
A
cc

ep
te

d
 A

rt
ic

le
 

This article has been accepted for publication and undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may 

lead to differences between this version and the Version of Record. Please cite this article as 

doi: 10.1111/1440-1681.13172 

This article is protected by copyright. All rights reserved. 

DR. OLIVIA J HOLLAND (Orcid ID : 0000-0002-5798-5264) 

 

Article type      : Symposium Paper 

 

Placental mitochondria and reactive oxygen species in the physiology and 

pathophysiology of pregnancy   

Joshua J Fisher, Lucy A Bartho, Anthony V Perkins, Olivia J Holland 

 

School of Medical Science, Griffith University, Gold Coast Campus, Southport, Queensland, 

Australia. 

 

Short title: Placental production of reactive oxygen species 

 

Correspondence: Olivia J Holland, School of Medical Science, Griffith University, Gold Coast 

Campus, Southport, Queensland, Australia. Email: o.holland@griffith.edu.au. Phone: 

+61755528970. 

 

Authors declare they have no conflict of interest. 

 

 

 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved. 

Summary 

Mitochondria are central to cell function. The placenta forms the interface between 

maternal and fetal systems, and placental mitochondria have critical roles in maintaining 

pregnancy. The placenta is unusual in having two adjacent cell layers (cytotrophoblasts and 

the syncytiotrophoblast) with vastly different mitochondria that have distinct functions in 

health and disease. Mitochondria both produce the majority of reactive oxygen species 

(ROS), and are sensitive to ROS. ROS are important in allowing cells to sense their 

environment through mitochondrial-centred signalling, and this signalling also helps 

cells/tissues adapt to changing environments. However, excessive ROS are damaging, and 

increased ROS levels are associated with pregnancy complications, including the important 

disorders preeclampsia and gestational diabetes mellitus. Here we review the function of 

placental mitochondria in healthy pregnancy, and also in pregnancy complications. Placental 

mitochondria are critical to cell function, and mitochondrial damage is a feature of 

pregnancy complications. However, the responsiveness of mitochondria to ROS signalling 

may be central to placental adaptations that mitigate damage, and placental mitochondria 

are an attractive target for the development of therapeutics to improve pregnancy 

outcomes. 
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1. Introduction  

Mitochondria are central to regulating cellular metabolism, redox state, and determining 

cell fate1. Pregnancy is a time of large physiological changes, many of which are driven by 

the placenta, and placental mitochondria are critical to a healthy pregnancy, and also in 

pregnancy complications.  

The placenta forms the interface between maternal and fetal physiological systems, 

performing functions including metabolic and hormonal regulation as well as transport of 

oxygen from maternal to fetal circulations. The placenta is capable of responding to the 

signals from both mother and fetus, optimising fetal growth by modifying the maternal 

supply of nutrients and oxygen2,3. As with most tissues, the primary use of oxygen in the 

placenta is to release energy through oxidative phosphorylation. This process also generates 

reactive oxygen species (ROS). ROS production is a normal part of cell biology, with 

intracellular levels balanced by antioxidants4, and ROS important for intracellular signalling 

and tissue adaptions4 (Figure 1). However, excessive ROS production leads to oxidative 

stress and the oxidation of macromolecules that has been linked to pregnancy pathologies2-

5; additionally mitochondrial dysfunction is associated with an array of disorders including 

gestational complications5,6.  

Placental function is critical to successful fetal development, but is also important in 

ongoing health7, with poor pregnancy conditions linked to later life diseases in mother and 

offspring7,8. Here we consider two of the most prevalent and dangerous pregnancy 

complications, gestational diabetes mellitus (GDM) and preeclampsia, and review evidence 

that placental mitochondria are important in a healthy pregnancy, and implicated in the 

pathogenesis of these conditions.  
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2. Placental mitochondria in cytotrophoblasts and the syncytiotrophoblast 

The human placenta is composed of several cell types. We focus on the villous 

trophoblast cell lineage, which consist predominantly of two cell types; cytotrophoblasts 

and the syncytiotrophoblast, as these cells are central to important placental functions and 

have distinct mitochondrial populations with varying susceptibility to dysfunction. 

Cytotrophoblasts have typical organelle organisation, whereas the syncytiotrophoblast is a 

poorly organised extended cytoplasm with many thousands of nuclei and specific organelle 

morphology/function9. Cytotrophoblast mitochondria are relatively larger (0.2–0.8 μm) and 

have a stereotypical shape with lamellar cristae, whereas syncytiotrophoblast mitochondria 

are small (≤0.1 μm), more spherical, have tubular cristae and a less dense matrix (Figure 

2)10-12. 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 cells — steroidogenic acute 

regulatory protein — is not expressed in the placenta, and cholesterol may be transported 

more efficiently across membranes of smaller mitochondria11,13. Further, the atypical 

morphology of syncytiotrophoblast mitochondria has been attributed to reduced F1F0 ATP 

synthase supercomplex dimerization, the structural component of ATP synthase, which 

alters inner membrane curvature and affects formation of mitochondria cristae14-17. ATP 

synthase is also critical in maintaining membrane potential (∆Ψm), and uses the proto-

motive force for ATP biosynthesis. Therefore, lower dimeric ATP synthase levels may explain 

decreased ATP production in the syncytiotrophoblast compared to cytotrophoblasts14. In 

the syncytiotrophoblast, most ∆Ψm regulates ATP-diphosphohydrolase (an enzyme involved 

in cholesterol transport), and the majority of ATP produced is utilized for cholesterol 

transport and steroidogenesis18.  
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As the syncytiotrophoblast is formed via the fusion of cytotrophoblasts, these 

mitochondrial differences represent an important shift in cellular function. Cytotrophoblast 

differentiation into the syncytiotrophoblast leads to decreased mitochondrial respiration 

and altered metabolism, including an increase in lactate production19. The 

syncytiotrophoblast forms the outer layer of the placenta in direct contact with maternal 

systems, and appears to be the placental region most responsive to changes in oxygen 

levels; this responsiveness is likely partly due to the unique mitochondria of the 

syncytiotrophoblast, and may help the placental/fetal unit adapt to maternal conditions20. 

Further, relative to cytotrophoblasts, the syncytiotrophoblast has lower antioxidant 

function20,21, which would otherwise dampen ROS levels that may be critical to signalling 

within this cell layer. Additionally, mitochondrial response to oxygen levels has a role in the 

endovascular phenotype of extravillous cytotrophoblasts22 (critical for early placental 

uterine attachment and ongoing placental function), and in murine trophoblast 

differentiation23, demonstrating the importance of mitochondrial oxygen responses to a 

range of placental behaviours.  

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 function20,21. The production of steroids by the syncytiotrophoblast may also be 

linked to syncytiotrophoblast susceptibility to ROS-mediated damage, through increased 

production of superoxide (O2-*) and hydrogen peroxide (H2O2). Syncytiotrophoblast 

mitochondria are central to placental steroidogenesis, in particular progesterone 

production13. Increased expression of cytochrome P450scc (an enzyme that converts 

cholesterol to pregnenolone) in syncytiotrophoblast compared to cytotrophoblast 
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mitochondria is associated with changes in mitochondrial morphology11,24, and also 

increased production of ROS25.   

 

3. Placental mitochondrial adaptations  

3.1 Placental mitochondrial dynamics and apoptosis in preeclampsia 

Mitochondria are constantly changing in a dynamic cycle26; 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 network27 (Figure 3). In the placenta, mitochondrial fission/fusion 

appears to be impaired in cases of preeclampsia, 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. 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 

reported28,29, but no apparent changes were found in other fission/fusion regulators 

including Mitochondrial fission factor29 and Mitofusins (MFN1 and MFN2)28. In contrast, 

other research has found decreases in MFN1 and MFN2 associated with preeclampsia, 

indicating a pro fission status30,31. Placental mitochondrial dynamics is also affected in GDM, 

with hypergylcemia inducing mitochondrial fragmentation through a proposed mechanism 

involving DRP132,33, and this may be a reason GDM is a risk factor for preeclampsia. 

Damaged mitochondria are removed by autophagy (Figure 3), and in both severe 

preeclampsia and GDM increased placental autophagy markers have been observed34. 

Placental autophagy markers are altered in association with excessive ROS generation, 
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decreased antioxidant capacity and enhanced mitochondrial turnover34, directly linking 

changes in mitochondrial dynamics to complications of pregnancy. 

Our laboratory and others have shown that in more severe forms of preeclampsia, 

markers of mitochondrial fission are increased, whereas in less severe disease fusion 

markers predominate28,35. Therefore, in less severe preeclampsia, salvage mechanisms may 

be operating to rescue damaged placental mitochondria and protect trophoblasts from 

apoptosis, thereby preventing excessive generation of placental cell debris that enters the 

maternal circulation and is a hallmark of preeclampsia. Whether this mitochondrial salvage 

is a positive adaptation allowing pregnancies to reach greater gestational age, and what 

drives fission versus fusion in normal versus diseased placentae, remains uncertain.  

Mitochondria regulate apoptosis through intrinsic activation with cytochrome C 

release36-38. Increases in apoptotic markers are associated with the development of 

preeclampsia and GDM 39, 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 35. Further, decreased pro-apoptotic FAS receptor, FAS ligand and 

Caspase-3, in addition to increased BCL2 have been observed in GDM placentae 40. 

Therefore, differences in apoptotic signalling in GDM and preeclampsia may relate to 

disease severity, with a mitochondrial-linked suppression of apoptosis in less severe cases of 

both. 
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3.3 Placental mitochondrial content  

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 capacity41,42, whereas various pathologies either increase or 

decrease placental mitochondrial content5. Placentae of rats exposed to maternal 

undernutrition increase content and alter expression of biogenesis/bioenergetic pathways43, 

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 hypercholesterolemia44,45, 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 better align organ function with the 

altered external environment. There appears to be no consistent pattern of either increase 

or decrease in placental mitochondrial content associated with specific pregnancy 

pathologies5, 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 signalling through ROS likely influence placental 

mitochondrial content46,47. Oxygen-related mechanisms operate in other tissues; in cardiac 

and neurological pathologies, hypoxia and mtDNA damage can trigger increased 

mitochondrial content48-50. Placental mitochondrial content/respiration have been linked to 

oxygen fluctuations over gestation51, and mitochondrial responses are correlated with 

changes in placental antioxidant status52, demonstrating the ability of placental 
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mitochondria to adapt to oxygen stimuli. Additionally, insulin resistance may drive 

mitochondrial content changes in multiple tissues53, and could be a mechanism that affects 

placental mitochondrial biogenesis regulation in GDM54. 

 

4. Endoplasmic reticulum and mitochondria in the placenta 

Mitochondria and endoplasmic reticulum (ER) form close functional units, and the 

role of placental mitochondria and ER has been extensively reviewed55. Contact between 

mitochondria and ER occur through mitochondrial associated ER membranes (MAM)56 that 

enable Ca2+and phospholipid trafficking, and act as mitochondrial fission/fusion sites56-58. 

Ca2+ release must be regulated to prevent mitochondrial dysfunction and apoptotic 

activation, and ER control over mitochondrial Ca2+ release/up-take regulates mitochondrial 

bioenergetics59,60. Additionally, MAM help coordinate mitochondrial fission58, may have 

roles in transitioning mitochondria from cytotrophoblasts into the syncytiotrophoblast 

through the generation of smaller mitochondria. 

In pregnancy pathologies, placental mitochondrial dynamics and content can be 

variable55. This variability in MAM-based responses may indicate that stimuli are at a level to 

induce positive adaptations, or are high enough to cause damage. Low levels or early phases 

of ER stress are associated with increased mitochondrial metabolism, mediated by organelle 

linkage through MAM formation and Ca2+ transfer61. However, high levels of ER 

stress/dysfunction can lead to high levels of Ca2+ release, enhancing leakage of electrons 

from complex I and III of the electron transfer chain (ETS). Electron leakage from the ETS 

may be facilitated through Ca2+ activating isocitrate dehydrogenase and α-ketoglutarate, 

and in turn stimulation NADPH62. This turnover has been suggested to contribute to ROS 
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generation63 and mitochondrial damage, with excessive ROS shown to drive mitochondrial 

swelling through mitochondrial permeability transition pore64. 

Placental ER stress occurs in pregnancies affected by GDM and preeclampsia65,66. 

Preeclamptic placentae have decreases in intracellular Ca2+ and decreased expression of 

electron transport system (ETS) enzymes35,67,68, which are associated with ER dysfunction. 

Further, ER stress markers GRP78, phospho-PERK, X-box binding protein1 (XBP1) and 

eukaryotic initiation factor 2 alpha (eiF2α) increase in response to inducible nitric oxide 

synthase (iNOS) in preeclampsia69. Similarly, low grade ER stress has been observed in GDM, 

with increased XBP1 and phosphorylated-eiF2α70. Additionally, MFN2 acts as a tethering 

antagonist preventing over accumulation of ER-mitochondrial association57, therefore, ER 

dysregulation may affect mitochondrial biogenesis and content in gestational disorders 

through changes to mitochondrial fission/fusion. 

 

5. Oxygen and reactive oxygen species in cellular signalling 

ROS are important to physiological homeostasis through mitochondrial-centred 

cellular signalling that allows response to external and internal stimuli. At every stage of 

implantation and the establishment of the placenta, ROS are critical cell function mediators. 

ROS may be important in preimplantation embryonic development through a shift in 

metabolic substrate preference with blastulation, and effects on redox-sensitive 

transcription factors such as Hypoxia inducible factors and Nuclear factor kappaB that have 

a range of downstream actions71. In rabbit blastocysts, ROS are produced throughout 

implantation72, and inhibiting murine embryo ROS in vivo altered production of the 

important second messenger cyclic guanosine monophosphate73, suggesting ROS function in 

ongoing embryonic cellular messaging. In early pregnancy, ROS can trigger activation of 
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vascular endothelial growth factor (VEGF) and glucose transporters that promote 

angiogenesis, and therefore the oxygen delivery critical to placental mitochondrial function 

continuing development74.  

Differing oxygen levels across pregnancy also shape placental function. Maternal 

blood flow to the human placenta is not fully established until ~12 gestational weeks, and 

before this the fetal-placental unit exists in relatively low oxygen (~2%)52. Extravillous 

cytotrophoblasts adapt to this environment — proliferating more rapidly and being resistant 

to apoptosis in low oxygen75 — and therefore functioning in placental implantation, as the 

most distal trophoblasts are exposed to higher oxygen concentrations that promote an 

invasive phenotype and lead to the remodelling of maternal spiral arteries that is critical to 

pregnancy success76. The redox-sensitive Hypoxia inducible factor 1α (HIF-1α) is also 

important for placentation, influencing trophoblast and uterine cell behaviour based on 

oxygen concentration77. Additionally, inhibiting HIF-1α in human first trimester placental 

explants causes inhibition of TGFβ3 and arrest cell proliferation, suggesting that trophoblast 

differentiation may be partially mediated by TGFβ3 through HIF-1α transcription factors78.   

ROS are also important in later pregnancy. Towards the end of the first trimester, 

maternal intraplacental circulation is established79. The sudden increase in oxygen in and 

around an ETS saturated with electrons may cause reverse electron flow80, leading to 

increased ROS generation52. The syncytiotrophoblast is central to placental/fetal endocrine 

function and nutrient transport, and renewal of this terminally differentiated cell has also 

been linked to oxygen concentration, with secretion of human chorionic gonadotrophin 

modulated by ROS-responsive potassium channels81. The final phase in placental vascular 

development occurs in the third trimester82, and ROS are also important at this point in 
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gestation, with ROS-responsive transcription factors regulating angiogenesis and tissue 

remodelling83.   

 

5.1 Reactive oxygen species in gestational pathologies  

ROS are important in cellular signalling during placental-fetal development, but 

excessive levels can cause tissue damage, and high levels of ROS are found in several 

pregnancy complications, including preeclampsia and GDM. Oxidative stress caused by 

excessive ROS generation and/or diminished antioxidant function is associated with hypoxia, 

inflammation and immune responses, all characteristics of gestational disorders84. ROS are 

central to preeclampsia aetiology, with inadequate placental perfusion due to poor 

trophoblast invasion of maternal spiral arteries85 leading to ischemic-reperfusion injury 

resulting in ROS generation and oxidative stress86. This increased ROS production is 

associated with anti-angiogenic pathways central to preeclampsia pathogenesis86, as well as 

placental damage and release of factors including soluble fms-like tyrosine kinase (sFlt-1) 

into the maternal periphery that are thought to lead to the classic maternal symptoms of  

endothelial dysfunction and hypertension3,5. GDM pathophysiology has also been linked to 

ROS and placental mitochondrial dysfunction, with insulin resistance potentially a response 

to varying hormones levels — e.g. progesterone and human placental lactogen (hPL) — 

synthesised by placental mitochondria87. Oxidative stress is observed in GDM88,89 and 

excessive ROS is also associated with hypertension, insulin resistance and hyperglycemia, all 

characteristics of GDM5,32. Indeed, placental mitochondrial damage and ROS production 

may be one reason GDM predisposes women to develop preeclampsia.  
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ROS are generated by several mechanisms, and increased ROS lead to numerous 

downstream effects. In the preeclamptic placenta, increased NADPH oxidase isoform NOX1 

is overexpressed in the syncytiotrophoblast, possibly due to increased O2
-* and related 

cytokine production, which may then contribute to maternal endothelial dysfunction90,91. 

Additionally, NOX may be activated by ROS in a positive feedback loop, inducing further 

oxidative stress and generating systemic maternal inflammation92,93, possibly directly linking 

placental ROS and maternal effects. Excessive ROS production also causes mitochondrial 

transition pore opening and the intrinsic activation of apoptosis, and is another mechanism 

of leading increased trophoblast shedding into the maternal circulation and therefore 

induction of maternal symtoms94. Further, xanthine oxidase (XO) and XO-induced damage 

also occurs in umbilical cord blood from GDM pregnancies89, further associating similar 

mitochondrial mechanisms of ROS overproduction in the pathogenesis of both preeclampsia 

and GDM. Hyperglycemia is associated with increased NOX, and hyperglycemia-induced ROS 

production has been attributed to mitochondrial morphological changes across multiple 

tissues including the placenta32,95, suggesting that  hypergylcemic-related mitochondrial 

damage may lead to ROS through an imbalance of metabolic function and mitochondrial 

bioenergetics. 

Both preeclampsia and GDM range widely in severity. As the placenta and ROS are 

central to the pathogenesis of both disorders, the ability of the placenta to respond to ROS 

may be important in determining disease severity. ROS production is countered by 

antioxidants (Figure 1). In preeclamptic placentae there is decreased function of 

antioxidants Superoxide dismutase (SOD), Thioredoxin reductase (ThRed) and Glutathione 

peroxidase (GPx)96,97. The severity of preeclampsia may be linked to antioxidant responses, 

with placentae from preeclampsia pregnancies that reached term exhibiting increased ROS, 
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but also potentially responding via compensatory mechanisms including increased GPx 

activity35,98. Indeed, correct ROS signalling and antioxidant responses may be critical in the 

development of preeclampsia, with animal work showing increased activity of the 

antioxidant response element Nrf2 linked to repressed angiogenesis99. Further, modulation 

of trophoblast antioxidant function can affect mitochondrial performance and ultimately 

determine cell fate46,100. ROS overproduction in GDM may be a result of impaired glycaemic 

control, rather than due to deficiencies in antioxidants101. However, antioxidant function is 

still important in GDM; increased placental protein carbonyls (formed via protein oxidation) 

are associated with increased placental SOD and catalase activity. This may represent an 

adaptive response of antioxidant upregulation to counter damage102, although mitochondria 

may respond differently in different severities of the disorder, with less severe forms of 

GDM exhibit decreased maternal circulating SOD, catalase and GPx function103.  

Indeed, in animal models of pregnancies experiencing hypoxia, therapy in the form 

of the mitochondrial targeted MitoQ (a ubiquinone derivative) limits activation of 

mitochondrial and ER stress pathways in placentae and protects fetal brain development104. 

Together, these results demonstrate the importance of supporting placental mitochondrial 

function (e.g. through endogenous antioxidants) under stressful conditions, and also the 

utility of targeting mitochondria with exogenous therapeutics to improve pregnancy 

outcomes.  

 

6. Conclusions 

Mitochondria are critical to placental function, and therefore in supporting the fetus. ROS 

are fundamental messaging molecules that allow cells to sense their environment and to respond 

through mitochondrial-centred signalling cascades. Mitochondrial response to ROS is adaptive, and 
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can be critical to allowing tissues to cope with adverse environments; this can be observed in 

alterations such as increased antioxidant function in some preeclamptic placentae. Conversely, 

excessive ROS can lead to tissue damage, and ROS-induced mitochondrial adaptations are central to 

two important pregnancy complications; preeclampsia and GDM.  

 

The effects of ROS in the placenta are complex and require further investigation, especially 

around the different placental mitochondrial subpopulations. The critical functions of mitochondria 

mean they are sensitive to damage, but the ability of mitochondria to sense and respond to stimuli 

also makes them attractive targets for future therapies that may improve pregnancy outcomes.  
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Figure 1.  Reactive oxygen species signalling and damage. Reactive oxygen species (ROS) are 

important in cellular signalling, and can lead to cellular adaptations to counter stressful 

environments. However, when ROS production is greater than antioxidant and other adaptive 

responses, ROS-mediated damage can led to cell death. Placental mitochondria are critical to cell 

function, and mitochondrial damage is a feature of pregnancy complications.  

Figure 2. Placental mitochondria. Mitochondria of cytotrophoblasts have a classical morphology, 

whereas in the syncytiotrophoblast mitochondria are smaller with a less well defined cristae 

structure. 

Figure 3. 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 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.  
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