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Abstract 

Mitochondria play a key role in homeostasis and are central to one of the leading 

hypotheses of ageing, the free radical theory. Mitochondria function as a reticulated network, 

constantly adapting to the cellular environment through fusion (joining), biogenesis 

(formation of new mitochondria) and fission (separation). This adaptive response is 

particularly important in response to oxidative stress, cellular damage and ageing, when 

mitochondria are selectively removed through mitophagy, a mitochondrial equivalent of 

autophagy. During this complex process, mitochondria influence surrounding cell biology and 

organelles through the release of signalling molecules. Given that the human placenta is a 

unique organ having a transient and somewhat defined lifespan of approximately 280 days, 

any adaption or dysfunction associated with mitochondrial physiology as a result of ageing 

will have a dramatic impact on the health and function of both the placenta and the fetus. 

Additionally, a defective placenta during gestation, resulting in reduced fetal growth, has 

been shown to influence the development of chronic disease in later life. In this review we 

focus on the mitochondrial adaptions and transformations which accompany gestational 

length and share similarities with aged related diseases.  In addition, we will discuss the role 

of such changes in regulating placental function throughout gestation, the aetiology of 

gestational complications and in the development of chronic diseases later in life. 
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1.0 Introduction.  

The placenta is the first organ formed by mammals and arguably the most important as it 

supports the development and growth of all other tissues and physiological systems. A 

healthy placenta is an essential prerequisite to a healthy start to life and as proven in many 

studies, poor placental function and impaired fetal development leads to increased risk of 

chronic illness later in life and unhealthy ageing (24). The “Developmental Origins of Health 

and Disease” has arisen as a major field of research with the effects of fetal programming on 

healthy ageing the subject of much research. Central to this is the function of the placenta, a 

transient organ with a defined lifespan of 280 days. Placentas age over this time and reach an 

end point where gestation past 40 weeks is associated with high incidences of placental 

failure and serious risk to both mother and baby (12). Whilst, placental ageing and cell 

senescence most likely play a critical role in the timing of parturition, these processes can also 

happen early resulting in poor fetal development, pre-term birth and even worse, stillbirth. 

Understanding placental ageing and being able to detect signals of placental demise in the 

maternal circulation is a key goal in current placental biology research.  

The placenta originates from the trophectoderm layer of cells that form the outer shell of 

the blastocyst following the first major differentiation event in embryo development (133). 

These trophoblast cells are critical to implantation and invade the uterine endothelium, 

eventually forming the placenta. The critical functions of the placenta in providing nutrients 

and oxygen to the developing fetus occur across a bi-layer of trophoblast cells: the underlying 

cytotrophoblast and the syncytiotrophoblast. Cytotrophoblast cells are mononuclear with a 

well-established cytoskeleton and regular organelle organisation. They are proliferative and 

undergo a terminal differentiation whence they fuse into the syncytium, a large extend 



cytoplasm covering the entire surface of the human placenta, some 10-12 sqm (10). 

Trophoblast cells are epithelial in nature and like other epithelium are in a constant state of 

turnover. It has been estimated that each day 2-3 grams of placental “debris” is shed into the 

maternal circulation and must be removed by macrophages in circulation and in the maternal 

lungs whilst molecular material is processed by the liver (118). As the placenta is derived from 

fetal cells containing paternal antigens, shed placental elements are potentially antigenic to 

the maternal immune system so controlled and appropriate placental turnover at the feto-

maternal interface is critical to a healthy pregnancy. 

Central to this is the role of placental mitochondria. As mononuclear cells differentiation 

and fuse into the syncytium there is a remarkable change in mitochondrial biology (Illustrated 

in Figure 1). Mitochondria present in the cytotrophoblast are ovoid, approximately 1 μm in 

size and have a well-defined cristae structure (52). They have an active electron transport 

chain, a well polarised inner membrane and produce abundant adenosine triphosphate (ATP). 

Syncytiotrophoblast mitochondria are punctate in appearance, much smaller with poorly 

defined cristae. They decrease their respiratory capacity by approximately 40% and ATP 

production by 80% (52). They are however, metabolically active with increased expression of 

CYP11A1 and increased conversion of cholesterol to pregnanolone, the precursor to 

increased progesterone biosynthesis which essential to the maintenance of a healthy 

pregnancy (88). Placental mitochondrial dysfunction has been implicated in many of the most 

important gestational disorders such a fetal growth restriction, pre-term birth, preeclampsia 

and gestational diabetes (29). Our recent work has shown that mitochondrial transformations 

and adaptions are critical to placental health and continued gestation so a deeper 

understanding of mitochondrial ageing in the ageing placenta is required (65). This review will 



bring together current evidence of mitochondrial ageing in the placenta and relate this to 

fetal development and lifelong health.   

2.0 Mitochondria and ageing  

Ageing is a natural process that occurs in all organisms, controlled by environmental, 

genetic and epigenetic factors which may result in the deterioration of cells and tissues 

causing impaired physiological function (54). Ageing not only reduces the capacity of the body 

to function at full capacity but is also linked to a wide variety of age-associated conditions 

such as Diabetes Mellitus, Cardiovascular disease, Parkinson’s and Alzheimer’s disease (18, 

62, 114, 117). These age-associated conditions are influenced by changes in multiple cellular 

processes, including telomere shortening, DNA damage, oxidative stress, inflammation, 

genomic instability and mitochondrial dysfunction, resulting in altered cellular signalling and 

impaired cell survival (Figure 2) (44, 55, 82). As a key regulator of cell homeostasis, 

mitochondria have been recognised as an important mediator of age-related disease 

processes with impaired oxidative phosphorylation, excess reactive oxygen species (ROS), 

mitophagy, biogenesis and inter-organelle communication (14, 17, 46) all playing a role in the 

ageing process (Figure 2) (1, 18, 85, 95, 99, 111, 123). Mitochondria are not an independent 

unit but form dynamic reticular networks that fuse, separate and interact with other 

organelles to regulate cellular processes and longevity. Thereby, any changes to normal 

mitochondrial function may accelerate cellular processes that induce a phenotype indicative 

of advanced ageing. The importance of mitochondria and intra-cellular signalling processes 

have emerged as one of the leading hypotheses of ageing, known as the free radical theory 

(43). 



The free radical theory of ageing establishes the connection between mitochondrial 

function, ROS production and the initiation of cellular senescence, a phenomenon by which 

cells no longer divide, but remain metabolically active (154). Central to this theory is 

mitochondrial dysfunction which has been theorised to exacerbate natural cellular processes, 

underpinning the mechanisms of cellular senescence, although the cause of this phenomenon 

is still poorly understood. Mitochondrial dysfunction causes changes in metabolic function 

and senescent-associated secretory phenotypes (SASP), through an increase in the enzyme β-

galactosidase which leads to an increase in inflammatory cytokines and proteases (22). 

Mitochondrial dysfunction, ROS production and the subsequent mtDNA damage promote a 

positive feedback loop in which the activation of the p53/p21 pathway is initiated to produce 

the growth arrest phenotype, initiating cellular senescence (Figure 3) (84, 101). Casual links 

between impaired mitochondria and increased frequency of senescent cells have been 

identified in rodent and human models of ageing. A murine model deficient in mitochondrial 

specific SOD2 enzyme alters ageing phenotypes, reducing the lifespan whilst increasing the 

expression of senescent marker p16 (107). Fetal membranes, delivered early due to  

premature rupture (pROM) have clearly identified markers of senescence as observed  

through transmission electron microscopy (TEM), with enlarged mitochondria and 

endoplasmic reticulum indicative of senescence-associated heterochromatin foci (92). 

Mitochondrial specific ROS may act independently as major signalling molecules to induce 

cellular senescence via the p53 pathway however more research is required to elucidate this 

mechanism (42, 154) 

Mitochondria are comprised of the outer membrane (OMM) facing the cytosol and the 

inner mitochondrial membrane (IMM) in contact with the mitochondrial matrix which houses 

the mitochondrial specific genome (mtDNA) (16). Unlike nuclear DNA (nDNA), the 



mitochondrial genome is circular, double stranded and is a supercoiled molecule that is highly 

susceptible to damage due to the absence of protective histone proteins and therefore has 

been shown to have a mutation rate ten times higher than that of nDNA (59, 75). Excessive 

damage to mtDNA can result in mutations which initiate mitochondrial dysfunction and 

exaggerate damage resulting in cellular demise (123). Most complexes within the electron 

transport chain (ETC) are comprised of both nDNA and mtDNA encoded proteins. DNA 

damage is known to induce nucleus-to-mitochondria signalling which alters mitochondria and 

contributes to the development of age-associated diseases such as neurodegeneration (81, 

93). The expression of nuclear encoded regulatory factors involved in mtDNA maintenance, 

such as peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α), 

transcription factor A, mitochondrial (TFAM) or nuclear respiratory factor 1 (NRF-1) are 

known to be altered during ageing (140). In response to an exercise stimulus, PGC1α, TFAM 

and NRF-1 increase in younger rodents which demonstrates the importance of mtDNA 

maintenance and biogenesis in biological ageing (45). Deletions of mtDNA, specifically a 4977-

base pair deletion between nucleotides 8,469 and 13,447 referred to as mtDNA4977 has been 

identified in post-mitotic tissue such as heart, skeletal muscle and brain, tissues which require 

large amounts of energy (9, 37, 38). Changes in mitochondria biogenesis, ROS production, 

mitochondrial unfolded protein response as well as other stress response pathways have 

impacts on metabolic performance and increased age-related mechanisms (75). This is 

evident in models of ageing such as Parkinson’s disease, whereby the induction of oxidative 

stress reacts with proteins to impair cell viability (148, 152). 

ROS are produced as a by-product of oxidative phosphorylation and released primarily 

from complexes I and III of the ETC (19, 47). ROS are partially reduced forms of oxygen which 

are highly reactive due to an unpaired electron in their outer orbital (4, 116). The production 



of ROS is a normal process of cellular metabolism and integral to cell signalling, however in 

excess, ROS can lead to deleterious effects and cause oxidative damage to macromolecules 

and cells (83, 104, 134). Mammals with high quantities of oxidised lipids and 

damaged/mutated DNA, particularly within the mitochondrial genome demonstrate signs of 

accelerated ageing (76, 113). Increases in oxygen consumption and the generation of free 

radicals are intricately linked. While increased oxygen consumption may allow for increased 

metabolic rates, free radical induced mtDNA lesions can reduce the accuracy of the electron 

transfer, creating a damaging negative feedback cycle causing lipid, carbohydrate, protein and 

nucleic acid damage (28). Lipid peroxidation marker, 4-Hydroxynonenal (4HNE) is shown to 

increase in response to age-related diseases such as Parkinson’s (20) and Alzheimer’s disease 

(152). Therefore, the damaging effects caused in part by mitochondrial dysfunction lead to a 

progressive decline of cellular function and may play a large role in the aetiology of age-

related disease.   

3.0 Mitochondria and the free radical theory in placental ageing  

A healthy placenta is necessary for optimal fetal development and how it adapts to 

environmental challenges determines if a child will have a healthy start to life (25). The 

placenta is unique in that the two major cell layers, the cytotrophoblast layer (mononuclear) 

surrounded by the syncytiotrophoblast (multinucleated), both contain mitochondria that 

differ in morphology and function. Mitochondrial populations must constantly adapt as the 

placenta develops across gestation. Such mitochondrial adaptions likely influence the 

chronological ageing of the human placenta and if any of these transformations do not occur 

at the correct time in gestation, it is likely to result in placental dysfunction. Specific regulation 

of ageing by the mitochondria can be observed when assessing the electron transport chain 



(ETC) and ATP production, with damage or dysfunction in these processes shown to initiate 

cellular senescence (156). This is supported through modelling of mitochondrial dysfunction 

induced through the inhibition of complexes I and III which was found to promote cell cycle 

arrest and initiated premature senescence, through increases in cyclin-dependent kinase 

inhibitors p16 and p21 (133). A key facilitator of mitochondrial adaptation in the placenta is 

the oxygen saturation of placental tissue which constantly changes over pregnancy. Such 

changes in oxygen tension allow for key signalling events which drive developmental stages, 

however these same changes in oxygen tension contribute to ROS production which in excess 

may be harmful (66). Changes in oxygen concentration has been demonstrated to modulate 

senescent phenotypes within the placental trophoblast cell line, Swan-71 (126). If these 

changes in oxygen concentration occur abruptly, it may lead to altered cell signalling and 

increase damage which indicates that the placenta is no longer ageing chronologically and 

gives rise to placental pathologies.   

Human studies investigating placental health are limited since healthy placental samples 

are rarely obtained across gestation and preterm and post-term placentas are considered 

somewhat pathological. Much of what we know about placental ageing has evolved from 

studies which have investigated how chronological ageing impacts placental outcomes. 

Earlier work from Jones and Fox (1991) has demonstrated that cytotrophoblast cells are in 

high abundance within the first trimester, forming a complete layer beneath the syncytium, 

which is uniform in appearance. Cytotrophoblast cell number reduce in the second trimester 

with a slightly flattened appearance. By the third trimester, the cytotrophoblast cell 

population has been greatly reduced which indicates a shift in cellular function throughout 

gestation, with mitochondrial abundance and function being no different (69).. Evidence of 

mitochondrial influence over age related pathways can be observed in term and post-mature 



placentas (41-44 week). Activation of senescent and cell cycle arrest markers (p53 and p21) 

in the syncytiotrophoblast of placenta are increased in post-mature placentas when 

compared to term controls. This relationship has been attributed to increased ROS generation 

leading to mtDNA damage (Figure 3) (34). Increases in stress signalling and senescence 

suggests an overactivation of a biological age-related mechanism in placenta complicated by 

preterm premature rupture of the membranes (PPROM) (49). Associated with increased ROS 

production, markers of systemic inflammation are observed causing a further increase in 

oxidative stress and consequent decreases in antioxidant defences which is likely to shift the 

chronological placental ageing and influence the development of pathological ageing (136).  

Age-related disease is linked with excessive ROS production, impaired mitochondrial 

function and changes in methylation patterns. More specifically, mitochondrial DNA 

methylation has been recently identified as the controller of mitochondrial gene transcripts, 

which may provide methods to understand the mechanism behind placental ageing (145). 

Recent studies have found that the methylation levels of the mitochondrial genome in the 

placenta correlated with that of the cord blood and between maternal and fetal sides of the 

placenta, suggesting that both these tissues contain similar epigenetic signatures and may 

provide information on age-related changes during pregnancy (68). However, other biological 

ageing targets (i.e. SIRT1, PPARG, Mt-RNR1 and D-loop) did not show changes in DNA 

methylation patterns (68). Changes to genes through DNA methylation also gives rise to 

protein changes, affecting the function of the cells and tissues in the body. Recent studies 

have enabled the prediction of gestational age based on DNA methylation changes in the 

human placenta (90). These studies have shown that early onset preeclampsia is associated 

with placental ageing when compared with matched chronological age term samples (90). 

This encouraging data indicates that accelerating ageing in the placenta may lead to 



complicated pregnancies underpinning the pathophysiology of these conditions. However, 

the signalling communication between nDNA and mtDNA within the placenta has not yet 

been thoroughly investigated. Changes to these methylation patterns may alter 

mitochondrial function, change the expression of ageing related proteins and initiate 

processes to adapt to the stressful environment of pregnancy.  

4.0 Mitochondrial dynamics and placental ageing  

As ageing has been established to involve mitochondrial damage, the mechanisms of 

mitochondrial repair and recycling should also be examined in the context of the ageing 

placenta. Mitochondrial repair and recycling are often referred to as mitochondrial dynamics: 

an elegant process of fusion (joining), fission (separation), biogenesis (synthesis of new 

mitochondria) and mitophagy (clearance of dysfunctional mitochondria) to adapt to a 

constantly changing environment (51). As this mechanism is critical to mitochondrial function 

and thereby cellular and tissue health, any alteration to such a process has direct 

consequences on organ function (51, 67, 109). Recently it has been shown that changes to 

mitochondrial dynamics resulting in fragmentation, swollen and large mitochondria which 

cannot undergo mitophagy are indicative of ageing (51). Many of these processes are 

governed by key proteins involved in mitochondrial dynamics; mitofusins 1 and 2 (MFN1 & 2) 

which act as tethering anchors between mitochondria and the associated ER, Optic atrophy 

Protein 1 (OPA1) which join the mitochondrial membranes during fusion, mitochondrial 

fission 1 protein (FIS1) and dynamin-related protein1 (DRP1) which constricts and cleaves 

mitochondria apart during fission (Figure 4). Many of these critical mediators of mitochondrial 

repair are altered in response to ageing, including MFN2 which decreased in aged muscle 

(124) while DRP1 has been linked to Parkinson’s disease (86) and Alzheimer’s disease (33).  



Excessive fragmentation, mediated by FIS, suggests a disruption of fusion/fission cycle in the 

aetiology of age-related diseases (71). Furthermore, evidence of the involvement of 

mitochondrial dynamics in ageing can be observed in the interaction between mitochondrial 

dynamic proteins and sirtuins, a family of NAD-dependent deacetylases essential for 

metabolic homeostasis and linked to longevity and extended lifespan (142). More specifically, 

SIRT3 has been shown to activate OPA1 thereby promoting mitochondrial fusion (122), SIRT4 

has been suggested to regulate fusion through negative regulation of fission proteins (74) and 

SIRT5 overexpression decreased mitophagy and increased mitochondrial elongation via 

greater expression of MFN2 and OPA1 (108). In addition to mitochondrial damage directly 

causing mitochondrial dysfunction altered mitochondrial dynamics have been shown to drive 

dysfunction both of which culminate in age-related disorders. As the placenta undergoes such 

dramatic ageing throughout its transient life, alterations associated with mitochondrial 

dynamics have been associated with gestational ageing and pathologies such as 

preeclampsia. Changes in the expression of OPA1, SIRT3, MFN1 have been observed in this 

pathological condition involving placental dysfunction (30, 152) and recent work in our 

laboratory showed that OPA1, DRP1 and MFN1 increased with gestational length. 

5.0 Mitochondrial morphology, bioenergetics and metabolism in the ageing placenta.   

Mitochondrial morphology 

Placental mitochondria appear to adapt and alter their morphology and bioenergetic 

production as per fetal requirements. Placental trophoblast cells begin life as mononuclear 

cells (cytotrophoblast cell layer) and as they undergo differentiation, they initiate early 

apoptotic signals, such as phosphatidylserine activation, and then fuse into the overlaying 

syncytium (48). The syncytiotrophoblast layer is an enormous semicontinuous cytoplasm 



containing millions of nuclei, organelles and a disorganised cytoskeletal structure. In this 

environment mitochondria change their structure and morphology post differentiation to 

adapt to a new role of supporting cell homeostasis whilst ensuring the passage of O2 and 

nutrients to the rapidly growing fetus (52, 88)There are parallels between the mitochondrial 

morphologic adaptions that occur with ageing in placental trophoblast cells and in a range of 

other tissues. For instance, ovaries demonstrate a dramatic age-related decline in function 

somewhat reflective of the decline in placental function close to birth and mitochondria 

within the oocytes have been observed to decrease in size as reproductive age increases (89). 

Studies in mice have demonstrated that deletion of Mitofusin-2 (MFN2) leads to 

mitochondrial dysfunction in the oocyte, subfertility, shorter telomeres and accelerated 

ovarian follicle loss, all of which occur naturally as mice age (153, 154).  Similarly, ageing 

dependant shifts in mitochondria morphology have been reported in other tissues with a 

higher proportion of enlarged mitochondria and less ovoid mitochondria in skeletal muscle of 

aged mice (77). This shift in morphology is indicative of poorly performing mitochondria 

(reduced production of ATP) (127, 137). Although changes in mitochondrial morphology have 

been associated with age-related diseases, changes in placental mitochondrial morphology 

appear part of a normal ageing process in a tissue with a clearly defined life span.  

Mitochondrial Bioenergetics 

Throughout pregnancy, the placenta is facilitating a constant supply of nutrients to 

the fetus and as such, the placental mitochondria must support and adapt to the changes that 

occur during pregnancy. Although it has been established that mitochondrial energetics do 

shift in placental samples obtained from women with pregnancy disorders compared to 

placental samples from healthy women, there is limited information regarding the changes 



to energetics that occur as gestation advances. However, it is likely that membrane potential 

does decline following changes in respiratory capacities and that this shift would change 

dependent on nutrient demand and substrate availability which both increase as gestation 

advances.   

An important component of energy storage during oxidative phosphorylation involves 

a stable mitochondrial membrane potential (ΔΨm) (157). Membrane potential is formed 

through complexes I, III and IV of the ETC and helps to create a transmembrane gradient of 

hydrogen ions which ATP synthase utilises to phosphorylate ADP to ATP. If membrane 

potential is disrupted and becomes unstable, it may lead to the development of a pathological 

state. Prolonged depolarisation leads to an influx of cations, which can signal cellular death 

(32). Membrane potential has been quantified in age-related disease and decreases in 

Parkinson’s disease which may be attributed to the increase in mitochondrial induced damage 

or decreases in respiration (129). The underlying mechanisms for decline in the mitochondrial 

membrane potential is still poorly understood however, in the placenta, there is evidence to 

suggest changes in membrane potential are associated with placental pathologies. 

Differential centrifugation of term placental tissues extracts can be used to separate larger 

“heavy “mitochondria from cytotrophoblast and smaller lighter mitochondria from the 

syncytium. Our recent data demonstrates the robust functional differences between these 

mitochondrial subtypes (53) and this has been supported by other studies which similarly 

found significant decreases of membrane potential in light compared to heavy fractions (26). 

Placental mitochondria polarisation has been demonstrated to be depleted in pregnancy 

pathologies, such as preeclampsia (PE), with markers of mitophagy also decreased within 

these tissues (155). In addition, decreases in mitochondrial mobility, reduced ATP synthase 

and larger highly elongated mitochondria are identified in rodent models of vascular ageing 



which suggests that the bioenergetic changes identified in models of ageing are also noted in 

placentas complicated by pathologies (27). When age-related diseases occur, bioenergetic 

shifts in the mitochondria can influence ROS production and activate stress sensing enzymes 

such as Activated protein kinase (AMPK). AMPK are nutrient sensing enzymes within the cell, 

switched on by cellular stresses that interfere with ATP production. AMPK is directly activated 

following elevations of AMP through inhibited ATP production and can be modulated by the 

AMP:ATP ratio in cells (Figure 3). AMPK activity is higher in placentas complicated with 

gestational diabetes mellitus (GDM) and has also been linked to premature senescence in 

fibroblasts (114, 147). In addition, energy status of the cell has been compromised through 

elevated AMP:ATP ratios in cells exposed to ischemia and hypoglycaemia, conditions that are 

influenced by biological age (60, 61). This suggests that the increases of AMPK may have 

implications for premature ageing within placental tissue complicated by pregnancy 

disorders. 

Mitochondrial Metabolism 

 The process of biological ageing results in reduced function of biological processes, of 

which include metabolism. Indeed, it seems that the expression of key enzymes in fatty acid 

metabolism and β-oxidation decrease in many tissues as they age (39). The placenta is a highly 

metabolic organ and although it endures a short and transient life, changes that reflect 

mitochondrial ageing are observed throughout gestation and in pregnancy disorders. 

Additionally, an increase of maternal age >35 years can be associated with decreases in ATP 

production, excess ROS production and increase risk of adverse outcomes including 

preeclampsia, pre-term birth and low birth weight (11). Advanced maternal age and 

pregnancy disorders all exhibit significant reductions in complex I, II-III and IV activities and 



these changes may have significant negative effects on the duration of pregnancy and 

offspring outcomes (11). 

 Across gestation, the placenta alters energy metabolism to adapt to the nutrient 

requirements of the fetus. The first and second trimesters are termed the “anabolic phase” 

of pregnancy where pregnancy hormones like progesterone and estrogen favour lipid 

deposition. After 30 weeks gestation, there is a metabolic shift to catabolism that focuses on 

utilising lipids as the source of energy, whilst the fetus relies more on glucose and amino acid 

metabolism (63). There is very limited published research on specific metabolic intermediates 

associated with ageing within the placenta across gestation however amniotic fluid and 

plasma have been utilised to detect metabolic signatures in second trimester to determine 

associations with preterm delivery (144). They identified the most significantly increased 

metabolites in amniotic fluid was in pyruvate, glutamic acid and glutamine in preterm samples 

(between 34-37 week preterm) compared with control samples which indicates shifts in 

metabolism at a pathological state which may exhibit signs of accelerated placental ageing 

(144). We have recently demonstrated a shift in metabolism in syncytiotrophoblast 

mitochondria compared to cytotrophoblast throughout gestation using published data from 

samples across different trimesters (53). RNA sequence data from publicly available datasets 

(103, 135) on cytotrophoblast and syncytiotrophoblast populations showed clear differences 

between mitochondrial complex subunits, carbohydrate metabolism, fatty acid metabolism 

and amino acid metabolism-related enzymes in first and third trimester mitochondria (53). 

Although it is difficult to make direct comparisons due to the databases originating from 

different sources, this data emphasises that certain mitochondrial changes appear to be 

present in these cell lineages throughout gestation.  This may contribute to the mechanism 

behind how the placenta ages, although further research is required to elucidate this 



mechanism. Other models of tissue ageing have also found increases in pyruvate production 

yet decreases in citrate synthase and succinylcarnitine levels in older rats. These changes in 

metabolic intermediates within the placenta throughout gestation should be thoroughly 

examined to elucidate mitochondrial metabolic transformations throughout pregnancy and 

within pregnancy disorders (56).  

6.0 Mitochondrial dysfunction, mitophagy and placental ageing  

Mitochondrial dysfunction is linked to various aspects of biological ageing such as 

impaired OXPHOS activity, increases in oxidative damage, reduced activity of mitochondrial 

enzymes, changes in morphology, dynamics, biogenesis and quality control. Decreases in 

mitochondrial function have also been identified within various pregnancy pathologies, such 

as preeclampsia (96) and gestational diabetes (91, 112). An intricate balance of mitophagy 

and biogenesis must occur as they are critical to maintaining the balance between ageing and 

longevity (58). Moreover, dysfunction in the mitochondria leads to macromolecular damage 

and could predispose the placenta to accelerated ageing and induce pregnancy pathologies 

(136). 

When the mitochondria begin to function poorly, there are mitochondrial quality control 

checkpoints in place. If these mechanisms fail, a build-up of cellular debris can trigger 

responses ultimately leading to cell death or increase the likelihood of disease (94). Biological 

ageing causes reduced cellular responses and the enzyme reactions in the mitochondria are 

no different. A major contributor to the disruption of these reactions are the reduction of 

major coenzymes in the body, such as Nicotinamide adenine dinucleotide (NAD+). The 

NAD+/NADH ratio is widely used as a controller of several oxidoreductase enzymes and are 

important in metabolic processes such as glycolysis, citric acid cycle and oxidative 



phosphorylation (64, 143). NAD+ is an essential coenzyme that accepts electrons through 

oxidative catabolism. As previously mentioned, Sirtuins 1-7 are NAD+ dependent deacetylase 

enzymes that catalyse a deacetylation reaction to form nicotinamide, O-acyl-ADP-ribose and 

a deacetylated protein which are thought to be key longevity proteins involved in increasing 

overall metabolic function and health (3). NAD+ is also a precursor for the phosphorylated 

dinucleotides (NADP+), which are involved in the synthesis of fatty acids, cholesterol and 

steroid hormones in addition to providing reducing equivalents to power antioxidants enzyme 

systems. Currently, there is no published evidence to suggest that NAD+ levels decrease in 

association with placental ageing and gestation progression. Although, SIRT1 and SIRT3 are 

directly influenced by NAD+ and are significantly decreased in placentas complicated by 

preeclampsia and preterm birth (21), suggesting that NAD+/NADH contributes to 

mitochondrial dysfunction in the placenta (Figure 3). This may be due to a metabolic shift that 

does not favour higher oxidative phosphorylation and greater ATP production through 

increased NAD+/ NADH ratios (35). As the concentration of NAD+ has been shown to decrease 

with an increase in chronological age, it is important to understand how the mitochondria 

functions over the course of pregnancy and if there are clear shifts in NAD+ production and 

age-associated phenotypes in the placenta.   

Key markers of autophagy LC3II, beclin 1 and Atg5-Atg12-Atg16L are known to be 

activated by excessive ROS resulting from mitochondrial dysfunction via p53 and AMPK 

stimulation which in turn inhibits mTOR signalling (120, 121) (Figure 4). Additionally, 

increased nutrient sensing marker mTORC1 is inhibited in pregnancy complications such as 

intrauterine growth restriction (IUGR) and may in fact represent a link between placental 

function and decreased fetal growth. The inhibition of mTORC1, often triggered by various 

intrinsic stressors (e.g. mitochondrial dysfunction and the subsequent oxidative stress) 



triggers autophagy and has been found to contribute to the induction of decidual senescence 

implicating evidence of advanced physiological ageing (125). This is central to the 

mitochondrial involvement in ageing as intracellular signals that induce autophagy are related 

to the induction of cell cycle arrest and play a significant role in breaking down and clearing 

damaged cellular contents to safeguard against damaged macromolecules (6, 73). This has 

been observed in the placenta through autophagy marker APG9L2, a mammalian homolog of 

ATG9P, as it has been suggested to contribute to trophoblast differentiation. Furthermore, 

ATG9P has been shown to decrease expression by four-fold in syncytiotrophoblast compared 

to cytotrophoblast and may potentially help explain the apparent mitochondrial dysfunction 

present in syncytiotrophoblast (150). However, limited studies have evaluated autophagy 

throughout gestation and the involvement in placental ageing, mostly due to the difficulty of 

obtaining such tissues. Although, mRNA that encode for autophagy-related proteins were 

identified in placentas collected from early, mid and late gestation, suggesting that they are 

present across gestation.  

Mitophagy is a mitochondrial specific autophagy which plays a crucial role in selectively 

degrading dysfunctional mitochondria and is activated via the PINK1/ Parkin pathway. 

Following mitochondrial depolarisation, PINK1 gathers on the mitochondrial surface and 

interacts with TOM and TIM complex (outer membrane complex), which promotes 

phosphorylation of Parkin and ubiquitin binding, triggering the poly ubiquitination of several 

outer mitochondrial membrane proteins and employs autophagy through various 

mechanisms (Figure 4). 

SIRT3 is the mitochondrial sirtuin established to mediate ATP production, management of 

ROS, β-oxidation and cell death(2, 151). A recent study in a model of myocardial ageing have 



utilised SIRT3 knockout mice and found that mitophagy is impaired through p53-Parkin 

binding through blocking Parkin translocation onto the OMM (79). Recent literature is 

demonstrating that mitophagy is critical under stress conditions, such as neurodegenerative 

conditions (128), however the role of mitophagy is understudied in the placenta and poorly 

described in pregnancy disorders. Mitochondrial dysfunction reduces respiration, increases 

ROS generation, causes higher levels of mtDNA deletions, exhibits decreases in mitochondrial 

membrane potential and ultimately leads to a reduced chronological lifespan (149). 

Therefore, it is necessary to further characterise the relationship between placental 

mitochondria, gestational progression and placental ageing to understand the mechanism in 

which the placenta mediates dysfunctional mitochondria and prevents a phenotype 

characteristic of accelerated ageing resulting in placental insufficiencies.  

7.0 Mitochondrial signalling and placental ageing  

Mitochondrial ageing and turnover results in a myriad of intra cellular signals that 

generate a suitable response resulting in return to homeostasis or cell death. Many of these 

responses have been discussed previously and have been extensively reviewed elsewhere 

(40, 87). But what of the extracellular signals that might be emanating from aged 

mitochondria during placenta ageing and what might these tell us about the metabolic state 

of the placenta. There is currently a desperate need for better biomarkers of placental health 

and ageing. Many laboratories around the world are currently searching for blood bourn 

markers of placental function to mitigate the risks of fetal demise and stillbirth as well as aid 

in the diagnoses of gestational complications of pregnancy such a fetal growth restriction and 

preeclampsia. Given the central role of mitochondria in placental homeostasis recent 

attention has focussed on blood bourn mitochondrial elements that may correlate with 



pregnancy outcome. Mitochondrial DNA is present in increasing quantities in maternal blood 

as gestation proceeds (40) and is elevated in conditions such preeclampsia and fetal growth 

restriction (87, 110). Mitochondrial DNA is largely unmethylated and able to elicit a strong 

immune response which leads to systemic inflammation as observed in conditions such as 

preeclampsia. Less is known about the oxidation state of circulating mtDNA which might add 

to this inflammatory signal.  

 Mitochondrial DNA is one of several stress related mediators associated with 

mitochondrial ageing and demise. Collectively known as mitochondrial Damage Associated 

Molecular Patterns (DAMPS) these include N-formyl peptide, succinate, cardiolipin, 

cytochrome-C, TFAM and ATP (57).  Another type of DAMP that has been extensively studied 

in pregnancy is the presence of anti-phospholipid antibodies which bind cardiolipin and are 

able to penetrate into the mitochondria. High levels of anti-phospholipid antibodies are 

associated with increased risk of preeclampsia and other pregnancy pathologies (100). High 

mobility group box 1 (HMGB1) has also been shown to be increased in placental pathologies 

and may prove to be an interesting target for further study (97).  

Recent evidence has shown that mitochondrial turnover through selected mitophagy can 

lead to the release of mitochondrial derived vesicles (MDV) (106). Normally damaged 

mitochondria accumulate PINK1, which then recruits Parkin, resulting in ubiquitination of 

mitochondrial protein and subsequent lysosomal degradation. However, mildly oxidized 

mitochondria undergo a similar priming process with PINK1 and Parkin recruitment but bind 

oxidized cardiolipin (oxoCL) to generate mitochondrial derived vesicles that reach the 

endolysosomal system and form multivesicular bodies (MVBs) that are extruded from cells as 

extracellular vesicles (EV) (Figure 4) (106). There has been much attention on microvesicle 



release from the human placenta and many studies have shown a definitive link between 

microvesicle in maternal circulation and pathological conditions of pregnancy. These include 

exosomes which may carry bioactive cargo leading to endothelial activation a key feature of 

conditions such as pre-eclampsia. Given the high risk of developing this condition with the 

presence of anti-phospholipid antibodies, the released of mitochondrial derived microvesicle 

and multivesicular bodies from the syncytium warrants further attention. 

Changes in mitochondrial specific derived vesicles across pregnancy and second 

messengers within vesicles remains to be elucidated however, changes within these profiles 

might help to determine adequate placental function throughout pregnancy and may be of 

clinical importance.  MicroRNAs (miRNAs) are important in the regulation of various pathways 

and communication within tissues, including the placenta. miRNAs are comprised of small 

non-coding single stranded RNAs that are linked with regulating a wide range of cellular 

processes such as trophoblast invasion, proliferation and apoptosis in the placenta. Recent 

data published on microRNA profiling in the human placenta from early to mid-gestation of 

pregnancy revealed miRNA clusters changing throughout pregnancy (132). Specifically, miR-

210 has been associated with the modulation of mitochondrial respiration within placentae 

complicated by preeclampsia (96). Recently, first trimester EVTs were transfected with miR-

210 and found that three of six repressed genes were associated with mitochondrial function, 

suggesting that miR-210 expression during the first trimester alters mitochondrial function 

and may induce ROS leading to the pathogenesis of pregnancy disorders, like preeclampsia 

(5). Given the role that miR-210 plays within placental mitochondria, more research into 

understanding the role of other miRNAs throughout pregnancy would assist in understanding 

placental ageing.  



8.0 Developmental Origins of Health and Disease and placental ageing 

As discussed above, the placenta regulates all aspects of fetal development and a 

successful pregnancy. This unique organ must perform each of its essential roles at the correct 

gestational age to ensure optimal maternal adaptations of pregnancy and an adequate supply 

of nutrients and oxygen to the developing fetus. Aberrations in placental function can cause 

fetal growth restriction and impaired development of fetal organs, leading to a range of 

chronic diseases in adulthood (7).  For more than 30 years, the developmental origins of 

health and disease research field has focused on understanding the relationship between 

early life insults and diseases that typically develop for the first time in aged adults (146). 

Thus, the mechanisms which program the unmasking of a long-term diseases typically 

associated with ageing are likely to be influenced by events which occurred right back when 

fetal organs were initially being developed.  

A range of key studies have induced placental insufficiency in animal models to explore 

age related disease outcomes in offspring. Rats born growth restricted have been shown to 

develop increased mean arterial blood pressure at 12 months of age, a phenotype that takes 

6 months longer to develop in animals born without placental insufficiency (41). Rats born 

growth restricted have also been shown to develop features of other age-related diseases 

such as Alzheimer’s disease (139) and Type 2 Diabetes Mellitus (131). Studies have even 

demonstrated that IUGR leads to changes in the expression of proteins implicated in 

Parkinson’s disease (72, 80). Placental insufficiencies in blood flow may also affect the 

nutrient flux available to the feto-placental unit. Indeed, while it is difficult to assess the 

nutrient flux within human pregnancies and the negative long-term impact on fetal 

development, animal models provide an insight on nutrient trafficking. Various associations 



between diet and mitochondrial damage has been observed in sheep and pig models of fetal 

programming. Assessment of nutrient flux is difficult to achieve, however, when simulated 

through a 50% dietary restriction during the third trimester, results indicated poor 

mitochondrial function, decreases in VO2max, and an increase in expression of PGC1α (70). 

When assessing nutrient changes in pregnancy, diet modifications in animal models such as 

alterations in energy consumption of pregnancy in the pig decreased mtDNA, PGC1α, SIRT1, 

TFAM, NRF1α when compared to a normal diet of pregnancy (157). Nutrient changes 

throughout pregnancy may reflect changes in mitochondrial function and this has been 

thoroughly reviewed elsewhere (119, 138). While the mechanistic link between placental 

dysfunction and offspring disease is complex, studies have demonstrated that the same 

mitochondrial pathways discussed throughout this review are perturbed in offspring with 

programmed disease. Pancreatic islet cells taken from rats born to mothers with placental 

insufficiency have been demonstrated to have impaired activity of complex I and III of the 

electron transport chain, reduced ATP production, increased ROS generation and 

mitochondrial DNA damage and reduced expression of mitochondrial encoded genes (130). 

A separate set of studies demonstrated that glucocorticoid induced placental dysfunction in 

mice involved mitochondrial dysfunction (8) which precedes cardiovascular (98), renal and 

endocrine dysfunction in adult offspring.   

Human studies have similarly demonstrated links between placental 

dysfunction/ageing, birth and long-term disease. Babies born growth restricted have been 

shown to have reduced telomere length in DNA collected from cord blood (78). Similarly, 

studies which have looked at long term consequences of prenatal adversity and 

demonstrated reduced telomere length in preschool age children (115) that were born small 

and in adults prenatally exposed to stress (50). Studies have even linked placental 



mitochondrial content to intelligence in 8-15 year old children (13). A recently published study 

demonstrated the importance of epigenetic ageing within the placenta and low birth weight 

(137). Using a methylation assay, this study identified that a one- week increase in placenta 

epigenetic age was significantly associated with an almost two-fold increase in the risk of low-

birth weight in males. Although this study has only observed these changes within the 

placenta at birth, it would be interesting to follow these children into adulthood to investigate 

methylation changes across the lifespan. 

Studies have begun highlighting the importance of telomere shortening throughout 

pregnancy and within the placenta, a primary hallmark in the biological ageing process. 

Telomerase, a cellular reverse transcriptase that increases genomic stability through adding 

5’ -d(TTAGGG)-3’ hexameric repeats to the 3’ end of chromosomes is important in protecting 

telomere shortening from decreasing from early pregnancy (<10 weeks) to late pregnancy in 

the human placenta (31). Telomeres and the presence of telomerase become reduced as we 

age, with increases in telomere dysfunction and reduced telomerase shown to be altered 

within placentas complicated by IUGR (15). Incidences of increased premature placental 

ageing has similarly been linked with SGA and growth restricted foetuses where an increased 

expression of senescence and p53 gene expression resulted in mitochondrial dysfunction and 

led to an increase in apoptosis through caspase 9 and caspase 3 (102). Although when born, 

newborns have a chronological age of 1 day old, their biological age could differ and this could 

stem from biological shifts during pregnancy, which could also contribute to development of 

chronic health diseases later in life. It has recently been proposed that placental miRNAs 

involved in oxidative stress, cellular senescence and apoptosis, all key pathways in the 

mitochondria theory of ageing, are associated with telomere length in a sex specific manner 

(137). In particular, MiR-34a inhibits Sirtuin 1 and has been reported in peripheral blood 



mononuclear cell (PBMC) to be associated with human ageing, however in this study higher 

relative miR-34a was associated with longer placental telomere length in female newborns, 

not males (140, 141). Longer telomeres at birth may provide a more optimal cellular capacity 

to cope with different oxidative conditions during life. Since the mitochondria is the main 

source of oxidative stress, recent nanoparticle delivery of MitoQ, a commercially available 

antioxidant can diffuse into the placental syncytium within the placenta and is therefore 

unable to cross the placental barrier and effect the fetus (105). Early postnatal coenzyme Q10 

supplementation has shown promising results reducing oxidative stress, cellular senescence 

and telomere shortening in a model of cardiac ageing. 

9.0 Conclusions and directions for future research   

Given the defined lifespan of this transient organ and its critical role in fetal 

development, a deeper understanding of the ageing processes in the placenta is required. 

Central to this is mitochondrial function at the feto-maternal interface and the 

transformations, morphological and biochemical, that trophoblast mitochondria undergo as 

mononuclear cytotrophoblast cells differentiate and fuse to form the syncytium. Presumably, 

this is a normal step in trophoblast cell turnover as it occurs in normal pregnancies that result 

in an appropriately developed baby and delivered at term (+37 weeks gestation). We do know 

that gestations that proceed past 41 weeks are associated with an exponential rise in the risk 

of an adverse pregnancy outcome as the aged placenta starts to fail. What we don’t know is 

whether these age related processes are occurring prematurely in cases of pre-term delivery 

or pathologies of pregnancy such as preeclampsia. Placental failure is often at the centre of 

fetal growth restriction and stillbirth, but the precise mechanisms are not well described. 

Potential, interventions which might preserve placental homeostasis and prolong gestation 



can only be considered once more is known about the molecular changes that are occurring 

during these gestational disorders. As described above the current evidence strongly suggests 

that mitochondrial function is central to this.  

This review has identified mitochondria as playing a key role in age-related processes 

within the placenta, across gestation and within pregnancy disorders. This concept is 

relatively novel in the placenta, with majority of research on mitochondrial ageing occurring 

in other tissues. Further, this is confounded by the presence of a non-uniform mitochondrial 

population within the placenta. However, emerging research has acknowledged that 

mitochondria from the cytotrophoblast and syncytiotrophoblast cells have different 

functional roles and therefore transformations in molecular pathways controlling metabolism 

within these subgroups might be where we see the most obvious changes. Additionally, 

defining the molecular changes associated with placental aging may lead to better tests for 

placental function and the discovery of disease specific biomarkers. Currently, imaging 

techniques such as Doppler Ultrasound can be used to examine placental function but the 

usefulness of biomarkers, released from the placenta into maternal plasma, is questionable. 

Ratios of sFLT and placental growth factor can be used in the diagnosis of preeclampsia but a 

biomarker indicating premature placental ageing would be very valuable in predicting the 

course of pregnancy and providing the required care to both mother and a premature infant. 

The placenta is constantly signalling to various maternal physiological systems to provide the 

nutrients, oxygen and immunological protection required to maintain pregnancy. 

Presumably, an ageing placenta and mitochondrial dysfunction at the feto-maternal interface 

is likewise producing signals indicating problems are developing. We need to be able to read 

these signals and then appropriate clinical care can be implemented.   



FIGURE LEGENDS.  

 

Figure 1. The underlying cytotrophoblast and the fused syncytiotrophoblast layer in a mature 
chorionic villus in term human placenta. Note the changes to mitochondrial morphology and 
function post trophoblast differentiation.  

Figure 2. Biochemical changes in mitochondria associated with ageing.  

Figure 3. Molecular mechanisms controlling ageing processes in mitochondria.  

Figure 4. Molecular mediators of mitochondrial dynamics, illustrating the shift from lysosomal 
degradation to formation of mitochondrial vesicular bodies (MVB) and extrusion as exosomes.  
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