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Introduction

Preeclampsia (PE) is a multisystemic syndrome that affects 
approximately 5% of all pregnancies and is characterized 
by de novo hypertension after the 20th week of gestation 
[1]. Preeclampsia remains the leading cause of maternal 
and fetal mortality and morbidity worldwide. The precise 
mechanisms underlying PE are still poorly understood, but 
research proposes a two-stage theory [2]. The first stage 
comprises inadequate remodeling of the spiral arteries asso-
ciated with shallow invasion of the trophoblast and then 
poor placentation. This is followed by maternal general 
endothelial dysfunction and imbalance between angiogenic 
and antiangiogenic factors that lead to systemic end-organ 
dysfunction (i.e., the second stage). Defective placentation 
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Abstract
Preeclampsia (PE) is associated with high maternal and perinatal morbidity and mortality. The development of effective 
treatment strategies remains a major challenge due to the limited understanding of the pathogenesis. In this review, we 
summarize the current understanding of PE research, focusing on the molecular basis of mitochondrial function in normal 
and PE placentas, and discuss perspectives on future research directions. Mitochondria integrate numerous physiological 
processes such as energy production, cellular redox homeostasis, mitochondrial dynamics, and mitophagy, a selective 
autophagic clearance of damaged or dysfunctional mitochondria. Normal placental mitochondria have evolved innova-
tive survival strategies to cope with uncertain environments (e.g., hypoxia and nutrient starvation). Cytotrophoblasts, 
extravillous trophoblast cells, and syncytiotrophoblasts all have distinct mitochondrial morphology and function. Recent 
advances in molecular studies on the spatial and temporal changes in normal mitochondrial function are providing valu-
able insight into PE pathogenesis. In PE placentas, hypoxia-mediated mitochondrial fission may induce activation of 
mitophagy machinery, leading to increased mitochondrial fragmentation and placental tissue damage over time. Repair 
mechanisms in mitochondrial function restore placental function, but disruption of compensatory mechanisms can induce 
apoptotic death of trophoblast cells. Additionally, molecular markers associated with repair or compensatory mechanisms 
that may influence the development and progression of PE are beginning to be identified. However, contradictory results 
have been obtained regarding some of the molecules that control mitochondrial biogenesis, dynamics, and mitophagy in 
PE placentas. In conclusion, understanding how the mitochondrial morphology and function influence cell fate decisions 
of trophoblast cells is an important issue in normal as well as pathological placentation biology. Research focusing on 
mitochondrial function will become increasingly important for elucidating the pathogenesis and effective treatment strate-
gies of PE.
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results in the release of soluble antiangiogenic factors, 
soluble fms-like tyrosine kinase 1 (sFIt1), and promotes 
maternal endothelial dysfunction [3]. Not all PE patients 
have elevated sFLT1 but in those with elevated sFLT1 
maternal blood pressure is elevated by potentiating a long-
term vasoconstriction. There are two clinically-distinct PE 
phenotypes characterized by the onset of symptoms before 
(early-onset preeclampsia, eoPE) or after (late-onset pre-
eclampsia, loPE) the 34th week of gestation [1]. Despite 
considerable heterogeneity, PE is classified according to 
the timing of disease onset and clinical phenotype. Further-
more, the mechanisms underlying the pathogenesis of PE 
include placental disorders such as a hypoxic intrauterine 
environment, increased inflammation, oxidative stress, isch-
emia, excessive apoptosis, immune imbalance, nutritional 
imbalance, and cell damage and death [4]. All these pro-
cesses cause syncytiotrophoblast stress [5]. This stress is 
closely related to mitochondrial dysfunction.

Mitochondria are believed to be descended from 
ancient prokaryotes, i.e., an endo-symbiosed bacterium, 
that were engulfed by pre-eukaryotic cells several billion 
years ago [6]. Mitochondria generate energy as adenosine 
5’-triphosphate (ATP) through oxidative phosphorylation 
(OXPHOS), promote their bioenergetics, and supply pre-
cursors for macromolecular synthesis. Thay also regulate 
the cytoplasmic oxidation-reduction (redox) homeostasis, 
porphyrin and heme biosynthesis, calcium homeostasis, and 
mitochondrial quality and quantity control through autopha-
gic, mitophagic (i.e., selective autophagy of mitochondria), 
and apoptotic machinery [7, 8]. However, mitochondria are 
potential sources of endogenous reactive oxygen species 
(ROS) and are highly susceptible to oxidative stress, caus-
ing the irreversible cell damage and even the progressive 
death [9]. Placenta is an oxidative tissue, so mitochondria 
play an essential role in optimal trophoblast performance 
through the processes of mitochondrial biogenesis, fusion, 
fissions, and mitophagy. These dynamic processes deter-
mine mitochondrial morphology, overall quality, and rela-
tive abundance in cells and tissues. Indeed, evidence has 
been reported that mitochondrial impairment contributes 
to the pathogenesis of PE [10]. In other words, hypoxia, 
oxidative stress, or inflammation can trigger mitochondrial 
dysfunction but that mitochondrial dysfunction itself might 
contribute to the disease development. Therefore, mito-
chondrial function has also attracted attention in the fields 
of neurodegenerative and metabolic disorders and cancer 
research [11].

In 1994, Furui et al. for the first time demonstrated that 
reduced expression of the mitochondrial genes, cytochrome 
c oxidase and cytochrome oxidase subunit I messenger 
RNA, is involved in placental dysfunction in PE pregnancy 
[12]. Oh et al. suggested that increased autophagy may 

be involved in the pathophysiology of PE placenta [13]. 
Indeed, significant changes in the expression of proteins 
that control redox homeostasis, mitochondrial biogenesis, 
mitochondrial fusion and fission dynamics, autophagy, and 
mitophagy, a selective autophagic clearance of damaged or 
dysfunctional mitochondria, are observed in PE patients 
[10, 14, 15]. Furthermore, defective extravillous trophoblast 
(EVT) invasion established during early pregnancy is also 
considered to be associated with impaired mitochondrial 
biogenesis [16]. Jahan et al. highlighted altered mitochon-
drial function may be a common feature across distinct PE 
subtypes [17]. However, research on mitochondrial func-
tion and dynamics, energy metabolism, mitochondrial DNA 
(mtDNA) changes, mitophagy, and apoptosis in PE has 
yielded mixed or inconsistent results [18, 19].

In this review, we summarize the current understand-
ing of mitochondrial dynamics, biogenesis, and mitophagy, 
focusing on the cytotrophoblasts and syncytiotrophoblasts 
of normal placenta and early-onset and late-onset PE pla-
centas and discuss future research directions. We also focus 
on the differences in mitochondrial function and its com-
pensatory mechanisms between normal and PE placentas to 
elucidate the root cause of the discrepancy.

Materials and methods

Search strategy and selection criteria

We conducted a narrative review of the literature that 
focuses on mitochondrial function in PE. Electronic data-
bases including PubMed and Google Scholar were searched 
for literature published up to the July 31, 2023, combin-
ing the following keywords: “Biogenesis,” “Dynamics,” 
“Mitochondria,” “Mitophagy,” and “Preeclampsia.” Papers 
reporting patients’ data and in vitro and animal studies con-
ducted to investigate the potential effect and underlying 
molecular mechanism of mitochondria-related genes were 
also included.

Results

Mitochondrial function in normal placenta

Mitochondrial function and their dynamics

The human placenta provides a timely supply of energy 
substrates, nutrients, and optimal oxygen to the fetus and 
synthesizes growth-promoting proteins and hormones [20]. 
The placenta contains trophoblast cells derived from the 
trophectoderm [20]. Cytotrophoblasts differentiate into 

1 3

  330  Page 2 of 18



Molecular Biology Reports

syncytiotrophoblasts and EVT. Thus, human trophoblast 
cells have evolved as three major cell subpopulations with 
different functions: cytotrophoblasts, syncytiotrophoblasts, 
and EVT. During early pregnancy, EVT invade the uterine 
decidual spiral arterioles and contributes to the process of 
remodeling of the vessels to ensure optimal uteroplacental 
blood flow [4]. The mononuclear cytotrophoblasts fuse to 
form the outer multinucleated syncytiotrophoblasts. Syncy-
tiotrophoblasts are responsible for regulating feto–maternal 
exchanges of gases, amino acids, nutrients, and waste prod-
ucts [20]. Proper placental function requires an adequate 
supply of energy (i.e., ATP as the molecular energy coin). 
ATP is produced mainly through mitochondrial OXPHOS 
when oxygen is available [9]. The OXPHOS system in mito-
chondria is a complex machinery comprising the electron 
transport chain (ETC) and ATP synthase [9]. The human 
placenta is a highly dynamic organ with high mitochondrial 
activity that regulates energy metabolism [21, 22]. . The 
cellular differentiation from cytotrophoblasts to syncytio-
trophoblasts induces a range of molecular, biochemical, and 
morphological changes in constituent organelles such as 
mitochondria [23]. Mitochondria can move along the cyto-
skeleton and control their architecture, morphology, and 
distribution in order to adapt to changing external stimuli 
and metabolic demands [9]. The processes of mitochondrial 
fusion (e.g., mitofusin 1 (MFN1), mitofusin 2 (MFN2), and 
optic atrophy 1 (OPA1) genes) and fission (e.g., Dynamin 
related protein 1 (DRP1) gene) are mediated by members 
of the Dynamin-related GTPase family [24]. Mitochondria 
can exhibit a filamentous network structure (i.e., mitochon-
drial fusion) or fragmented morphology (i.e., mitochondrial 
fission) in response to different stimulus. Mitochondrial 
dynamics is critical for their optimal energy generation and 

regulates mitochondrial quality and quantity control. Mito-
chondrial fusion compensates for the defects by diluting the 
respiratory contents that were damaged to equilibrate respi-
ratory chain complexes and metabolites, thereby repairing 
dysfunctional mitochondria, leading to subsequent mito-
chondrial activation and prevention of their elimination [9, 
10, 25]. On the other hand, fission facilitates the division of 
damaged mitochondria, induces mitophagy, and results in 
removal of non-functional organelles [9, 10, 25, 26]. This is 
important for mitochondrial quality control. However, fur-
ther mitochondrial fission may trigger apoptosis and lead to 
irreversible cell death. The Dynamin-related GTPase genes 
act as key molecular switches in mitochondrial dynamics-
mediated cell-fate decisions. In order to cope with the ever-
changing environments (e.g., nutrient and oxygen supply), 
mitochondria have evolved specific strategies, including 
bioenergetics and dynamics [27]. Upon nutrient starvation 
conditions, mitochondria enhance bioenergetics efficiencies 
and promote cell survival through extensive fusion [28]. On 
the other hand, hypoxia induces mitochondrial fragmen-
tation and facilitates cell migration and movement [29]. 
Indeed, upregulation of DRP1 expression is well known to 
promote cell invasion of various cancer cells [30]. Environ-
mental changes may significantly influence efficient energy 
production and cell survival by regulating fission - fusion 
dynamics and mitophagy.

Mitochondrial function in the cytotrophoblasts, 
syncytiotrophoblasts, and EVT

First, we summarize the mitochondrial function of normal 
placental trophoblast cells. The unique morphological, 
metabolic, bioenergetic, and molecular genetic properties of 
mitochondria differ between cytotrophoblasts and syncytio-
trophoblasts [20]. Mitochondria from the cytotrophoblasts 
are larger in volume and more elongated (Table 1), whereas 
in syncytiotrophoblasts, mitochondria undergo fission to 
produce smaller organelles [20]. Cytotrophoblasts in con-
tact with fetal blood vessels must provide nutrients to the 
fetus. The mitochondria of cytotrophoblasts are morpholog-
ically longer and larger than those of syncytiotrophoblasts, 
which significantly activates glycolysis and OXPHOS and 
increases ATP generation [9, 31, 32]. Conversely, syncytio-
trophoblasts, a multinucleated layer that covers chorionic 
villi, no longer need to divide and proliferate, shifting the 
balance from mitochondrial fusion to fission by reducing 
the expression of the fusion proteins MFN1 and MFN2 [9, 
32]. The mitochondrial morphology of syncytiotrophoblasts 
undergoes changes from complex filamentous networks to 
small globular compartments, leading to a gradual decrease 
in the expression of enzymes related to ATP synthesis, glu-
cose metabolism, and lipid metabolism [20]. Therefore, 

Table 1 Overview of mitochondrial function and dynamics in normal 
placental trophoblasts

Cytotrophoblasts Syncytiotrophoblasts EVT
Genes ↑MFN1, MFN2 ↓MFN1, MFN2 ↑OPA1, 

↑DRP1
Mito-
chondrial 
dynamics

Fusion Fission Fusion→ 
Fission

Mito-
chondrial 
shape

A filamentous 
network structure

A fragmented 
morphology

Filamen-
tous → 
small 
globular

Metabo-
lism

↑OXPHOS
↑Glycolysis, 
↑PDK
↑ATP,↑AMPK

↓OXPHOS
↓Glycolysis
↓ATP
↑Senescence

↓OXPHOS
↑Glycoly-
sis
↑ATP

Pheno-
type

Proliferation ↓Proliferation Invasion

ATP, adenosine 5’-triphosphate; AMPK, AMP-activated protein 
kinase; DRP1, Dynamin related protein 1; MFN1, Mitofusin 1; 
MFN2, Mitofusin 2; OPA1, optic atrophy 1; OXPHOS, Oxidative 
phosphorylation; and PDK, Pyruvate dehydrogenase kinase
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Second, during early pregnancy, EVT invade the uter-
ine myometrium and migrate along the lumina of spiral 
arterioles under hypoxic conditions [19]. Extravillous tro-
phoblasts specifically require energy to develop the pla-
centa [19, 35, 36]. To achieve this goal, EVT first promote 
enhanced oxidative respiration and increased ATP produc-
tion through the OPA1-mediated mitochondrial fusion [35, 
36]. In other words, energy metabolism is directed toward 
OXPHOS activation. EVT are then exposed to changes in 
environmental factors (e.g., hypoxia and nutrient starva-
tion). Hypoxia promotes mitochondrial fission and shifts the 
metabolic flow from OXPHOS in mitochondria to glycoly-
sis, and facilitates further ATP and biomass generation in 
EVT through hypoxia-inducible factor-1 (HIF-1)-mediated 
DRP1 activation [29, 37]. Extravillous trophoblasts can 
reprogram their metabolism to support their invasion by 
controlling mitochondrial function. Mitochondrial fission 
is known to promote cell migration and invasion [38], so 
hypoxia provides a favorable microenvironment for EVT 
migration [39]. A proper change in mitochondrial dynamics 
over time is a physiological event for ensuring optimal pla-
centation in EVT. Because it is ethically difficult to obtain 
EVT for research in the early first trimester, Gillmore et al. 
used placental mesenchymal stromal cells (pMSCs) instead 
of EVT to study mitochondrial dynamics [29]. They dem-
onstrated that hypoxia-mediated mitochondrial fission is an 
adaptive mechanism for suppressing OXPHOS, conserving 
oxygen, and supplying energy through enhanced glycolysis 
and reduced ROS generation [29]. These data of pMSCs are 
important to complement the biological properties of EVT 
[29]. In addition, persistent hypoxia and nutrient starvation 
cause rapid aging of trophoblast cells, and the activation 
of mitophagy is required to eliminate dysfunctional mito-
chondria. However, impaired mitophagy may cause apop-
tosis [21, 40] (see the subsection 3.2.3). Mitochondria can 
respond to intrinsic (e.g., the unique gene expression pat-
terns that are determined during cellular differentiation into 
cytotrophoblasts, syncytiotrophoblasts, and EVT [20]) and 
extrinsic or environmental (e.g., hypoxia and nutrient star-
vation) factors by timely altering their fission-fusion cycles 
[25]. Such changes in mitochondrial dynamics may be a 
mechanism acquired through the evolution of the placenta-
tion in viviparous mammals. Studies on mitochondrial func-
tion after trophoblast differentiation in the normal placenta 
provide valuable insights into the pathogenesis of patho-
logical pregnancy.

Mitochondrial function in preeclamptic placenta

Recent reviews have suggested that mitochondrial dysfunc-
tion plays a key role in the pathogenesis of PE [41–43]. 
This review adds new findings about the disruption of the 

alterations in mitochondrial morphology are often accom-
panied by changes in ATP production: mitochondria in 
cytotrophoblasts have a much higher energy production 
capacity than those in syncytiotrophoblasts [31]. Cytotro-
phoblast mitochondria exhibit normal cristae morphology 
and increased mitochondrial content, whereas in syncytio-
trophoblasts, decreased expression of the mitochondrial 
respiratory chain dimeric complex V results in decreased 
mitochondrial potential, reduced mitochondrial content, and 
impaired cristae morphology [33]. The differences between 
the two populations are reflected in mitochondrial dynam-
ics, shape, metabolism, and phenotype. The evidence on 
why and how differences in mitochondrial dynamics occur 
between cytotrophoblasts and syncytiotrophoblasts is lim-
ited. However, significant molecular changes were observed 
in two main sub-populations. Fisher et al. have identified 
key proteins that are significantly less expressed in syncy-
tiotrophoblasts than in cytotrophoblasts [20]. Representative 
molecules are involved in the metabolism of carbohydrate 
and amino acid metabolism (branched chain keto acid dehy-
drogenase E1 subunit alpha (BCKDHA), branched chain 
amino acid transaminase 2 (BCAT2), and solute carrier 
family 25 member 11 (SLC25A11)), fatty acid metabolism 
(fatty acid metabolizing enzyme acyl-CoA dehydrogenase 
(ACAD), and acyl-CoA dehydrogenase very long chain 
(ACADVL)), energy metabolism (pyruvate dehydrogenase 
(PDH), and pyruvate dehydrogenase phosphatase regula-
tory subunit (PDPR)), mitochondrial metabolism (pyruvate 
carboxylase (PC), phospoenolpyruvate carboxykinase-2 
(PCK2), succinate dehydrogenase complex flavoprotein 
subunit A (SDHA), solute carrier family 25 member 6 
(SLC25A6), glucose regulated protein-78 (GRP78) or heat 
shock protein family A member 5 (HSPA5 ), and protein 
disulfide isomerase (PDI)), and mitochondrial bioener-
getics (NADH:ubiquinone oxidoreductase subunit A12 
(NDUFA12), ATP synthase F1 subunit beta (ATP5B), and 
ATP synthase F1 subunit alpha (ATP5A1)) and dynamics 
(mitofusin 1 (MFN1) and mitofusin 2 (MFN2)) [20]. Many 
of these proteins (i.e., PDH, PDPR, PC, PCK2, SDHA, 
SLC25A6, GRP78, HSPA5, PDI, NDUFA12, ATP5B, 
ATP5A1, MFN1, and MFN2) are closely associated with 
decreased mitochondrial OXPHOS and mitochondrial fis-
sion in syncytiotrophoblasts [20]. Moreover, the metabo-
lism (i.e., BCKDHA, BCAT2, SLC25A11, ACAD, and 
ACADVL) of carbohydrates, fatty acids, and amino acids 
is upregulated in cytotrophoblasts [20]. This is supported by 
the study of Kolahi et al. who demonstrated higher rates of 
ATP generation, mitochondrial respiration, and glycolysis 
in cytotrophoblasts when compared to syncytiotrophoblasts 
[34]. Large amounts of ATP, carbohydrates, fatty acids, and 
amino acids can be stored in cytotrophoblasts to provide 
fuel necessary for the rapidly developing fetus [20].
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45]. Decreased ETC activity in dysfunctional mitochondria 
also reduces ATP production. Moreover, the mRNA expres-
sion [46] and activity [9] of the electron transfer complex 
IV, cytochrome c oxidase, have been reported to be signifi-
cantly decreased in PE placentas compared to control pla-
centas [47]. The mRNA expression level of cytochrome c 
oxidase decreased significantly depending on the severity 
of the disease [46]. Additionally, several reports have inves-
tigated the function of the TCA cycle in PE placentas by 
measuring the activity of citrate synthase linked to the ETC 
[9, 45, 48, 49]. Citrate synthase has a key role in the TCA 
cycle of all organisms that utilizes acetyl-CoA and oxalo-
acetate to form citrate [50]. Citrate synthase activity in PE 
placentas was unchanged [48, 49] or even increased [45] 
compared with control placentas [9]. Increased citrate syn-
thase activity may compensate for abnormal ETC function 
in PE placentas. This is supported by the study of Holland et 
al. who demonstrated that mitochondrial respiration levels 
are significantly elevated in loPE placentas compared with 
control placentas [48]. These data may reflect a compensa-
tory mechanism to balance energy metabolism.

Second, it has been reported that the energy deficit caused 
by reduced ETC activity, especially in cytotrophoblasts, are 
compensated by the metabolic shift from OXPHOS towards 
glycolysis [16, 51] (Fig. 1, second column, Metabolism 
and Molecular markers). Pyruvate dehydrogenase converts 

balance between mitochondrial function and its compen-
satory action in PE patients and animal models. See Fig. 1 
for a conceptual summary of mitochondrial function in PE 
placenta.

Impaired energy metabolism

Proteome bioinformatics analysis showed that mitochon-
dria-related molecules were significantly altered in eoPE 
placentas compared to normal placentas (Fig. 1, second 
column, Mitochondrial activity). Changes in the expression 
of proteins related to mitochondrial machinery have been 
identified in PE placentas, including: the downregulation 
of two proteins related to mitochondrial complex I such as 
the iron-sulfur protein (IP) components (Ubiquinone Oxi-
doreductase Core Subunit S3 (NDUFS3)) and core subunit 
V1 (NADH:Ubiquinone Oxidoreductase Core Subunit V1 
(NDUFV1)), and the upregulation of proteins related to 
the core (NADH:Ubiquinone Oxidoreductase Core Sub-
unit S7 (NDUFS7)), subcomplex (NADH dehydrogenase 
[ubiquinone] 1 beta subcomplex subunit 7 (NDUFB7)) and 
accessory (NADH:Ubiquinone Oxidoreductase Subunit B8 
(NDUFB8)) subunits of the mitochondrial membrane respi-
ratory chain NADH dehydrogenase of complex I [44, 45]. 
Dysfunction of the respiratory ETC in PE was evidenced by 
decreased function of mitochondrial complex proteins [44, 

Fig. 1 Mitochondrial function and its conceptual diagram in preeclamptic placenta. This table summarizes mitochondrial functions into different 
categories: energy metabolism, redox homeostasis, mitochondrial dynamics, mtDNA content, and mitophagy
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an appropriate balance between ROS and lipid peroxidation 
(e.g., fatty acids lipid peroxidation products: malondialde-
hyde and 4-hydroxy-2-nonenal) and antioxidants, including 
antioxidant enzymes (e.g., superoxide dismutase, catalase 
(CAT), or glutathione peroxidase (GPX) and small molecule 
antioxidants (glutathione, thioredoxin, or tocopherol) [47, 
61]. Preeclampsia is known to cause an imbalance between 
ROS and antioxidant scavengers, or a redox imbalance [15, 
47, 61]. Preeclampsia placentas mildly damaged with oxi-
dative stress also increase compensatory mechanisms, such 
as increased expression of peroxiredoxin 2 (PRDX2), GPX, 
and CAT, to protect against ROS-induced mitochondrial 
injury [44, 62]. A series of cellular insults (e.g., elevated 
levels of ROS) accelerate mitophagy which eliminates dys-
functional or redundant mitochondria to maintain cellular 
homeostasis [63]. However, excessive ROS cause severe 
mitochondrial dysfunction by further disrupting the normal 
function of the ETC machinery, ultimately leading to cell 
death through apoptosis [9].

Recently, mitochondrial transcription factor A (TFAM) 
has attracted attention as a gene that may be a link to tie the 
ROS signaling and mitochondrial dysfunction [64]. TFAM 
is essential for the regulation of mtDNA transcription and 
replication [22, 64]. Impairment of TFAM function has been 
shown to cause mtDNA depletion, deficient OXPHOS, and 
abnormal mitochondrial structure [22, 64]. Reactive oxy-
gen species can disrupt mtDNA stability and induce mito-
chondrial dysfunction by reducing TFAM expression [64]. 
Indeed, mRNA and protein expression levels of the TFAM 
gene were significantly downregulated in the eoPE placen-
tas compared to the control [45]. This suggests that TFAM 
was depleted by oxidative stress and further caused cellular 
damage through mitochondrial dysfunction. For example, 
in a mouse myocardial infarction model, overexpression 
of human TFAM has been reported to increase the amount 
of mtDNA and could effectively ameliorate mitochondrial 
dysfunction [65]. Therefore, timely removal of excess ROS 
or upregulation of TFAM expression may lead to survival 
of trophoblast cells in PE placentas. In addition to ROS 
and antioxidant levels, real-time quantification of TFAM 
expression and mtDNA content may help better assess mito-
chondrial function in PE placentas.

Mitochondrial dynamics

Several studies have evaluated the ultrastructural changes 
of mitochondria in PE placentas using transmission electron 
microscopy [9, 66] (Fig. 1, fourth column). Ultrastructural 
analysis of trophoblasts and pMSCs of PE placentas revealed 
marked mitochondrial swelling with loss of cristae, vacu-
olation and damage, and excessive fragmentation [25, 29, 
66]. These findings were more pronounced in trophoblast 

pyruvate to acetyl-coenzyme A, which activates metabo-
lism through the TCA cycle for ATP generation in mito-
chondria [51]. In cytotrophoblasts, elevation of pyruvate 
dehydrogenase kinase (PDK), which inactivates PDH, shifts 
intracellular metabolism toward glycolysis [51]. Pyruvate 
dehydrogenase kinase has been shown to be activated by 
hypoxia-induced HIF-1 [51]. Therefore, profound changes 
in cytotrophoblast metabolism in PE are characterized by a 
switch from OXPHOS toward glycolysis [52]. Additionally, 
glycolysis is induced in trophoblast cells through AMP-acti-
vated protein kinase (AMPK)-dependent energy regulation 
[16, 53]. AMP-activated protein kinase is activated by low 
ATP levels and contributes to the regulation of mitochondrial 
homeostasis [54]. During pregnancy, AMPK coordinates 
the proper placental growth, differentiation, and nutrient 
transport to maintain maternal and fetal energy homeosta-
sis [55]. Furthermore, AMPK can also promote mitophagy 
specifically through DRP1-dependent mitochondrial fission 
[56, 57]. However, excessive and persistent activation of 
AMPK progressively worsens placental function over time 
through further mitochondrial fission [16, 55]. In addition, 
prolonged glycolysis causes depletion of cell ATP pool and 
extensive cell damage and apoptosis, which may be associ-
ated with the progression of PE. Therefore, the ability to 
fine-tune the metabolic shift from glycolysis to OXPHOS 
may be reduced in PE.

Finally, dysregulation of mitochondrial lipid oxidation is 
commonly observed in PE placentas [10]. Human cells rely 
on fatty acid β-oxidation as the energy source. For exam-
ple, enzymes involved in fatty acid β-oxidation pathway 
in mitochondria, such as acyl-coenzyme A dehydrogenase 
very long chain (ACADVL) and 3-hydroxyacyl coenzyme 
A dehydrogenase (HADH), are upregulated in human PE 
placentas, causing lipid accumulation and excessive ROS 
generation [58]. Conversely, with increasing severity, long-
chain HADH levels and fatty acid oxidation capacity were 
significantly reduced in PE placentas, suggesting a reduc-
tion in the mitochondrial import of fatty acids and further 
metabolism [59]. Decreased fatty acids β-oxidation causes 
decreased ATP production and contributes to placental insuf-
ficiency in PE patients. Although the expression of enzymes 
related to fatty acid β-oxidation may differ depending on the 
severity of PE, dysregulation of mitochondrial lipid peroxi-
dation can cause mitochondrial dysfunction [10].

Impaired redox homeostasis

Figure 1, third column summarizes the role of mitochondrial 
function in redox homeostasis in PE placentas. The mito-
chondrial ETC produces a significant amount of ROS (e.g., 
superoxide anion and hydrogen peroxide) as adverse byprod-
ucts of ATP generation [15, 60]. In normal gestation, there is 
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(i.e., mitochondrial fusion) [29, 72]. This may be because 
at around 10–12 weeks of gestation, the conversion of the 
narrow arteries into distended uteroplacental arteries causes 
a rise in oxygen tension and suppresses the HIF-1-induced 
DRP1 expression [72]. Collectively, hypoxia may induce 
mitochondrial fission in PE placentas via upregulating 
DRP1 gene expression in a HIF1-dependent manner. How-
ever, there is no direct evidence that upregulation of DRP1 
expression or downregulation of OPA1 expression plays 
essential roles in various pathways that regulate PE devel-
opment and progression.

Furthermore, ceramide, which is produced by hydroly-
sis of sphingomyelin present in cell membranes, is known 
as a factor that induces mitochondrial fission [25, 73]. 
HIF-1 increases the production of ceramide by promoting 
the expression of the ceramide synthase sialidase 3 [73]. 
Ceramide is known to increase the expression of DRP1 
through upregulation of the Bcl-2 member BCL2 family 
apoptosis regulator BOK (BOK) [25]. Indeed, ceramide 
promoted mitochondrial fission in human choriocarcinoma 
JEG3 cells, primary isolated cytotrophoblasts, and PE tro-
phoblast cells [25]. Therefore, enhanced mitochondrial fis-
sion in trophoblast cells of PE placentas may be caused by 
the HIF-1/ceramide/DRP1-dependent signaling pathways.

On the other hand, several papers revealed that MFN [74] 
and OPA1 [45], which are involved in mitochondrial fusion, 
are upregulated in PE placentas [22, 48]. Bartho et al. [22] 
found that the expression of MFN1 is clearly increased in 
preterm PE placentas compared to control preterm pla-
centas. Additionally, serum levels of MFN2 are found to 
be significantly higher in the PE group than in the control 
group, particularly highest in the eoPE group [74]. High 
maternal serum MFN2 levels may also be a consequence 
of a compensatory mechanism against hypoxia caused by 
PE [9]. However, placental and serum MFN1 and MFN2 
were not measured simultaneously in the same case, so it 
is unclear whether serum MFN originates from the pla-
centa. Furthermore, Holland et al. showed that OPA1 was 
increased in eoPE placentas [48], and OPA1 and MFN1 
were increased, and FIS1 was decreased in loPE placen-
tas [46]. MFN expression was elevated in loPE but not in 
eoPE [48]. OPA1-dependent fusion protects mitochondria 
from mitophagy during nutrient starvation and may enhance 
quality control [75]. These data suggest that the expression 
of mitochondrial fusion genes can affect disease severity 
and progression.

Finally, cellular senescence/aging is a process that leads to 
a state of irreversible growth arrest but remains metabolically 
active [76]. Placental senescence/aging is demonstrated by 
increased ROS accumulation, p53 signaling, and endoplas-
mic reticulum stress, and decreased mitochondrial density, 
respiratory capacity, and ATP production [21, 40]. Focusing 

cells of eoPE placentas compared to loPE placentas [9, 29]. 
Mitochondrial morphology reflects mitochondrial bioen-
ergetics and dynamics, i.e., fission and fusion, in PE [26]. 
Mitochondrial fusion/fission dynamics seem differentially 
regulated in normal and PE placentas, particularly in eoPE 
and loPE [9]. However, as research progresses, conflicting 
results have been obtained regarding some molecules (e.g., 
MFN1, MFN2, OPA1, DRP1, TFAM, voltage-dependent 
anion-selective channel protein 1 (VDAC1), nuclear respi-
ratory factor 1 (NRF1)) associated with mitochondrial func-
tion in PE [9, 10, 25, 45, 48]. Yu et al. [67] showed that 
MFN2 expression was significantly decreased in PE placen-
tas compared to normal placentas. Moreover, other authors 
[10, 25] found that OPA1 expression was decreased in eoPE. 
Indeed, OPA1 mRNA and protein expression was decreased 
in PE rat model induced by 11β-HSD2 inhibitor carbenoxo-
lone (CBX) [36]. Additionally, the expression of MFN1, 
MFN2, and OPA1 has been reported to be downregulated in 
loPE placentas [10, 67]. Furthermore, mitochondrial frag-
mentation in cytotrophoblasts [25] or mesenchymal cells 
[29] of PE placentas was demonstrated to be caused by 
activation of DRP1. However, it has also been reported that 
DRP1 expression is not upregulated in eoPE placentas [10, 
45]. Broadly summarized, these literatures have shown that 
the mitochondrial dynamic balance in PE placentas may 
be tilted toward fission due to decreased MFN1, MFN2, 
and OPA1 expression and increased or unchanged DRP1 
expression/activation.

In the placenta during early pregnancy, increased vas-
cular resistance and uteroplacental hypoperfusion often 
cause hypoxia [4]. It is well known in the oncology field 
that mitochondrial fission is induced by hypoxia [38]. HIF-
1, a central oxygen-threshold sensor in the human placenta, 
is significantly expressed in the first trimester of pregnancy 
and highly upregulated in PE placentas [68]. Indeed, genetic 
and pharmacological overexpression of HIF1A gene in mice 
resemble the phenotype of the human PE [69, 70]. HIF-1 
is significantly upregulated in PE placentas and plays cru-
cial roles in endothelial cell dysfunction and PE pathogen-
esis through activation of anti-angiogenic and inhibition of 
proangiogenic factors [68]. Furthermore, HIF-1 is known 
to upregulate the expression and posttranslational modifi-
cation of DRP1 [29, 71]. Therefore, hypoxia may promote 
mitochondrial fission via HIF-1-dependent upregulation of 
DRP1 expression in the placenta [29]. It is recognized that 
there are molecular and functional similarities between the 
human placentas from early pregnancy (less than 10 weeks) 
and from PE pregnancies, reflecting the unique environment 
with low-oxygen conditions [72]. Mitochondria before 10 
weeks of gestation are morphologically small and globular 
(i.e., mitochondrial fission), whereas mitochondria after 10 
weeks of gestation are more elongated and interconnected 
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regulates mtDNA stability and increases mtDNA copy 
number, ccf-mtDNA may be increased in PE patients with 
elevated placental OPA1 expression. Mitochondrial DNA 
can induce inflammatory cytokines associated with innate 
immunity in a Toll-like receptor 9 (TLR9)-dependent man-
ner [82]. In fact, TLR9 activity is significantly increased in 
PE patients than in control patients [82]. On the other hand, 
Cushen et al. showed that ccf-mtDNA concentrations were 
significantly decreased in patients with PE compared with 
healthy controls [81]. Indeed, the TFAM gene and protein 
are significantly reduced in some PE placentas, suggest-
ing that mitochondrial function and mtDNA replication 
are severely impaired [15, 45]. When extensive cell death 
occurs, the release of mtDNA fragments into the maternal 
circulation increases, but may decrease over time. There-
fore, changes in mtDNA content in blood and placenta might 
be influenced by the severity as well as the time course of 
mitochondrial dysfunction in PE.

Changes in the expression of molecules related to 
mitophagy

Autophagy is an evolutionarily conserved recycling pro-
cess in eukaryotes to maintain cellular homeostasis against 
various conditions such as nutritional deficiencies or stress 
[19]. Mitophagy is an important mitochondrial quality con-
trol mechanism, eliminates mutated mtDNA, limits produc-
tion of damaging ROS, ensures mitochondrial homeostasis, 
and contributes to energy production [21] (Fig. 1, right-
most column). The Ser/Thr kinase phosphatase and tensin 
homolog (PTEN)-induced kinase 1 (PINK1) accumulates 
on the surface of dysfunctional mitochondria, activates the 
E3 ubiquitin ligase Parkin, and jointly mediates mitophagy 
[84]. Damaged mitochondria generated by fission are selec-
tively removed by mitophagy [9, 84]. Many mitochondrial 
cargo receptors (MCRs), including BCL2 interacting pro-
tein 3 (BNIP3), BNIP3L (NIX), FUN14 domain contain-
ing 1 (FUNDC1), Bcl2-L-13, FKBP prolyl isomerase 8 
(FKBP8), FANC-C, Prohibitin-2 (PHB-2), Metaxin-1, and 
Cardiolipin, are required to target mitochondria to autopha-
gosomes [56]. For example, BNIP3 activates mitophagy 
and prevents cellular damage [56]. There is increasing evi-
dence that autophagy or mitophagy is essential for placental 
development and is involved in establishing and maintain-
ing pregnancy [19]. As an adaptive response to stresses such 
as hypoxia and nutrient deprivation during early pregnancy, 
EVT utilize the mitophagy mechanism to obtain the energy 
needed for cell migration [19]. Deficient mitophagy induces 
mitochondrial dysfunction, impaired mitochondrial quality 
control, and apoptosis [79].

Abnormalities in placental mitophagy have recently 
become a hot topic in PE [14]. Although activation of 

on mitochondrial dynamics, the morphology of mitochon-
dria in normal placental syncytiotrophoblasts shows small 
round punctate structures, suggesting increased fission and 
a senescent state [77]. Placental senescence/aging is con-
trolled by downregulation of mitochondrial expression of 
MFN1 and MFN2 [22, 78]. Thus, downregulation of MFN 
expression in normal placenta indicates physiological aging 
towards the end of pregnancy. In this context, mitochon-
drial dynamics may be positively (e.g., cell survival through 
quality control mechanisms [79]) or negatively (e.g., cell 
death through apoptosis mechanisms [21]) regulated in 
PE placentas, depending on the severity of tissue damage. 
Indeed, genes related to mitochondrial senescence/aging 
(e.g., MFN1, TFAM, and translocase of outer mitochondrial 
membrane 20 (TOMM20)) are increased in preterm PE 
placentas compared to gestation-matched control placentas 
[22]. MFN1 and OPA1 shift cellular metabolism from gly-
colysis toward mitochondrial respiration during senescence/
aging and facilitate cell survival through upregulating ATP 
generation [80]. This may be a compensatory mechanism 
to maintain or restore an adequate function in PE placen-
tas. Ultimately, decreased expression of MFN1 and OPA1 
may result in further decline in mitochondrial function and 
rapidly cause irreversible placental damage possibly via dis-
ruption of the compensation mechanism [21]. Depending on 
disease severity, there are likely at least two stages of PE: 
compensated and decompensated.

Collectively, previous studies have yielded contradictory 
results regarding MFN1, MFN2, OPA1, and DRP1 expres-
sion in PE placentas. Altered mitochondrial dynamics in 
PE placentas can influence the choice between maintain-
ing mitochondrial quality or inducing further impairment. 
Altered mitochondrial fusion/fission dynamics could 
explain the phenotypic variation of PE.

Changes in mtDNA content

Mitochondrial DNA replication controlled by mitochon-
dria dynamics plays an important role in mitochondrial 
biogenesis and vice versa [7] (Fig. 1, second column from 
the right). Loss of mitochondrial fusion has been shown 
to cause defects in mtDNA replication [7]. Cell-free DNA 
secreted from normal placenta enters maternal circulation, 
and their concentration increases with gestational age [81]. 
There are some reports that have measured mtDNA con-
tent in the placenta and blood of patients with PE. Reports 
of mtDNA content in patients with PE were inconsistent, 
showing increasing [82] or decreasing mtDNA content 
[36, 81, 83]. Circulating cell-free mitochondrial DNA (ccf-
mtDNA) concentrations [82] and placental mtDNA copy 
number [45] have been reported to be significantly higher 
in eoPE patients than in age matched controls. Since OPA1 
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decreased mitophagy [47]. Thus, defects in mitophagy in 
PE placentas can trigger irreversible cell death through the 
induction of apoptosis [91]. Conversely, there are some 
reports that activation of autophagy was observed more 
frequently in PE placentas than in normal placentas [19, 
25, 47, 79]. Yildirim et al. summarized the role of BNIP3, 
DRAM1, and FUNDC1, mediators of receptor-mediated 
mitophagy, in the progression of preeclampsia, suggesting 
that mitophagy-related pathways may be associated with 
the pathophysiology of preeclampsia [92]. Several mitoph-
agy-related proteins were found to be overexpressed in PE 
placentas. For example, p62/SQSTM1, a stress-inducible 
cellular protein that interacts with the autophagy machinery, 
accumulates in EVT of PE placentas [19]. Indeed, the num-
ber of autophagic vacuoles or LC3 dots, a marker to monitor 
autophagy [15, 19, 79], the expression of mitophagy mark-
ers (e.g., p62/SQSTM1 and Beclin 1) [18, 19, 79, 87, 90], 
and PINK1/Parkin-mediated mitophagy [23, 82] were more 
pronounced in PE placentas than in normal placentas. These 
researchers believe that autophagy or mitophagy activity is 
increased in PE to selectively remove the accumulation of 
dysfunctional mitochondria. Recent review summarizes our 
current understanding of the roles of mitochondrial quality 
control in PE [93].

As shown here, existing studies reported inconsistent 
findings, with some reports demonstrating that mitophagy 
is activated [19, 25, 79] or suppressed [18, 19, 86, 90] in PE 
placenta. To provide possible reasons for this inconsistency, 
we re-evaluated the expression levels of key regulators of 
mitophagy by subdividing PE into early- and late-onset 
phenotypes (Table 2). The expression of proteins associated 
with mitochondrial aging (e.g., VDAC1, TFAM), glycolysis 
(e.g., HK1 (hexokinase 1)), biogenesis (e.g., PGC-1α and 
PGC-1β), and autophagy and mitophagy (e.g., LC3A) was 
significantly elevated in loPE placentas compared to nor-
mal placentas [15]. VDAC1 has many biological functions, 
including reprogramming energy metabolism, maintaining 
mitochondrial function, mediating Ca2+ transport, control-
ling ROS release, and regulating PINK1/Parkin-mediated 
mitophagy and apoptosis [94, 95]. Hexokinase converts 
glucose to glucose-6-phosphate, induces activation of gly-
colysis, and can partially compensate for an energy deficit 
due to reduction in oxidative metabolism [15]. Addition-
ally, the reduced expression of genes related to glycolysis or 
gluconeogenesis (e.g., enolase 2 (ENO2), phosphoglycer-
ate kinase 1 (PGK1), and HK2) was obvious in the decidua 
of eoPE placentas [96]. Furthermore, BNIP3 can protect 
against cell injury via mitophagy, which removes damaged 
mitochondria. BNIP3 has been shown to be upregulated in 
eoPE placentas [44], suggesting that mitophagy is activated 
and maintain mitochondrial quality control and homeosta-
sis even in eoPE placentas. However, not only defective 

mitophagy is one of the defence lines against oxidative 
stress during PE, mitophagy is thought to be altered due 
to changes in the expression of specific genes related to 
mitochondrial dynamics (e.g., MFN1, MFN2, OPA1, and 
DRP1) [22, 78], mitochondrial biogenesis (e.g., peroxi-
some proliferator-activated receptor-gamma co-activator-
1alpha (PGC-1α) and sirtuin 3 (SIRT3)) [15], mitochondrial 
aging (e.g., TFAM, TOMM20, and VDAC1) [15, 22, 45, 
85], autophagy related markers (e.g., transcription fac-
tor EB (TFEB), lysosomal associated membrane protein 1 
(LAMP1), LAMP2, autophagy marker light chain protein 
3 (LC3A, also known as microtubule associated protein 1 
light chain 3 alpha), cathepsin D (CTSD), Beclin 1, seques-
tosome 1 (p62/SQSTM1), and DNA damage regulated 
autophagy modulator 1 (DRAM1)) [15, 18, 19, 86, 87], and 
MCR molecules (e.g., BNIP3 and BNIP3L) [18, 44, 78, 88, 
89]. Therefore, it is important to explore the expression of 
genes and proteins related to mitophagy in order to clarify 
its mechanistic involvement in the basic pathophysiology 
of PE. Several reports have shown that the key mitophagy 
machinery is significantly impaired in PE placentas com-
pared to normal placentas [18, 86, 90]. . The expression of 
MCR molecules (e.g., BNIP3) induced by stress such as 
hypoxia and nutritional deprivation is suppressed in PE pla-
centas compared to normal placentas [18]. Downregulation 
of BNIP3 expression reduces mitophagy and potentiate cell 
death [18, 56]. Additionally, the DRAM1 gene encodes a 
lysosomal membrane protein that is required for the induc-
tion of autophagy [47]. The HIF-1α-induced experimen-
tal animal data revealed decreased DRAM1 expression, 
widespread mitochondrial dysfunction, and significantly 

Table 2 Changes in the expression of molecules related to mitophagy 
between loPE and eoPE placentas. Molecules overexpressed in loPE 
placentas
Molecules (Official Symbol) Summary refs.
↑VDAC1, TFAM ↑Mitochondrial 

function
15

↑HK1 ↑Glycolysis 15
↑PGC-1α, PGC-1β ↑Mitochondrial 

biogenesis
15

↑LC3A ↑Autophagy, 
mitophagy

15

↓DRP1 ↓Fission 9
Molecules overexpressed in eoPE placentas
Molecules (Official Symbol) Summary refs.
↑BAX/BCL2 ↑Apoptosis 99,100
↑Bcl-2 ↓Mitophagy 15
↑BNIP3* ↑Mitophagy 44
↑BNIP3** ↑Mitophagy 96
↓BNIP3** ↑Apoptosis 18
↑OPA1 ↑Fusion 15
↑DRP1 ↑Fission 9
*, A comparison between eoPE and control
**, A comparison between PE and control
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Understanding the pathogenesis of PE through animal 
models

Several experimental animal models have been established 
by pharmacological (carbenoxolone (CBX) [101], HIF-1α 
[47, 70], or N(ω)-nitro-L-arginine methyl ester (L-NAME) 
[102]) or surgical (reduced uterine perfusion pressure 
(RUPP) models [103]) manipulation to better understand 
the complex pathogenesis of PE [104]. A literature search 
was conducted to determine whether these models reflect 
various causes of PE, particularly mitochondrial dysfunc-
tion, in humans. Carbenoxolone is a competitive inhibitor 
of 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) 
and L-NAME is a vasoconstrictor. 11β-HSD2 converts cor-
tisol into inactive 11-keto metabolites and compromised 
enzyme activity causes sodium retention and hypertension. 
Indeed, in cultured human EVT, CBX-induced 11β-HSD2 
suppression leads to mitochondrial dysfunction and disrupts 
mtDNA stability through downregulating OPA1 expression 
[36]. Abnormal mitochondrial function, such as impaired 
OXPHOS, carbon metabolism, and glutathione metabo-
lism, aberrant sphingolipid pathway, and accumulation of 
mutated mtDNA, has important roles in the pathogenesis 
of PE in the CBX model [36]. Moreover, L-NAME inhibits 
nitric oxide synthase and suppresses endothelium-dependent 
vasodilation. A decrease in the level of mitochondrial mem-
brane potential, a hallmark of mitochondrial dysfunction, 
was demonstrated in the placenta of the L-NAME-induced 
PE model [105]. Additionally, mitochondrial dysfunction, 
including high levels of oxidative stress and apoptosis, 
decreased mitophagy, and significantly decreased DRAM1 
expression, were found in the placentas of HIF-1α-induced 
PE model [47, 70]. DRAM1 is known to induce autoph-
agy related 5 (ATG5)-independent autophagy, so decreased 
DRAM1 expression can induce mitochondrial dysfunction. 
All of these animal models cause secondary mitochondrial 
dysfunction, but the regulation of DRAM1 gene expression 
may be a model for understanding how mitophagy directly 
affects mitochondrial function and oxidative stress in PE. 
Collectively, mitochondrial abnormalities that frequently 
occur in the placentas of PE patients are also found in PE-
like animal models. With the aid of animal models, we are 
beginning to comprehend the molecular mechanisms under-
lying mitochondrial dysfunction that controls the devel-
opment of PE. However, it remains controversial whether 
mitochondrial abnormalities are the cause of PE or the result 
of compensatory mechanisms.

mitophagy but also extensive mitophagy results in depletion 
of cell ATP pool, extensive cell damage, and apoptosis. In 
addition, Tong et al. showed increased BNIP3 expression in 
PE patients compared to that in controls [96], while Zhou et 
al. reported a decrease [18]. Knockdown of BNIP3 promotes 
ROS accumulation, autophagy impairment, mitochondrial 
damage, and apoptosis [18]. PE placentas with decreased 
BNIP3 expression may be more susceptible to apoptosis due 
to impaired mitophagy. Furthermore, Bcl-2 expression is 
upregulated in the uterine myometrium and placenta of the 
patients with eoPE, leading to increased antioxidant capac-
ity [15]. Bcl-2 significantly inhibits the mitophagy process 
through inhibition of Beclin1 activity [15, 97]. Beclin 1 is 
a Bcl-2-interacting protein that promotes mitophagy. These 
results suggest that quality control and cellular repair mech-
anisms may already be compromised in some eoPE. From 
the above, part of the eoPE placenta still retains the ability 
to maintain cell survival, while others have already impaired 
sufficient homeostatic compensation mechanisms [48].

Finally, we examine the occurrence of apoptosis in early- 
and late-onset PE. Mitophagy is critical to regulate apop-
tosis resistance, and impairment in the mitophagy pathway 
induces apoptosis [18]. When a variety of compensatory 
mechanisms break down, a variety of stimuli, including 
hypoxia, oxidative stress, and acidosis may trigger mitoph-
agy impairment and ultimately result in apoptosis in pla-
centa [9]. Apoptosis of trophoblast cells is significantly 
increased in PE compared to normal placenta [98]. Tropho-
blasts in eoPE placentas alter the ratio of pro- and anti-apop-
totic molecules toward apoptosis properties (i.e., an increase 
in the pro-apoptotic Bcl-2-associated X protein (BAX) and 
a decrease in the anti-apoptotic BCL2) [99, 100]. A further 
increase in apoptosis (i.e., increased BAX/BCL2 ratio) was 
observed in eoPE placentas compared to controls [9]. This 
suggests that the earlier the onset of PE, the more severe the 
apoptosis. Therefore, key differences in the gene-expression 
patterns that affect mitophagy processes in PE placentas 
may be used as indicators to distinguish between eoPE and 
loPE, or surrogate markers to determine disease severity. 
Collectively, some compensatory mechanisms capable of 
counterbalancing apoptosis may be activated to maintain 
mitochondrial homeostasis in loPE, while such mecha-
nisms are already disrupted in eoPE, which potentially may 
cause apoptosis. Altered protein expression associated with 
mitophagy and apoptosis in early- and late-onset PE may 
depend on compensatory mechanisms of mitochondrial 
function.
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the expression of target proteins involved in the regulation 
of mitochondrial dynamics and mitophagy (e.g., BNIP3, 
TFAM, DRAM1, MFN1, MFN2, OPA1, and DRP1) (see 
the subsection 3.2.5). For example, preclinical studies are 
providing attractive candidates for modulating mitochon-
drial dynamics, such as the quinazolinone derivative known 
as the Drp1 inhibitor mitochondrial division inhibitor-1 
(Mdivi-1) [29]. In the field of cancer, Mdivi-1 appears to 
be a promising therapeutic strategy for the treatment of 
a variety of cancers [111]. Additionally, upregulation of 
DRAM1 expression induces autophagy in the placenta of 
PE mice [47]. Therefore, pharmacological modulators of 
mitochondrial dynamics and mitophagy hold great potential 
in advancing the fundamental research and clinical trans-
lation of PE therapy. However, it is currently difficult to 
monitor mitochondrial function in real time. Furthermore, 
the lack of molecular markers that can diagnose mitophagy 
activation or inhibition with high accuracy remains a major 
barrier to PE research and treatment. Therefore, preclinical 
research on the regulation of mitochondrial dynamics in PE 
is in its infancy.

Discussion

In this review, we summarize evidence of spatial and tem-
poral changes in mitochondrial function (i.e., mitochondrial 
biogenesis, dynamics, and mitophagy) in normal cytotro-
phoblasts, syncytiotrophoblasts, and EVT, and discuss for 
the first time the possibility that disruption of the mitochon-
drial compensatory mechanism for these changes may be 
linked to the etiology of PE. First, placental mitochondria 
have a wide range of biological functions (i.e., mitochon-
drial flexibility, adaptation, and compensation) with respect 
to coordinating trophoblast cell function to support energy 
production for proper growth of the fetus. Indeed, syncy-
tiotrophoblasts have distinct mitochondrial morphology and 
function compared with that in cytotrophoblasts (Fig. 2). 
This is because genes and proteins related to mitochondrial 
biogenesis and dynamics and energy metabolism are differ-
entially expressed in cytotrophoblasts and syncytiotropho-
blasts (Table 1). Mitochondria appear to constantly adapt to 
intrinsic and extrinsic stresses across gestation, fine-tuning 
key processes such as mitochondrial biogenetics, dynam-
ics, mitophagy, and apoptosis in a timely manner [77, 112]. 
Therefore, understanding the spatial and temporal changes 
in mitochondrial dynamics, biogenesis, and mitophagy in 
the normal placenta is important to elucidate the pathogen-
esis of PE.

Cytotrophoblasts differentiate into syncytiotrophoblasts 
and EVT, and these cells cope with the ever-changing 
environments (e.g., nutrient and oxygen supply) (Area 

Therapeutic potential of targeting mitochondrial 
dynamics and mitophagy

Currently, there is no fundamental treatment for PE, and the 
most common approach to clinical management is to termi-
nate the pregnancy, which often induces preterm birth [1]. 
Correct diagnosis and appropriate treatment of PE require 
accurate understanding of the disease status in real time. In 
this review, we highlighted that the complex mechanisms 
underlying PE include impaired energy metabolism, redox 
imbalance, dysregulation of mitochondrial biogenesis and 
dynamics, accumulation of mutated mtDNA, dysfunction 
of autophagy and mitophagy, senescence, and inadequate 
or complete apoptosis. This suggests that controlling mito-
chondrial function, which is a hallmark of PE, may pre-
vent disease progression. First, since the elevated level of 
ROS triggers mitochondrial dysfunction, antioxidants may 
be ideal candidates for the development of therapeutics 
[15, 36, 37, 106]. Indeed, interventional studies showed 
that coenzyme Q10, a key molecule in the mitochondrial 
ETC, may be protective against PE development, at least 
to some extent [107]. However, although it is true that oxi-
dative damage is involved in the pathophysiology of PE, 
current antioxidant treatments that focus solely on reducing 
oxidative stress have been reported to be ineffective [108]. 
Additionally, the therapeutic potential of MitoQ, a potent 
mitochondria-targeting antioxidant, was evaluated using a 
PE animal model [109]. Animal studies showed that MitoQ 
protects against PE during late pregnancy, but increases 
the risk of PE when administered in early pregnancy. High 
levels of ROS cause oxidative damage, which aids in the 
development of PE, but moderate ROS levels are essential 
for ensuring normal placental development [110]. Thus, 
MitoQ could be administered depending on a placental 
oxidative stress severity. However, it is difficult to identify 
multiple and diverse factors which must be balanced in an 
ever-changing redox status in PE placentas. These factors 
include ROS generation, ETC activity, and metabolic shifts 
toward glycolysis or OXPHOS. For example, some EVT are 
known to favor OXPHOS over glycolysis and increase ROS 
generation through upregulation of OPA1 expression [35, 
36]. However, in other EVT with elevated DRP1 expres-
sion, ROS production is reduced due to a metabolic shift 
towards increased glycolysis [29, 37]. Antioxidant therapy 
may be required for cell populations that overexpress OPA1. 
Accurately assessing mitochondrial dynamics might help 
identify patients who can benefit from antioxidant therapy.

Second, there is growing interest in potential modulators 
of mitochondrial mitophagy as preclinical methods to pre-
vent PE. Optimal mitophagy promotes trophoblast cell sur-
vival, but its dysfunction leads to apoptosis [19, 79]. There 
is a strong desire to develop new drugs that can control 
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Second, many researchers believe that impaired redox 
homeostasis may adversely affect vascular endothelial cell 
function [106], causes systemic vasoconstriction and inflam-
mation, and contributes to multiorgan dysfunction, leading 
to the development and progression of PE [4, 10]. At pres-
ent, the molecular basis of PE is still unresolved, and the 
boundary between the two forms, loPE and eoPE, remains 
unclear, except for a spectrum of onset time and severity of 
presentation [1, 4, 9]. It has been demonstrated that in PE 
placentas, hypoxia-mediated mitochondrial fission induces 
regulation of ROS generation and activation of mitophagy 
machinery and triggers increased mitochondrial fragmenta-
tion and placental tissue damage over time [21, 25, 45, 106]. 
In PE, the degree of oxidative stress is greater than in normal 
pregnancy, and mitochondrial function is partially or almost 
completely impaired, depending on the severity of the dis-
ease [10]. Given that mitochondria undergo their dynamics 
and autophagy to exert the proper function when trophoblast 
cells experience oxidative stress [87], the development of 
PE may be associated with mitochondrial dysfunction [36]. 

surrounded by solid line). Mitochondria have evolved spe-
cific strategies such as biogenesis and dynamics that sig-
nificantly impact efficient energy production, cell survival, 
and death. The present review suggests that PE may be 
associated with decompensation of placental function (Area 
surrounded by dotted line). Preeclampsia may be character-
ized by two phases: a long compensatory phase and a pro-
gressive decompensated phase. Impaired mitophagy due to 
mitochondrial dysfunction may be one of the most impor-
tant determinants in compensated and uncompensated PE. 
Morphological and biochemical assessment of mitophagy 
in preeclamptic placentas is useful for risk stratification 
and management. Assessment of compensation or decom-
pensation may further provide clues for predicting disease 
severity. In contrast to loPE where mitophagy function is 
compensated, eoPE is associated with decompensation of 
or defects in mitophagy, which leads to apoptosis. However, 
too little data has been accumulated to define loPE and eoPE 
as compensated and decompensated, respectively.

Fig. 2 Regulation of mitochondrial dynamics and mitophagy in nor-
mal and preeclamptic placentas. Cytotrophoblast cells differentiate 
into syncytiotrophoblasts and EVT, and these cells cope with the 
ever-changing environments (e.g., nutrient and oxygen supply) (Area 
surrounded by solid line). Mitochondria have evolved specific strate-
gies such as biogenesis and dynamics that significantly impact effi-
cient energy production, cell survival, and death. The present review 
suggests that PE may be associated with decompensation of placental 
function (Area surrounded by dotted line). PE may be characterized 
by two phases: a long compensatory phase and a progressive decom-

pensated phase. Impaired mitophagy due to mitochondrial dysfunc-
tion may be one of the most important determinants in compensated 
and uncompensated PE. Morphological and biochemical assessment 
of mitophagy in preeclamptic placentas is useful for risk stratification 
and management. Assessment of compensation or decompensation 
may further provide clues for predicting disease severity. In contrast 
to loPE where mitophagy function is compensated, eoPE is associated 
with decompensation of or defects in mitophagy, which leads to apop-
tosis. However, too little data has been accumulated to define loPE and 
eoPE as compensated and decompensated, respectively
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energy metabolism reduce the mitochondrial OXPHOS 
capacity, alter mitochondrial morphology and dynam-
ics, and lead to the accumulation of mutated mtDNA and 
then dysfunction of mitophagy (Fig. 2). However, the flex-
ibility of trophoblast cells allows the upregulation of com-
pensatory pathways (e.g., increased antioxidant activity or 
increased mitochondrial repair genes) to repair salvageable 
organelles [48]. Therefore, endogenous repair mechanisms 
may restore placental function by fine-tuning mitochondrial 
dynamics through both the spatial and temporal variations; 
however, over time, irreversible mitochondrial damage may 
also worsen placental function via impaired mitophagy. 
Disruption of compensatory mechanisms in mitochondrial 
dynamics may lead to apoptotic trophoblast cell death.

In conclusion, this review suggests that mitochondrial 
dysfunction and disruption of its compensatory mecha-
nisms have been implicated in the pathogenesis of PE, 
albeit with inconsistent results. Poor mitochondrial adapta-
tion and compensation is believed to lead to development of 
pathologies of pregnancy, including PE. Understanding the 
pathogenesis of PE requires the identification of informative 
candidate molecules related to mitochondrial function.

Future perspectives

Trophoblasts have a variety of survival strategies to sense 
oxygen and nutrient levels and adjust energy metabolic 
pathways in their ever-changing environments within 
the placenta. Monitoring the quality of trophoblast cells 
requires real-time biochemical quantification of genes or 
proteins related to mitochondrial biogenesis, dynamics, and 
mitophagy in individual placentas. However, a comprehen-
sive assessment of mitochondrial function in each placenta 
is virtually impossible due to measurement difficulties. To 
resolve this issue, quantification of circulating cell-free 
DNA (ccf-DNA) and exosomes may be practical. Ccf-DNA 
and exosomes are essential molecular mediators that reflect 
the characteristics of producer cells. They are considered 
to be involved in regulating numerous physiological and 
pathological processes, including mitochondrial function in 
trophoblast cells. Liquid biopsy is a novel sampling method 
based on recent biotechnology to overcome some inher-
ent limitations [114]. Gene expression analysis verified by 
reverse transcription-polymerase chain reaction (RT-PCR) 
assay can be performed across a custom gene panel. The 
custom panel includes candidate genes potentially related to 
mitochondrial dynamics, biogenesis, and mitophagy (e.g., 
PDK, PDH, HK, PGC-1, MFN1, MFN2, OPA1, DRP1, 
TFAM, or DRAM1). For example, decreased expression 
of genes such as MFN1, MFN2, OPA1, and TFAM may 
help identify patients who would benefit from pregnancy 

Recent studies have increasingly revealed aberrant regula-
tion of mitochondrial function in PE placentas (Fig. 2). The 
disruption of homeostatic balance in mitochondrial dynam-
ics may lead to different phenotypes of PE, depending on 
its severity [25, 113]. Recent advances in high-throughput 
technologies using gene microarray and proteomic analysis 
have identified several molecular mechanisms relevant to 
mitochondrial function within and between clinical pheno-
types (see the subsection 3.2.5). Although the pathogenesis 
of loPE and eoPE cannot be simply considered to be acti-
vation and impairment of mitophagy, respectively, mito-
chondrial dynamics and their function appear to be different 
in eoPE and loPE placentas [25, 90]. For example, OPA1 
[48] and TFAM [45] are downregulated in eoPE placentas, 
suggesting that mitochondria are highly fragmented. The 
autophagy and mitophagy mechanisms could already be 
disrupted in such placentas. On the other hand, increased 
expression of MFN1 [48] and MFN2 [74] in the loPE pla-
centa leads to increased ROS signaling, mitochondrial 
dynamics and biogenesis, and mitophagy, which in turn 
maintains mitochondrial health even after the presence of 
the molecular- and organelle-level dysfunction. Conversely, 
persistent downregulation of MFN1 and MFN2 expression 
leads to loss of placental function, so pregnancy termination 
may be recommended even in patients diagnosed with loPE. 
Thus, compensatory reserve for mitochondrial dysfunc-
tion may determine disease severity. However, the current 
model is simplistic, since the early/late onset classification 
does not reflect the pathophysiology of PE and it is unlikely 
that the timing of the clinical manifestations only relies on 
the mitochondrial adaptations to environmental stress, espe-
cially hypoxia.

Finally, we discuss why contradictory results were 
obtained regarding some markers of mitochondrial bio-
genesis (e.g., PDK, PDH, HK, or PGC-1), dynamics (e.g., 
MFN1, MFN2, OPA1, or DRP1), and mitophagy (e.g., 
TFAM, or DRAM1) in PE placentas (see the subsections 
3.2.3 and 3.2.5). First, mitochondrial fission is augmented 
in both first trimester placenta under physiological hypoxia 
and PE placenta under pathological hypoxia [29]. However, 
there is currently no way to differentiate between these two 
events (i.e., physiological or pathological). Second, the 
internal structure of the placenta is complex, so the results 
vary from one part of the placenta to another. The expres-
sion of genes and proteins related to mitochondrial func-
tion in PE placental tissue may depend on the proportion 
of cytotrophoblasts and syncytiotrophoblasts in the sample. 
We know that the former is basically involved in mitochon-
drial fusion, and the latter in fission (Table 1). Finally, adap-
tive or compensatory mechanisms enable trophoblast cells 
to survive even when mitochondrial function is temporar-
ily impaired. For example, redox imbalance and impaired 
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termination. Such panel-based testing can transform risk 
stratification and management of the PE patients. Research 
focusing on mitochondrial function will gain more clinical 
importance as an effective treatment strategy for PE. Fur-
thermore, understanding how the mitochondrial morphol-
ogy and function influence cell fate decisions of trophoblast 
stem cells is an important question in normal placentation 
biology.
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