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Abstract: Preeclampsia is a hypertension condition of human pregnancy that poses a
significant risk to pregnant women and their fetus. It complicates about 2-8% of human
pregnancies worldwide and displays multifactorial pathogenesis, including increased
placental oxidative stress because of disturbed utero-placental blood flow. Recent evidence
suggests that increased oxidative stress promotes acceleration of the placental senescence
which is implicated in the pathogenesis of preeclampsia. This review focuses on the
mechanisms that lead to oxidative stress in preeclamptic patients and examines the role of
oxidative stress-induced placental senescence in the pathogenesis of the disease.
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1. Introduction

Preeclampsia typically occurs after twenty weeks of gestation; it is a severe multisys-
tem disease of human pregnancy diagnosed by sudden-onset hypertension and at least
one other associated complication, including proteinuria and dysfunction of the mater-
nal organs [1-4]. It displays multifactorial pathogenesis including increased placental
oxidative stress because of intermittent utero-placenta perfusion [1-3,5-33]. A growing
body of evidence strongly suggests that increased oxidative stress promotes the accel-
eration of placental senescence, thereby contributing to the pathogenesis of preeclamp-
sia [6,10,11,15,18,30,33].

Oxidative stress is a condition associated with the onset and progression of various
diseases, including cardiovascular disease, ischemia and reperfusion syndrome, neurode-
generative diseases, cancer, as well as the physiological process of normal aging [34-36].
Oxidative stress results from an imbalance between the production and elimination of
reactive species in cells and tissues. Reactive species are generated naturally in aerobic
organisms and serve as physiological regulators in many essential cellular processes. How-
ever, when their levels exceed a critical threshold, they can react nonspecifically with
biological macromolecules, leading to oxidation and disrupting redox homeostasis. At the
cellular level, oxidative stress can result in cell death or trigger cellular senescence.

Cellular senescence is a state in which cells experience a prolonged and generally
irreversible arrest of the cell cycle as a response to various stressful insults. This state is
also characterized by increased levels of macromolecular damage, altered metabolism, and
secretion of several factors, such as pro-inflammatory cytokines, growth factors, angio-
genic factors, and matrix metalloproteinases, collectively called the senescence associated
secretory phenotype (SASP) [37-40]. Senescence plays a vital role in maintaining tissue
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homeostasis as it prevents the proliferation of unwanted or damaged cells, thereby serving
as an essential barrier against tumor development. However, senescent cells are not inac-
tive; they can survive for extended periods and secrete factors that reinforce and spread
senescence, contributing to tissue dysfunction. As a result, the accumulation of senescent
cells can lead to several pathological conditions [37-40].

This review aims to uncover the key mechanisms driving oxidative stress in preeclamp-
tic patients and to highlight the significant role of oxidative stress in triggering placental
senescence. By thoroughly examining recent literature from leading scientific journals and
online databases, we have selected articles that are relevant to our topic and demonstrate
exceptional scientific rigor and influence in the field. Our findings are intended to enhance
the understanding of the disease’s pathogenesis.

2. Definition and Types of Preeclampsia

The current definition of preeclampsia from the International Society for the Study
of Hypertension in Pregnancy comprises new onset hypertension (systolic >140 mmHg
and diastolic >90 mmHg) after 20 weeks’ gestation accompanied by one or more other fea-
tures: proteinuria, other maternal organ dysfunction (including liver, kidney, neurological),
or hematological involvement, and/or uteroplacental dysfunction, such as fetal growth
restriction and/or abnormal Doppler ultrasound findings of uteroplacental blood flow
(Figure 1) [2]. Several risk factors have been recorded, such as chronic hypertension, au-
toimmune diseases such as systemic lupus erythematosus, chronic renal disease, nulliparity,
previous stillbirth, pregestational diabetes high body mass index, maternal age, etc. [2,4,30].
Moreover, there is evidence indicating that gut microbiota alterations are implicated in the
pathogenesis of preeclampsia [41].
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Figure 1. Complications associated with preeclampsia. Preeclampsia is an important cause of
pregnancy complication that affects about 2-8% of human pregnancies worldwide and poses a
significant risk to pregnant women and their fetus. It is characterized by maternal new onset
hypertension observed after 20 weeks of gestation with (or without) proteinuria, other maternal
organ dysfunction, and/or fetal growth restriction.

There are two subtypes of preeclampsia: early- and the late-onset. The cut-off be-
tween the two types was set as before or after 34 weeks of gestation [8,30]. Early-onset
preeclampsia is predominately due to defective placentation, including defective remod-
eling of the spiral arteries, during the first few weeks of pregnancy [8,30]. Late-onset
preeclampsia, which represents about 80% of cases, is more likely to originate from a grow-
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ing mismatch between the metabolic feto-placental demands and fetus and the maternal
perfusion associated with a maternal genetic predisposition to cardiovascular disease [30].

Both types of preeclampsia cause syncytiotrophoblastic stress (e.g., oxidative, en-
doplasmic reticulum (ER), mitochondrial) and these cells exhibit features of increased
senescence as a stress response [7,8,30]. As a result of the stress, the syncytiotrophoblasts
release soluble factors, such as proinflammatory and anti-angiogenic mediators, into the
maternal circulation, triggering endothelial dysfunction and a systemic inflammatory re-
sponse leading to the clinical syndrome of preeclampsia [2,3,8,22,30]. Normal placental
development is based on a branched vascular network and is dependent on various factors,
such as vascular endothelial growth factor (VEGF), placental growth factor (PLGF), soluble
fms-like tyrosine kinase-1 (sFlt-1), soluble endoglin (sEng), angiopoietin-1 (Ang-1), and
angiopoietin-2 (Ang-2), which control and regulate normal blood vessel growth [2,3,8,22].
Imbalances in these regulatory factors can result in aberrant placental vascular develop-
ment and contribute to the development of various pregnancy pathological conditions,
including preeclampsia [1-3,8,22].

Moreover, there is evidence that preeclampsia is a state of chronic inflammation
with activation of antigen presenting cells, T helper cells, B cells, and Natural killer cells
which contribute to the symptoms during pregnancy [42]. For example, T helper cells
secrete cytokines that induce the activation of innate immune cells and the production
of anti-angiogenic factors [42]. Interestingly, PLGF is used in the prediction algorithm of
preeclampsia in the first trimester, and in the second and third trimesters, the sFTL1/PLGF
ratio is important for the prediction of preeclampsia, with a higher specificity than PLGF
alone [43]. Furthermore, there is a body of evidence that some HTRA (High temperature
requirement protease A) serine proteases including HTRA1, HTRA2, HTRA3 and HTRA4,
which are normally expressed in placental villi, are impaired in pathological pregnancies
such as preeclampsia, intrauterine growth restriction, and spontaneous preterm birth, sug-
gesting that some of these proteins may be used as early markers of pregnancy outcome [44].
For example, a significant increase in HTRA1 plasma levels were found in pregnant women
during 28-32 gestational weeks in cases of preeclampsia and preeclampsia- intrauterine
growth restriction compared with the control group [44]. These are oligomeric serine pro-
teases highly conserved from bacteria to humans and are involved in a variety of biological
functions, including the maintenance of normal cell physiology and pathogenicity, such as
cell growth, apoptosis, neurodegenerative disorders, inflammatory diseases and cancer [44].
These proteins are normally expressed in placental villi during all pregnancies, but their
expression levels are altered in pathological pregnancies, suggesting a possible role of
those proteins in the development of the human placenta [44]. Moreover, some HTRA
family proteins have been found in maternal blood and were impaired in pathological preg-
nancy, suggesting a possible role of some of these proteins as early markers of pregnancy
outcome [44].

3. Placental Development and Placenta Morphology in Preeclampsia

A summary of normal placental development is important to understand the patho-
physiology of preeclampsia. The placenta is a feto-maternal organ that evades the ma-
ternal immune system to permit the survival of a semi-allogeneic fetus and maintains a
healthy pregnancy by enabling the maternal-fetal exchange of nutrients and waste prod-
ucts [19,25,30].

The key placental cell line is the trophoblast cell line, which develops at the time
of blastocyst formation and divides into two main cell subpopulations: (a) the villous
trophoblasts that differentiate to villous cytotrophoblasts and the multinucleated villous
syncytiotrophoblasts (derived from the fusion of cytotrophoblasts) forming the outer cover
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of all placental villi and (b) the extravillous trophoblasts (EVT) that are derived from the
villous cytotrophoblasts and invade into the maternal uterine wall, reaching down to the
inner third of the myometrium [7,19,30].

The EVT are formed at the areas where the anchoring tertiary villi has contact with
the endometrium [7,19,30]. There is no covering syncytiotrophoblast at these sites, and
the underlying villous cytotrophoblast proliferates and differentiates to EVT via a partial
epithelial-mesenchymal transition (EMT), whereby polarized epithelial cells are trans-
formed into invasive cells with partial mesenchymal phenotype [7,19,30,45]. EVTs char-
acteristically express HLA-G and infiltrate the decidua migrating through the actions of
secreted matrix metalloproteinases [30]. Huppertz [19] recently summarized the routes
of EVT invasion in glands, veins, lymph vessels, and spiral arteries of the uterine wall.
Briefly, (a) prior to six weeks of gestation, invasion of the early infiltrating syncytiotro-
phoblasts during implantation, as well as invasion of early EVT, results in the opening
of the uterine glands and veins toward the placental intervillous space, (b) during this
period the opening of the uterine glands by the infiltrating endoglandular EVT enables the
flow of “uterine milk” (a mixture of cellular secretions, cellular debris, and transudation)
toward the placenta (histotrophic nutrition), (c) later, during the first trimester of gestation,
endoarterial EVT invade into uterine spiral arteries, transform their walls, and plug their
lumen, thereby hindering flow of maternal blood into the placenta, and (d) at the beginning
of the second trimester of gestation, the arterial EVT plugs gradually disintegrate, and the
flow of maternal blood into the placenta is established (hemotrophic nutrition) [19].

The aforementioned model of normal placental development is disturbed in preeclamp-
sia, and there is evidence that trophoblastic differentiation is diminished in the disor-
der [46,47]. Comparison of EVT of preeclamptic placentas with those of normal controls
revealed multiple changes in gene expression profile, including changes indicative of a
more limited EMT characterized by a more epithelial phenotype than the control EVT,
suggesting that EVTs in preeclampsia display less invasive features, resulting in defec-
tive placentation [46]. Placental morphology is altered in preeclampsia. Macroscopic
examination of placenta from preeclampsia reveals lesions that mainly reflect maternal
malperfusion, including infarcts of the placenta tissue at different stages of resolution, retro-
placental hemorrhage, and placental hypoplasia [5,8,30]. These lesions are not specific to
the syndrome, and the spectrum of macroscopic lesions is more severe in early- compared
with late-onset preeclampsia [30]. Microscopically various histological features have been
reported in placenta tissue in preeclampsia, such as distal villous hypoplasia (scarcity of
terminal villi with an obvious increase in intervillous space) and decidual arteriopathy
that reflects inadequate spiral artery remodeling [5]. Decidual arteriopathy includes acute
atherosis characterized by fibrinoid necrosis of the arterial wall, which is a dense, often
thickened, eosinophilic material that is located beneath the endothelium and sometimes
contains lipid-laden macrophages, incomplete or absent trophoblast invasion of the spiral
artery wall, and arterial thrombosis [5].

4. Pathogenetic Implications of Oxidative Stress in Preeclampsia

There is evidence indicating that early-onset preeclampsia arises because of defective
placentation that in turn increases the risk of oxidative stress [6,13,29,43,44]. The process
of normal placentation is particularly intricate and involves (but is not restricted to) the
coordinated migration and invasion of EVT into the maternal uterus and its luminal
structures [46,47]. Invasion into the spiral arteries replaces the endothelium and destroys
most of the musculo-elastic layer, which is replaced by amorphous fibrinoid material
(Figure 2). This process transforms spiral arteries into wide diameter and low resistance
vessels, enabling an adequate blood supply to the placenta. However, in preeclampsia,
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EVT display less invasive features and, hence, fail to sufficiently transform the spiral
arteries (Figure 2). Defective transformation involves the persistence of smooth muscle
cells and a deficient EVT invasion in a significant number of spiral arteries, resulting in
intermittent perfusion and fluctuating oxygen concentrations within placental inter-villous
space [7,8,14,30,46-50].

SPIRAL  ARTERIES REMODELING ]

No pregnancy Healthy Pregnancy Preeclampsia
—=— == 3 —_—
Endothelium Smooth muscle cells Extracellular matrix Invading EVT Fibrinoid

Figure 2. Diagram of decidual spiral artery remodeling in healthy pregnancy and in preeclampsia.
Prior to remodeling, spiral arteries have an intact endothelium with extracellular matrix and a layer
of vascular smooth muscle cells. In healthy pregnancy, extravillous trophoblasts (EVT) migrate and
invade into decidual spiral arteries, transforming them into high-flow, low-resistance vessels and
increasing the delivery of blood to the intervillous space. EVT invasion replaces the endothelium and
destroys most of the musculo-elastic layer, which is replaced by fibrinoid material. In preeclampsia,
EVT display less invasive features and fail to sufficiently transform the spiral arteries. The incomplete
transformation involves the persistence of smooth muscle cells and lack of trophoblast invasion and
fibrinoid deposition. Consequently, there is an intermittent perfusion of the intervillous space leading
to repeated waves of hypoxia and reoxygenation.

The repeated waves of hypoxia and reoxygenation provide the basis for an ischemia
and reperfusion-type injury, which is mediated by several factors, including the elevated
production of reactive oxygen species (ROS) [13,14,21,30,48]. The term ROS refers to a
group of free radicals (e.g., superoxide (O,°~), hydroxyl radical (HO®)), and non-free
radicals (e.g., hydrogen peroxide (H;O,)) that derive from the incomplete reduction of
O, and are more reactive than O, itself [34-36]. Some ROS, such as the HO® that is
formed from H,O, reduction in a Fe?*-catalyzed Fenton reaction, are extremely strong
oxidizing agents [51]. Sustained accumulation of such highly reactive oxidants causes
oxidative damage to biological macromolecules and gives rise to oxidative stress, a state
that contributes to the onset and progression of numerous human diseases. Over the
last three decades, oxidative stress received much attention as the major intermediary
phenomenon in the generation of preeclampsia, although the underlying mechanisms are
still under investigation.

In this section we begin with a brief overview of the global concept of oxidative stress.
Next, we summarize the evidence implicating ROS in ischemia and reperfusion injury and
the current understanding of the sources of ROS generation in post-ischemic tissues before
moving on to a review of the evidence supporting the involvement of oxidative stress in
the origination and development of preeclampsia.
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4.1. The Dual Role of Reactive Species in Aerobes: Physiological Functions Versus
Pathophysiological Consequences

Oxidation-reduction (redox) reactions involve the transfer of electrons between chemi-
cal species. In these reactions, the species that loses electrons is said to be oxidized, while
the species that gains electrons is reduced. Redox reactions are essential for life as they
are intrinsically linked to cellular energy metabolism and regulate a wide range of essen-
tial cellular processes [34,52]. Various types of reactive species, such as reactive oxygen
species (ROS), reactive nitrogen species (RNS), reactive sulfur species (RSS), and reactive
electrophilic species (RES) are naturally generated in aerobic organisms through redox
reactions (Figure 3) [36,53-57].

Generation =) ¥ Removal
Physiological Levels Supraphysiological Levels
ISpecific Oxidations /Unspecific Oxidations

Oxidative Eustress Oxidative Distress
Redox Signaling Repair mechanisms Senescence
Adaptive Responses Cell Death

Figure 3. The dual role of reactive species in aerobes. The formation of several types of reactive
species, including reactive oxygen species (ROS) (e.g., superoxide (O,°*™), hydrogen peroxide (HyO,),
hydroxyl radical (HO®), alkoxyl radical (RO*)) reactive nitrogen species (RNS) (e.g., nitric oxide
(*NO), peroxynitrite (ONOO™)), reactive sulfur species (RSS) (e.g., hydrogen sulfide (H;S)), reactive
electrophilic species (RES) (e.g., 4-hydroxy-2-nonenal (4-HNE), malondialdehyde (MDA), 4-oxo0-2-
nonenal (ONE)), is inevitable in aerobic cells. To prevent oxidative damage, several defense systems
coordinate to attenuate them, contributing to the maintenance of a delicate redox balance. Reactive
species play a dual role in aerobes: they are beneficial when confined to physiological levels (oxidative
eustress), or damaging when their levels exceed a certain level (oxidative distress). They can also
activate repair mechanisms or induce adaptive responses.

It is important to note that “reactive” is a relative term; reactive species include entities
(free radicals and non-free radicals) with significantly different levels of chemical reactivity.
Some reactive species are relatively unreactive and oxidize a limited number of cellular
molecules, while others are highly reactive and can lead to uncontrolled oxidation of
cellular components.

Cells respond to these species in various ways, depending on the nature, level, and
duration of exposure as well as the cells’ ability to cope with the oxidants to which they
are exposed [34-36]. To prevent oxidative damage to essential macromolecules, several
defense systems coordinate to maintain a delicate balance between the generation and elim-
ination of the diverse reactive species. When reactive species are confined to physiological
concentrations and oxidize specific targets, they are not detrimental; instead, they play
fundamentally important physiological roles as signaling entities that regulate vital cellular
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processes such as proliferation and differentiation. Additionally, cells typically respond
to slight variation of the redox equilibrium by activating repair mechanisms or enhancing
reducing defenses. This allows them to cope against oxidant insults and adapt to the new
environmental conditions. However, when the levels of oxidants exceed a certain threshold,
oxidative damage can accumulate and threaten cell integrity. Supraphysiological levels of
oxidants may lead to senescence, a state of permanent growth arrest, or trigger various
forms of cell death, including apoptosis, ferroptosis, necroptosis, and pyroptosis.

Consequently, reactive species function as pleiotropic agents, exhibiting multiple
actions that can have either physiological functions or pathophysiological consequences.
Lately, the terms, ‘oxidative eustress” and ‘oxidative distress’ have been introduced to
distinguish between the beneficial effects and harmful impacts of oxidants in aerobic
organisms. Eustress, derived from the Greek word “eu” meaning good, refers to the
beneficial oxidative challenge, while oxidative distress refers to harmful effects resulting
from supraphysiological oxidative challenge [58].

4.2. Ischemia and Reperfusion-Induced Injury

Ischemia refers to the partial or complete restriction of blood flow to specific areas
of various tissues or entire organs. This condition leads to oxygen deficiency (hypoxia
or anoxia), inadequate nutritional supply, and the accumulation of metabolic waste in
the affected tissues. While cells can tolerate brief interruptions in blood supply without
critical impairment in their functionality and viability, prolonged periods of ischemia lead
to irreversibly injury. Therefore, the rapid restoration of perfusion is essential for salvaging
the ischemic tissue and ensure survival.

Perhaps surprisingly, the reestablishment of blood flow to previously ischemic tis-
sue can further exacerbate tissue damage and organ dysfunction, triggering a complex
inflammatory response. In addition, in severe cases, exposure of a single organ to ischemia
and reperfusion may elicit damage to remote organs, eventually leading to multiple organ
dysfunction syndrome. This paradoxical aggravation of the injury upon reperfusion is
known as ischemia and reperfusion injury, and it contributes to morbidity and mortality
in various conditions [59-62]. Notably, it is strongly suggested that, in preeclampsia, the
failure of physiological remodeling of the uteroplacental spiral arteries leads to intermittent
perfusion of the intervillous tree, resulting in repeated cycles of hypoxia and reoxygena-
tion [58-61]. This indicates that ischemia and reperfusion-type injury is one of the primary
causes of the disease [1,63-66].

4.3. Reactive Oxygen Species as Contributors to Ischemia and Reperfusion Injury

Numerous mechanisms have been proposed to contribute to ischemia and reperfusion
injury; however, there is growing evidence that a burst of ROS generation fueled by
the re-introduction of oxygen to previously ischemic tissue, plays a critical role in the
development of reperfusion injury. This understanding is largely derived from direct
measurements of free radicals and evaluations of oxidative damage markers in post-
ischemic tissues. Additionally, administering agents that reduce the initial burst of ROS
generation during early reperfusion and implementing interventions that enhance ROS
scavenging in experimental animal models exposed to ischemia and reperfusion have been
shown to lessen the severity of reperfusion injury

Free radicals are typically evanescent and highly reactive, making them challenging
to measure. The only method capable of directly and specifically detecting free radicals
is electron spin resonance (ESR). In various organs subjected to ischemia and reperfusion,
ESR spectroscopy and spin trapping techniques have revealed that O,°*~ levels rise within
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seconds or minutes after O, is re-introduced [67-75]. The formed O,°~ can then convert
into other reactive species, like carbon-centered species or alkoxyl radicals [67,68].

An alternative to measure these reactive species directly is to detect the damage
they cause (their cellular ‘fingerprints’). Increased oxidative damage to DNA, lipids, and
proteins has frequently been observed in post-ischemic tissues [76,77]. Additional indirect
evidence supporting the role of oxidative stress in this process comes from studies that
report the protective effects of various antioxidant agents administrated before or during
ischemia and reperfusion [62]. Recently, we demonstrated that combining membrane-
permeable and impermeable iron-chelating drugs offers significant protection against
ischemia and reperfusion injury. We propose that this approach neutralizes intracellular
labile iron, thereby preventing the generation of highly reactive free radicals through the
Fenton reaction and reducing subsequent tissue injury [78]. Finally, studies using animal
models that either lack or overexpress ROS-scavenging enzymes further support the critical
role of ROS in ischemia and reperfusion injury [79-83].

4.4. Sources and Biochemical Mechanisms of Reactive Oxygen Species Generation in Post-Ischemic Tissues

In recent decades, significant efforts have been made to understand the mechanisms
that lead to excessive ROS production during reoxygenation of O,-starved tissues or organs.
While various sources of ROS generation have been suggested, mitochondria, xanthine
oxidase (XO), NADPH oxidases (NOX), and uncoupled nitric oxide synthase (NOS), are
now recognized to be the most likely contributors (Figure 4).

XO is an enzyme expressed in many tissues that catalyzes the oxidation of hypox-
anthine to xanthine and xanthine to uric acid while reducing molecular oxygen to O,°~.
During prolonged periods of ischemia, xanthine dehydrogenase (XD) is converted to XO,
and hypoxanthine accumulates due to the breakdown of ATP and insufficient washout
from vascular spaces. Many authors have suggested that with the restoration of blood flow
and tissue reoxygenation, XO generates increased amounts of O,°~, which in turn produce
other downstream oxidants, such as HyO,. HyO; can further react to form highly reactive
HO?® through the Fenton reaction, contributing to reperfusion injury [60-62]. Furthermore,
XO may play a role in systemic injury, such as multiple organ dysfunction syndrome. Sig-
nificantly elevated XO levels have been detected in plasma after various organs experience
ischemia and reperfusion. This suggests that circulating XO can initiate oxidative damage
in organs that are located away from the initially affected area [60-62]. It is of interest
to note that some studies indicate that ROS derived from XO may mediate ischemia and
reperfusion injury by recruiting and activating neutrophils, rather than directly causing
oxidative damage [84-87]. However, the role of XO in oxidative stress related to ischemia
and reperfusion remains controversial. While many reports indicate a beneficial effect from
inhibiting or deleting the enzyme prior to ischemia and reperfusion, some studies suggest
that its contribution to the production of O,°~ is minimal [88-90]. In preeclamptic patients,
elevated uric acid concentrations are commonly observed, which implies that XO might
contribute to ROS generation and oxidative damage in this condition [91].

In addition to XO, the NOX family of enzymes have been proposed to mediate ischemia
and reperfusion injury across various tissues [92-94]. Numerous studies conducted in
different experimental models of ischemia and reperfusion have reported an upregulation
of NOX expression and activity. Moreover, pharmacological or genetic inhibition of NOX
activity has been shown to reduce ROS production and alleviate injury caused by ischemia
and reperfusion. NOX2, the prototypical isoform expressed primarily in neutrophils, is
quantitively the most significant NOX regarding O,°~ generation [95]. Ischemia and
reperfusion prompt the release of ROS along with a range of proinflammatory mediators
that recruit neutrophils to the surface of the vascular endothelium of the injured tissue.
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This recruitment is followed by the extravasation and migration of neutrophils into the
tissues [96]. Once activated, neutrophils release elevated amounts of NOX2-derived reactive
species, a process known as oxidative or respiratory burst. NOX2 transfers electrons from
NADPH to O, to generate O,°~, which rapidly produces H,O,. H,O, is then converted to
hypochlorous acid by the action of myeloperoxidase, or HO®, via the Fenton reaction. Both
hypochlorous acid and HO® are strong oxidants responsible for the antimicrobial action
of neutrophils, but they can also cause collateral damage, contributing to tissue injury.
Other NOX isoforms expressed in non-phagocytes, such as fibroblasts, vascular smooth
muscle cells, and endothelial cells, produce lower levels of O,°~ and play essential roles as
signaling entities [95]. However, evidence suggests that, during ischemia and reperfusion,
these enzymes are upregulated by proinflammatory mediators and produce higher amounts
of ROS, leading to oxidative damage in post-ischemic tissues [61]. In preeclampsia, the
precise role of NOX enzymes remains unclear. Although several studies have indicated an
increased expression or/and enzymatic activity of different NOX isoforms in endothelial
cells or placental tissues from preeclampsia-affected women, other studies have not found
significant differences when comparing normal and preeclamptic placentas, highlighting
the need for further investigation [29,97-101].

ISCHEMIA and REPERFUSION

Xanthine oxidase Mitochondria
02'-
T S
S > N . / f
[ 2 .\
___J N__>
Uncoupled Nitric l NADPH
Oxide Synthase oxidase
H202
lo o Fe*?
1 J

HO:
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Uncontrolled Oxidations

Figure 4. Sources of reactive oxygen species generation in post-ischemic tissues. Several different
sources of reactive species generation have been proposed to contribute to reactive oxygen species
generation when oxygen-starved tissues or organs are re-oxygenated. The most likely contributors
are mitochondria, xanthine oxidase, NADPH oxidases, and uncoupled nitric oxide synthase. The
generated O,*~ can be converted to downstream ROS, such as H,O,, which in turn produces HO*
via a reaction catalyzed by Fe?* (Fenton reaction). HO® is the most reactive oxidant produced in vivo
and triggers unspecific oxidations to all biological molecules.
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NOS are a family of enzymes responsible for synthesizing *NO, a gaseous free radical
essential for various physiological processes, including vasodilation, neurotransmission,
platelet aggregation and adhesion, and host defense [57]. In mammals, three isoforms
have been identified: neuronal (nNOS), endothelial (eNOS) and inducible (iNOS) NOS.
iNOS is primarily induced in immune cells and generates large quantities of *NO over
prolonged periods. When formed in excess, *NO and other downstream nitrogen-derived
reactive species can effectively kill microorganisms, playing crucial roles in host defense.
In contrast, eNOS and nNOS generate lower to moderate amounts of *NO, which have
signaling properties. NOS enzymes possess the unique ability to switch their enzymatic
activity and release O,°~ instead of *NO. This phenomenon, known as NOS uncoupling,
reduces *NO bioavailability and exacerbates oxidative stress by potentiating ROS for-
mation. Mechanistically, oxidative stress is a key contributor to NOS uncoupling, by
degrading the substrate L-arginine, oxidizing the essential cofactor tetrahydrobiopterin
(BH4), or inducing post-translational modifications to NOS. NOS uncoupling, particularly
eNOS, has been observed in animal models and in patients experiencing ischemia and
reperfusion. This process enhances O,°*~ formation while decreasing *NO bioavailability,
further exacerbating oxidative damage in the reperfused tissue [102]. In the context of
preeclampsia, significantly lower levels of L-arginine have been observed in preeclamptic
compared to control placentas, suggesting that eNOS uncoupling may account for O,°*~
formation in this disease [103,104]. Recently, Guerby et al., reported that eNOS is highly
S-glutathionylated in preeclamptic placentas [105]. S-glutathionylation is the reversible
binding of glutathione tripeptide to a protein, promoted by reactive oxygen or nitrogen
species. This post-translational modification alters the structure, the folding, and the func-
tion of the modified protein. In the case of NOS, S-glutathionylation is one of the main
mechanisms leading to enzyme uncoupling. Additionally, another recent study from the
same group found that, in preeclamptic placentas, eNOS is modified by ONE, which is
a reactive aldehyde generated during lipid peroxidation [106]. This modification leads
to reduced *NO generation in human trophoblastic cell lines, again indicating the loss of
eNOS function.

While these enzymes are expressed in various tissues, their overall contribution to the
generation of ROS during ischemia and reperfusion is believed to be less significant than
that of mitochondria, and it tends to occur later in the process of ischemia and reperfusion
injury [107]. This is not surprising since mitochondria represent a cornerstone of ROS
generation in both physiological and pathological conditions. Most of the oxygen delivered
to cells is consumed at the endpoint of the electron transport chain, that is, the cytochrome
c oxidase (complex IV). This enzyme tends to tightly sequester electrons for the concerted
four-electron reduction of O,, meaning it retains all partially reduced intermediates of O,
until it is safely reduced to water; therefore, it is not a source of ROS. However, the earlier
components of the mitochondrial electron transport chain—namely complex I, III, and to
some extent, complex II—generate O,°~ and, subsequently, other downstream ROS from
O, [108,109]. Under physiological conditions, these ROS are not damaging, but instead
function as signaling molecules. However, during ischemia and reperfusion, as well as
under other non-physiological conditions, mitochondria release elevated levels of ROS,
contributing to oxidative stress.

During the ischemic period, little or no O; is available to accept electrons, so they
build up on the respiratory chain. For a long time, it was assumed that, upon reperfu-
sion, the increased ROS production was the consequence of non-specific electron leakage
from over-reduced mitochondrial electron transport chain components. This led to the
view that ischemia and reperfusion injury was a random and chaotic series of damag-
ing events [110,111]. However, a different perspective is now emerging, suggesting that
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ROS generation during reperfusion of previously ischemic tissue is a consequence of a
widely conserved metabolic process. Murphy and colleagues showed that succinate, a
citric acid cycle intermediate, accumulates markedly in diverse oxygen-starved organs due
to the reverse action of succinate dehydrogenase (complex II), which reduces fumarate to
succinate [111,112]. Upon the first minutes of reperfusion, the accumulated succinate is
rapidly reoxidized by complex II, driving reverse electron transport at complex I, which
generates a burst of O,*~. This generated O,°~, in turn, produces downstream ROS that
provokes oxidative damage initiating ischemia and reperfusion injury [113]. According to
this scenario, this mechanism contributes to O,°*~ generation much more than any other
source upon reperfusion [114].

A recent study provided evidence that in preeclamptic patients, and depending on
the severity of the disease, dysfunctional mitochondria accumulate in the placenta [115].
Furthermore, mitochondrial respiration and H,O, production were increased in healthy term
placentas after in vitro exposure to hypoxia and reoxygenation [115]. Based on their findings,
the authors suggested that ischemia and reperfusion increased mitochondrial respiration
via a dysregulated electron transport chain and resulted in the increased levels of HyO,
in preeclamptic tissue [111]. In another study, morphological analysis using transmission
electron microscopy revealed degenerative and apoptotic changes in mitochondria isolated
from preeclamptic compared to control placentas [116]. Comparative proteomic analysis
identified 26 mitochondrial proteins that were differentially expressed (four upregulated
and 22 downregulated) in preeclamptic compared to normal placentas [116]. Bioinformatics
analysis revealed that these proteins are involved in essential processes in the development
of preeclampsia, for instance apoptosis, fatty acid oxidation, the respiratory chain, ROS
generation, the tricarboxylic acid cycle and oxidative stress [116]. Furthermore, another recent
study provided strong evidence of potential accumulation of unfolded or misfolded proteins
coupled with impaired oxidative phosphorylation in mitochondria from preeclamptic patients,
suggesting the involvement of increased ROS formation [13].

4.5. Damaging Effects of Oxidative Stress in Preeclampsia

Numerous studies have identified various oxidative stress markers, such as adducts,
end products or oxidative modifications, which reflect reactions between reactive species
and biological macromolecules in patients with preeclampsia. Reactive species can attack
DNA, leading to multiple lesions, including strand breakage, abasic sites, and modifica-
tions to nucleotide bases [117]. Guanine is the base that is most susceptible to oxidation,
and its oxidized form 8-hydroxy-2'-deoxyguanosine (8-OHdG) is a widely used marker
for oxidative DNA damage. Immunohistochemical analysis of preeclamptic placentas
showed that the proportion of 8-OHAG positive syncytiotrophoblast nuclei is significantly
higher compared to control placentas, implying the involvement of oxidative stress in this
pathology [17,18,28,31]. Notably, immunoreactivity for 8-OHdG was found to be higher in
placentas of women with early-onset compared to late-onset preeclampsia [28].

Another major target of reactive species is the polyunsaturated fatty acids (PUFAs)
chains in lipids [117]. Oxidation of PUFAs generates a wide variety of lipid peroxidation
products, including reactive carbonyl compounds such as the MDA, HNE or ONE. These
compounds exhibit strong electrophilic properties, allowing them to react spontaneously
with numerous nucleophilic sites in proteins. This reaction forms protein adducts that
progressively impair protein function [118-120]. Reactive carbonyls formed during lipid
peroxidation along with their protein adducts, accumulate in oxidative stress-related dis-
eases and aging, making them widely measured indicators of oxidative stress [121]. In
preeclamptic pregnancies, both plasma and placental levels of MDA have been found to be
significantly higher compared to normal pregnancies [122-126]. Furthermore, immunofluo-
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rescence and confocal microscopy studies have highlighted a strong accumulation of HNE-,
acrolein-, and ONE-protein adducts in preeclamptic placentas, while their levels were low
in placentas from normal pregnancies [106]. In addition, placental eNOS was modified by
ONE in preeclamptic patients, but not in normal ones. This modification shifted eNOS
enzymatic activity from a *NO- to a O,°*~-generating enzyme (a phenomenon referred to as
NOS uncoupling) as indicated in human trophoblastic cell lines experiments [106]. More-
over, confocal imaging studies indicated the presence of HNE-adducts on sirtuin 1 (SIRT1)
in preeclamptic placentas, whereas no such modifications were observed in placentas from
normal pregnancies [127]. Since SIRT1 is a protein deacetylase, its carbonylation is expected
to reduce its enzymatic activity. This is consistent with the accumulation of acetylated
proteins seen in placental homogenates derived from preeclamptic pregnancies [127].

In addition to carbonyl-protein adducts, advanced oxidation protein products, which
are oxidized aggregated proteins, also accumulate in plasma in various oxidative stress
related diseases and ageing [128]. In the context of preeclampsia, there is evidence that
women with high plasma levels of advanced oxidation protein products have a higher risk
of developing this pathology [129], and their levels in plasma tend to increase with the
severity of the disease [130]. Nevertheless, the precise role of advanced oxidation protein
products remains to be illuminated as there are conflicting results in the literature [131].

Moreover, S-glutathionylated proteins also accumulate when redox balance switches in
favor of reactive oxygen or nitrogen species. Recent reports indicate high S-glutathionylation
for the eNOS enzyme in preeclamptic patients [105]. This modification is one of the
main causes of NOS uncoupling. The switch of eNOS enzymatic activity towards O,°~
-formation exacerbates tissue damage by enhancing ROS formation and inactivating *NO
in preeclamptic placentas. It is likely, that S-glutathionylation of eNOS serves as both a
cause and a consequence of increased reactive species formation in this disease.

Redox imbalances may lead to the accumulation of unfolded or misfolded proteins,
disrupting cellular homeostasis. To compact or respond to protein unfolding or misfold-
ing, cells have developed sophisticated stress response pathways known as unfolded
protein responses (UPR). These pathways are found in all cellular compartments capable
of protein synthesis and govern whether cells can re-establish homeostasis or initiate cell
death programs [132]. Recent research has provided molecular evidence of the activa-
tion of ER and mitochondrial UPR mechanisms in placentas from cases of early-onset
preeclampsia, suggesting the potential accumulation of unfolded or misfolded proteins in
these organelles [12,13]. Notably, the activation of both pathways was largely restricted
to the syncytiotrophoblast and endothelial cells. Similar observations were recapitulated
in in vitro cellular models that mimic ischemia followed by reperfusion. Fluctuations in
O; levels (hypoxia and reoxygenation) in trophoblast-like cell lines showed a remarkable
level of consistency in reproducing both the ER and the mitochondrial UPR signaling
pathways of preeclamptic placentas [12]. In addition, the activation of mitochondrial UPR
pathways causes impaired mitochondrial function, which increases the risk for further ROS
formation [12,13]. There is also evidence of potential interactions between the ER and the
mitochondrial UPR signaling pathways in early-onset preeclampsia [13].

The mitochondria and ER communicate and integrate their activities through mem-
brane contact sites known as mitochondria-associated ER membranes (MAMSs) [133]. The
structure of MAMs is maintained by molecular bridges (protein tethers) that, among other
crucial roles, modulate redox signaling between these organelles [134]. Recent studies
showed that aquaporinll (AQP11), a peroxiporin residing in the ER and accumulating
partly in MAMs [135] transfers H,O, from mitochondria to the ER [136]. Given the coupling
of mitochondrial and ER function through MAMs, oxidative stress, mitochondrial stress
and ER stress are closely interlinked, and it is unlikely that any one of these stresses occur
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in isolation [134,137-139]. Apparently, the redox interplay between these organelles deter-
mines the level of oxidative stress and its pathophysiological consequences in preeclampsia.

5. Pathogenetic Implications of Oxidative Stress-Induced Placental Senescence

Although some degree of oxidative stress occurs in normal pregnancies towards term,
increased placental oxidative stress because of disturbed utero-placental blood flow and
increased placental senescence resulting from various stressful stimuli, including oxidative
stress are implicated in the pathogenesis of preeclampsia [6,7,10,11,15,18,30,33].

Placental senescence takes place in both normal and pathological pregnancies includ-
ing preeclampsia [11,15,33,140-144]. Concerning normal pregnancy, the fusion of mature
cytotrophoblasts to form the multinucleated syncytiotrophoblast layer during placentation
is important for the placental and fetal development and has been recognized as a trig-
ger of syncytiotrophoblast senescence which gradually progresses until term [8,15,140-143].
Indeed, Chuprin et al. [143] found in tissue sections that the third trimester normal syncy-
tiotrophoblasts exhibit characteristics of cellular senescence such as (a) immunohistochemical
expression of cyclin dependent kinase inhibitors (CDKI) p21 and p16, (b) immunohistochem-
ical expression of the phosphorylated (serine-139) form of H2A histone family member X
(y-H2A.X) (a marker of double-strand DNA breaks), (c) absence of immunohistochemical
expression of the cell proliferation-associated marker Ki67 and (d) senescence-associated beta-
galactosidase (SA-gal) enzymatic activity detected by histochemistry. This enzymatic activity,
which is found in many normal cells under physiological conditions, is significantly elevated
in senescent cells resulting from increased lysosomal content [40]. Thus, histochemical detec-
tion of SA-Bgal activity at pH 6.0 (suboptimal for normal cells) permits specific identification
of senescent cells [46]. Moreover, Chuprin et al. [143] showed in normal and carcinoma cell
lines that expression of ERVWEI1 (endogenous fusogenic protein) or infection by the fusogenic
measles virus resulted in cell fusion and induction of a p53- or pRB-dependent senescence
program. Moreover, Higuchi S. et al. [140] examined senescence-associated markers (SA-
Bgal, p16 and p21) in normal placenta and observed that (a) the histochemical expression
of SA-fgal in cytotrophoblasts is strong in the first and second gestational trimesters, but
weaker in the third trimester, (b) the syncytiotrophoblasts are SA-Bgal negative in the first
and second gestational trimesters, but become positive in the third trimester, and (c) the
immunohistochemical expression of the CDKI p16 and p21 was stronger in cytotrophoblast
than in syncytiotrophoblast throughout pregnancy, and the expression levels of these markers
in syncytiotrophoblast were significantly increased as pregnancy advanced. In the same study,
experiments using the BeWo human chorionic carcinoma cell line showed that the expression
of SA-Bgal, and p21 was stronger after than before cell fusion [140].

Concerning pathological pregnancies, including preeclampsia, the increase of placen-
tal senescence can be evidenced by the accumulation of senescence-associated markers,
such as short telomeres, increased senescence-associated heterochromatin foci (SAHF),
increased SASP phenotype, and elevated Sudan-Black-B histochemical staining, which
detects lipofuscin granules (aggregates of oxidized lipids, proteins and metals known to
accumulate in aged tissues), elevated enzymatic activity of SA-fgal, and increased im-
munohistochemical expression of phosphorylated (serine-139) histone YH2AX and the
CDKI p16 and p21 [6,8,10,11,15-18,26,127,144-146]. This increase in placental senescence
in preeclampsia can result from various mechanisms, such as oxidative stress, which may
induce DNA-damage, accumulation of oxidatively damaged unfolded and/or misfolded
proteins, mitochondrial dysfunction, and lipid peroxidation [7-11,14,15,17,18].

The contribution of oxidative stress to the increase of senescence of trophoblastic
cells was evidenced by in vitro studies using term human placenta explants and human
cytotrophoblastic cell lines [6,8,24,127]. Indeed, oxidative stress induced by hypoxia and
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reoxygenation challenge resulted in senescent alterations in term placental explants in vitro,
evidenced by (a) significant increase in the aggregation of lipofuscin granules, as detected
by Sudan-Black-B histochemical staining, (b) significant increase in the expression levels of
the CDKI p21 and p16, and (c) increased nuclear foci of modified histone YH2AX compared
to normoxic controls [17]. Additionally, oxidative stress induced by H,O, treatment caused
DNA damage in term placental explants in vitro, evidenced by a higher proportion of
nuclei showing immunohistochemical expression for 8-OHdG when compared to normoxic
control explants [17]. In another study, treatment of the human trophoblast cell line
HTR-8 with advanced oxidation protein products which are elevated in the plasma of
preeclamptic pregnancies resulted in (a) increase of the levels of ROS, the levels of SA-
gal, the senescence-associated heterochromatin foci (SAHF) and the percentage of cells
in the G0/G1 phase (indication of cell cycle arrest), and (b) decrease of cell mitochondrial
membrane potential (A¥Ym) compared with the control group [23]. In the same study,
(a) co-treatment of the trophoblastic cells with the antioxidant N-acetyl-L-cysteine (NAC)
significantly reversed advanced oxidation protein products-induced senescence and (b)
pre-treatment of the trophoblastic cells with rapamycin (an activator of autophagy) or 3-MA
(an inhibitor of autophagy) significantly inhibited or promoted advanced oxidation protein
products-induced senescence, respectively [23]. The authors concluded that advanced
oxidation protein products may induce trophoblast cell senescence via oxidative stress and
by inhibiting the autophagy process [23].

Further evidence for the oxidative stress-mediated senescence was provided by in vitro
findings using lipid peroxidation-derived aldehydes [123]. As mentioned above, lipid per-
oxidation, which is caused by the oxidative attack of polyunsaturated fatty acids, generates
various oxidation-derived molecules, including aldehydes such as HNE and ONE [147-149].
In this regard, the human trophoblastic cell line HTR-8 exhibited a significant increase in
SA-Bgal activity upon incubation with the lipid peroxidation-derived aldehydes HNE and
ONE [6,127]. Elevated placental oxidative stress may also increase ER and mitochondrial
stress, which contribute to the acceleration of placental senescence [14,15,150]. Indeed,
as already mentioned, the accumulation of oxidatively damaged unfolded and/or mis-
folded proteins, which have potentially toxic cellular effects, may activate the ER and
mitochondrial UPR pathways [12,13,21,150-153]. Interestingly, there is evidence that UPR
participates in the induction of the senescent cell-cycle arrest pathway [154]. For example,
stress-induced premature senescence can be promoted in proximal tubular epithelial cells
treated in vitro with advanced glycation end-products which are protein glycosylation
products involved in aging and age-related diseases via the activation of an ER stress-
dependent p21 signaling [155]. Because of the coupling of mitochondrial and ER function
through MAMs, oxidative, mitochondrial, and ER stress are interlinked and may have
cooperative pathophysiological effects, such as acceleration of placental senescence in
pregnancy complications, including preeclampsia [8,14,15,21,30]

Relevant to the above mentioned in vitro data [6,18,24,127] are histological findings in
tissue sections that (a) trophoblastic cells in preeclamptic placentas show increased immuno-
histochemical expression of various oxidative stress markers (p.e., NOX, XO) and the oxidative
DNA damage marker 8-OHdG in comparison to normal controls [17,18,23,26-28,31], and
that (b) true syncytial knots (aggregates of aged and effete nuclei with highly condensed
chromatin in the cytoplasm of syncytiotrophoblasts) are increased in preeclamptic placentas
(Tenney-Parker change) and in advanced gestational age [156-159]. This increase of true
syncytial knots has been attributed to premature placental aging, and immunohistochemi-
cal analysis of normal term and post-term placentas revealed that the true syncytial knots
contained a high proportion of 8-OHdG-immunopositive nuclei, which also exhibit a highly
condensed nuclear morphology (indication of aged and effete nuclei) in comparison to the



Antioxidants 2025, 14, 529

15 of 22

8-OHdG-immunonegative nuclei [151]. Moreover, placental explants exposed in vitro to
H,O, at concentrations that caused an increase in syncytial knot formation, showed signifi-
cant increase in the percentage of 8-OHdG-immunopositive syncytiotrophoblastic nuclei in
comparison to controls [157,158]. Taken together, the aforementioned in vitro and histological
findings [6,18,127,157,158] support the concept that oxidative DNA damage contributes to the
increased senescence in preeclamptic placentas.

6. Conclusions

The placenta is a feto-maternal organ that evades the maternal immune system, al-
lowing the survival of a semi-allogeneic fetus and maintaining a healthy pregnancy by
enabling the maternal-fetal exchange of nutrients and waste products. However, placental
dysfunction is linked to several pregnancy complications, including preeclampsia and other
‘great obstetrical syndromes’. In preeclampsia, there is an increase in placental oxidative
stress, which is caused by impaired utero-placental blood flow. This condition, along with
the resulting placental senescence, is believed to play a significant role in the pathogenesis
of the disease. Therefore, understanding the mechanisms that drive oxidative stress in
preeclampsia and discovering ways to manipulate this condition is of major importance.

Strong evidence indicates that preeclampsia arises from defective placentation, which
in turn leads to recurrent episodes of ischemia and reperfusion within the placental intervil-
lous space. Although multiple factors contribute to the injury caused with the restoration
of blood flow to previously ischemic tissues, a burst in the production of ROS plays a
central role [13,14,21,30,48]. The term ROS refers to a diverse group of oxygen-derived free
radicals and molecules with varying levels of reactivity [34-36]. For example, O,°*~ and
HyO; are relatively weak oxidants, insufficient to cause direct damage to cellular macro-
molecules. In contrast, HO®* and RO®, which are generated via the Fe2+-cata1yzed Fenton
reaction from relatively unreactive peroxides are powerful oxidizing agents able to abstract
electrons from any molecule that happens to be in the vicinity of their formation [51]. The
ongoing accumulation of highly reactive oxidants leads to oxidative damage of biological
macromolecules, resulting in oxidative stress.

Given that oxidative stress is associated with numerous human diseases, substantial
efforts have been directed toward neutralizing highly reactive oxidants and mitigating their
pathological impact. Traditionally, it has been assumed that dietary antioxidants—particularly
free radical scavengers abundant in fruits and vegetables—could offer protection against
oxidative stress and its associated diseases [160-162]. However, given the high reactivity
and short lifespan of these species, it is unlikely that free radical scavenging antioxidants
can neutralize them effectively in vivo [160-162]. Emerging evidence indicates that labile
(redox-active) iron plays a pivotal role in ROS-mediated adverse effects [51]. Our previous
studies have demonstrated that reducing intracellular iron levels can protect against oxidative
stress-induced DNA damage and apoptotic cell death in various types of cells [161,163-167].
Furthermore, we have shown that pharmacological iron chelation effectively moderates liver
ischemia-reperfusion injury in vivo [78]. These findings highlight the importance of targeting
labile iron as a strategy to alleviate oxidative stress. Modulating intracellular iron availability
may thus represent a promising and underexplored therapeutic approach for preventing or
treating oxidative stress-related diseases.
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