in cellular signaling, bioenergetics and hormonal homeostasis 

within the placenta it may be theorised that mitochondria specifically underpin this cellular 

switch. Further, evidence for the involvement of placental mitochondria in cellular 

differentiation may explain the drastically different morphology and physiological function of 

mitochondria from the cytotrophoblast and syncytiotrophoblast as previously discussed. 
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As gestation proceeds the human placenta is in a constant state of renewal and 

placental debris is released into the maternal circulation where it can  trigger adverse 

physiological and immunological responses. Trophoblast cells of the placenta 

differentiate from mononuclear cytotrophoblast cells to fuse and form the 

syncytiotrophoblast, a multinuclear layer that covers the entire surface of the placenta. 

As part of this process there are significant changes to cellular cytoskeletal organization 

and organelle morphology. In this study we have examined the molecular changes that 

occur in mitochondria from these two cellular compartments and identified differential 

expression of key proteins that underpin changes in mitochondrial morphology, 

metabolism and function. Mitochondria were isolated for term placental tissue and 

separated according to size and density by sequential differential centrifugation. Isolated 

mitochondrial populations were then subjected to proteomics using HPLC separation 

of peptides and MS identification. Differential expression of proteins of interest was 

confirmed by western blots. Using a bioinformatics approach we also examined 

published protein databases to confirm our observations. In total 651 proteins were 

differentially regulated in mitochondria from cytotrophoblast versus syncytiotrophoblast. 

Of these 29 were statistically significant and chosen for subsequent analysis. These 

included subunits of ATP synthase that would affect ATP production and cristae 

structure, carbohydrate metabolizing enzymes phospoenolpyruvate carboxykinase-2, 

pyruvate carboxylase (PC) and pyruvate dehydrogenase (PDH), fatty acid metabolizing 

enzyme acyl-CoA dehydrogenase, stress responses such a glucose regulated protein- 

78 and protein disulfide isomerase, and mitochondrial dynamics proteins mitofusin 1 

and 2. Placental cell biology and mitochondrial function is central to the pathogenesis of 

many gestational disorders such as preeclampsia, pre-term birth, fetal growth restriction 

and gestational diabetes. These studies show important shifts in mitochondrial 

metabolism and dynamics post trophoblast differentiation and provide key molecular 

targets for study in pathological pregnancies. 

Keywords: placenta, trophoblast differentiation, mitochondrial isolation, proteomics bioenergetics, mitochondrial 

metabolism 
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INTRODUCTION 

The human placenta is unique in that it is the first  organ  that 
is formed and yet it continues to develop and increase  in 
complexity right up until it is discarded 280 days later. Over 
this period of time, it must continuously adapt to ensure 
increasing concentrations of energy substrates, 
micronutrients, and oxygen to the fetus in a timely manner to 
facilitate appropriate fetal growth and development. It also 
secretes numerous factors into the maternal circulation to 
alter systemic hemodynamics, encourage energy substrates 
to pass to the fetus and prevent immunological rejection of 
the conceptus. When such processes are perturbed, 
pregnancy disorders such as preeclampsia, gestational 
diabetes mellitus and intrauterine growth restriction can 
result. As such, it is vital to understand appropriate placental 
development and adaptations to be able to better understand 
why such pregnancy disorders develop in some women but 
not in others. 

The placenta is derived from the trophectoderm layer of 
the developing embryo and contains specialized cells called 
trophoblasts. Proliferation and differentiation of stem cell 
trophoblasts diverge down two main paths, the extravillous 
and villous pathway. Extravillous cytotrophoblast play a 
critical role in placentation, invading and remodeling the 
maternal spiral arteries to establish a vascular blood supply 
for the fetus. The villous trophoblast grow to form the 
placenta and are composed of an underlying villous 
cytotrophoblast layer which undergoes further 
differentiation as these mononuclear cells fuse to form a 
multinucleated syncytium. These two respective cell lineages 
form the fetomaternal interface which is responsible for the 
key placental features described above: namely nutrient 
transport, gas exchange, as well as secretion of immune and 
endocrine factors into the maternal system. Accompanying 
the cellular differentiation from cytotrophoblasts to 
syncytiotrophoblasts are major structural changes to the 
cytoskeletal network, and in addition their constituent 
organelles undergo significant structural and functional 
changes (Jones and Fox, 1991; Martinez et al., 1997). 

Placental mitochondria are critical to trophoblast function, 
undergoing morphological and biochemical transformation 
post differentiation. Mitochondria from the cytotrophoblast 
are ovoid or elongated, larger, with clearly defined cristae 
structure. However, mitochondria in the syncytium appear 
smaller, spherical and punctate with little to no definition in 
cristae structure. What drives this process at a molecular level 
remains unclear although it is known that alterations in 
morphology are accompanied by changes in mitochondrial 
bioenergetics, changes in membrane potential and ATP 
production (Kolahi et al., 2017; Fisher et al., 2019). 

The highly dynamic nature of mitochondria as well  as  the 
unique morphological and bioenergetic properties of 
mitochondria from the two major placental cell types has 
guided this study to better characterize the proteomic 
differences between cytotrophoblast and 
syncytiotrophoblast. Furthermore, this study aims to better 
understand the molecular changes that accompany the 
transformation of mitochondria following cytotrophoblast 
differentiation and the role of mitochondria 

in response to cellular stress in placental pathophysiology. To 
address this, we have isolated mitochondria from these two 
cell lineages and used proteomics to explore molecular 
changes post trophoblast differentiation. 

 
MATERIALS AND METHODS 

Mitochondrial Isolation 
Ethical approval for all aspects of this research was granted 
by Queensland Government Human Research Ethics 
Committee, Australia; HREC/14/QPCH/246 and Griffith 
University Human Research Ethics Committee; 
MSC/05/15/HREC. 

Isolation of enriched mitochondrial fractions was carried 
out using sequential differential centrifugation at 1,50×0 g for 
10 min, the supernatant collected and subsequently spun at 
4,000×g for 15 min to produce a cytotrophoblast (Cyto-Mito) 
pellet    and    12,×000    g    to    produce    syncytiotrophoblast 
(Syncytio- Mito) pellet as recently described (Fisher et al., 
2019). 

For this study, all placentae used for mitochondrial 
isolation and subsequent proteomics (n = 3) were from 
normal healthy pregnancies and were delivered between 39 
and 40 weeks gestation, labored and birthed vaginally with no 
use of drugs to induced labor.  For  western  blotting analysis, 
the sample set was increased (n = 7) with weeks’ gestation 
expanded to encompass 38–40 weeks to further validate the 
observations from proteomics with samples. 

Proteomics Following LC-MS Separation 
The isolated mitochondrial fractions were prepared for 
proteomics by liquid chromatography mass spectrometry 
(LC-MS) as follows. Mitochondrial fractions were lysed in a 
standardized Urea/Thiourea/Chaps (UTC) buffer, disulfide 
bonds were reduced with 10 mM dithiothreitol and alkylated 
with 50 mM iodoacetamide. A further purification step was 
then performed to enhance protein concentration, separating 
proteins from detergents, salts, lipids and nucleic acids by 
precipitation (2-D clean up kit GE Healthcare 80-6484-51). 
Proteins were then further digested in 6M urea and incubated 
for 6 h with endoproteinase lysC/trypsin combination 
digestion mix (1:100, enzyme:substrate) prior to a second 
digestion (1:50, enzyme:substrate) in 1.5M urea for 18 h. 
Digested protein samples were run on C18 reverse phase 
chromatography using a Waters NanoAcquity LC system 
interfaced to Orbitrap- fusion mass spectrometer (Thermo 
Fisher Scientific). Peptide separation was achieved over 3 h 
with 1.5 µg of protein/run. For peptide identification and 
label-free quantification, the MaxQuant database (Cox and 
Mann, 2008) was used and cross referenced against the Homo 
sapiens proteome (70,939 canonical sequences, UniProt). This 
allowed the identification of both mitochondrial and non-
mitochondrial proteins. These proteins were then cross 
referenced against the MitoCarta 2.0 (Broad Institute, United 
States) database to identify “True” mitochondrial proteins 
(Pagliarini et al., 2008; Calvo et al., 2016). Cyto-Mito and 
Syncytio-Mito isolates from three placenta from healthy 
control pregnancies matched for 39–40 weeks gestation and 
vaginal delivery were run in triplicate, and proteins with 
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three or more unique peptides sequences were identified. 
The Bioinformatics platform DAVID1 was used to view 
associations and determine the functional role of the 
identified proteins. For further validation, a strict criterion 
was established to determine which proteins would be 
examined; independent of the fold change, proteins were only 
examined if they were determined significantly different 
following a Fisher’s exact test. 

 

Western Blots 
Once proteins of interest for validation had been identified 
isolates were collected from term placenta (n = 7) for 
examination via western blotting. Protein concentration of 
mitochondrial isolates were determined using the Pierce BCA 
Protein Assay Kit (Thermo Scientific, Australia) following the 
manufacturer’s instructions. 20 µg of protein was loaded onto 
12% polyacrylamide gels then separated electrophoretically. 
Upon completion, proteins were wet- transferred to 
polyvinylidene fluoride (PVDF) membranes and   blocked   
with   OdysseyQR          blocking   buffer.   Membranes were incubated 
with the primary antibody overnight with agitation at 4◦C. 
Primary antibodies utilized in these experiments consisted of 
β-actin (ab8227) at 1:1000 dilution, ATP5A (ab178421) at 
1:1000 dilution, ATPB (ab14730) at 1:1000 dilution, PCK2 
(ab187145) at 1:1000 dilution, ACADVL (ab155138) 
at 1:1000, and GRP78 at 1:1000 (Thermo Fisher PA1-014A). 
The membranes were washed extensively with Tris Buffered 
Saline (TBS/Tween) and TBS followed by a subsequent 
incubation with secondary antibody anti-rabbit (IRDye 680 
goat, LI-COR, Lincoln, NE, United States) at 1:1000 dilution, 
and anti-mouse (IRDye 800CW donkey, LI-COR, Lincoln, NE, 
United States). The developed blot was then imaged by LI- 
COR Odyssey and quantified by Image studio v 5.2. 

 

Pyruvate Dehydrogenase Assay 
The level of pyruvate dehydrogenase (PDH) activity was 
quantified utilizing a PDH enzymatic activity assay (Sigma- 
Aldrich, Australia) following the manufacturer’s instructions. 
Samples were run in duplicate and PDH activity is expressed 
as 
µmole/min/mg of mitochondrial isolates (n = 7). 

Validation of Proteomic Profiles Using 
Published Single Cell Transcriptome 
Data 
To further validate our findings, an in silico approach was 
used to compare proteomic data from our isolated 
mitochondria with published data on single-cell RNA 
sequencing of the human placental trophoblast, which 
included both cytotrophoblast and syncytiotrophoblast. 
Pavličev  et  al.  (2017)  and  Suryawanshi  et  al.  (2018)  have 
recently published RNA transcriptomes from first trimester 
and term placenta respectively. The data was cross- 
referenced against MitoCarta2.0 to identify solely 
mitochondrial changes within these datasets. The 
independent datasets were submitted to NCBI BioProject 
under the ID PRJNA492324 

and NCBI Gene Expression Omnibus (GEO)2 under accession 
numbers GSE87692 and GSE87726 respectively. 

 

Statistical Analysis 
All   values   are   m±ean    SD   with   Grubbs   test   for   outliers 
performed. Students t-tests were used to determine 
significance between groups for western blotting (n = 7) and 
enzymatic activity data (n = 7). Statistical analysis of the 
proteomic data was performed using Fisher’s exact test which 
determines significance based on the average of all unique 
peptide sequences compared against the background 
distribution. Significance level was set at 0.05. Analyses were 
performed using SPSS v22 (IBM SPSS Software, Australia) and 
GraphPad PRISM 7.02 (GraphPad, United States). 

 
RESULTS 

Characterizing the Proteomic Profiles of 
Mitochondrial Subpopulations 
As previously published, differential centrifugation resulted in 
highly enriched populations of cytotrophoblast and 
syncytiotrophoblast mitochondria (Fisher et al., 2019). Their 
respective protein profiles were determined via proteomics 
and results were cross-referenced against the MitoCarta2.0 
database to identify solely mitochondrial proteins and enable 
analysis of varied expression between mitochondrial 
populations. Of the 649 proteins which matched to 
MitoCarta2.0, 384 were increased in the Cyto-Mito compared 
to Syncytio-Mito, 52 remained unchanged 
, and 213 were increased in the Syncytio- Mito compared to 
Cyto-Mito. Using significance in Fisher’s exact test, 
independent to the fold changes as a selection method for 
further analysis, 29 proteins were identified to have 
statistically significant different levels of expression between 
the mitochondrial subpopulations. In total, 24 proteins were 
expressed at lower levels in Syncytio-Mito compared to Cyto- 
Mito (Table 1), while 5 proteins were expressed more in 
Syncytio-Mito compared to Cyto-Mito (Table 2). Following 
identification of the 29 proteins which met our criteria for 
further investigation via western blotting and activity assays, 
the enrichment platform DAVID was used to view associations 
and determine the functional role of these identified proteins. 
The proteins can be linked via distinct pathways, with the 
number of proteins in each pathway as follows; 
mitochondrial complex subunits (4), pyruvate metabolism 
(3), fatty acid metabolism (2), amino acid metabolism (9), heat 
shock proteins (6), antioxidant enzymes (1), mitochondrial 
aging (1), endoplasmic reticular associated proteins (2), and 
cristae stabilization (1). 

Western Blot and Activity Assay Analysis 
To validate findings from the proteomics analysis, western 
blotting was utilized to examine the expression patterns of 5 
proteins and 1 was assessed via an enzymatic activity assay. 
All findings were consistent with LC-MS proteomic data. 
Western blot analysis demonstrated that ATP synthase 
subunit 

 
 

  

1https://david.ncifcrf.gov/ 2https://www.ncbi.nlm.nih.gov/geo 

https://david.ncifcrf.gov/
https://www.ncbi.nlm.nih.gov/geo
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TABLE 1 | Proteins which were significantly downregulated in syncytiotrophoblast mitochondria compared to cytotrophoblast mitochondria. 
 

Protein ID Protein name Gene name Average 

unique 

peptides 

Cyto-Mito 

Average 

unique 

peptides 

Syncytio-Mito 

Ratio 

(Cyto/Syncytio) 

Fold change 

(Log2ratio) 

Fishers 

p-value 

Mitochondrial complex subunits 

P06576 ATP synthase subunit beta, 

mitochondrial 

ATP5B 232 136 1.70073 0.766154 7.98E-08 

P25705 ATP synthase subunit alpha, 

mitochondrial 

ATP5A1 82 54 1.509091 0.59368 0.009819 

P31040 Succinate dehydrogenase [ubiquinone] 

flavoprotein subunit, mitochondrial 

SDHA 41 25 1.615385 0.691878 0.036372 

Q9UI09 NADH dehydrogenase [ubiquinone] 1 

alpha subcomplex subunit 12 

NDUFA12 12 4 2.6 1.378512 0.045514 

Carbohydrate metabolism 

Q16822 Phosphoenolpyruvate 

carboxykinase [GTP], mitochondrial 

PCK2 7 0 8 3 0.016184 

P11498 Pyruvate carboxylase, mitochondrial PC 40 17 2.277778 1.187627 0.002017 

Q8NCN5 Pyruvate dehydrogenase phosphatase 

regulatory subunit, mitochondrial 

PDPR 20 9 2.1 1.070389 0.039932 

Fatty acid metabolism 

P42704 Leucine-rich PPR motif-containing 

protein, mitochondrial 

LRPPRC 71 38 1.846154 0.884523 0.00102 

P49748 Very long-chain specific acyl-CoA 

dehydrogenase, mitochondrial 

ACADVL 101 69 1.457143 0.543142 0.00714 

Amino acid metabolism 

P12694 2-oxoisovalerate dehydrogenase 

subunit alpha, mitochondrial 

BCKDHA 14 5 2.5 1.321928 0.038312 

O15382 Branched-chain-amino-acid 

aminotransferase, mitochondrial 

BCAT2 28 15 1.8125 0.857981 0.046157 

P09622 Dihydrolipoyl dehydrogenase, 

mitochondrial 

DLD 55 34 1.6 0.678072 0.019179 

P23378 Glycine dehydrogenase 

(decarboxylating), mitochondrial 

GLDC 22 8 2.555556 1.353637 0.009625 

P12236 ADP/ATP translocase 3 SLC25A6 38 18 2.052632 1.037475 0.022158 

Q02978 Mitochondrial 2-oxoglutarate/malate 

carrier protein 

SLC25A11 38 18 2.052632 1.037475 0.022158 

P21397 Amine oxidase [flavin-containing] A MAOA 263 180 1.458564 0.544548 1.65E-05 

P30038 Delta-1-pyrroline-5-carboxylate 

dehydrogenase, mitochondrial 

ALDH4A1 47 29 1.6 0.678072 0.028912 

Heat shock proteins 

P10809 60 kDa heat shock protein, 

mitochondrial 

HSPD1 209 139 1.5 0.584963 4.14E-05 

P38646 Stress-70 protein, mitochondrial HSPA9 75 50 1.490196 0.575502 0.015497 

Q12931 Heat shock protein 75 kDa, 

mitochondrial 

TRAP1 23 11 2 1 0.038348 

VDAC        

P21796 Voltage-dependent anion-selective 

channel protein 1 

VDAC1 126 85 1.476744 0.56242 0.002327 

P45880 Voltage-dependent anion-selective 

channel protein 2 

VDAC2 78 52 1.490566 0.57586 0.013779 

Antioxidant        

P04179 Superoxide dismutase [Mn], 

mitochondrial 

SOD2 27 11 2.333333 1.222392 0.022238 

Mitochondrial aging 

P35232 Prohibitin PHB 74 52 1.415094 0.500898 0.032229 

Bolded font represents proteins chosen for western blot analysis while italics indicates investigation via activity assay. The ratio derived uses Cyto-Mito as a “normal” 

mitochondrial variant to assess changes in Syncytio-Mito, so a positive fold change means the protein is greatest in thecytotrophoblast mitochondria, therefore, decreased 

in the Syncytio-Mito isolates. 
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TABLE 2 | Proteomic analysis of isolated mitochondria from the cytotrophoblast and syncytiotrophoblast cell lineages of the placenta which were expressed significantly 

greater in syncytiotrophoblast mitochondria. 
 

Protein ID Protein name Gene 

name 

Average 

unique 

peptides 

Cyto-Mito 

Average 

unique 

peptides 

Syncytio-Mito 

Ratio 

(Cyto/Syncytio) 

Fold change 

(Log2ratio) 

Fishers 

p-value 

Heat shock protein 

P11021 78 kDa glucose-regulated protein HSPA5 93 129 0.723077 −0.46778 0.03683 

P14625 Endoplasmin HSP90B1 94 147 0.641892 −0.6396 0.001886 

P07237 Protein disulfide-isomerase P4HB 47 64 0.738462 −0.43741 0.045503 

Amino acid metabolism 

P51659 Peroxisomal multifunctional enzyme type 2 HSD17B4 26 40 0.658537 −0.60266 0.04787 

Cristae stabilization 

Q9NX63 MICOS complex subunit MIC19 

 
CHCHD3 

 
10 

 
22 

 
0.478261 

 
−1.06413 

 
0.020945 

Bolded font represents proteins chosen for western blot analysis. 

 

α (ATP5A1-p = 0.0119) and ATP synthase subunit β (ATP5B- 
p = 0.0212) expression levels were decreased in Syncytio- 
Mito compared to Cyto-Mito (Figures 1A,B). PCK2 was 
selected as a carbohydrate metabolism protein to validate by 
western blotting analysis. PCK2 expression was lower in the 
Syncytio-Mito compared to Cyto-Mito (p = 0.0096, Figure 
1C). PDH protein activity was assessed as a measure of 
assessing functionality, as PDH is regulated by PDPR which 
was found to be decreased in the Syncytio-mito when 
compared to Cyto-mito in the proteomic profile. PDH followed 
this, with activity found to be greater in the Cyto-Mito 
compared to Syncytio-Mito (p = 0.0297, Figure 1E). 
Assessment of fatty acid metabolism was also validated by 
measuring proteins levels of ACADVL which was lower in 
Syncytio-Mito compared to Cyto-Mito when analyzed by 
western blot analysis of (p = 0.0138, Figure 1D). Of the 
proteins that increased in the Syncytio-Mito compared to 
Cyto-Mito, HSPA5 (GRP78) was examined by western blotting 
which confirmed increased expression (p = 0.0037, Figure 
1F). 

Validation of Proteomic Profiles Using 
Published Single Cell Transcriptomic 
Data 
Proteomic results from our Cyto-Mito and Syncytio-Mito 
samples were compared to single-cell RNA sequencing 
databases from human placental cell lineages, including 
syncytiotrophoblast and cytotrophoblasts which were 
refined to look specifically for MitoCarta 2.0 protein 
expression within the two cell lineages from the existing 
datasets (Pavličev et al., 2017; Suryawanshi et al., 2018). The 
aim of this was to compare our proteomic profiles from 
isolated mitochondrial populations tothat of gene expression 
of the single cell of origin to determine if the changes we 
observed at a protein level were conserved in the RNA. 
Proteomic comparisons of single cell transcriptomics showed 
a total of 26 genes in total matched our proteomic profiles 
having altered expression (Table 3). This can be subsequently 
broken down to investigate the expression matches 
throughout gestation which showed 18 first and 21 third 
trimester alterations which matched our proteomic 
expression changes between our cellular populations. 
Further comparisons showed 14 genes which matched our 
proteomic profile were conserved 

 

throughout gestation including ATP5A1, SDHA, NDUFA12, 
BCKDHA, BCAT, and SLC25A6. These proteins have a role 
across multiple systems and include structural proteins 
involved in electron transport, proteins associated with 
carbohydrate, fatty acid and amino acid metabolism, heat 
shock proteins, mitochondrial ER associated proteins, and 
antioxidant proteins (see Figure 2). The proteomic analysis 
presented in Table 1 was performed on term placental 
mitochondria however first trimester data have been 
included in Table 3 to show important molecular changes 
that may relate to stages of gestation. For instance, the down 
regulation of pyruvate carboxylase (PC) and acyl CoA 
dehydrogenase (ACADVL), indicating changes in metabolism 
in the placenta that would influence nutrient supply to the 
fetus. 

 
DISCUSSION 

Placental mitochondria are critical to organ function and 
healthy development of the fetus, but little is known about 
how the unusual Syncytio-Mito are formed from the more 
stereotypical Cyto-Mito as cellular differentiation occurs, or 
why the resulting mitochondria are so drastically different in 
functionality. We found that the levels of 29 proteins were 
significantly altered between these mitochondrial 
subpopulations (Tables 1, 2), indicating these proteins may 
contribute to the unique properties of these mitochondria 
post cellular differentiation. This included 24 proteins which 
decreased in expression, and 5 that significantly increased in 
Syncytio- Mito compared to Cyto-Mito. These proteins are 
associated with multiple aspects of metabolism, including 
carbohydrate metabolism, fatty acid metabolism, amino acid 
metabolism as well as mitochondrial bioenergetics and 
dynamics. Additionally, there were significant changes in 
structural proteins involved in mitochondrial electron 
transport chain (ETC) complex assembly, antioxidant 
responses, mitochondrial ER tethering, and mitochondrial 
aging (see Figure 2). 

Proteins which are components of ETC complexes ATP5A1 
and ATP5B (complex V), SDHA (complex II), and NDUFA12 
(complex I) were expressed at significantly lower levels in 
Syncytio-Mito compared to Cyto-Mito. ATP5A1 and ATP5B 
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FIGURE 1 | Western blots and densitometry relative to β-actin of Cyto-Mito and Syncytio-Mito for ATP5α1 (A), ATP5β (B), PEPCK2 (C), and ACADVL (D). Pyruvate 

dehydrogenase activity (E) was assessed by activity assay and expressed as nmole/min/µg of protein. Western blots and densitometry relative to β-actin for HSPA5 

(F) Cyto-Mito (Black), Syncytio-Mito (gray). Mean ± SD, n = 7. 

 

make up the α and β subunits of the ATP synthase complex 
(Jonckheere et al., 2012). Significant decreases in ATPA1 
(subunit α, 0.59 fold p = 0.0119) and ATPB (subunit β, 

0.76 fold p = 0.0212) in the Syncytio-Mito were observed by 
LC-MS proteomics and confirmed by western blotting. The 
ETC generates ATP, and lower levels of ETC proteins in the 
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TABLE 3 | Data mining of single cell sequencing analysis of cytotrophoblast and syncytiotrophoblast from first and third trimester placentae which validates the 

experimental proteomic findings. Expressed as average transcripts per million (TPM). 
 

  First trim ester     Third trim ester  

Gene CYT SYN Ratio 

(Cyto/Syncytio) 

Fold change 

(Log2ratio) 

 
Gene CYT SYN Ratio 

(Cyto/Syncytio) 

Fold change 

(Log2ratio) 

Mitochondrial complex subunits 

      ATP5B 389.168 96.36427 4.007301263 2.002631 

ATP5A1 10.85863 6.709574 1.618378086 0.69454869  ATP5A1 242.5827 219.799 1.103187599 0.141678 

SDHA 1.08374 0.887366 1.22129943 0.288416953  SDHA 25.28696 16.19172 1.529047892 0.612634 

NDUFA12 3.312017 1.919608 1.725360662 0.786897968  NDUFA12 130.6539 71.19643 1.823551906 0.866751 
 

Carbohydrate metabolism 

PCK2 0.171777 0.036219 4.74273091 2.245718016 

PDPR 0.043427 0.036219 1.199005005 0.261837681 

Fatty acid metabolism 

LRPPRC 1.111726 0.597614 1.860274433 0.895515467 

Amino acid metabolism 

PC 3.229057 0 4.229056657 2.080336 

ACADVL 232.9049 129.287 1.795304533 0.844229 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Syncytio-Mito may have implications for bioenergetic 
capacity and ability to supply cellular energy. Indeed, our 
recently published data on mitochondrial respirometry 
demonstrated decreased bioenergetic parameters in 
Syncytio-Mito including; maximum respiratory capacity and 
ATP production (Fisher et al., 2019). This supports existing 
literature, which showed altered dimerization of ATP 
synthase and F1 to F0 ratios associated with decreased ATPase 
activity in mitochondria from Syncytio-Mito and Cyto-Mito 
(De los Rios Castillo et al., 2011). 

Syncytiotrophoblast mitochondria may have reduced 
respiratory capacity  due  to  additional  structural  changes in 
the ETC complexes between cytotrophoblast and 
syncytiotrophoblast mitochondria. The role of complex I  is to 
transfer electrons from reduced NADH to ubiquinone, leading 
to translocation of H+ from the mitochondrial matrix to the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

inner membrane space and creating the proton-motive force 
used by ATP synthesis (Brandt, 2006; Hirst, 2013). NDUFA12 
is required for the complete assembly of the matrix arm of 
complex I and plays a critical role in the NADH dehydrogenase 
activity of this complex (Rak and Rustin, 2014). Proteomic 
analysis reported here, found NDUFA12 to be significantly 
decreased in Syncytio-Mito post differentiation (p = 0.0455 
and 1.3 fold). This may suggest that Syncytio-Mito lack the 
correct assembly machinery for a stable and functioning 
complex I and lack the ability to generate the proton-motive 
force required to efficiently drive ATP synthase. This 
structural change could also enhance electron leakage from 
Complex 1 leading to the excessive generation of reactive 
oxygen species, a feature of pathological placenta. 
Additionally, relative lack of this subunit may affect 
respirasome formation. Respirasomes are super complexes 
made 

BCKDHA 0.36768 0.199205 1.845741039 0.884200154 BCKDHA 19.85554 14.47789 1.347440581 0.430222 

BCAT2 0.658157 0.425574 1.54651804 0.629023662 BCAT2 80.94945 0 81.9494509 6.356662 

DLD 1.248761 0.74249 1.681856344 0.750054482 DLD 31.23854 8.77372 3.298492153 1.721807 

GLDC 0.309778 0.126767 2.443686392 1.28905915 GLDC 103.3204 5.884876 15.15210855 3.921447 

     SLC25A6 715.1606 479.5348 1.490340754 0.575642 

SLC25A11 1.438874 0.923585 1.557922844 0.639623785 SLC25A11 133.4975 0 134.4975213 7.071436 

ALDH4A1 0.673598 0.615723 1.093994109 0.12960497 ALDH4A1 12.14576 1.389207 5.502143902 2.459994 

Heat shock proteins 

HSPD1 16.14898 14.77736 1.092818614 0.128053963 HSPD1 183.9531 40.5506 4.451273652 2.154218 

HSPA9 4.72387 2.60777 1.811459723 0.857152728 HSPA9 85.65878 13.06632 6.1607262 2.6231 

TRAP1 1.365531 0.543285 2.513469752 1.329680327 TRAP1 157.0878 4.640674 28.02639676 4.808714 

VDAC          

VDAC1 5.048123 2.435729 2.07253042 1.051393277 VDAC1 217.4922 69.43148 3.102195366 1.63329 

VDAC2 2.148179 1.67513 1.282395263 0.358841002 VDAC2 111.4999 75.27239 1.474975787 0.560691 

Antioxidant mitochondrial aging 

     SOD2 57.46959 31.50043 1.799040268 0.847227 

Heat shock proteins 

HSPA5 20.69624 

 
Cristae stabilization 

38.23823 0.541244746 −0.88564697  
HSD17B4 

 
23.51691 

 
51.1044 

 
0.470534 

 
−1.08763 

     CHCHD3 38.77691 60.24344 0.649489 −0.62262 
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up of Complex I, III, and IV, and their formation improves the 
efficiency of the ETC (Rak and Rustin, 2014; Sánchez- 
Caballero et al., 2016). Therefore, disrupted respirasome 
formation could lead to reduced bioenergetic efficacy in 
Syncytio-Mito. 

PHB is located in the inner mitochondrial membrane and 
has been shown to interact with complex I (Bourges et al., 
2004). Moreover, PHB deficiency has been shown to decrease 
respirasome complexes (complex I, III, and IV), which are 
known to stabilize cristae and effect bioenergetic capacity 
(Jian et al., 2017). Moreover, studies in neural cells showed 
overexpression of PHB preserved mitochondrial respiration 
and elongated mitochondrial morphology (Anderson et al., 
2018), similar to the morphology observed  in  Cyto-Mito and 
in stark contrast to Syncytio-Mito. In combination, the above 
significant decreases in ATP5A1, ATP5B, NDUFA12 and 
associated proteins in syncytiotrophoblast mitochondria 
strongly suggest a multifaceted and complex mechanistic 
cause behind the morphological and bioenergetic changes 
observed in these mitochondria post trophoblast 
differentiation. 

Significant changes in the level of enzymes and proteins 
involved in the metabolism of  carbohydrates,  fatty  acids and 
amino acids were also observed in this study. Critical proteins 
involved in carbohydrate catabolism converging on 
production of acetyl-CoA were found at different levels in  the 
two mitochondrial populations, including proteins crucial to 
the conversion of pyruvate to acetyl-CoA such as  PDH  and the 
formation of phosphoenolpyruvate a precursor to 
oxaloacetate. Our research has shown a 2.1 fold decrease in 

the level of PDPR (PDH phosphatase regulatory subunit) in 
Syncytio-Mito compared to Cyto-Mito. Mechanistically, PDPR 
is involved in the phosphorylation and activation of PDH, so is 
critical to PDH regulation. The functional importance of this 
finding was confirmed by assessing PDH activity, which was 
significantly decreased in Syncytio-Mito (p = 0.0297). 
Furthermore, both PC and phophoenolpyruvate 
carboxykinase- 
2 (PCK-2) were found to be significantly decreased in 
Syncytio-Mito (p = 0.002, fold change = 1.8 and p = 0.016, fold 
change = 3, respectively). Phosphoenolpyruvate is an 
important metabolic intermediate in the conversion of 
pyruvate to oxaloacetate and alterations in  the  activity  of PC 
and PCK2 would alter the supply of substrates from glucose 
metabolism to the citric acid cycle (TCA), potentially 
impairing Syncytio-Mito metabolism (Figure 2). This is 
supported by a recent publication assessing 
cytotrophoblasts and the syncytiotrophoblast, which found 
higher levels of ATP, and greater rates of respiration and 
glycolysis, in cytotrophoblasts when compared to 
syncytiotrophoblasts (Kolahi et al., 2017). As gestation 
proceeds, the underlying cytotrophoblast layer diminishes as 
it continually fuses to form the syncytium; therefore these 
metabolic changes may be important to fetal development as 
they imply that carbohydrate reserves would be utilized less 
by the placenta as gestation proceeds and be more readily 
available to the rapidly developing fetus. 

Changes in fatty acid metabolism were also observed in 
this study, converging on the β-oxidation of fatty acids to 
acetyl-CoA. Very long chain specific acyl-CoA dehydrogenase 
(ACADVL) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 2 | Illustration of the proteins which were found to be decreased (red) in the Syncytio-Mito compared to Cyto-Mito in this study and their 

implication in mitochondrial function and metabolism (rectangle illustrates mitochondrial complexes, ovals illustrate transporters). 
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was expressed 1.4 fold less in Syncytio-Mito, potentially 
limiting the first stage of β-oxidation in fatty acids that exceed 
16 carbons. Another protein BCKDHA, which impedes acyl- 
CoA availability, was found to be decreased 1.3 fold in the 
Syncytio- Mito (p = 0.038). BCKDHA is required for the 
conversion of α-keto acids to acyl-CoA, this process would be 
further exaggerated through a 0.8 fold decrease in BCAT2 (p 
= 0.046) which converts branched chain amino acids to α- 
keto acids. Additionally, reduced levels of SDHA (complex II) 
subunit in the Syncytio-Mito may also be implicated in a 
decrease oxidative capacity, as the action of this subunit is 
dependent on the utilization of FAD, a product of β-oxidation 
which appears to be limited by reductions in multiple key 
proteins. 

Other proteins identified by this study to be decreased in 
the Syncytio-Mito are involved in amino acid metabolism 
acting through multiple pathways, including necessary linking 
enzymes between the urea cycle and the TCA such as 
ALDH4A1 (1.6 fold p = 0.028) which converts proteins to 
glutamate. Others play more direct roles, such as SLC25A11 
(decreased 2 fold, p = 0.022), which is integral to the malate- 
aspartate shuttle and oxoglutarate/isocitrate shuttle by 
catalyzing the transport of 2-oxoglutarate across the inner 
mitochondrial membrane. This in conjunction with SLC25A6, 
transporting free ADP from the cytosol to the inner 
mitochondrial membrane for exchange of ATP, would all have 
profound effects on the respiratory capacity and ability of 
Syncytio-Mito to produce ATP (p = 0.022), further supporting 
existing literature regarding the decrease in ATP producing 
potential of mitochondria from syncytiotrophoblasts. 

This study also found that a small number of proteins were 
significantly increased in isolated mitochondria from 
syncytiotrophoblast including HSPA5. HSPA5 is also known as 
Endoplasmic reticulum chaperone BiP, glucose regulating 
protein 78 (GRP78) (UniProtKB-P11021) or Heat shock 
protein 70, and these names refer to the roles of this protein 
in ER chaperoning. The syncytiotrophoblast is often thought 
to be a placental region most affected by adverse cellular 
stresses and chaperones, which assist in stabilizing unfolded 
proteins, may play and important role in in stabilizing the 
integrity of the syncytium. 

To further validate the findings from these proteomics and 
western blotting experiments, a meta-analysis was 
undertaken utilizing multiple single cell RNA sequencing 
databases, which examined cell lineages from the placenta 
across gestation (Pavličev  et  al.,  2017;  Suryawanshi  et  al., 
2018). This confirmed that many of the proteins identified in 
the isolated mitochondria from term placenta expressed fold 
changes in a similar direction. We identified 18 proteins that 
were different between the isolated mitochondrial 
populations and confirmed thesame RNA expression pattern 
in the cell lineages from first trimester, increasing to 21 
proteins in third trimester including; ATP5A1, ATP5B, SDHA, 
NDUFA12, PC, and ACADVL. This 
indicates a mitochondrial adaptation throughout gestation 
and strongly supports our proteomic findings with 87.5% of 
proteins identified matching expression patterns from single 
cell sequencing. We believe this to reflect the mitochondrial 
subpopulations present in the original datasets as we refined 
our  search  using  the   MitoCarta2.0   database.   Further  this 

comparative analysis identified that 14 proteins were higher 
in the cytotrophoblast than syncytiotrophoblast throughout 
gestation and again included three structural components of 
the ETC ATPA1, SDHA, NDUFA12 which may have direct 
implications on the morphology of the mitochondria as 
discussed previously. What was evident upon examination of 
both databases and our proteomic experiments was that 
syncytiotrophoblast cells and in particular, Syncytio-Mito, 
have decreased expression of proteins involved in amino acid 
metabolism with 6 of the 14 proteins conserved throughout 
gestation involved in these pathways including BCKDHA, 
BCAT2, DLD, GLDC, SLC25A11, and ALDH4A1. 
Similarly heat shock proteins appeared to be decreased in the 
meta-analysis and proteomics across gestation with a further 
3 (HSPD1, HSPA9, TRAP1) out of 14 decreased in Syncytio- 
Mito. This analysis indicates an adaptive ability of 
mitochondria from the syncytiotrophoblast as gestation 
progresses, while also clearly highlighting specific structural 
and functional differences associated which appear to be 
always present between the two mitochondrial populations. 

This study acknowledges the limitations of a small sample 
size utilized for proteomic analysis, however, this 
consequently led to the implementation of strict exclusion 
criteria of three or more unique peptide sequences and the 
samples being run in triplicate to address this limitation. 
Further, the unavailability of first trimester placental samples 
limited the subsequent western blot analysis of proteins 
identified and suggested to be altered between the 
mitochondrial populations in early gestation. As evidenced by 
the ex vivo single cell sequencing this is however an important 
area of study which was confounded by the legality of 
obtaining tissues from first trimester placenta at the time this 
study was conducted. Thus, future studies will investigate 
these changes throughout gestation and the apparent 
constant alterations between the mitochondria populations 
from both cell lineages. 

Understanding trophoblast biology is key to understanding 
major gestational complications of pregnancy, and central to 
this is trophoblast mitochondrial function. Previous studies 
have indicated that the syncytiotrophoblast is less 
metabolically active than cytotrophoblasts, and that this 
might be critical for directing nutrients to the developing fetus 
whilst maintaining placental homeostasis (Kolahi et al., 2017). 
This study would support such a hypothesis, as many proteins 
involved in key stages of carbohydrate, fatty acid and amino 
acid metabolism are decreased in syncytiotrophoblast 
mitochondria. Further, many structural proteins involved 
with complexes of the ETC are decreased in the 
syncytiotrophoblast, which may have a direct effect on 
mitochondrial    morphology    as    well  as   explain the 
bioenergetic differences reported in the literature and 
discussed above. The results from this study using isolated 
mitochondria were confirmed against previous studies that 
used single cell sequencing analysis of cytotrophoblast and 
syncytiotrophoblast cell lineages across gestation. This study 
shows a strong relationship between mitochondrial 
metabolism and bioenergetics with many of the proteins 
identified, associated either directly or indirectly with these 
changes and related to mitochondrial morphology observed 
in the differentiation of the cell lineages. Many of the changes 
we have observed 
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in this study suggest that the mitochondrial adaptations in 
healthy pregnancies occur as a necessary modification to 
decrease the dependence of syncytiotrophoblasts on 
carbohydrate, fatty acid and amino acid metabolism. We 
propose that this is an important adaption  to  allow adequate 
supply of nutrients to the fetus during development, as the 
syncytiotrophoblasts and the organelles within the 
syncytiotrophoblasts are at the junction between fetal and 
maternal circulation. The importance of only examining 
healthy isolated mitochondrial populations in this study will 
enable a crucial point of reference when addressing how 
abnormalities in the mitochondria and the resulting 
dysfunction may underpin pregnancy pathologies. 

 
DATA AVAILABILITY STATEMENT 

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation, to 
any qualified researcher. 

ETHICS STATEMENT 

The studies involving human participants were reviewed and 
approved by Queensland Government Human Research Ethics 
Committee, Australia; HREC/14/QPCH/246 and Griffith 
University Human Research Ethics Committee; 
MSC/05/15/HREC. The patients/participants provided their 
written informed consent to participate in this study. 

 
AUTHOR CONTRIBUTIONS 

JF and DM prepared the placental samples and drafted the 
first edition of the manuscript. TB-M assisted with the in silico 
analysis which was used to focus on key proteomic changes. 
JC and OH supervised the laboratory work, assisted in the data 
analysis, and contributed to the preparation of the 
manuscript. AP is the PI and was involved in all aspects of the 
project, and finalized the manuscript for submission. 

 

 

REFERENCES 

Anderson, C. J., Kahl, A., Qian, L., Stepanova, A.,  Starkov,  A.,  Manfredi,  G., et al. 
(2018). Prohibitin is a positive modulator of mitochondrial function in 
PC12 cells under oxidative stress. J. Neurochem. 146, 235–250. doi: 
10.1111/jnc. 14472 

Bourges, I., Ramus, C., Mousson de Camaret, B., Beugnot, R., Remacle, C., Cardol, 
P., et al. (2004). Structural organization of mitochondrial human complex I: 
role of the ND4 and ND5 mitochondria-encoded subunits and interaction 
with prohibitin. Biochem. J. 383(Pt. 3), 491–499. doi: 10.1042/bj2004 0256 

Brandt, U. (2006). Energy converting NADH: quinone oxidoreductase 
(Complex I). Ann. Rev. Biochem. 75, 69–92. doi: 
10.1146/annurev.biochem.75.103004. 142539 

Calvo, S. E., Clauser, K. R., and Mootha, V. K. (2016). MitoCarta2.0: an updated 
inventory of mammalian mitochondrial proteins. Nucleic Acids Res. 44, 
D1251– D1257. doi: 10.1093/nar/gkv1003 

Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification 
rates, individualized p.p.b.-range mass accuracies and proteome-wide 
protein quantification. Nat. Biotechnol. 26, 1367–1372. doi: 
10.1038/nbt.1511 

De los Rios Castillo, D., Zarco-Zavala, M., Olvera-Sanchez, S., Pardo, J. P., Juarez, 
O., Martinez, F., et al. (2011). Atypical cristae morphology of human 
syncytiotrophoblast mitochondria: role for complex V. J. Biol. Chem. 286, 
23911–23919. doi: 10.1074/jbc.M111.252056 

Fisher, J., McKeating, D., Pennell, E., Cuffe, J., Holland, O., and Perkins, A. (2019). 
Mitochondrial isolation, cryopreservation and preliminary biochemical 
characterisation       from  placental  cytotrophoblast and 
syncytiotrophoblast. Placenta 82, 1–4. doi: 
10.1016/j.placenta.2019.05.004 

Hirst, J. (2013). Mitochondrial complex I. Ann. Rev. Biochem. 82, 551–575. 
Jian, C., Xu, F., Hou, T., Sun, T., Li, J., Cheng, H., et al. (2017). Deficiency of 

PHB complex impairs respiratory supercomplex formation and activates 
mitochondrial flashes. J. Cell Sci. 130, 2620–2630. doi: 10.1242/jcs.198523 

Jonckheere, A. I., Smeitink, J. A. M., and Rodenburg, R. J. T. (2012). Mitochondrial 
ATP synthase: architecture, function and pathology. J. Inherit. Metab. Dis. 

35, 211–225. doi: 10.1007/s10545-011-9382-9 
Jones, C. J. P., and Fox, H. (1991). Ultrastructure of the normal human 
placenta. 

Kolahi, K. S., Valent, A. M., and Thornburg, K. L. (2017). Cytotrophoblast, not 
syncytiotrophoblast, dominates glycolysis and oxidative phosphorylation 
in human term placenta. Sci. Rep. 7:42941. 

Martinez, F., Kiriakidou, M., and Strauss, J. F. III (1997). Structural and 
functional changes in mitochondria associated with trophoblast 
differentiation: methods to isolate enriched preparations of 
syncytiotrophoblast mitochondria. Endocrinology 138, 2172–2183. doi: 
10.1210/en.138.5.2172 

Pagliarini, D. J., Calvo, S. E., Chang, B., Sheth, S. A., Vafai, S. B., Ong, S. E., et al. 
(2008). A mitochondrial protein compendium elucidates complex I disease 
biology. Cell 134, 112–123. doi: 10.1016/j.cell.2008.06.016 
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   Limitations and future directions 

This body of work is the first known to the authors which utilises a refined proteomic 

approach to determine key protein changes between mitochondrial populations within the 

placenta. Further, the use of publicly available databases to confirm these observations at a 

genetic level. Although not detracting from the findings and the apparent changes in proteins 

corresponding to gene regulation, it is the use of publicly available databases which poses a 

limitation on this body of work. Despite extensively encompassing both first and third 

trimesters the single cell sequencing databases cannot be directly comparable, as stated in the 

publication.  Future work may endeavor to expand on these observations and develop a 

database which can directly compare the genetic and proteomic changes observed in 

mitochondria from the cytotrophoblast and syncytiotrophoblast across gestation while 

investigating further mechanisms responsible for the mitochondrial alterations. 

 

Conclusion of Chapter 

The research presented in this Chapter utilised the previously optimised methodology 

for isolation of mitochondria from the cytotrophoblast and syncytiotrophoblast and expands 

on the biochemical characterization studies presented in Chapter 4. The methodology enabled 

large scale “omics” experimentation to be performed and generated a novel proteomic profile 

of both mitochondrial populations to further investigate the mechanisms behind the 

alterations in morphology and bioenergetics. When assessing the large datasets produced 

through proteomics, MitoCarta 2.0 provided a method of interrogation for only mitochondrial 

proteins. Enrichment and bioinformatics analysis permitted identification of several key 

pathways and proteins involved in mitochondrial structure, carbohydrate, fatty acid and 

amino acid metabolism. Changes in expression of key proteins involved in the electron 

transport chain were observed to be decreased in the Syncytio-Mito, most notably ATP 

synthase subunits α and β; previously linked to mitochondrial cristae formation and 

functionally required for the phosphorylation of ADP to ATP. Identification of these proteins 

may explain why the ATP generation was so drastically reduced in Syncytio-Mito in the 

previous study. Further, the implication of ATP synthase (F1F0 ratio) shown to influence 

cristae structure may also be key in determining why Syncytio-Mito alter morphology so 

drastically. Investigation into why this switch between mitochondrial populations occurs was 

made more apparent when assessing which metabolic proteins altered in response to the 
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differentiation of trophoblasts. Decreases in key proteins involved in carbohydrate 

metabolism (PCK2, PC, PDHR) and activity of PDH show a clear shift in how the 

mitochondrial populations utilise pyruvate. Further, similar downregulations can be observed 

across a multitude of proteins involved with amino acid and fatty acid metabolism. These 

findings suggest that mitochondria of the syncytiotrophoblast undergo a programmed and 

physiological adaption during the differentiation process. Single Cell RNA Seq data would 

seemingly confirm that many of the identified proteins were similarly downregulated at the 

gene level and conserved in both first trimester and term. This eludes to a clear metabolic and 

functional downregulation in Syncytio- Mito and consequently the syncytiotrophoblast layer 

which appears to be programmed throughout gestation to occur upon, or drive differentiation. 

We have proposed that in healthy term individuals this is to ensure efficient nutrient supply 

to the fetus providing optimum growth conditions. This chapter provided insight into the 

mechanistic changes that occur between the Cyto-Mito and Syncytio-Mito accompanying 

trophoblast differentiation. This 

work provides the potential to identify what proteins instigate this differentiation, expanding 

our knowledge around placental mitochondria and placental physiology as a whole. To 

ascertain the true importance of this study investigation into several key proteins in the context 

of an unhealthy placenta, complicated by a gestational disorder, would prove invaluable. This 

body of work may provide insight into mitochondrially driven dysfunction in GDM or hold 

the potential to identifying key proteins involved in mitochondrial ageing and stillbirth. This 

body of work may hold the key to uncovering the cause of many pregnancy pathologies, 

providing the opportunity for targeted mitochondrial treatments or early diagnosis. 
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Chapter 5  
Investigations into mitochondrial 

dysfunction in trophoblast cell lineages from 
placentae complicated by gestational 

diabetes mellitus 
 

   Overview 
Given the previous chapters identifying mitochondrial adaptions and altered 

bioenergetics and dynamics from the cytotrophoblast and syncytiotrophoblast of the placenta, 

the body of work included in this chapter examines the link between mitochondrial function 

and gestational complications. Due to the well-established links between diabetic phenotypes 

(type 1, 2 and insulin sensitivity) with mitochondrial dysfunction, we proposed that 

mitochondria from the placenta of women who developed gestational diabetes mellitus (GDM) 

would similarly express characteristics of mitochondrial dysfunction. While evidence of 

mitochondrial dysfunction has been established in the GDM literature previously [1, 2], the 

examination of the placental tissue as a whole has led to contradictory findings. The current 

investigation highlights this issue and utilises the previously optimized methodology for 

mitochondrial investigation to assess function from healthy control term pregnancies and those 

complicated by gestational diabetes in both cytotrophoblast and syncytiotrophoblast. The aim 

was to determine if mitochondrial dysfunction occurs in GDM placenta, and the contribution a 

specific mitochondrial population from the trophoblast lineages may pose. The findings 

propose mechanisms which underlie the observed dysfunction and establish the potential for 

mitochondrial dysfunction to influence the pathophysiology and pathogenesis of the GDM. 

 

This chapter consists of work submitted to and under-review in the journal Mitochondrion. 
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    Introduction 
Diabetes mellitus type 1 and 2 have been linked to mitochondrial dysfunction through 

increases in reactive oxygen species (ROS), altered mitochondrial content, electron transport 

chain complex expression, gene and metabolic alterations observed across multiple tissues. 

However, the literature surrounding mitochondrial dysfunction in placenta of women who 

developed gestational diabetes mellitus (GDM) is inconsistent [1, 2]. Increases in systemic 

ROS have been attributed to diabetes with H2O2 shown, in-part to cause inflammatory 

responses in Type 1 diabetes mellitus (T1DM) and suggested to mediate loss of β-cell function 

in T2DM [3]. Similarly, early studies into GDM showed evidence of oxidative stress, observing 

increases in 8-isoprostane, SOD activity and protein carbonyl content in GDM placentae and 

determined this to be as a result of increased oxidative stress [4]. Furthermore, diabetes mellitus 

has been linked to alterations in mitochondrial content in several tissues [5, 6] with similar 

pathways proposed to mediate GDM. These pathways included decreased citrate synthase 

activity, which in response to obese maternal environment in animal models in utero was 

observed in skeletal muscle [7]. In humans placental tissue studies, Hastie et al [1] continued 

to investigate the implication of mitochondria in the disease, observing that obese women had 

lower mitochondrial content that non obese women. Interestingly, this study also showed that 

pregnancies from T1DM, when compared to matched obese non glucose tolerant women, had 

decreased mitochondrial complex expression, a finding conserved when assessing T2DM. This 

study identified the possible commonalities in mechanism between the GDM and the other 

diabetic phenotypes. Evidence from Mandò et al. [2] expanded on this relationship reporting 

that GDM combined with obesity, and not obesity alone results in altered placental 

mitochondrial morphology and the associated dysfunction. Although several studies have 

identified alterations in mitochondrial content associated with GDM contradictory findings in 

mitochondrial function have been observed in several studies. An important observation to 

highlight that has been expanded upon in our labs previous review of the literature [8]. 

Mitochondrial dysfunction within diabetic phenotypes, while well characterized and 

often conserved between T1DM and T2DM, is not always the case when assessing GDM. Due 

to the complex nature of mitochondrial involvement in the pathology of diabetes across 

multiple tissues it is understandable that not all findings are conserved when assessing the 

placenta or GDM. The important characteristic to remember when assessing GDM is 
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that the disorder is clinically characterised as insulin insensitivity which occurs during pregnancy 

and was not present prior to gestation. The importance of this statement and diagnosis eludes 

to the importance of the fetus and indeed the placenta in the disease progression. It has been 

speculated that the emergence of these clinical characteristics is simply due to the added 

pressure on the maternal system, although, what is not accounted for in this statement is why 

the majority of GDM pregnancies do not continue to have issues immediately after the delivery 

of the baby and removal of the placenta. Further evidence of the clinically different responses 

to the maternal system stems from the above described work by Hastie et al [1] when assessing 

placenta afflicted by all types of diabetes (T1DM, T2DM matched to both  obese non-glucose 

intolerant women and non-obese women) it was shown a common mitochondrial dysfunction, 

although different response in mitochondria complex expression and enzyme activity. As 

mitochondria are so fundamentally linked to diabetes and the findings of mitochondrial 

dysfunction are present in the placenta of GDM it may be hypothesized that the placenta itself 

may underlie the emergence of GDM through mitochondrial dysfunction. Given this statement, 

it is important to consider how the physiological structure of the placenta may be contributing 

to the varying findings regarding alterations in mitochondria within GDM. We propose that the 

inconsistent results in the literature may be explained through assessing mitochondrial function 

between the cytotrophoblast and syncytiotrophoblast layers of the placenta in place of whole 

tissue. It has been previously stated how drastically different these mitochondrial populations 

are in morphology, with our recent work showing evidence of physiological differences in 

healthy placenta. To investigate mitochondrial dysfunction in GDM, firstly examination was 

undertaken on whole tissue, prior to the samples being separated using the previously 

optimized techniques and assessed individually. The aim of this examination was to establish 

in the same samples if any difference was observed simply by assessing the two mitochondrial 

populations contribution to the disorder individually. 
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Abstract. 

Mitochondrial function and dysfunction have been associated with diabetic phenotypes, 

although the involvement of mitochondria in gestational diabetes mellitus (GDM) remains 

undetermined. This is complicated by the different mitochondrial populations present in the 

trophoblast cell lineages of the placenta. This study examined key aspects of mitochondrial 

function in placentae from healthy pregnancies and those complicated by GDM. Mitochondrial 

content, citrate synthase activity and mitochondrial gene expression was examined in placental 

tissue, before examining differences between mitochondrial isolates from cytotrophoblast and 

syncytiotrophoblast populations. Our findings indicate both mitochondrial populations display 

functional deficits and are differentially impacted in GDM pregnancies. 

 
Keywords: Placenta, gestational diabetes, mitochondrial isolation, mitochondrial dysfunction. 
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22 Abstract. 

23 Mitochondrial function and dysfunction have been associated with diabetic phenotypes, 

24 although the involvement of mitochondria in gestational diabetes mellitus (GDM) remains 

25 undetermined. This is complicated by the different mitochondrial populations present in the 

26 trophoblast cell lineages of the placenta. This study examined key aspects of mitochondrial 

27 function in placentae from healthy pregnancies and those complicated by GDM. Mitochondrial 

28 content, citrate synthase activity and mitochondrial gene expression was examined in placental 

29 tissue, before examining differences between mitochondrial isolates from cytotrophoblast and 

30 syncytiotrophoblast populations. Our findings indicate both mitochondrial populationsdisplay 

31 functional deficits and are differentially impacted in GDM pregnancies. 

32 

33 Keywords: Placenta, gestational diabetes, mitochondrial isolation, mitochondrial dysfunction. 

34 

35 Introduction 

36 Appropriate and adequate placental function is essential for the development of the 

37 fetus and integral to both immediate infant growth and lifelong health 1 . The placenta consists 

38 of a complex vascular network essential for optimal transport between the maternal and fetal 

39 circulations. These villous structures are comprised of underlying cytotrophoblasts whichfuse 

40 to form the multinucleated overlaying syncytiotrophoblast. During this transformation the 

41 associated organelles undergo distinct changes, mitochondria appearing most altered, with 

42 morphological and biochemical differences in the mitochondria found between the two cell 

43 lineages 2. 

44 Mitochondria are dynamic organelles responsible for the homeostatic maintenance of 

45 many cellular functions crucial for pregnancy, including: regulation of metabolism and nutrient 

46 availability, ATP generation through oxidative phosphorylation, and hormone synthesis such 

47 as progesterone production. Mitochondrial function is vital for a healthy placenta and 

48 pregnancy, and it has long been established that mitochondrial dysfunction may be central to 

49 many pregnancy pathologies 3 . 

50 Considering the vital importance of the placenta in mediating fetal growth and 

51 signalling, it would stand to reason that maternal metabolism would respond to changes in 

52 mitochondrial function  within  the  placenta  and  may  be  central  to  the  development  of 

53 gestational diabetes mellitus (GDM). While links between mitochondria and other diabetic 

54 phenotypes, both type 1 (T1DM) and type 2 (T2DM) diabetes mellitus are well established4,5, 

55 conjecture over the directionality of the response to mitochondrial dysfunction within the 

56 placenta and GDM remains in the literature. It has been speculated that many of the 
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57 inconsistencies regarding  mitochondrial  involvement  in  GDM  could  be  reflective  of the 

58 differences in gestational age of the placenta, the treatment of the mother during gestation, the 

59 confounding factor of obesity, existing diabetes and the tissue samples themselves. As stated, 

60 the drastically different morphology and physiological functionality associated with 

61 mitochondria from the cytotrophoblast and syncytiotrophoblast cell lineages would impact on 

62 all aspects of placental metabolism and mitochondrial investigation. 

63 This study explores the relationship between mitochondrial function and diabetes by 

64 comparing bioenergetics of cytotrophoblast (Cyto-Mito) and syncytiotrophoblast (Syncytio- 

65 Mito) mitochondria of healthy control pregnancies to that of mitochondria in GDM 

66 pregnancies, with the aim of identifying and characterising mitochondrial involvement and 

67 contribution to the pathogenesis of GDM. 

68 Methods 

69 Sample collection and preparation 

70 Ethical approval for all aspects of this research was granted by; Queensland Health 

71 Human Research Ethics Committee, Australia; HREC/14/QPCH/246 and Griffith University 

72 Human Research Ethics Committee; MSC/05/15/HREC. Placental samples were collected 

73 from term placenta of healthy control pregnancies (n=16) and from women clinically diagnosed 

74 with GDM (n=15). Samples were collected following the methodology previously published 6 

75 and placentae were matched for gestational age, maternal age, maternal BMI, baby weight, and 

76 placental weight. Gestational diabetes was diagnosed as per current Queensland clinical 

77 guidelines; “Gestational diabetes mellitus.” published in 2015 under the document number 

78 MN15.33-V1-R20 by the Department of Health, Queensland Government. 

79 Determination of Mitochondrial Content 

80 DNA was extracted from placental tissue using isopropanol precipitation. Briefly, 10- 

81 30mg of placental tissue was incubated at 55oC for 4hrs in 100uL of DNA lysis buffer and 

82 proteinase K (10%). Protein was precipitated with 40uL of 6M ammonium acetate. DNA was 

83 precipitated with 100uL of isopropanol and washed with 50uL of 70% EtOH. DNA was 

84 resuspended in 20uL of MilliQ H20, and DNA concentrations were assessed via the NanoDrop 

85 1000 Spectrophotometer (Thermo Fisher Scientific, MA, USA). 30ug of DNA was used and 

86 RT qPCR was performed with QuantiNova SYBR Green PCR Master Mix (Qiagen, 

87 Australia). Predesigned mitochondrial primers were purchased from Signal Aldrich (Table 1). 

88 RT qPCR was conducted using the QuantStudio6 Flex Real Time PCR System (Thermo 

89 Fisher Scientific, MA, USA). Relative mitochondrial content was determined following 
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90 normalisation of two mitochondrial genes to the geometric mean of two nuclear housekeeping 

91 genes (Table 1), quantified using the 2−ΔΔCT method, and reported as ratio normalised to 

92 controls as per previous publications 7. 

93 Gene Expression Studies 

94 RNA was extracted from placental tissue utilising an RNAeasy Mini Kit (Qiagen, 

95 Doncaster, Australia), with 600uL of buffer RLT and -mercaptoethanol added to 20-30mgof 

96 placental tissue. The rest of the protocol was performed as described by the manufacturers 

97 instructions. Following quantification on the NanoDrop 1000 Spectrophotometer (Thermo 

98 Fisher Scientific, MA, USA), 140ng of cDNA was synthesised using the iScript gDNA Clear 

99 cDNA Synthesis Kit (Bio Rad, Gladesville, Australia) as per manufacturers’ instructions. RT 

100 qPCR was conducted using QuantiNova SYBR Green PCR Master Mix (Qiagen, Australia) 

101 with predesigned primers purchased from Sigma Aldrich (Table 1). RT qPCR was conducted 

102 using the QuantStudio6 Flex Real Time PCR System (Thermo Fisher Scientific, MA, USA). 

103 Relative gene expression was determined following normalisation to geometric mean of 

104 housekeepers, quantified using the 2−ΔΔCT method, and reported as arbitrary units. 

105 Protein Extraction and Determination 

106 Protein was extracted and quantified following our previously published 

107 methodology8. Briefly, 20-30mg of placental tissue was homogenised in 1000uL of RIPA 

108 (50mM Tris (pH 7.4), 150mM NaCl, 1% Non-Idet P40, 1% Sodium deoxycholate, and 1% 

109 SDS) buffer. Supernatant was collected following centrifugation at 11,000rpm for 5mins. 

110 Protein concentrations of whole tissue and mitochondrial isolates (detailed below) were 

111 determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Australia) following 

112 the manufacturer’s instructions. 

113 Citrate Synthase Assay 

114 Citrate synthase activity (CSA) was determined using an assay designed by Eigentler 

115 et al.9 Briefly, 15uL of reaction mixture containing Triton X 100, Acetyl CoA, 5,5 Dithiobis 

116 (2  nitrobenzoic  acid) was added to 60uL of placental protein extract (2mg/mL) plus 20uL of 

117 milliQ  H2O  in  a  96  well  plate.  The reaction was initiated  with  the  addition  of  5uL of 

118 oxaloacetate. Absorbance was read at 412nm on the SpectraMax M4 Multi Mode Microplate 

119 Reader (Molecular Devices, LLC) as previously described 9. CSA values were additionally 

120 normalised to their respective mitochondrial content values. 

121 Hydrogen Peroxide Levels 

122 Hydrogen peroxide (H2O2) levels in 2mg/mL of protein extract were determined 

123 using Amplex Ultra Red (Thermo Fisher Scientific) using a standard protocol. Briefly, a 
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124 reaction mixture consisting of Amplex Ultra Red (Invitrogen), superoxide dismutase and 

125 horseradish peroxidase was added in equal volume to samples in a 96 well plate. Absorbance 

126 was measured at 560nm on the SpectraMax M4 Multi Mode Microplate Reader (Molecular 

127 Devices, LLC). 

128 Mitochondrial Isolation 

129 Isolation of enriched mitochondrial fractions was performed utilising our previously 

130 optimised methodology 2. Tissue homogenate was centrifuged at 1,500g for 10 minutes, with 

131 the supernatant collected and subsequently centrifuged at 4,000g for a further 15 minutes to 

132 produce a cytotrophoblast (Cyto-Mito) pellet. The supernatant was collected and centrifuged 

133 at 12,000g to produce syncytiotrophoblast (Syncytio-Mito) pellet 2. 

134 Real time respirometry 

135 Mitochondrial respiration was measured at 37°C via polarographic oxygen sensors 

136 within the Oxygraph-2k instrument (OROBOROS Instruments, Innsbruck, Austria). 

137 Mitochondrial respiration was assessed by performing a SUIT (substrate-uncoupler-inhibitor- 

138 titration) protocol examining oxygen flux and recorded via DataLab 7.0 software 

139 (OROBOROS Instruments, Innsbruck, Austria). The SUIT protocol was performed as 

140 previously2. Briefly, isolated mitochondrial fractions were added to the Oxygraph-2kchamber 

141 in MiRO5 respiration media with time allowed for baseline calibration prior to the addition of 

142 Glutamate, Malate, Pyruvate and ADP to activate Complex I linked respiration. Succinate was 

143 added to activate Complex I + II linked respiration. Carbonyl cyanide m-chlorophenyl 

144 hydrazone (CCCP) was added to determine uncoupled or Maximum respiratory capacity. 

145 Antimycin A was used to inhibit complex III respiration providing a measurement of non- 

146 mitochondrial respiration. Units of respiration are expressed as p/mol O2/sec per mg protein 

147 ATP production 

148 ATP production was quantified utilising an ATP Assay Kit (Abcam, Australia) 

149 following the manufacturer’s instructions. To remove enzymes that may interfere with ATP 

150 quantification, protein was removed from the mitochondrial extracts using the Deproteinizing 

151 Sample Preparation Kit (Abcam) following the manufacturer’s instructions. ATP content is 

152 expressed as umol/mg of mitochondrial extract. 

153 Superoxide Dismutase Activity 

154 Superoxide dismutase (SOD) activity was quantified by fluorometric analysis 

155 performed utilising a Superoxide Dismutase Assay Kit (Cayman Chemicals) following the 

156 manufacturer’s instructions. Enzyme activity was expressed a Units/mg of protein. 
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157 Progesterone Production 

158 Progesterone production was assessed using the Human Total Progesterone ELISA 

159 (DuoSet, Australia) in accordance with manufacturer’s guidelines. Progesterone activity is 

160 expressed as pg/mg of protein. 

161 Western Blotting 

162 Protein concentrations of mitochondrial isolates were determined using the Pierce BCA 

163 Protein Assay Kit (Thermo Scientific, Australia) following the manufacturer’s instructions. 20 

164 μg of protein was loaded onto 12% Polyacrylamide gels then separated by electrophoresis. 

165 Upon completion, proteins were wet-transferred to polyvinylidene fluoride (PVDF) membrane 

166 which was then blocked with Odyssey® blocking buffer. Membranes were incubated with the 

167 primary antibody overnight with agitation at 4˚C. Primary antibodies utilised in these 

168 experiments consisted of β-actin (ab8227) at 1:1000 dilution, CYP11A1 (ab175408) at 1:1000 

169 dilution, MFN1 (ab57602) at 1:1000 dilution, MFN2 (ab56889) at 1:1000, ATPB (ab14730) at 

170 1:1000 dilution, PCK2 (ab187145) at 1:1000 dilution, ACADVL (ab155138) at 1:1000, and 

171 VDAC1 (ab14734) at 1:1000. The membranes were washed extensively with Tris Buffered 

172 Saline (TBS/Tween) and TBS followed by a subsequent incubation with secondary antibodies 

173 anti-rabbit (IRDye 680 goat, Licor, Lincoln, NE,USA) at 1:20000 dilution and anti-mouse 

174 (IRDye 800 donkey, Licor, Lincoln, NE,USA) at 1:20000 dilution. The developed blot was 

175 then imaged by Licor Odyssey and quantified by Image studio v 5.2. 

176 Statistical Analysis 

177 With the exception of Table 2, which is presented as SEM, all values are mean ± SD 

178 with Grubbs test for outliers performed. Student’s T tests were used to determine significance 

179 between control and GDM groups (n=16 and 15) for mitochondrial content, citrate synthase, 

180 gene expression, reactive oxygen species and enzymatic activity data. For comparison between 

181 Cyto-Mito and Syncytio-Mito across both groups, two-way ANOVAs were performed, with 

182 established significance leading to posthoc analysis via Tukey Test. Statistical significance was 

183 set at 0.05. Analyses were performed using SPSS v22 (IBM SPSS software, Australia) and 

184 GraphPad PRISM 7.02 (GraphPad, USA). 

185 Results 

 

186 Healthy control and GDM pregnancies were matched for clinical characteristics. No 

187 significant differences were observed between control and GDM pregnancies in gestational 

188 period, age of mothers, maternal BMI, baby weight, or placental weight (Table 2). 

189  

190  
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191  

192 Overall, mitochondrial DNA copy number was not significantly different between 

193 groups (Figure 1A). Citrate synthase activity in tissue extracts (Figure 1B, p=0.03) and 

194 normalised to mitochondrial content (Figure 1C, p=0.01), was significantly lower in placental 

195 tissue from women with GDM compared to healthy controls. Hydrogen peroxide production 

196 was not significantly different between groups (Figure 1 F). 

197 We assessed the expression of key factors involved in metabolic and antioxidant 

198 processes important in the placenta. Gene expression of G6Pc and PPARG was greater in 

199 placentas from GDM women compared to placentas from control women (Figure 1; D p=0.01 

200 and E p=0.02). Gene expression of GPX1, HSD3B1, CSH1 and CYP11A1 was not significantly 

201 different between groups (Figure 1 G, H, I, J). Given that these biological processes are likely 

202 contribute to GDM and may occur in a specific mitochondrial population, subsequent studies 

203 were performed in isolated mitochondrial subtypes. 

204 Following isolation of Cyto-Mito and Syncytio-Mito populations, our initial analysis was 

205 to investigate if bioenergetic differences existed between placental mitochondria from healthy 

206 women and women with GDM. Both Cyto-Mito and Syncytio-Mito mitochondrial fractions 

207 had reduced respiratory levels in GDM placentae when compared to control pregnancies. This 

208 reduction was significant for respiration linked to complexes I+II, and in maximum respiratory 

209 capacity (Figure 2; A p=<0.0001, B p=0.0015). Cyto-Mito and Syncytio-Mito from GDM 

210 placentae both had reduced respiration for complex I+II linked respiration (CI+II) and 

211 maximum respiratory capacity (ETS), with the decreases greater in Syncytio-Mito than Cyto- 

212 Mito (Cyto-Mito: CI+II p=<0.001, ETS: p=<0.01; Syncytio-Mito CI+II p=0.0004, ETS 

213 p=0.0005; Figure 2 A, B). 

214 In control pregnancies, placental ATP production was reduced in Syncytio-Mito 

215 compared to Cyto-Mito (Figure 1 C, p=0.01); this reduction was not observed in GDM 

216 placentae. While ATP production was not statistically different between placentas from control 

217 and GDM women, post-hoc analysis demonstrated that ATP production from Cyto-Mito was 

218 significantly reduced in women with GDM compared to that of control (Figure 1 C, p=0.0001). 

219 Antioxidant capacity was measured to ascertain the placentas’ capacity to reduce 

220 reactive oxygen species (ROS). Superoxide dismutase was significantly increased in placental 

221 tissue from women with GDM when compared to control (p=0.0107, Figure 3A), following 

222 post-hoc analysis the Syncytio-Mito from GDM placenta had significantly higher SOD 

223 (p=<0.05). Placentas of women with GDM had similar GPx levels compared to control women, 

224 however, GPx levels were greater in Cyto-mito compared to Syncytio-Mito (p=0.002). GPx 
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225 was observed via post-hoc analysis to be decreased in GDM Cyto-Mito when compared to control 

Cyto-Mito (p=<0.01, Figure 3 B). TrxR activity was lower in Syncytio-Mito compared 

226 to Cyto-Mito. However, post-hoc analysis found that there were significant decreases in 

227 activity of TrxR between Cyto-Mito from placentas of GDM women when compared to 

228 controls (p=<0.01 Figure 3 C). 

229 Investigation of progesterone synthesis was performed on isolated mitochondria from 

230 both control and GDM placenta. Mitochondrial isolates from placentas of GDM women 

231 produced greater levels of progesterone compared to control placentas (p=0.0002). 

232 Furthermore, the Syncytio-Mito were found to produce more progesterone than Cyto-Mito 

233 (p=0.0026) (Figure 4A). CYP11A1, a key protein involved in progesterone production, was 

234 significantly higher in the Syncytio-Mito compared to the Cyto-Mito within both control 

235 (p=0.0389) and GDM placenta (p=0.0011), and was greater in placentas from women with 

236 GDM compared to control (Figure 4 B). 

237 Mitochondrial dynamic proteins MFN1 and MFN2 were significantly increased in 

238 GDM samples (Figure 5 A, p=0.038 and B, p=0.006) but were similarly expressed within 

239 mitochondria from the two different cell populations. Furthermore, MFN2 was significantly 

240 increased in the Syncytio-Mito population when compared to that of controls (p<0.05). This 

241 study also investigated the expression of key proteins that may contribute to decreased 

242 respiratory capacity in GDM. While the selected proteins were not different between control 

243 and GDM placentas, PCK2 (p=0.0027), ATP5β (p=0.015) and ACADVL (p=0.022) were all 

244 significantly lower in Syncytio-Mito when compared to Cyto-Mito (Figure 5 C, D, E). VDAC1, 

245 an integral protein associated with mitochondrial ER tethering and calcium mediation, was not 

246 different between control and GDM placentas, but was significantly reduced (p=0.0051) in 

247 Syncytio-Mito when compared to Cyto-Mito (Figure 5 F). 

248 Discussion 

249 This study examined key aspects of mitochondrial function in placentae from healthy 

250 control pregnancies and those complicated by GDM. This study initially characterised 

251 mitochondrial content, citrate synthase activity and the expression of genes implicated in 

252 mitochondrial function and found impaired mitochondrial activity and increased expression of 

253 key mitochondrial genes. However, given that the human placenta contains two major cell 

254 populations which have unique mitochondria with very different functional properties, we then 

255 further explored differences between control and GDM samples in mitochondrial populations 

256 isolated from cytotrophoblast and syncytiotrophoblast cell linages. Our findings indicate both 

257 Cyto-Mito and Syncytio-Mito display deficits in placental tissue from women with GDM but 
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258 that these two different populations are differentially impacted in GDM pregnancies. 

259 Mitochondrial efficacy and content 

260 Reports on changes in placental mitochondrial activity and content associated with 

261 GDM are not consistent, with both increases and decreases found 3. In the present investigation, 

262 activity of the important mitochondrial enzyme citrate synthase was significantly decreased in 

263 GDM placenta, suggesting a reduction in either the number or function of placental 

264 mitochondria. Mitochondrial content, measured here as the number of mitochondrial genomes 

265 per nuclear genome, trended towards an increase in association with GDM, although did not reach 

statistical 

266 significance. Furthermore, normalising citrate synthase activity per mitochondrial genome lead 

267 to significantly decreased values in GDM placenta. Taken together, these results suggest  that 

268 placental mitochondrial efficacy may be reduced in GDM. 

269 Evidence of mitochondrial dysfunction is often associated with ROS production, which 

270 has been observed in many disease states including, hyperglycemic environments, diabetes and 

271 indeed GDM10. A common measurement of ROS, known to increases in response to 

272 hyperglycemic environments, is hydrogen peroxide (H2O2). Although increased H2O2did not 

273 reach significance in this study (Figure 1F), it is well established as a key marker and inducer 

274 of diabetic phenotypes. H2O2 has been shown to, in-part, cause inflammatory responses in Type 

275 1 diabetes mellitus (T1DM) and suggested to mediate loss of β-cell function in T2DM 11. The 

276 failure to reach significance may be explained by the complex structure of placental tissue and 

277 the non-uniformity  of  the  accompanying  mitochondria  within  the  tissues  of different cell 

278 lineages and distinct layered characteristics. 

279 The reason for reduced mitochondrial efficacy associated with GDM is not clear, but 

280 may be linked to obesity. Our study attempted to match control and GDM women in the current 

281 study for BMI and although BMI was not statistically different between groups, the mean BMI 

282 in the control group falls within the healthy BMI range while the mean value in the GDM group 

283 falls within the obese range. Tong et al 12 showed a decrease in citrate synthase activity in 

284 skeletal muscle of mice exposed to maternal obesity in utero, and Hastie et al 13 found that 

285 obese women had lower mitochondrial content than non-obese women in placental tissue. 

286 Interestingly, this study also showed that pregnancies from type 1 diabetes mellitus (T1DM), 

287 when compared to matched obese non glucose tolerant women, had decreased mitochondrial 

288 complex expression, a finding conserved when assessing T2DM. This suggests that a diabetic 

289 phenotype exaggerates observations of mitochondrial dysfunction associated with obesity 

290 supporting previous reports14 that GDM combined with obesity, and not obesity alone results 
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291 in altered placental mitochondrial morphology and is associated with dysfunction. Further 

292 studies are warranted to separate the role of obesity and GDM in placental mitochondrial 

293 dysfunction but much larger samples sizes will be required to achieve this. 

294 Gene expression studies 

295 We investigated the expression of key genes associated with metabolism and linked to 

296 diabetes, and observed significant increases in G6Pc and PPARG expression in GDM placenta 

297 when compared to controls. G6Pc is a protein expressed  in the endoplasmic  reticulum  (ER) 

298 that  catalyses  the  hydrolysis  of  glucose-6-phosphate  to  glucose,  the  final  stage  of  both 

299 glycogenolytic and gluconeogenic pathways which ultimately leads to increased glucose 

300 release. The increased expression in GDM placentae could potentially be attributed to 

301 glucotoxicity and hypoxia inducible factor 1 α (HIF-1α), which has been shown to increase 

302 G6Pc expression in the liver as a result of oxidative stress (OS) 15. Although this is thought to 

303 play a role in unrestrained hepatic glucose production in T2DM, the women of this cohort 

304 regularly monitored their blood glucose levels and their placentae lacked markers of long-term 

305 OS, indicating that this may not be the case in GDM. An alternative hypothesis may be that 

306 this protein may be contributing to excess glycogen deposition, which has been shown to occur 

307 in the GDM placenta  16. Literature suggests that  the source of placental  glycogen may stem 

308 from circulating fetal glucose, meaning that the placenta likely acts as a buffer to reduce fetal 

309 exposure to hyperglycaemia 17. However, excess glycogen is also cytotoxic, suggesting that 

310 the results of the present study may indicate that, in late gestation, the GDM placenta may 

311 upregulate G6Pc expression in order to reduce tissue burden. This further suggests that the 

312 placenta may contribute to the pathophysiology of GDM later in gestation through increased 

313 glucose release not utilised by the associated Cyto-Mito and Syncytio-Mito for ATP 

314 generation. Another explanation for the increase in gene expression of G6Pc in GDM observed 

315 in this study may be due to the intricate bidirectional relationship that mitochondria and ER 

316 share, although further investigation to expand upon how mitochondria utilise available 

317 substrates and regulate metabolism in association with ER is necessary. 

318 Similarly, this study established that GDM had an increased gene expression of 

319 PPARG, a multifunctional regulator, responsible for the stimulation of fat cells to uptake lipids 

320 via adipogenesis, insulin sensitivity and mitochondrial biogenesis. PPARG has been shown to 

321 facilitate glucose-sensing in the liver and β-Cells through activating glucose transporter 2 

322 (GLUT2) 18, which in turn converge on glucose and glucose-6-phosphate downstreamaltering 

323 insulin sensitivity and may help to explain why placental levels of G6Pc were increased in this 

324 study. PPARγ also coactivates peroxisome proliferator-activated receptor gamma coactivator 
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325 1-alpha (PGC-1α), a crucial activator of mitochondrial biogenesis, thus, our observations of 

326 increased PPARγ could be an adaptive response to the low citrate synthase activity of the poorly 

327 functioning mitochondria within the placenta of GDM pregnancies and explain why 

328 mitochondrial content higher in these placentae. 

329 The placenta produces many hormones that modulate maternal physiology, including 

330 increasing maternal blood glucose levels and reducing insulin sensitivity late in pregnancy 19. 

331 Therefore, we investigated the potential role of placental mitochondria in altering hormonal 

332 responses across multiple pathways. A major placental hormone known to regulate maternal 

333 insulin resistance that is thought to contribute to GDM is human placental lactogen (hPl) which 

334 is encoded by the gene CSH1. hPl is vital for placental growth and fetal development, 

335 promoting the formation of insulin-like growth factor and other growth factors in the fetus, 

336 while in the maternal system it induces a mild state of insulin resistance believed to benefit 

337 fetal development through glucose availability 20. In the current study, CSH1 gene expression 

338 was not altered significantly between control and GDM placentas. This is perhaps not 

339 surprising as any change in hPL implicated in the development of GDM would have likely 

340 occurred earlier in pregnancy. Another key placental hormone thought to be involved in the 

341 pathophysiology of GDM is progesterone. Indeed, studies have shown that increased 

342 progesterone levels, above the already high concentrations critical for pregnancy maintenance, 

343 are associated with the development of glycaemic abnormalities in pregnancy 21. Picard et al.22 

344 reported that progesterone is a key modulator of pancreatic beta-cell proliferation in response 

345 to insulin receptors, with progesterone-receptor knockouts in female mice showing a more 

346 efficient insulin response to hyperglycaemic stress relative to their wild-type counterparts. Two 

347 major genes that regulate the production of progesterone are CYP11A1 and HSD3B1. CYP11A, 

348 which encodes for cytochrome P450 Family 11 A member 1 or cholesterol side-chain cleavage 

349 enzyme leading to the catalytic cleavage of cholesterol into pregnenolone, remained unchanged 

350 in whole tissue from GDM, which is consistent with the literature 23. Similarly, although 

351 HSD3B1 expression increased, this did not reach significance. As with hPL, the observed result 

352 may be because the proposed changes in hormone synthesis are not evident in the term placenta. 

353 This is supported by the recent findings of Zhao & Li 24 who show via gene set enrichment 

354 analysis that GDM placental gene expression profiles from the first and second trimesters of 

355 pregnancy had a significant up-regulation of steroidogenic pathways. Additionally, Ngala et 

356 al. 25 report elevated plasma progesterone during the second trimester in women who developed 

357 GDM. These findings would coincide with the emergence of the pathologies and may implicate 

358 mitochondrial dysfunction in the second trimester in the hormonal dysregulation associated 
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359 with the pathologies. Given that the present study observed placental mitochondrial dysfunction  

and did not directly measure plasma steroid hormone levels, the non-significant 

360 difference in gene expression of associated enzymes is not sufficient evidence to rule out the 

361 role of altered placental steroidogenesis in whole placental tissue from GDM. Given the 

362 involvement of mitochondria in the synthesis of hormones and the significantly different 

363 mitochondria present in the cytotrophoblast and syncytiotrophoblast cell lineages, the 

364 assessment of mitochondrial involvement in hormonal dysregulation may not be discernible 

365 when assessing whole tissue. 

366 Analysis of Isolated mitochondria subpopulations 

367 Given the strong evidence of mitochondrial dysfunction in other diabetic phenotypes 

368 and the alterations in citrate synthase activity and gene expression that was observed in this 

369 study associated with GDM; further investigation was warranted on the placental mitochondria 

370 from different cell linages that have structural and functional differences2,26. Therefore, to better 

371 characterise the involvement of mitochondria from the placenta in the pathogenesis of GDM, 

372 isolation of placental mitochondria from the cytotrophoblast (Cyto-Mito) and 

373 syncytiotrophoblast (Syncytio-Mito) cell lineages was performed. 

374 Mitochondrial respiration 

375 The reduced respiratory function in both Cyto-Mito and Syncytio-Mito from GDM 

376 placenta is supportive of our observations in whole placental tissue of decreased functional 

377 capacity in GDM tissue measure by decreased citrate synthase activity. This finding would 

378 agree with the literature from S.Muralimanoharan et al. 27 who established a 50% reduction in 

379 mitochondrial respiration from trophoblasts isolated from GDM placenta treated with 

380 glyburide or insulin throughout gestation. Furthermore, Syncytio-Mito function was decreased 

381 when compared to Cyto-Mito across both control and GDM samples, confirming our previous 

382 results in healthy samples2 and further validating the observations of Kolahi et al. 26, who found 

383 cytotrophoblast are more metabolically active than the syncytiotrophoblast. 

384 This study found physiological changes in mitochondria from the different cell lineages 

385 that appear to be exaggerated in GDM, supporting the premise that mitochondrial dysfunction 

386 is central to the progression of the disease. ATP production was reduced in Syncytio-Mito 

387 compared to Cyto-Mito in healthy control tissue, but this alteration was not observed in GDM 

388 placenta with GDM Cyto-Mito having lower ATP production than Cyto-Mito from controls. 

389 This observation further established a level of mitochondrial dysfunction to be present in GDM 

390 and indicated that it is a global reduction in functional parameters associated with 

391 mitochondria. Further this dysfunction may be more evident within specific mitochondrial 
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392 population through multiple mechanisms. 

393 Antioxidant capacity 

394 Our findings may indicate an increased necessity of SOD in GDM mitochondria due to 

395 an increase in ROS, in particular superoxide which requires SOD to convert O2* into H2O2. 

396 This finding was greatest in Syncytio-Mito, and may be a result of the proximity of the 

397 Syncytio-Mito to the maternal circulation and therefore increased exposure to systemic ROS 

398 often observed in the maternal system during GDM. H2O2 is further detoxified by antioxidants 

399 including GPx and TrxR. GPx and TrxR activity were also decreased in Syncytio-Mito 

400 compared to Cyto-Mito across both control and GDM, while GDM alone caused significant 

401 decreases in activity only in the Cyto-Mito population when compared to control. We would 

402 propose that the lack of H2O2 significance is reflected in the depletion of GPx and TrxR as the 

403 antioxidant capacity has been depleted and utilised in GDM to combat ROS overproduction 

404 and although not measured we speculate that catalase similar to SOD would still remain 

405 increased. 

406 Our findings concur with previous publications which place increased ROS and 

407 mitochondrial dysfunction at the centre of disease progression in placenta from T1DM placenta 

408 13. Furthermore, our findings allude to the potential for a Syncytio-Mito population dysfunction 

409 in GDM, due to poorly functioning mitochondria and proposed increased ROS observed 

410 through greater levels of SOD. This statement is supported in the literature through observed 

411 increases in 8-isoprostane, SOD activity and protein carbonyl content in GDM placentae which 

412 were determined to be a result of increased oxidative stress 28. This, when combined with 

413 decreases in both GPx and TrxR activity in placental mitochondria, may elucidate mechanisms 

414 and implicate placental mitochondria directly in the increased systemic oxidative damage and 

415 inflammation observed in maternal circulation from GDM pregnancies 29-31. 

416 Steroidogenesis 

417 To examine the implications that mitochondrial dysfunction may impose on 

418 steroidogenesis and therefore hormone production and the potential role this may play in the 

419 development of a diabetic phenotype, progesterone production was assessed in isolated 

420 mitochondria from both cell lineages of GDM and control placenta. Examination of protein 

421 levels of CYP11A1, or P450scc, was chosen as this is the vital and rate limiting mitochondrial 

422 cleavage enzyme that catalyses the conversion of cholesterol to pregnenolone, the precursor of 

423 progesterone. In whole placental tissue, CYP11A1 gene expression was not significantly 

424 altered. However, both mitochondrial sub-populations from trophoblast lineages Cyto-Mito 

425 and Syncytio-Mito from GDM had higher CYP11A1 protein levels compared to control when 
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426 normalised to βactin. Syncytio-Mito had significantly higher CYP11A1 levels regardless of 

427 pathology, an expected result as it is suggested in the literature that syncytiotrophoblasts are 

428 responsible for progesterone production within the placenta. 

429 To investigate the possible functional implications of increased CYP11A1 levels, 

430 progesterone concentration was assessed. As expected, regardless of pathology Syncytio-Mito 

431 contained more progesterone than Cyto-Mito populations, coinciding with CYP11A1 protein 

432 assessments. Further, isolated mitochondria from GDM placenta contained significantly more 

433 progesterone than control isolates, suggesting that in GDM placental production of 

434 progesterone is increased, partly through increased CYP11A1 levels. 

435 This increased progesterone production is an important finding when assessing the role 

436 mitochondria may play in the pathogenesis of GDM, given the evidence of glycaemic 

437 abnormalities and modulation of pancreatic beta-cell proliferation associated with progesterone 

438 32. Further, CYP11A1 also plays a role in lipid peroxidation and may contribute to the 

439 pathology of GDM through increases in oxidative stress in a similar mechanism suggested to 

440 contribute to preeclampsia 32. Given the potential for progesterone to drive the pathogenesis of 

441 GDM these observed changes establish the need to further assess the effect of mitochondrial 

442 dysfunction on hormonal regulation and the impact on pathogenesis; in whole tissue, and in an 

443 isolated mitochondrial models to further understand this complex process. 

444 Mitochondrial dynamics and metabolic function 

445 Markers of mitochondrial dynamics; the process in which mitochondria undergo fission 

446 and fusion to remove poorly functioning mitochondria 33, and metabolic function were also 

447 assessed in isolated mitochondria from GDM placenta. Mitochondrial dynamics have been 

448 shown to be modulated in response to metabolic dysregulation, with excessive fatty acid or 

449 glucose causing mitochondrial fragmentation 34,35, which is often shown to be decreased in 

450 response to metabolic abnormalities and glucose intolerance when assessing whole tissues 36 . 

451 This study has shown MFN2 upregulation in an isolated mitochondrial population when 

452 compared to controls, and may suggest that a pro fusion state has been adopted in response to 

453 the dysfunction identified in GDM. By adopting a pro fusion state, the mitochondria in GDM 

454 may be attempting to overcome the poor functionality and allow for selected mitochondria to 

455 avoid  mitophagy,  thus  correcting  for  the  observed  decreases  in  respiratory  capacity and 

456 content.  Alternatively, due to MFN2 role as a Parkin receptor, it could be hypothesised that 

457 this increase observed in isolated mitochondria from GDM placental cell lineages is associated 

458 with increased mitophagy as a quality control mechanism to remove poorly functioning 

459 mitochondria through Parkin mediated pathways. Parkin has been proposed to facilitate and 
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460 promote mitophagy, in this instance the increase may be due to an overstimulation of the 

461 mitophagy pathway resulting in increases in MFN2 37. No clear conclusion can yet be drawn 

462 on the complex nature of mitochondrial dynamics from this study into GDM, as the 

463 determination of adaptive or causative effect is too varied, encompassing: gestation of sample 

464 collection (second trimester compared to term), tissue specific mechanisms, and isolated 

465 mitochondrial effects all of which should be considered when making a summation. 

466 With distinct mitochondrial dysfunction associated with many key physiological 

467 changes in GDM, a selection of metabolic and structural proteins associated with morphologic 

468 and bioenergetic adaptions between Cyto-Mito and Synctyio-Mito were assessed (PCK2, 

469 ACADVL, ATP5β and VDAC1). No significant differences were found with GDM; however, 

470 the findings did validate the previous observations with all proteins significantly decreased in 

471 Syncytio-Mito when compared to Cyto-Mito, regardless of pathology 38. 

472 Conclusions 

473 Like other studies on the diabetic phenotype, this study has established mitochondrial 

474 dysfunction as central to the progression of the GDM. However, our findings have highlighted 

475 the need to assess mitochondria from the different trophoblast cell lineages in the placenta due 

476 to their dramatically different functionality and morphology. Evidence of mitochondrial 

477 dysfunction, while often inconsistent when assessing whole tissue samples, was observed when 

478 studying mitochondrial isolates. Distinct differences associate with GDM were observed 

479 between Cyto-Mito and Sycytio-Mito in respiratory capacity, ATP production, antioxidant 

480 function, and hormonal regulation. Decreased mitochondrial respiration and increased 

481 progesterone production are factors that may independently drive a hyperglycemic phenotype 

482 and, when combined, may be critical to the emergence of GDM. 

483 These findings lay the foundation for future more specific work into the complex 

484 interactions between placental mitochondria from both cytotrophoblast and 

485 syncytiotrophoblast and the effect that dysfunction in these organelles may have on overall 

486 placental function, and therefore fetal and maternal health across gestation. 

487  

488  

489  
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Figure 1: Changes to mitochondrial content, activity, and metabolism associated with gestational 

diabetes mellitus (GDM). A) Mitochondrial DNA copy number. B) Citrate synthase activity. C) Citrate 

synthase activity per mitochondria, established through normalising citrate synthase activity to 

mitochondrial content. D) Glucose-6-phophatase 3 gene expression. E) Peroxisome proliferator 

activated receptor gamma gene expression. F) Hydrogen peroxide production. G) Glutathione 

peroxidase 1 gene expression. H) 3 beta-hydroxysteroid dehydrogenase gene expression. I) CSH1 gene 

expression. J) CYP11A1 between gene expression. All data is presented as ± SD. Healthy control in 

black (N=16), GDM in white (N=15). Statistical analysis was performed by students T -Test. 
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Figure 2: Changes in mitochondrial physiological parameters associated with gestational diabetes 

mellitus (GDM) in mitochondria isolated from cytotrophoblasts and the syncytiotrophoblast. A) 

Mitochondrial respiration through complex I+II linked oxidative phosphorylation. B) Maximum 

respiratory capacity C) ATP production. Control (black ), GDM (white), data expressed as mean ±SD 

A,B (N=7). C (N=9–10). 
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Figure 3: Changes in antioxidant capacity associated with gestational diabetes mellitus (GDM) in 

mitochondria isolated from cytotrophoblasts and the syncytiotrophoblast. A) Superoxide dismutase 

activity. B) Glutathione peroxidase (GPx) activity C) Thioredoxin reductase (TrxR) activity. Control 

(black), GDM (white), data expressed as mean ±SD (N=9–10). 



Joshua Fisher Chapter 5, page 154  

 

 

 

 

Figure 4: Changes in progesterone levels, and cholesterol converting enzyme CYP11A1 associated 

with gestational diabetes mellitus (GDM) in mitochondria isolated from cytotrophoblasts and the 

syncytiotrophoblast. A) Progesterone production (N=9). B) CYP11A1(cytochrome P450, Cholesterol 

Side-Chain Cleavage Enzyme) (N=7). Control (black), GDM (white). Data is expressed as mean ± SD. 
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Figure 5: Changes in levels of mitochondrial dynamic and metabolic proteins associated with 

gestational diabetes mellitus (GDM) in mitochondria isolated from cytotrophoblasts and the 

syncytiotrophoblast. A) Mitofusin 1. B) Mitofusin 2. C) Phosphoenolpyruvate carboxykinase 2. D) ATP 

synthase subunit β. E) Acyl-CoA dehydrogenase very long chain. F) Voltage dependent anion channel 

1. Control (black), GDM (white), data expressed as mean ± SD (N=6). 
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Primer Name Primer Sequence Primer Marker 
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MTAIB F 5’ – GAGTTTCCTGGACAAATGAG – 3’ Nuclear DNA 

R 5’ – CATTGTTTCATATCTCTGGCG – 3’ 

MTBA F 5’ – AGCGGGAAATCGTGCGTGAC – 3’ Nuclear DNA 

R 5’ – AGGCAGCTCGTAGCTCTTCTC – 3’ 

MTRT5 F 5’ – GCCTTCCCCCGTAAATGATA – 3’ Mitochondrial DNA 

R 5’ – TTATGCGATTACCGGGCTCT – 3’ 

MTRT4 F 5’ – ATGGCCCACCATAATTACCC – 3’ Mitochondrial DNA 

R 5’ – CATTTTGGTTCTCAGGGTTTG – 3’ 

G
e
n

e
 E

x
p

re
ss

io
n

 

HSD3B1 F 5’ – CTCTTCTGTCCAGCTTTTAAC – 3’ Steroidogenesis: 

 R 5’ – CATCCAAAGTAGCAGGAATC – 3’ Progesterone and Estrogens 

G6Pc F 5’ – ACTGTGCATACATGTTCATC – 3’ Gluconeogenesis and Glycogenolysis: 

 R 5’ – TGAATGTTTTGACCTAGTGC – 3’ Glucose 6 Phosphate catalytic subunit 

PPARG F 5’ – AAAGAAGCCAACACTAAACC – 3’ Glucose and Lipid Metabolism: 

 R 5’ – TGGTCATTTCGTTAAAGGC – 3’ Peroxisome Proliferator Activated 

Receptor Gama 

TBP F 5’ – GCCAAGAGTGAAGAACAG – 3’ Housekeeper: 

 R 5’ – GAAGTCCAAGAACTTAGCTG – 3’ Tata Box Binding Protein 

ACTB F 5’ – GACGACATGGAGAAAATCTG – 3’ Housekeeper: 

 R 5’ – ATGATCTGGGTCATCTTCTC – 3’ Beta Actin 

CSH1 5’ – CTATCACCTCCTAAAGGACC – 3’ Placental Hormone: 

 R 5’ – TTGTGTCAAACTTGCTGTAG – 3’ Human Placental Lactogen Precursor 

CYP11A1 F 5’ – AGCATCAAGGAGACACTAAG – 3’ Steroidogenesis: 

 R 5’ – GCAGGAATCATGTAATCTCG – 3’ Side-chain cleavage enzyme 

 
Table 1: PCR primers. Primers designed to target nuclear and mitochondrial DNA to allow the 

quantification of mitochondrial content by the 2−ΔΔCT method (above the line in table). Genes examined 

in response to physiological function of placental mitochondria in Control and GDM women (below the 

line in table). 
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CONTROL (N=16) GDM (N=15) P 

GESTATIONAL AGE (WEEKS) 39.280.20 38.310.55 ns 

MATERNAL AGE (YEARS) 30.220.31 32.030.75 ns 

MATERNAL BODY MASS INDEX 

(KG/M2) 
24.460.15 31.473.32 ns 

BABY WEIGHT (G) 3410235.5 3504164.8 ns 

PLACENTAL WEIGHT (G) 63750.49 745.5121 ns 

MODE OF DELIVERY (VAGINAL %) 72 82  

 
Table 2: Clinical characteristics of recruited subjects. Data expressed as mean±SEM. 
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       Conclusion of Chapter 

 
This study has again highlighted the need to assess mitochondria from the 

cytotrophoblast and syncytiotrophoblast individually as while certain alterations were observed 

in whole tissue the true extent of dysfunction associated with GDM was not ascertained until 

mitochondria were separated. This body of work built upon the previous chapters in this thesis 

utilising techniques and assessing mechanistic pathways previously shown to be altered. 

Furthermore, this body of work illustrates mitochondrial dysfunction is present within the 

placenta from women with GDM. Additionally, distinct differences associated with GDM were 

observed between Cyto- Mito and Syncytio-Mito in respiratory capacity, ATP production, 

antioxidant function, and hormonal regulation. Providing an opportunity for future 

investigations into the placenta and, more accurately, the specific cell lineages within the organ, 

to determine which may be more susceptible or responsible for the mitochondrial dysfunction 

observed. Like other diabetic phenotypes, this body of work established clear mitochondrial 

dysfunction within GDM when compared to healthy placenta, a finding that implicates 

mitochondrial dysfunction as a central process in the progression of the GDM. Decreased 

mitochondrial respiration and increased progesterone production are factors that may 

independently drive a hyperglycemic phenotype and, when combined, may be critical to the 

emergence of GDM. This work provides insight into the previously inconsistencies in the 

hypothesis that the placenta may be causative in the pathogenesis of GDM. These findings lay 

the foundation for future more specified work into the complex interactions between placental 

mitochondria from both Cyto-Mito and Syncytio- Mito, the effect that dysfunction in these 

organelles may have on overall placental function, and therefore fetal and maternal health 

across gestation. 

 

Limitations and future directions 

This body of work aimed to determine if the inconsistencies in GDM research was in-

part related to the varying mitochondrial populations within the placenta. While achieving this 

primary aim it is important to address limitations such as variation and sample availability when 

working on human samples and the use of BMI as a measurement, due to the nature of self-

reporting and obtaining this data at the onset of pregnancy. Further a limitation of this work 

involves the examination of only one placental hormone, progesterone which was chosen due 

to mitochondrial specific convergence in the synthesis pathway. However, it is acknowledged 

other placental hormones have the potential to effect maternal insulin, most notably human 
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placental lactogen which regulates fats and carbohydrates and makes the maternal system less 

sensitive to insulin, as well as increasing as gestation progresses in response to fetal demand 

and energy requirements. Future work will endeavor to eliminate these limitations by obtaining 

a larger more characterised and representative dataset whereby even fetal sex differences could 

be examined. Additionally, more placental hormones and measures of systemic mitochondrial 

dysfunction will be examined in GDM in conjunction with visualization and microscopy 

techniques utilisied to examine the molecular structure of the GDM placenta and mitochondria 

to ascertain if they vary when compared to controls.
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Chapter 6  
Discussion 

 

Overview 

 
This Chapter will discuss the overall findings from the thesis in a concise manner, 

summarising the findings of each chapter and the relevance of these individual bodies of work to 

the thesis as a whole. Individually, the discussion of the findings in each of the results chapters, 

and their relevance to the field of study was included in each respective chapter and may stand 

alone as per the discussions in the published and unpublished work. This Chapter aims to 

expand upon the theory of how the endoplasmic reticulum is intrinsically linked to 

mitochondrial function, how this body of work forms a larger characterisation of placental 

mitochondria from the cytotrophoblast and syncytiotrophoblast, and finally, how mitochondria 

are involved in the pathogenesis of GDM. 

Discussion 

 
The initial aim of this thesis was to examine the complex bidirectional relationship that 

occurs between the ER and mitochondria, an important interaction given recent findings which 

associate increases in ER stress pathways with pregnancy pathologies. Conditions such as, 

gestational diabetes, preeclampsia and fetal growth restrictions [1-3] and the long associated 

mitochondrial dysfunction which occurs in, or as a result of, the pathogenesis of pregnancy 

disorders [4, 5]. This was examined through intentional stressing of the ER network utilising 

Tunicamycin, Thapsigargin and Ca2+ ionophore at concentrations shown to elicit responses in 

severe or chronic treatments [6]. Individually these drugs were chosen due to the respective 

pathway they target, inhibiting N-glycosylation, SERCA pump inhibition and Ca2+ efflux from 

the ER lumen. Of importance to the design of this study to assess how individual pathways 

associated with ER stress effect mitochondrial function. Further, while ER stress is often 

examined in other fields at longer time points (24hrs+) and definitively shown to alter 

mitochondrial complex expression in placental cells after 72hrs [6], the effect and response of 

mitochondria to an acute exposure has not been shown. Our findings on the mitochondrial 

response to ER stress demonstrated that the relationship between the two organelles is far more 

acute than previously thought in placental cells. Changes in mitochondrial respiration occurred 

after a 4hr period and outcomes were varied based on the ER stress pathway initiated. Whilst 
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all three treatments altered various parameters of mitochondrial function; it was the Ca2+ 

mediated pathways that caused the largest decrease in mitochondrial bioenergetics. We 

continued to examine the cause behind these changes throughout Chapter 2 of this thesis, 

identifying that mitochondria showed changes in ROS after acute bouts of ER stress; most 

notable was the increase in O-*, however, the corresponding generation of H2O2 did not appear 

altered at this shorter time point. Using a more severe, but still earlier than previously observed 

control for “chronic” ER stress (24hrs) showed that mitochondria were unable to eliminate the 

H2O2 which remained elevated. Again, the results varying based on the ER pathway inhibited. 

These results necessitated the examination of antioxidant enzymes systems at both time points. 

Finding that mitochondria appear to have the ability to mediate ROS generation over the short 

term with no changes in GPx, TrxR or SOD, however, at the chronic time point this was not 

the case. Significant decreases in antioxidant capacity was observed and corresponded to the 

alterations in ROS, as ROS generation surpassed the antioxidant capacity of the cells and 

seemingly depleted the antioxidant pool. Providing evidence that mitochondria can mitigate and 

adapt to ER stress to varying degrees, dependent on the pathway initiated, and the time of 

exposure. 

Given that this study was the first to show acute changes and potential adaptions of 

mitochondria exposed to ER stress in a placental cell line, we further examined the potential 

mechanisms behind these observations in Chapter 2-B. This investigation was focused on ER- 

mitochondrial interface, MAM proteins and tethering proteins involved with mitochondrial 

dynamics. Interestingly, we observed decreases in protein expression of VDAC1 a 

mitochondrial associated member of the MAM involved in Ca2+ flux between the two 

organelles after acute exposure. Further, we observed increases in OPA1, a pro-fusion protein 

involved in dynamics, with no changes in the ER mitochondrial tethering proteins MFN1 and 

MFN2. Taken together, these findings when combined with the increases to carbohydrate 

metabolism accessed through PCK2, indicate that after even acute exposure to ER stress the 

mitochondria adapt at a protein level to mediate the damage. Further, it appears that 

mitochondria attempt to upregulate pyruvate metabolism and fuse to form larger respiratory 

units to compensate the decreases in respiration observed. 

These findings provide significant, evidence to support the idea that ER-mitochondrial 

relationships are far more responsive than previously examined in placental cells and 

potentially elucidates ER stress through multiple pathways as a key mechanism in the 

dysfunction of mitochondria. Until now, both organelles individually had been linked to the 
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pathogenesis of pregnancy pathologies. This thesis provides a potential mechanism whereby 

dysfunction in the ER may drive the mitochondrial phenotype observed in pathologies. 

To further develop this body of work, mitochondria of the placenta were examined, with 

this thesis aiming to provide the foundation for future work on placental mitochondria. An 

important aim was to explore the differences in morphology of mitochondria post trophoblast 

differentiation and to carry out a detailed biochemical characterisation of the two apparent 

mitochondrial populations from the cytotrophoblast and syncytiotrophoblast. In order to 

successfully complete the experimental work required to understand this complex relationship, 

common issues of how to assess mitochondria from a tissue, including: isolation, limiting 

damage, and maintaining functionality had to be overcome. Issues compounded in the placenta 

due to the afore mentioned differences between the two cell lineages. Extensive work into the 

isolation technique by centrifugation and limiting damage ensued, with a resulting method able 

to isolate highly enriched mitochondrial fractions from the varying cells, dependent on their 

size and density. Further, this method maintained the functional characteristics of mitochondria 

and enabled the freezing of mitochondria for later assessment with no apparent changes in 

functionality. This method enabled the bioenergetic assessment of mitochondria from the two 

cell lineages and determined that syncytiotrophoblast had decreased respiratory capacity, ATP 

production and membrane potential compared to that of the cytotrophoblast mitochondria, work 

published in Chapter 3-A [7]. Continued examination into mitochondrial dynamics showed 

significantly increased MFN1 & MFN2 associated with the syncytiotrophoblast while no other 

apparent dynamic proteins changed. This finding potentially eludes to the differences in 

tethering of mitochondria to the ER within the syncytiotrophoblast layer, providing a possible 

mechanism by which mitochondria alter in the two cell lineages. 

To assess the mechanisms which underpin the morphological and physiological 

characteristics observed in Chapter 3, and to continue to build a foundation for future work into 

placental mitochondria, proteomics was utilised. Using the optimized methodology of 

enriching mitochondrial populations and the MitoCarta2.0 database (a publicly available 

database of only mitochondrial proteins, compiled from multiple tissues, including the 

placenta), a proteomic profile of mitochondria from the cytotrophoblast and 

syncytiotrophoblast was generated [8]. This proteomics experiment enabled the comparison of 

expression levels of proteins between the two mitochondrial populations. This experiment 

identified 649 mitochondrial proteins, of which 384 were increased in the cytotrophoblast 
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mitochondria, and 213 were increased in the syncytiotrophoblast mitochondria, with the 

remainder similarly expressed between the two. From these 26 proteins of interest across 

multiple pathways including, electron transport chain structure, metabolism (carbohydrate, 

fatty acid and amino acid) and stress proteins were identified to be significantly different through 

Fishers exact testing, regardless of the fold changes. Of which 5 proteins were chosen for 

validation by western blotting, and a further investigation of carbohydrate metabolism 

downstream of another protein assessed through activity assay. 

This portion of the thesis identified key proteins in the structure of the electron transport 

chain to be significantly decreased in syncytiotrophoblast mitochondria. These included ATP 

synthase (complex V) subunits α (ATP5α) and β (ATP5β), proteins directly involved with the 

phosphorylation of ADP to ATP and shown to regulate cristae structure and mitochondrial 

morphology across multiple tissues and species [9-11]. Identification of such differences 

expanded upon our previous findings of decreased ATP generation and respiration 

characterised in Chapter 2 and proposed a mechanism which may explain not only decreased 

functionality but morphological adaptions post differentiation. Further, alterations in proteins 

associated with pyruvate metabolism were shown to be decreased in syncytiotrophoblast 

mitochondria, with alterations in PCK2 changing the availability of substrates to enter the TCA. 

Another protein identified, PDPR, causes activation of pyruvate dehydrogenase (PDH), and we 

observed a decrease PDPR which would decrease PDH activity, a finding validated using 

enzyme activity assays. When collectively considering these results, a clear metabolic shift is 

observed and may explain the limited ability of the syncytiotrophoblast mitochondria to 

undertake oxidative phosphorylation. Supporting our observations of decreased functionality 

in Chapter 3, our proteomics studies also identified that the protein GRP78, commonly 

associated with stress, in particular ER stress, was increased in syncytiotrophoblast 

mitochondria. Providing insight into why potential alterations in ROS and antioxidants were 

observed in syncytiotrophoblast mitochondria in Chapter 3-B, and in a similar manner to the 

mitochondrial dysfunction observed in Chapter 2-A. Finally, this body of work examined 

publicly available RNA single cell seq databases Ex-Vivo, refining the databases to only include 

mitochondrial genes through MitoCarta2.0. The intent of this was to determine the genetic 

regulation of the proteins previously identified. Regulation of many of the genes mirrored what 

we had observed in our protein work, further validating our findings. More interesting however, 

was the ability to assess the differences between first and third trimester regulation, which 

identified that some pathways particularly involving amino acid metabolism 
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appeared to switch between first and third trimester. Although these databases cannot be 

directly compared to each other or to our proteomics work performed in term tissue, this finding 

does provide further insights into the key mitochondrial pathways associated with trophoblast 

differentiation and independently support our findings in separate models. 

This significant body of work established clear differences in protein expression 

between mitochondria from the cytotrophoblast and syncytiotrophoblast at term, with many 

findings conserved across first and third trimester single cell sequencing. These findings 

support and expand on our previous publication and observations from Chapter 3, increasing 

our knowledge and understanding of the mechanisms behind mitochondrial adaptations post 

trophoblast differentiation. While simultaneously characterising the functional differences 

between the two populations at a mechanistic level. The sum of this work provides a 

fundamental profile of mitochondria from the placenta, characterising key functional 

parameters and pathways which alter between the cytotrophoblast and syncytiotrophoblast. 

This work provides a significant foundation for future work on ER-mitochondrial interactions 

and the involvement of mitochondria, more specifically mitochondrial dysfunction in the 

pathogenesis of pregnancy pathologies. 

To continue our work assessing the role mitochondria and ER play in the pathogenesis 

of pregnancy disorders, investigations into GMD was undertaken. GDM was chosen due to the 

strong links to ER stress already established [3], and the observed, albeit inconsistent findings 

of mitochondrial dysfunction associated with the pathology in the literature [5]. This body of 

work aimed to take a novel approach to assess mitochondrial function in GDM while utilising 

the strengths of this project, the ability to isolate mitochondria from the cytotrophoblast and 

syncytiotrophoblast. A method which had not been pursued in the literature and may help 

explain the inconsistencies surrounding the role of mitochondrial dysfunction in GDM. Chapter 

5 assessed a large cohort of placenta in whole tissue prior to mitochondrial separation to 

ascertain if whole tissue assessment would differ to mitochondrial isolation. Although 

expected, the extent of the variation and the improvement in ability to observe mitochondrial 

function once isolated was dramatic. In whole tissue mitochondrial content relative to 

functionality was assessed through citrate synthase and PCR to determine the mitochondrial to 

genomic DNA ratio, an assessment of the “number” of mitochondria per cell. These 

observations strongly suggested that GDM did in part experience some level of mitochondrial 

dysfunction. However, when examining the mechanisms behind such dysfunction in whole 

tissue, including ROS production and antioxidant capacity, no apparent change was observed 
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suggesting that changes may be population specific. Similarly, no alterations in hormonal 

synthesis was determined, however, examination of the genes involved in glucose metabolism 

appeared to be altered. 

Once mitochondria where isolated and assessed relative to healthy control samples, the 

extent of the mitochondrial dysfunction became apparent. Significantly reduced respiratory 

capacity and alterations in ATP generation observed in GDM across both mitochondrial 

populations. Further, the examination of antioxidant enzyme activity was observed at a 

decreased level in GDM. The ability of GDM mitochondria to produce hormones appeared to 

be greater when compared to their respective controls. An important finding when considering 

that hormones, in particular progesterone, is diabetogenic and known to exert an effect on the 

pancreas and glucose sensitivity [12-14]. These observations provide a link between 

mitochondrial dysfunction, the placenta, and the development of GDM and suggest a 

mechanism for future examination and potential targeted treatment to prevent or manage the 

occurrence of GDM. This body of work confirmed our hypothesis that assessing mitochondrial 

function in whole tissue from a disorder theorised to be driven by mitochondrial dysfunction, 

in which two mitochondrial populations exist, was confounding the results and responsible for 

the apparent inconsistencies in the literature [5]. Significantly, this chapter provided evidence 

that mitochondria from GDM placenta are dysfunctional, and when separated into the two 

populations and examining the same parameters the apparent alterations are far clearer. 

Interestingly, this study continued to confirm and validate our previous findings on general 

mitochondrial characteristics observed in Chapter 3. 

To investigate if ER tethering mechanisms or key pathways identified in Chapter 4 were 

responsible for the apparent mitochondrial dysfunction in GDM, western blotting was 

performed. Interestingly, ER tethering mechanism MFN1 and MFN2 appeared to be 

significantly increased in GDM across both mitochondrial populations, a finding which would 

support a role for ER stress in the pathogenesis of the disorder [3, 4, 15]. While none of the key 

protein pathways identified in chapter 4 appeared to be altered significantly in GDM the results 

did confirm our previous observations. Highlighting the importance of these pathways in the 

differentiation of trophoblast and the subsequent mitochondrial alterations between 

cytotrophoblast and syncytiotrophoblast. 
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Summary of Major contributions to Science 

 

This thesis establishes that the complexity and interconnectivity of the mitochondrial 

ER relationship may act far more acutely than previously thought. ER stress induced through 

multiple pathways instigated a varied response from mitochondria through different adaptive 

mechanisms. While it was important to establish this finding, when assessing the translatability 

of this work into the emerging field of ER stress and mitochondrial bidirectionality in the 

pathogenesis of gestational complications, it was clear that the complexity and non-uniformity 

of mitochondrial populations would hinder this work. With limited knowledge defining what 

drives trophoblast differentiation and what causes mitochondria within the cytotrophoblast and 

syncytiotrophoblasts to become so different. This thesis characterised these two mitochondrial 

populations. Developing a novel and reproducible method of enrichment to establish key 

baseline parameters in mitochondrial physiology between the populations within the placenta. 

This work led to the characterisation of the different cell lineages, determining that 

mitochondria must be treated as independent populations to ensure changes are not masked by 

phenotypic differences between the two. Subsequently, this work led to the discovery that 

syncytiotrophoblast mitochondria have a decrease bioenergetic potential but an increased 

ability to produce steroids in the form of progesterone. To investigate the mechanisms that 

underpin these changes, proteomics and ex-vivo analysis of cytotrophoblast and 

syncytiotrophoblast mitochondria was performed. Demonstrating key differences in 

mitochondrial electron transport chain complex’s, and the utilisation of substrates through 

carbohydrate, fatty acid and amino acid metabolism. Examination of these same key functions 

in gestational diabetes mellitus revealed that mitochondria from GDM were indeed 

dysfunctional when compared to healthy controls. With the complex dynamics between 

mitochondria and ER potentially elucidating a mechanism through tethering. Furthermore, 

hormonal dysregulation centred on mitochondrial progesterone production was observed in 

GDM, providing insight into a potential mitochondrially driven diabetogenic mechanism that 

is intrinsically linked to the placenta and placental dysfunction. 

In summary, this thesis further characterises the important relationship between 

mitochondria and ER, mitochondrial adaptions to ER stress, and greatly contributes to our 

knowledge on mitochondrial differences between the cytotrophoblast and syncytiotrophoblast. 

It has also established that mitochondrial dysfunction in GDM placenta, across both 

populations, plays a significant role in the pathology of this condition. 
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Future Directions 

 
Trophoblast cells, and in particular their mitochondria, have to adapt to changes in 

nutrient supply and oxygenation throughout gestation. In the first trimester, prior to 12 weeks 

gestation, the trophoblastic plugs in the spiral arteries ensure a hypoxic environment and 

nutrition is supplied by histotrophic secretions from the endometrial glands. Following the 

establishment of maternal blood supply, there is a rapid and sustained increase in the oxygen 

supply to the feto-placental unit and nutrition is supplied through the maternal supply of 

carbohydrates, amino acids and fatty acids. This requires important metabolic switches that 

ensure increased growth of both the placenta and the fetus. At mid gestation, both are 

approximately 500 grams. Over the final trimester another metabolic shift must occur with the 

vast majority of nutrients being directed towards the fetus, whose weight gain will increase 7-

fold to approximately 3500 g at birth whilst the placenta increases to only 700 g (on average). 

Placental adaptions and switches in mitochondrial metabolism are critical to pregnancy success 

in each of these trimesters and understanding these adaptions at a molecular level in 

mitochondria from cytotrophoblast and syncytiotrophoblast, will enable us to better understand 

placental physiology and the pathology of a variety of gestational disorders. Given that this 

thesis identified many key pathways involved in the morphological and functional alterations 

mitochondria undergo during trophoblast differentiation, future studies should aim to 

determine if these changes at a mitochondrial level are adaptive or causative in this process. 

Further, many of the key characteristics and pathways we identified to be altered between the 

mitochondrial populations are similar to those induced in proliferative cells and termed the 

Warburg Effect [16-19]. A metabolic shift proposed to underpin the ability of proliferative and 

cancerous cells to proliferate, invade and allow adequate conservation of mass for anabolism 

[16-19]. A phenotypic role similar to that of the placenta in both first, and third trimester. 

Specific investigation into this mechanism in the future may provide insight into the 

aforementioned regulation of metabolic switches in the placenta, and further our understanding 

of placental physiology. Future studies should continue investigation into the regulation of 

mitochondrial adaptions to changes in metabolism, oxygen and nutrient supply pre and post 

trophoblast differentiation. 
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