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Abstract

Preeclampsia continues to be a major cause of maternal and neonatal morbidity worldwide. Current diagnostic criteria are based on
clinical signs that appear relatively late. Target organ damage is already in progress, and early disease progress often goes undetected
at this time. Recent research has altered our perception of this condition and has confirmed that trophoblast mitochondria are actively
involved in the etiology of hypertensive disease and not just responding to it. Mitochondrial dysfunction in the placenta results in
increased production of free radicals, breakdown of the membrane, disruption in cellular iron balance, and poor organelle clearance,
all of which affect the function of the placenta negatively. This review focuses on five important mitochondrial biomarkers that
characterize this destructive process: 8-hydroxy-2'-deoxyguanosine indicates direct oxidative damage to mitochondrial DNA, and
changes in copy numbers and cell-free DNA fragments in plasma indicate increased cell damage and systemic inflammation.
Oxidized cardiolipin and malondialdehyde indicate membrane lipid degradation. Changes in levels of GPX4, mitochondrial ferritin,
and the transferrin receptor 1 indicate initiation of iron-dependent ferroptosis. Finally, reduced PINK1/Parkin signaling is a sign of
the cell's cleanup system failing, allowing damaged mitochondria to accumulate and pushing trophoblasts into premature aging.
These markers together depict the convergence of redox imbalance, structural membrane damage, iron dysregulation, and clearance
defects driving placental breakdown and maternal disease.
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INTRODUCTION affecting an estimated 2% to 10% of all pregnancies

worldwide  [3].  Clinically, preeclampsia is
Pregnancy is a unique physiological condition with characterized by the new onset of hypertension (>20
complex metabolic, endocrine, biochemical, and weeks of gestation) with significant proteinuria or
cellular changes to ensure the survival and growth of evidence of maternal end-organ dysfunction [4]. The
the developing fetus [1] [2]. A key part of this process clinical presentation is highly variable, from mild
is the placenta, which acts as a vital interface for the tracking to severe, life-threatening multi-system crises
transfer of nutrients and gases, the production of [5]. The syndrome usually involves multiple system
hormones, and the regulation of immunity [2]. These dysfunction, including the  kidneys (renal
systemic adaptations are either tolerated smoothly or insufficiency), liver, brain, and placenta [6]. The long-
impose a considerable physiological burden that term sequelae of PE extend far beyond delivery for
contributes to the development of pregnancy-related both mother and child: The long-term sequelae of PE
illnesses depending on the health of the mother [1]. extends beyond delivery. Mothers with a history of PE
Preeclampsia [PE] is one of the leading causes of face an elevated lifetime risk of developing chronic
fetomaternal morbidity and mortality, among these, hypertension, coronary artery disease, ischemic stroke,
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metabolic syndrome, and end-stage renal disease [7].
Simultaneously, infants born from preeclamptic
pregnancies face an increased risk of short-term
complications due to induced preterm birth and
impaired growth, as well as long-term vulnerabilities to
neurodevelopmental delays, Type 2 diabetes mellitus,
and early-onset cardiovascular disease [8]. Despite
extensive clinical research, the absolute primary
drivers remain partially elusive due to the uniquely
human nature of deep hemochorial emerging oxidative
stress biomarkers and mitochondrial dysfunction in PE,
which creates an ongoing barrier to translating animal
models into therapeutic solutions. At the core of the
progression from placental ischemia to maternal
systemic endothelial dysfunction is a profound
imbalance between the generation of reactive oxygen
and nitrogen species (ROS/RNS) and the neutralizing
capacity of maternal-placental antioxidant defenses
[9]. In preeclampsia, restricted placental perfusion
triggers chronic oxidative stress, lipid peroxidation,
and an exaggerated systemic inflammatory response
[10,11]. ROS drives the oxidation of low-density
lipoproteins [LDL] within vascular walls, leading to
foam cell formation and structural endothelial cell
death [12]. This condition is also associated with
significant alterations in the maternal lipid profile, with
a marked increase in triglycerides, total cholesterol,
and LDL-cholesterol compared to normal pregnancies
[13]. At the same time, the accumulation of reactive
oxygen species/reactive nitrogen species inhibits cell
survival pathways, leading to dysregulation of
apoptosis and autophagy in the placenta [14]. Apart
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from lipids, homeostatic electrolyte gradients are
critical to the regulation of systemic blood pressure.
Alterations in the metabolism of sodium, potassium,
calcium, and magnesium cause changes in vascular
reactivity that make vessels hyper-responsive to
endogenous vasoconstrictors (e.g., vasopressin) and
accelerate the clinical presentation of hypertension
[15]. Early detection of preeclampsia is essential to
mitigate its complications so that it is of utmost
importance to identify reliable and available
biochemical markers. This review discusses the
clinical utility of oxidative stress markers as important
biomarkers of mitochondrial dysfunction. The
evaluation of these specific biochemical parameters is
expected to enhance current diagnostic frameworks
and identify new targeted interventions that leverage
these molecular pathways to restore oxidative
homeostasis and improve maternal and fetal outcomes.

Pathogenetic Model and Mitochondrial Interface

Preeclampsia is classically discussed in terms of a two-
stage sequential mechanism in which placental
mitochondrial dysfunction connects local vascular
defects with systemic maternal disease; see Figure 1
[16]. The first stage is related to the defect of placental
formation at early stages of pregnancy. Extravulsive
trophoblasts (EVTs) normally participate in the
remodeling of the high resistance maternal spiral
arteries into dilated, low-resistance channels to ensure
a steady blood flow to the fetus [17].
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Figure 1: Pathogenetic model of preeclampsia [16].

Preeclampsia is characterized by inadequate
extravuloblast invasion leading to vasoconstriction,
and consequently the placenta is exposed to turbulent
and intermittent blood flow. This ongoing ischemia and
reperfusion stress accelerates phase II: release of
polynuclear trophoblast debris and anti-angiogenic
factors, particularly soluble FMS-like tyrosine kinase-
1 (sFlt-1) and soluble endoglin [sEng], into maternal
circulation. These anti-angiogenic factors induce
systemic vasoconstriction, widespread endothelial
breakdown, and multiorgan damage by neutralizing
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vascular endothelial growth factor (VEGF) and
placental growth factor (PIGF) in the circulation
[18,19]. Placental mitochondria are central to this
pathological cascade. Although physiological levels of
reactive oxygen species are essential for stimulating
trophoblast growth in the early stages and modulating
hypoxia-la (HIF-1a) pathways, chronic hypoxia and
excessive reoxygenation to the point of depleting the
mitochondrial electron transport chain cause a critical
metabolic shift. Consequently, mitochondria cease to
function primarily as energy generators and become
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highly oxidative stressors, accelerating tissue damage
and contributing to the development of systemic
maternal syndrome [9].

of Placental Mitochondrial

Structural Basis

Dysfunction

In preeclampsia placenta, profound morphological and
functional abnormalities in the mitochondria severely
impair cellular energy and viability. Persistent tissue
ischemia disrupts the activities of electron transport
chain (ETC) complexes I, II, and III, thereby
weakening the proton-driven force across the
mitochondrial inner membrane [20]. This loss of
membrane potential not only stalls adenosine
triphosphate (ATP) generation but also promotes
premature electron transfer to molecular oxygen. This
leakage leads to the synthesis of enormous quantities
of oxygen-free radicals and the subsequent
accumulation of hydrogen peroxide (H20:) [21]. This
local oxidative environment creates a damaging
feedback loop that directly targets mitochondrial DNA
(mtDNA). Mitochondrial DNA is particularly
susceptible to oxidative degradation because it lacks
protective histone proteins and has rudimentary base
excision repair pathways. This accumulation of genetic
mutations leads to the erroneous translation of essential
subunits of the electron transport chain, creating a
vicious cycle of increased electron leakage and rapid
generation of reactive oxygen species (ROS). These
energy imbalances drive placental cells toward
programmed cell death. First, cells respond to stress by
upregulating mitochondrial autophagy in order to
remove defective mitochondria that produce reactive
oxygen species. However, with continued metabolic
stress, this protective cleanup system is spent, and the
cell switches from survival-oriented recycling to
destructive autophagy and subsequent cell death [22].
Simultaneously, increasing oxidative damage weakens
the mitochondrial structure and makes its outer
membrane permeable, allowing cytochrome c to leak
into the cytosol, where it binds to Apaf-1 to activate the
caspase-9 and caspase-3 enzyme pathways. This
ultimately leads to the rapid death of multinucleated
nutritive cells and the release of cellular debris into the
maternal circulation [23]. In addition to depleting the
energy reserves necessary for the active transport of
nutrients across the placenta, the dissociation of
oxidative phosphorylation in mitochondria accelerates
aging and structural deterioration within them. This
cellular deterioration forms a crucial link, directly
connecting early placental ischemia with the cascade of
widespread inflammatory reactions in the mother that
characterize late-stage preeclampsia [24].

Novel Pathological Mechanistic Axes

Recent investigations have revealed a triad of
interrelated molecular pathways—specifically, iron-
induced cell death, accelerated cellular senescence, and
neutrophil extracellular trapping that together intensify
tissue degradation caused by placental mitochondrial
dysfunction and oxidative stress in preeclampsia [25].
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Ferroptosis and altered iron metabolism

Ferroptosis represents a regulated, iron-mediated form
of non-apoptotic cell death driven by catastrophic lipid
peroxidation [26]. Within the preeclamptic placenta,
divergence in maternal-fetal iron homeostasis causes a
pathological accumulation of labile ferrous iron (Fe?*)
within localized placental micro-environments. This
excess pool of Fe?* drives the Fenton reaction,
interacting with hydrogen peroxide to yield highly
destructive hydroxyl radicals [*OH] [27].

Fe2+ H202 — Fe3+ «OH + OH-

These hydroxyl radicals directly attack membrane-
bound polyunsaturated fatty acids (PUFAs), triggering
an autocatalytic lipid peroxidation cascade that
systematically  dismantles structural ~membrane
integrity [28].

Premature placental senescence

Chronic oxidative stress and lipid damage cause the
placenta to age prematurely. In the early stage of
pregnancy, preeclamptic placentas show clear signs of
advanced cellular aging, such as telomere shortening,
increased beta-galactosidase activity, and higher levels
of cell-cycle inhibitors. These aging cells change their
behavior and develop a senescence-associated
secretory phenotype. Rather than shut down, they
actively secrete high amounts of inflammatory
cytokines and  chemokines. This localized
inflammation damages surrounding placental tissues
and exacerbates endothelial injury throughout the
maternal vascular system [29,30].

Netosis and systemic inflammation

Neutrophil extracellular traps (NETosis) further drive
the prevalent inflammation seen in preeclampsia. This
is a specialized process where maternal neutrophils
release neutrophil extracellular traps (NETs), which
are extracellular DNA networks packed with oxidative
enzymes and antimicrobial proteins [31,32]. This
process is activated when circulating placental debris,
inflammatory cytokines, and free fetal DNA stimulate
maternal neutrophils. Once released into the
bloodstream, these NETs block small blood vessels,
trap platelets, and produce additional reactive oxygen
species (ROS). This prevalent microvascular
obstruction directly causes severe vasoconstriction and
multi-organ  damage that characterize severe
preeclampsia [31,33]. Hypoxia is a common and severe
stress to an organism’s homeostatic mechanisms and is
associated with increased incidence of maternal
complications of preeclampsia [34,35].

Mitochondrial Oxidative Stress Markers
Because mitochondria serve as the primary source of

intracellular ROS, their functional failure triggers
targeted molecular damage cascades. The biomarkers
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detailed below (Table 1) provide a direct read-out of
mitochondrial redox imbalance, organellar damage,

Table 1: Summary of mitochondrial biomarkers in preeclampsia

Mitochondrial dysfunction in preeclampsia

and disrupted cell survival the

preeclamptic placenta.

pathways in

Biomarker Primary Matrix / Location

Pathological Relevance in Preeclampsia

8-OHdG Placental Tissue, Urine, Plasma
mtDNA-CN/ccf-mtDNA Maternal Plasma, Whole Blood,
Placenta

Direct marker of oxidative damage to mtDNA.
Indicator of organellar turnover, cellular stress, and systemic DAMP
release.

Oxidized Placental Mitochondria Measures membrane damage and pro-apoptotic signaling.
Cardiolipin/MDA

GPX4/FIMt/TR1 Trophoblast Cells Identifies iron overload and ferroptotic pathways.

PINK 1/Parkin Syncytiotrophoblast Tracks mitophagy failure and accelerated tissue aging.

Mitochondrial DNA and integrity markers

Dissimilar nuclear DNA and mitochondrial DNA
(mtDNA) are maternally inherited and form a compact
genome essential for mitochondrial function,
particularly energy production [36, 37]. This genome
encodes many of the proteins vital to the electron
transport chain and oxidative phosphorylation
processes critical for adenosine triphosphate synthesis
[38]. The regulation of mtDNA copy number is
adaptive, fluctuating in response to cellular energy
demands and stress responses, thereby highlighting its
role in cellular metabolism and adaptability [39]. In
preeclampsia, oxidative modification of histone-free
mitochondrial DNA by ROS forms 8-hydroxy-2'-
deoxyguanosine (8-OHdG) lesions, which directly
regulate mitochondrial DNA copy number (mtDNA-
CN) through a dynamic, stage-dependent mechanism
[40][41]. During primary chorionic ischemia,
increased levels of 8-OHdG stimulate compensatory
mitochondrial biogenesis via PGC-1alpha and TFAM
pathways, temporarily boosting the number of
mitochondrial DNA copies in tissues to maintain vital
energy production despite transcriptional damage
[21,42]. Once this pathway is activated, it upregulates
the transcription factor TFAM and accelerates gamma
polymerase activity, leading to the synthesis of
additional mitochondrial DNA copies to replace
damaged ones [43,44]. This compensatory increase
expands the mitochondrial DNA stock to compensate
for damaged templates and maintain electron transport
chain function. Conversely, under severe or prolonged
oxidative stress, extensive 8-OHdG lesions overwhelm
the scrutiny capacity of gamma polymerase, resulting
in replication fork arrest and dissipation of
mitochondrial membrane potential. This metabolic
failure triggers widespread organellar breakdown and a
sharp decline in the mtDNA-CN [41]. Therefore, the
rupture of the membrane of multinucleated nutritive
cells leads to the release of these damaged genomic
fragments into the maternal plasma in the form of cell-
free mitochondrial DNA (ccf-mtDNA), where they act
as damage-associated molecular patterns (DAMPs)
that initiate systemic immune activation and damage to
the maternal endothelium [45,46].
Lipid peroxidation-targeted mitochondrial
membranes

Cardiolipin is a unique polyunsaturated phospholipid
abundant in the inner mitochondrial membrane and
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crucial for the structural integrity and anchoring of the
electron transport chain (ETC) complexes [47,48].
Cardiolipin oxidation occurs when reactive oxygen
species [ROS] directly attack the polyunsaturated fatty
acid chains, resulting in the loss of its ability to bind
cytochrome ¢ [49]. The quantification of this oxidized
cardiolipin provides a definitive tissue biomarker for
the initiation of mitochondrial outer membrane
permeabilization, an event critical for the systemic
release of toxic syncytiotrophoblast microparticles into
maternal circulation [24,50]. Moreover, systemic lipid
damage and the evaluation of isolated mitochondrial
malondialdehyde (MDA) levels quantify this localized
free radical-induced damage to the organelle double-
membrane system, highlighting severe mitochondrial
decay [51,52].

Enzyme-regulated ferroptosis and mitochondrial iron
load

Ferroptosis is an iron-dependent regulated cell death
driven by lipid peroxidation, which is closely related to
mitochondrial metabolic activity in preeclampsia
[53,54]. This pathway is mainly driven by a substantial
decrease in the antioxidant enzyme glutathione
peroxidase 4 (GPX4), which neutralizes neutralizing
lipid peroxides in cellular and mitochondrial
membranes [53,55]. Placental GPX4 expression is
profoundly downregulated in late-onset preeclampsia,
representing a hallmark biomarker, with mitochondrial
membranes being completely unshielded from
destructive, iron-catalyzed Fenton reactions [10]. This
vulnerability is worsened by impaired function of iron
transport proteins, particularly mitochondrial ferritin
[FtMt] and the transferrin receptor 1 [TfR1].
Dysregulated expression of these proteins leads to an
abnormal accumulation of unstable, labile iron directly
inside the mitochondria, which accelerates the
production of highly reactive hydroxyl radicals
[56,57]. Eventually, measuring these altered ratios of
iron transport proteins within placental tissue provides
a clear molecular image of the intracellular iron
overload that precipitates mitochondrial ferroptosis
[58,59].

Mitochondrial senescence and mitophagy inhibition

Functional cells eliminate dysfunctional mitochondria
via mitophagy, a selective autophagic pathway
responsible for organellar quality control [60,61]. In
preeclampsia, this degradative machinery becomes
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impaired or saturated [60]. Normally, a protein called
PINK1 [PTEN-induced kinase 1] builds up on the
outside of damaged mitochondria and recruits another
protein called Parkin [E3 Ubiquitin Ligase], which acts
as a molecular tag to mark the organelle for destruction
[62]. In preeclamptic placental tissue, alteration or
complete drop of PINK1/Parkin levels serve as new
biomarkers for early placenta [63]. Monitoring these
altered protein levels provides a key metric for
evaluating  the retention of non-functional
mitochondria, which act as a continuous source of ROS
leakage within preeclamptic placental tissue.

DISCUSSION

The biomarkers discussed here suggest that
mitochondrial oxidative stress is a central feature of
preeclampsia pathobiology (Figure 2) [64]. Markers
such as 8-OHdG and oxidized cardiolipin directly

Mitochondrial dysfunction in preeclampsia

reflect oxidative damage within placental mitochondria
[65,66]. While elevated mtDNA fragments in maternal
circulation indicate this stress has exceeded the local
repair capacity and entered the systemic compartment
[67,68]. Instead of considering preeclampsia as a mere
vascular disorder, these indicators suggest that
mitochondrial redox imbalance in trophoblast cells
could be an early and driving event [69,70]. Elevated
8-OHdG levels showed that oxidative damage to
mitochondrial DNA extends beyond the placenta
[71,72]. Previous studies reported an increased
production of placental tissue of 8-OHdG in PE women
[73,74]. Early imbalance of serum levels of oxidative
stress biomarkers was observed among suboptimal
health status (SHS) normotensive pregnant women,
and this imbalance corresponded with abnormal
histomorphological features and immunohistochemical
expression of oxidative stress among women who
developed PE, suggesting the potential involvement of
SHS in the pathophysiology of PE [75].

FIVE DISTINCT BIOMARKER PATHWAYS IN PREECLAMPSIA

2. INFLAMMATION (cf-mtDNA)

1. OXIDATIVE STRESS (8-0HdG)

. 3. MEMBRANE DAMAGE
= (Oxidized Cardiolipin)

Loss of Barrier Leaky
Function Membranes

Figure 2: The distinctive pathways involved in preeclampsia

As DNA oxidation occurs early in the subclinical phase
of the disease, measuring 8-OHdG (in blood or urine)
can identify pregnant women who are at risk, not
optimally healthy, before they develop -clinical
symptoms like high blood pressure or protein in the
urine [76]. Higher levels of mitochondrial DNA copies
and circulating cell-free mitochondrial DNA add an
immune-related layer to preeclampsia understanding.
Fragments of mitochondrial DNA leak out when
trophoblast cells are under stress or die, acting as an
internal alarm signal [20]. Human studies show that
cfDNA is elevated in PE, and circulating levels
correlate with disease severity and adverse maternal-
fetal outcomes [77—79]. This suggests the DNA is not
simply a passive marker but could be an active driver
of maternal blood vessel damage. If confirmed, these
findings change our view of treatment: approaches to
remove the extracellular DNA or inhibit its immune
sensors could give rise to novel therapeutic approaches.
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Oxidized cardiolipin and malondialdehyde highlight a
less appreciated weakness, the inner mitochondrial
membrane. Cardiolipin is only found in this place and
is critical for holding together the protein complexes
that power energy production [80]. Oxidized
cardiolipin causes the mitochondrion to collapse its
internal folds, release cytochrome c, and push the cell
toward programmed death [81]. At the same time
MDA provides a comprehensive assessment of
oxidative stress by capturing damage from several
types of free radicals [82]. The overlap between the
membrane damage makers and regulators of GPX4,
mitochondrial ferritin, and transferrin receptor 1
suggests that trophoblast loss in preeclampsia may be
due to iron-driven lipid destruction rather than the
traditional caspase-mediated cell death pathway
[55,83]. Ferroptosis leads to a characteristic
mitochondrial morphology: collapsed organelles with
abnormally dense membranes. This morphology has
been described in placentas from women with
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preeclampsia, but it is rarely linked to ferroptosis [84].
This perspective on trophoblast death opens up new
therapeutic options such as fat-soluble antioxidants and
iron chelators, which are currently being investigated
in cancer and neurodegenerative diseases [85,86]. The
PINK1/Parkin system serves as the main quality
control system employed by mammalian cells to
identify and remove dysfunctional mitochondria [87].
Under normal circumstances, PINK1 builds up on
defective mitochondrial membranes, attracts Parkin
from the cell fluid, and leads to the packaging of the
defective organelle in an autophagosome for
destruction [87,88]. When this process is impaired, as
indicated by studies in preeclampsia, damaged
mitochondria remain in the cell, continue to release
reactive oxygen species, and activate inflammatory
signaling platforms [89]. No single biomarker can fully
reflect the complex nature of preeclampsia. Each reveal
only shows part of the underlying disease process.
However, combining several markers into a single
panel could substantially improve early risk prediction.
For example, measuring 8-OHdG for oxidative stress,
cell-free mitochondrial DNA for inflammation,
oxidized cardiolipin for membrane damage, GPX4 for
ferroptosis risk, and PINKI/Parkin levels for
mitochondrial quality control would provide a layered
risk assessment far more informative than any test used
alone.

Limitations and Prospects

The biomarkers discussed here were selected based on
their mitochondrial specificity, yet preeclampsia is
undoubtedly a multifactorial disorder involving
angiogenic imbalance, immune maladaptation, and
genetic  susceptibility. Mitochondrial biomarkers
should therefore be viewed as complementary to, rather
than a replacement for, established indicators such as
soluble fms-like tyrosine kinase-1 and placental growth
factor [63,90]. Future research should be directed
towards several objectives. Mechanistic studies using
trophoblast-specific  genetic or pharmacological
manipulations in animal models are required to
establish a causal link between mitochondrial
dysfunction and the preeclampsia
phenotype. Multibiomarker panels require validation
in large ethnically diverse cohorts with stringent pre-
analytical standardization. Finally, the urgent
requirement for interventional trials of mitochondrial
pathways, such as antioxidants, mitophagy enhancers,
or ferroptosis inhibitors to determine whether the
associations described here are therapeutically
modifiable. If such trials are successful, the
mitochondrion may pass from a diagnostic curiosity to
a true therapeutic target in obstetric medicine.

Conclusion

Mitochondrial dysfunction has emerged as a central
mechanistic hub linking placental pathology to the
systemic manifestations of preeclampsia. The
biomarkers discussed here, representing oxidative
DNA damage, mitochondrial turnover, membrane lipid
peroxidation, iron-dependent cell death, and defective
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organellar clearance, collectively indicate that
preeclampsia is not merely a disorder of vascular
maladaptation but a syndrome arising from
bioenergetic failure and cellular stress at the maternal-
fetal interface. An 8-OHdG represents direct molecular
evidence of reactive oxygen species-induced damage
on mtDNA placental tissues and biofluids, thus
defining oxidative mtDNA damage as an initiating
event and a measurable marker of disease severity. The
increase in circulating mtDNA copy numbers and cell-
free mitochondrial DNA fragments further extends this
narrative, suggesting that preeclampsia involves not
only local placental injury but also a systemic
inflammatory response driven by the release of
damage-associated molecular patterns into maternal
circulation. Meanwhile, markers of oxidized
cardiolipin and malondialdehyde underscore the
susceptibility of the inner mitochondrial membrane, an
event that destroys the integrity of the respiratory chain
and propagates pro-apoptotic signaling across the
trophoblast layer. The mitochondrial perspective on
preeclampsia offers both explanatory depth and
translational opportunity. As our capacity to detect and
quantify organellar stress in maternal biofluids
improves, the use of mitochondrial biomarkers in
routine risk stratification may offer additional insight
into the long-standing goal of preventing, rather than
managing, this life-threatening pregnancy
complication.
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