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ABSTRACT
Preeclampsia is a complex condition characterized by elevated blood pressure and organ damage 
involving kidneys or liver, resulting in significant morbidity and mortality for both the mother and 
the fetus. Increasing evidence suggests that oxidative stress, often caused by mitochondrial 
dysfunction within fetal trophoblast cells may play a major role in the development and progres
sion of preeclampsia. Oxidative stress occurs as a result of an imbalance between the production 
of reactive oxygen species (ROS) and the capacity of antioxidant defenses, which can lead to 
placental cellular damage and endothelial cell dysfunction. Targeting oxidative stress appears to 
be a promising therapeutic approach that has the potential to improve both short- and long-term 
maternal and fetal outcomes, thus reducing the global burden of preeclampsia. The purpose of 
this review is to provide a comprehensive account of the mechanisms of oxidative stress in 
preeclampsia. Furthermore, it also examines potential interventions for reducing oxidative stress 
in preeclampsia, including natural antioxidant supplements, lifestyle modifications, mitochondrial 
targeting antioxidants, and pharmacological agents.

A better understanding of the mechanism of action of proposed therapeutic strategies 
targeting oxidative stress is essential for the identification of companion biomarkers and perso
nalized medicine approaches for the development of effective treatments of preeclampsia.
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Physiological placental development and 
aberrant placentation in preeclampsia

After conception, the fertilized oocyte grows and divides 
into a blastocyst, which embeds into the endometrium and 
begins to establish a blood supply for the developing infant 
(1). The blastocyst differentiates into the trophectoderm, 
which contains pluripotent cytotrophoblasts (CTBs) (2). As 
the placenta develops, the CTBs in the placental villi pro
liferate and differentiate either into a fused and multinu
cleated syncytiotrophoblast (STB) layer or invasive 
extravillous trophoblasts (EVTs) (3,4). The STB layer pro
vides a protective barrier for nutrients and gases exchange 
between the maternal and fetal circulatory systems while 
producing hormones including human chorionic gonado
tropin (hCG) (4). During pregnancy, EVTs invade the 
inner layers of the uterus and remodel the spiral uterine 
arteries. This is to maintain steady perfusion of the placental 
intervillous space and provide sufficient blood supply to the 
growing fetus through the formation of an extensive vas
cular network within the placental villi (5). The formation 
of newly formed blood vessels and the branching and 

elongation of existing vessels are tightly regulated by var
ious factors (6). During early placental vasculogenesis, vas
cular endothelial growth factor (VEGF) and angiopoietin-1 
stimulate endothelial cell proliferation and the establish
ment of new blood vessels (7,8). VEGF-mediated migration 
of endothelial cells is promoted by angiopoietin-2 (9,10). 
Additionally, estrogen and progesterone are released into 
the maternal circulation to support maternal cardiovascular 
adaptations to pregnancy along with the formation and 
maintenance of the placental vasculature (11–13).

The development of preeclampsia is believed to origi
nate from inappropriate placentation (14). The pathogenic 
mechanisms that underlie this multisystem disorder are not 
well understood; however, a two-stage progression model 
has been proposed (15–17). Early-onset preeclampsia 
(EOP) is associated with an insufficient invasion of the 
EVTs and an inadequate remodeling of the spiral uterine 
arteries, leading to pulsatile perfusion of the placental bed, 
hypoxia-reperfusion injury, and subsequent stress on the 
STBs (15,18). During late-onset preeclampsia (LOP), pla
cental growth restrictions, premature placental aging, or 
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maternal cardiovascular risk factors result in the placenta 
being unable to meet the metabolic demands of the growing 
fetus, which can lead to STB stress (19–22). Both pheno
types of preeclampsia lead to the release of pro- 
inflammatory cytokines, an increase in the number of 
extracellular vesicles (EVs), reactive oxygen species (ROS), 
apoptotic debris, and anti-angiogenic factors into the sys
temic circulation (23–28). Consequently, maternal 
endothelial dysfunction and systemic inflammation 
emerge, resulting in decreased perfusion of the maternal 
organs, manifesting in multiple systemic symptoms of pre
eclampsia (19,28,29). A successful pregnancy depends on 
the tolerance by the maternal immune system of semi- 
allogeneic fetus and placenta (30–32). Anti-fetal rejection 
can be triggered by impaired immune tolerance and has 
been implicated in pregnancy complications, including 
preeclampsia (33–35). The invasive EVTs are in direct 
contact with uterine immune cells, including decidual nat
ural killer cells (dNKs), macrophages, T cells, B cells, and 
dendritic cells (36). An EVT exhibits a unique combination 
of major histocompatibility complex type-1 molecules 
ligands, human leukocyte antigens (HLA) C, E, F, and G, 
in order to facilitate immune recognition (37,38). The 
inappropriate activation of the maternal immune system 
may affect trophoblast invasion and remodeling, initiating 
a cascade of events leading to preeclampsia (34,39). In 
addition, decidual stromal cells (DSCs) interact with tro
phoblasts and dNK cells to support trophoblast invasion 
and placental development. Dysregulation in their function 
can contribute to preeclampsia (40). Fibroblast cells synthe
size and secrete components of the extracellular matrix, 
including collagen and fibronectin, which provide struc
tural support to the placental tissue (41–43). Fibroblasts 
secrete growth factors including VEGF and transforming 
growth factor-beta (TGF-β), which are important for 
angiogenesis and trophoblast differentiation (41–43). 
Successful placentation during pregnancy involves 
a complex interplay between various cell types, including 
trophoblast cells, immune cells, stromal cells, endothelial 
cells, and fibroblast cells (43). Each cell type plays a crucial 
role in establishing and maintaining a healthy placenta, 
which is essential for proper fetal development and mater
nal health (41–43). Aberrant placentation, such as that seen 
in preeclampsia, involves dysfunction or maladaptation of 
these cells, leading to poor placental function and adverse 
pregnancy outcomes (41–43).

The role of mitochondrial function in placental 
development and growth

Mitochondria, as the energy-producing organelles, 
play a critical role in placental development and 

growth (44). Mitochondrial function is particularly 
important in STBs, enabling adequate communica
tions at the maternal-fetal interface (45). This is 
achieved through the supply of required energy for 
syncytialization, nutrient transportation, hormone 
synthesis, and general metabolic processes within the 
placenta (44).

The process of oxidative phosphorylation (OXPHOS), 
which generates required cellular energy, constitutes 
a fundamental aspect of mitochondrial function during 
placental development (46). Mitochondrial OXPHOS 
facilitates adenosine triphosphate (ATP) production by 
transferring electrons along the electron transport chain 
(ETC) and synthesizing ATP via ATP synthase. ATP is 
essential for trophoblast proliferation, invasion, and vas
cular remodeling during early placental development 
(46). Disruptions in mitochondrial OXPHOS can lead to 
diminished ATP production, causing compromised pla
cental development and impaired trophoblast prolifera
tion (46–48).

In particular, mitochondria are responsible for nutri
ent transport and metabolism, processes essential for 
placental growth and optimal placental function (49). 
Mitochondrial enzymes including pyruvate dehydro
genase complex (PDHC) and carnitine palmitoyl trans
ferase (CPT), facilitate the conversion of glucose and 
fatty acids, respectively, into acetyl-CoA, leading to 
energy production (50–53). Dysregulation in mito
chondrial nutrient metabolism can adversely affect the 
STBs, impairing its ability to transport nutrients and 
gases efficiently, which in turn can impede placental 
growth and function (49). Apart from energy produc
tion and metabolism, mitochondria participate in apop
tosis and regulate oxidative stress within trophoblast 
cells (54). Mitochondrial dysfunction can lead to exces
sive ROS generation, resulting in oxidative stress. ROS 
can potentially induce damage to cellular components 
such as lipids, proteins, and mitochondrial DNA 
(mtDNA), disrupting the delicate balance of cell signal
ing and homeostasis required for normal placental 
development (55,56). Additionally, mitochondrial dys
function can initiate apoptotic signaling pathways, 
resulting in trophoblast cell death and adversely affect
ing placental growth (57).

MtDNA variations contribute to placental health, by 
encoding crucial ETC complex subunits which can 
influence mitochondrial function and energy produc
tion. Furthermore, modifications in mitochondrial 
dynamics, comprising fusion and fission processes, 
influence the morphology and function of mitochon
dria. Impairment in mitochondrial dynamics can com
promise the integrity of the placenta, affecting nutrient 
transport, metabolism, and cellular function including 
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cellular differentiation, proliferation, and apoptosis 
(58,59).

Mitochondrial dysfunction of the placenta has been 
associated with the pathogenesis of various pregnancy 
complications, including preeclampsia, intrauterine 
growth restriction (IUGR) (60,61) and gestational dia
betes mellitus (GDM) (62,63). These conditions are 
characterized by compromised placental development, 
altered nutrient metabolism, increased oxidative stress, 
and abnormal angiogenesis (64). Comprehending the 
mechanisms responsible for mitochondrial dysfunction 
in these pathological conditions is essential for identi
fying prospective therapeutic targets and developing 
interventions that can treat preeclampsia and improve 
maternal and fetal outcomes.

Furthermore, mitochondrial-derived peptides 
(MDPs) have recently gained attention for their role 
in placentation. MDPs originating from distinct seg
ments of mitochondrial proteins, with the capacity to 
regulate mitochondrial biogenesis, oxidative stress 
response, inflammation, and apoptosis. Some MDPs, 
such as humanin and MOTS-c, have shown to have 
anti-apoptotic, anti-inflammatory, and metabolic regu
latory properties (65). These peptides could potentially 
have implications for the development and growth of 
the placenta due to their anti-apoptotic properties, 
which help maintain trophoblast cell viability; their 
anti-inflammatory properties, which prevent excessive 
inflammatory responses linked to placental dysfunc
tion; and their metabolic regulatory properties, which 
ensure efficient nutrient and energy supply essential for 
fetal development (65). Further research is needed to 
elucidate their specific roles in the placental tissue 
(66,67).

Recent progress in mitochondrial research meth
odologies, such as mitochondrial genome sequencing, 
proteomics, metabolomics, and functional assays, have 
made valuable tools available to study mitochondrial 
functions in placental development. These approaches 
enable the comprehensive characterization of mito
chondrial modifications, functional changes, and meta
bolic adaptations within the placenta (68,69). 
Integrating these ‘omics data with clinical observations 
and histological analyses can further enhance our com
prehension of the significance of mitochondrial func
tion in placental development and its impact on 
pregnancy outcomes.

General introduction on the pathogenesis of 
preeclampsia

Preeclampsia is a human-specific cardiovascular disor
der of pregnancy characterized by the new onset of 

hypertension and proteinuria or other organ damage 
including IUGR diagnosed after the 20th week of gesta
tion (70). EOP, diagnosed before 34 weeks of gestation, 
is associated with higher rates of maternal and fetal 
complications, and is often linked to abnormal placen
tal development. This form of preeclampsia is asso
ciated with poor placental perfusion and inadequate 
spiral uterine artery remodeling, frequently leading to 
IUGR and the need for preterm delivery (71–73). In 
contrast, LOP, diagnosed from 34 weeks of gestation 
and comprising ~ 85% of all preeclampsia cases, is clo
sely associated with poor maternal cardiovascular adap
tations, rather than placental abnormalities. In LOP 
cases, fetal growth is typically less affected, allowing 
for term delivery and resulting in better overall preg
nancy outcomes (71–73). Nevertheless, both EOP and 
LOP are the leading causes of morbidity and mortality 
of both mothers and babies in pregnancy. Long-term, 
individuals affected by preeclampsia in pregnancy have 
increased risk of developing cardiovascular, metabolic 
and neurological diseases, later in life (72). The off
spring affected by preeclampsia have elevated risks of 
preterm birth, perinatal mortality, neurodevelopmental 
disabilities, and subsequent cardiovascular and meta
bolic disorders post-partum (74–76).

Preeclampsia is an enigmatic disorder in terms of its 
pathophysiology. There has been an increasing body of 
research suggesting that preeclampsia progresses 
through a series of stages. Placental insufficiency is 
primarily caused by genetic, environmental, and immu
nological factors during the first and the second trime
sters of pregnancy (77–80) (Figure 1). Recent research 
has shown that dysregulation in mitochondrial home
ostasis and dynamic function maintaining fission gene, 
dynamin-1-like (DNM1L) proteins, or fusion gene, 
mitofusin1 (MFN1), autophagy gene (ATG5) or macro
autophagy gene, microtubule-associated protein 1 light 
chain 3β (MAP1LC3B), are responsible for placental 
dysfunction in preeclampsia (81–83). Diabetes mellitus, 
hyperglycemia, and chronic hypertension can signifi
cantly increase the morbidity of preeclampsia during 
pregnancy (84,85). Immunological factors and heigh
tened inflammation often involving proinflammatory 
cytokines, tumor necrosis factor (TNF-α), interleukin- 
6 (IL-6), interleukin 1beta (IL-1β), and immune cells 
including natural killer cells (NK cells), T helper cells 
and macrophages can also contribute to preeclampsia 
progression (86) (Figure 1). In EOP, shallow tropho
blast invasion caused by impaired spiral artery remo
deling triggers placental ischemia-reperfusion injury 
(72). Oxidative stress and persistent hypoxia can cause 
a significant increase in anti-angiogenic proteins 
including soluble fms-like tyrosine kinase-1 (sFlt1) 
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and soluble endoglin (sEng) leading to angiogenic 
imbalance within the placenta (64). One emerging anti- 
angiogenic factor that is out of balance in preeclampsia 
belongs to the family of FK506 binding protein-like 
(FKBPL) or immunophilins, but is a divergent member 
of this group, with slightly different structures and 
functions (87–90). Recent research has shown that 
FKBPL in conjunction with its target cell membrane 
protein, CD44, has a promising potential as an early 
diagnostic biomarker of preeclampsia (91–94). The pre
sence of angiogenic imbalance results in vascular syn
drome, typical for preeclampsia that can induce 
proteinuria, liver dysfunction, headache, stroke, hyper
tension (95) and HELLP (hemolysis, elevated liver 
enzymes and low platelets) syndrome (73). These fea
tures of preeclampsia or associated conditions can lead 
to pregnancy complications and pre-term birth 
(Figure 1).

The pathogenesis of preeclampsia involves 
a complex interplay of maternal, placental, and sys
temic factors, leading to endothelial dysfunction and 
impaired placental perfusion (96). Comprehending 
the fundamental mechanisms of preeclampsia is 
paramount in advancing the development of effica
cious preventive and therapeutic approaches. 

Dysfunctional placentation and insufficient remodel
ing of the maternal spiral uterine arteries have been 
identified as significant etiological factors in the 
pathogenesis of preeclampsia (97). The placenta is 
crucial in the pathogenesis of preeclampsia because 
it secretes anti-angiogenic factors (sFlt-1, sEng) that 
antagonize pro-angiogenic factors VEGF, placental 
growth factor (PlGF) and promote vasoconstriction 
(86,95,98). Preeclampsia is linked to an amplified 
inflammatory response, which leads to endothelial 
activation, oxidative stress, and the release of factors 
(TNF-α, IL-6, IL-1β) perpetuating the inflammatory 
cascade (99,100). Increased ROS levels and impaired 
antioxidant defenses contribute to oxidative stress 
and endothelial dysfunction in preeclampsia 
(96,101). Our recent meta-analysis identified three 
key oxidative stress biomarkers, ischemia modified 
albumin (IMA), uric acid (UA) and malondialdehyde 
(MDA), with important roles in the pathogenesis of 
preeclampsia (102). These biomarkers have been 
implicated in abnormal placentation characterized 
by inadequate trophoblast invasion and remodeling 
of spiral uterine arteries (102). IMA is a marker of 
ischemic events, UA is a marker of non-enzymatic 
antioxidants, and MDA is a marker of lipid 

Figure 1. Schematic diagram of preeclampsia pathogenesis. Genetic factors, environmental factors and immunogenic factors are 
contributing factors to preeclampsia pathophysiology. Preeclampsia pathogenesis involves significant maternal trophoblast dysfunc
tion and mitochondrial abnormality. In the beginning of pregnancy, the spiral uterine arteries are remodeled by trophoblast cells 
and dNK cells. An invasive subtype of trophoblasts, extravillous trophoblasts (EVTs) invade the spiral uterine arteries (SUAs) of the 
decidua in a tightly regulated fashion and replace the endothelial and muscle layers to reduce blood vessel resistance, resulting in 
unrestricted blood flow to the placenta and the fetus. However, in preeclampsia, the extent and depth of remodeling is shallower 
than in normal pregnancy. This impaired spiral uterine arteries remodeling is believed to play a key role in its pathogenesis, 
triggering a cascade of events including placental ischemia, inflammation and angiogenic imbalance. On the other hand, placental 
ischemia triggers mitochondrial dysfunction. Finally, it causes maternal syndromes such as proteinuria, liver dysfunction, headache, 
stroke, and hypertension. (created in https://BioRender.com).
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peroxidation (102). Although UA typically has anti
oxidant properties, renal impairment can lead to 
reduced clearance and elevated UA levels. This 
increase transforms uric acid into a pro-oxidant, 
promoting oxidative stress and endothelial dysfunc
tion, which can contribute to the development of 
preeclampsia (103). Thus, the dual role of UA in 
preeclampsia warrants close examination of its con
tribution to disease progression.

Endothelial dysfunction is a hallmark feature of pre
eclampsia that can cause impaired vasodilation, 
increase vascular permeability, and alter coagulation. 
Dysregulation of endothelial-derived factors, including 
nitric oxide (NO), endothelin-1 (ET-1), and prostacy
clin, contributes to vasoconstriction and thrombotic 
events observed in preeclampsia. Furthermore, 
impaired endothelial cells secrete microparticles and 
facilitate platelet activation, exacerbating the prothrom
botic condition (104). These abnormalities in the 
homeostatic system can contribute to systemic 
endothelial dysfunction and multiorgan damage 
observed in severe cases of preeclampsia. The most 
frequently affected organs include the liver, kidney, 
brain, and placenta.

The renin-angiotensin system (RAS) has also been 
implicated in the pathogenesis of preeclampsia. The 
disruption of the RAS with elevated levels of angio
tensin II (Ang II) in the bloodstream and reduced 
levels of angiotensin-(1–7) [Ang-(1–7)], leads to vaso
constriction, inflammation, and oxidative stress com
monly observed in preeclampsia. Moreover, 
autoantibodies targeting the angiotensin II type 1 
receptor (AT1-AA) have been detected in preeclamp
sia, further implicating the role of the RAS in disease 
pathogenesis (105).

In summary, the pathogenesis of preeclampsia is 
a multifactorial process involving interactions between 
maternal, placental, and systemic factors. Abnormal 
placentation, angiogenic imbalance, immune dysregula
tion, genetic susceptibility, oxidative stress and 
endothelial dysfunction collectively contribute to the 
development of preeclampsia. Given preeclampsia is 
a condition without a cure, a comprehensive under
standing of these mechanisms is essential to advance 
the development of innovative therapeutic interven
tions and enhance the management of this potentially 
life-threatening condition.

Prediction and diagnosis of preeclampsia

Prediction and timely diagnosis of preeclampsia is vital 
for the effective management and improved outcomes 
of affected pregnancies. Various clinical, biochemical, 

and imaging markers have been utilized for prediction 
and diagnosis of preeclampsia, aiming to identify high- 
risk individuals and facilitate timely interventions 
(106,107). However, predicting and diagnosing pree
clampsia accurately has been challenging due to inter- 
patient variability in symptoms and features, and its 
multifactorial and heterogenous nature.

Maternal demographic factors and medical history 
are essential in identifying pregnant individual at risk 
of preeclampsia. Advanced maternal age, nulliparity, 
obesity, preexisting chronic hypertension, type 1 or 
type 2 diabetes mellitus and a previous history of pre
eclampsia are associated with an increased risk of 
developing the condition (108,109).

Uterine artery Doppler ultrasound has demonstrated 
promise as a noninvasive imaging technique for pre
dicting preeclampsia. A typical waveform, characterized 
by increased resistance and reduced diastolic flow, are 
associated with an increased risk of developing pree
clampsia. Doppler ultrasound can reliably assess uter
oplacental blood flow and vascular resistance, thereby 
assisting in predicting and identifying high-risk preg
nancies (110).

Blood-based biochemical markers have been exten
sively investigated for their potential role in predict
ing and diagnosing preeclampsia. PlGF, a member of 
the VEGF family, is clinically utilized worldwide. 
Reduced PlGF levels during early pregnancy (i.e. the 
first trimester) have depicted predictive value for the 
subsequent occurrence of preeclampsia (111). 
Likewise, the involvement of sFlt-1, an anti- 
angiogenic protein, has been implicated in the patho
physiology of preeclampsia. Increased sFlt-1 levels 
and the sFlt-1/PlGF ratio have shown a reliable short- 
term predictive value of preeclampsia (112,113). In 
a prospective, multicenter, observational study, it 
was determined that a ratio of serum sFlt-1 to PlGF 
could be used to predict the presence or absence of 
preeclampsia in women with singleton pregnancies. 
An sFlt-1: PlGF ratio with a cut-off of > 38 was 
found to be an important predictor of preeclampsia. 
An sFlt-1:PlGF ratio above 38 had a positive predic
tive value of 36.7% with 66.2% sensitivity and 83.1% 
specificity for preeclampsia within 4 weeks, which 
informed its use as a rule-out than rule-on test 
(113). Another prospective multicenter study found 
that low plasma PlGF concentrations had high sensi
tivity (96%), negative predictive value (98%), and 
specificity (55%). A low PlGF plasma concentration 
with 0.87 area under the receiver operating character
istic (ROC) curve for predicting preeclampsia within 
14 days, outperformed all other commonly used tests, 
whether used individually or in combination (112). In 
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addition to biomarkers for endothelial dysfunction, 
vascular cell adhesion molecules (VCAM-1), and pro- 
inflammatory cytokines (e.g., IL-6, and TNF-α) have 
been evaluated as predictors of and diagnostic indi
cator of preeclampsia (114–116). Based on ROC ana
lysis, it was determined that VCAM-1 > 450 ng/ml 
was associated with a sensitivity of 79% and 
a specificity of 90% for the detection of severe pre- 
eclampsia and eclampsia in a case-control study of 60 
participants (114). Researchers also reported using a 
small sample size that there was a significant differ
ence in serum IL-6 concentrations between indivi
duals with preeclampsia and healthy controls. The 
area under the curve (AUC) was 0.70, the odds ratio 
(OR) was approximately 2.82, sensitivity was 73%, 
and specificity was 64% (115). Furthermore, 
a significant increase in TNF-α concentrations was 
reported in African women with preeclampsia of 
varying severity compared to women with normoten
sive pregnancies (117). ROC curve analyses reported 
the AUC of 0.937 for the development of preeclamp
sia at a serum TNF-α cutoff level of >15.6 ng/mL, and 
the AUC of 0.978 for the severity of preeclampsia at 
a serum TNF-α cutoff level of >26.4 ng/mL (117).

FKBPL has emerged as a promising biomarker for 
prediction and diagnosis of preeclampsia. Recent stu
dies have highlighted the significant role of FKBPL in 
modulating angiogenesis, inflammation, and endothe
lial dysfunction, all of which are critical factors contri
buting to the pathogenesis of preeclampsia 
(92,118,119). FKBPL plasma concentration is reduced 
at 20 weeks of gestation in women who proceeded to 
develop preeclampsia whereas it was increased in estab
lished preeclampsia. Its target protein, CD44, showed 
opposite trend in the prediction and diagnosis settings. 
Combining FKBPL and CD44 as the CD44/FKBPL 
ratio was deemed the optimal predictive tool at 
20 weeks of gestation and for diagnosis of preeclampsia 
(91,94,120). FKBPL and CD44 biomarkers were also 
translated onto a highly sensitive point of care test 
based on up conversion nanoparticles showing the 
positive predictive value of 100% and the negative pre
dictive value of 91% for EOP as well as 10-fold lower 
limit of detection for FKBPL compared to the fre
quently used ELISA assay (92). FKBPL has also shown 
utility as a determinant of cardiovascular disease (121) 
and its plasma concentration was increased in heart 
failure with preserved ejection fraction (HFpEF) com
pared to controls (122). It is well-known that cardio
vascular disease is a long-term sequelae of preeclampsia 
(123) and therefore FKBPL could have a role as 
a diagnostic biomarkers during and post-pregnancy in 
this high-risk group.

The exploration of combining multiple markers and 
constructing prediction models has been undertaken to 
enhance the precision of preeclampsia diagnosis. These 
models incorporate various clinical, demographic, bio
chemical and imaging parameters to generate indivi
dualized risk assessments. Machine learning algorithms 
have been utilized to develop prediction models that 
accurately identify women at high risk of developing 
preeclampsia (124).

Despite the advancements, challenges still remain in 
ensuring accurate prediction and diagnosis of pree
clampsia. Many proposed biomarkers lack the required 
sensitivity and specificity to be used as stand-alone 
diagnostic tests. Moreover, challenges arise from varia
tions in study populations, diagnostic criteria, and the 
timing of sample collection, making it difficult to com
pare and validate the performance of different markers.

Whilst potentially costly to develop and run, 
a comprehensive approach encompassing clinical, bio
chemical, imaging, and multiple biomarkers is necessary 
to predict and diagnose all cases of preeclampsia. 
Combining demographic information, imaging para
meters from uterine Doppler ultrasound, and biomarkers 
related to angiogenesis, endothelial dysfunction, inflam
mation, and metabolic alterations can enhance the accu
racy of prediction and diagnosis of preeclampsia. 
Developing comprehensive risk assessment models and 
integrating emerging technologies can help identify high- 
risk pregnancies and implement timely interventions, 
ultimately improving maternal and fetal outcomes.

Current treatments for preeclampsia

Despite research into novel treatments for preeclamp
sia, the only current curative treatment is the removal 
of the placenta and delivery of the fetus. Symptoms of 
preeclampsia can be managed using antihypertensive 
agents (labetalol, methyldopa and/or nifedipine) and 
some prevention strategies include low dose aspirin 
(150 mg/day) before 16 weeks of gestation, calcium 
(<1 g/day) and vitamin D supplements, muscle resis
tance exercises (2.5–5 hours a week), and weight loss 
for overweight/obese mothers (70,125). It is now recog
nized that obesity is a major determinant of poor preg
nancy outcomes. Given that there is a three-fold 
increased risk of developing preeclampsia when preg
nant women have a high body mass index (BMI >30  
kg/m2), weight loss and exercise are encouraged to 
prevent disease onset in some cases (126–128). The 
most frequently clinically utilized preventative strategy 
for high-risk pregnant women is low-dose aspirin (80
–150 mg/day) administered prior to 16 weeks of gesta
tion (70). Studies have shown that aspirin can reduce 
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the risk of preterm preeclampsia (delivery before 37  
weeks) by up to 62% (129,130).

More recently, statins have emerged as potential 
treatments for preeclampsia, and while statins are no 
longer labeled as Category X (contraindicated) accord
ing to the FDA, most patients should stop statins once 
they become pregnant. Nevertheless, statins may be 
beneficial for a small group of very high-risk pregnant 
women. Studies exploring statin use in preeclampsia 
have primarily utilized animal models or in vitro stu
dies, with limited clinical trials such as the INOVASIA 
study (131,132). This small human trial evaluating pra
vastatin (40 mg/day) showed a promise in reducing 
rates of preterm preeclampsia (26.7% to 13.8%) and 
preterm birth (36% to 16%) by stabilizing blood pres
sure, proteinuria, and UA levels (131). Additionally, 
while statins primarily reduce cholesterol synthesis, 
leading to a substantial decrease in low-density lipo
protein (LDL) cholesterol and some increase in high- 
density lipoprotein (HDL) cholesterol, their effects on 
triglycerides are minimal. The primary rationale for 
considering statins in preeclampsia lies in their pleio
tropic effects, which include antioxidant, anti- 
inflammatory, and general improvement in vascular 
health, with a potential to abrogate oxidative stress 
central to preeclampsia pathophysiology (132). 
A hypoglycemic agent, metformin, has been shown to 
reduce weight gain and the risk of preeclampsia in 
women with a BMI >35 kg/m2 and to prolong gestation 
in women with preterm preeclampsia by almost a week 
without causing serious side effects (133). Other studies 
showed that calcium and vitamin D supplementation 
during pregnancy reduces the risk of preeclampsia 
(134,135). However, further research is needed to con
firm these findings.

Clinically established preeclampsia is managed by 
reducing blood pressure to an acceptable level (<140/ 
90 mm Hg) and preventing progression to eclampsia 
upon diagnosis (70) Many of the first line oral anti
hypertensive medications used to manage hyperten
sion in the non-pregnant population, including 
angiotensin receptor blockers (ARB) and angiotensin- 
converting enzyme inhibitors (ACEi), are not consid
ered safe for use during pregnancy (136). 
Consequently, older generation antihypertensive med
ications including methyldopa, labetalol, and nifedi
pine may be prescribed (137). In women with pre 
eclampsia, magnesium sulfate is used to prevent the 
development of eclamptic seizures, whereas corticos
teroids, such as betamethasone, are routinely adminis
tered to encourage neonatal lung maturation, 
particularly in premature infants (138,139). As 
a result, they may not address the underlying 

pathology of pre-eclampsia, or prevent morbidity asso
ciated with preeclampsia complications during 
the second and early third trimesters.

Other studies have also suggested the use of glycerol 
trinitrate, its precursors, or L-arginine to restore nitric 
oxide levels and angiogenesis within the placenta and 
reduce oxidative stress can be used for prevention or 
treatment of preeclampsia (140–142).

The role of oxidative stress in preeclampsia

During healthy pregnancy, oxidative stress is 
increased, however in preeclampsia this is exacerbated 
leading to free radicals-induced damage of the 
endothelium, and maternal vascular dysfunction. 
Excessive oxidative stress contributes directly to 
impaired trophoblast invasion and endothelial dys
function, two core pathophysiological features that 
can lead to placental dysfunction and preeclampsia 
(143). Overall, in preeclampsia, oxidative stress is dri
ven by the imbalance between endogenous antioxidant 
system and free radicals, primarily ROS. Some typical 
ROS include NO, superoxide, hydrogen peroxide, 
hydroxyl radicals, and peroxynitrite (144). During nor
mal gestation, ROS production is increased and neces
sary for the regulation of placental development and 
function, including trophoblast proliferation and 
migration, and angiogenesis (101). However, in pree
clampsia, excessive ROS generation results in tropho
blast dysfunction and shallower invasion, limiting 
blood flow to the placenta and impairing nutrient 
and oxygen exchange, which are essential for fetal 
growth (145). During cellular responses, ROS are 
rapidly captured by antioxidants (e.g., vitamin C and 
E) or metabolized by several antioxidant enzymes (e.g., 
superoxide dismutase (SOD), glutathione peroxidases 
(GPx), catalase, thioredoxins, and peroxiredoxins) 
(26,101,144,146,147). ROS (NO, hydrogen peroxide, 
hydroxyl radicals, and peroxynitrite), are generated 
through several pathways including mitochondrial 
aerobic metabolism, activation of nicotinamide ade
nine dinucleotide phosphate (NADPH) oxidase, 
xanthine oxidase (XO), cytochrome P450, and lipid 
peroxidation (101,148). NADPH oxidase catalyzes the 
production of free radicals, and it is found to be 
upregulated in placental tissues from individual with 
preeclampsia, particularly within the microvilli of STBs 
(148). As opposed to this, the NADPH oxidase iso
form, NOX4, which is known to protect vascular func
tion, is downregulated in the placental villous tissue in 
preeclampsia. This dysregulation contributes to 
endothelial dysfunction, as the altered ROS production 
damages vasculature, impairing their function and 
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contributing to hypertension and proteinuria in pre
eclampsia (149). Higher activity of XO was also 
recorded in plasma and CTBs in preeclampsia com
pared to healthy controls, which generates ROS 
through the use of oxygen as an electron acceptor 
(148). Markers of oxidative stress have been consis
tently shown to be increased in women with pree
clampsia and small for gestational age (SGA) 
pregnancies, compared to healthy pregnancies 
(96,101,150). As described above, we assessed the diag
nostic potential of oxidative stress biomarkers in 
a meta-analysis identifying three reliable oxidative 
stress markers, including IMA, UA, and MDA 
(96,102,151,152).

Oxidative stress, defined by an excess of ROS over 
antioxidant defenses, is increasingly recognized as a key 
driver of cellular senescence in the placenta, contribut
ing to the pathogenesis of preeclampsia. Elevated ROS 
production under hypoxic or ischemic conditions 
damages cellular components, accelerating senescence, 
a process characterized by permanent cell cycle arrest 
and the secretion of pro-inflammatory factors collec
tively termed the senescence-associated secretory phe
notype (SASP) (153). This senescence disrupts 
trophoblast proliferation and invasion, impairing the 
establishment of adequate maternal-fetal exchange 
essential for adequate placental function (154). 
Accumulation of senescent cells in the placenta is linked 
to heightened inflammatory pathways and endothelial 
dysfunction, which are hallmark features of preeclamp
sia. Elevated markers of oxidative stress and senescence, 
including p21 and p53, observed in preeclamptic pla
centae further underscore the connection between oxi
dative stress-induced senescence and disease pathology 
(155). Overall, oxidative stress contributes to placental 
dysfunction in preeclampsia by promoting senescence, 
inflammation, and impaired vascular health.

Furthermore, dysfunctional HDL particles in pree
clampsia are increasingly recognized as contributors to 
oxidative stress due to their diminished antioxidant 
properties, which are typically facilitated by paraoxo
nase 1 (PON1) activity. Under normal conditions, HDL 
and PON1 are protective against oxidative stress by 
neutralizing lipid peroxides; however, in preeclampsia, 
HDL function is often impaired and PON1 activity is 
significantly reduced. These changes compromise the 
antioxidant defense, allowing increased levels of oxi
dized LDL and ROS to accumulate, which exacerbates 
endothelial dysfunction and inflammation (156). This 
pro-oxidative state damages the endothelium, contri
buting to the clinical features of preeclampsia, includ
ing high blood pressure and proteinuria, by disrupting 
vascular integrity and promoting inflammation.

When mitochondria become dysfunctional, they can 
become a major source of intracellular and extracellular 
oxidative stress, as demonstrated within placental tis
sues from individuals with preeclampsia (148,157). In 
preeclampsia, placental ischemia decreases mitochon
drial respiration, resulting in increased ROS generation 
and an increase in mitochondrial oxidative stress in 
trophoblast cells. An abnormal expression of cyto
chrome C oxidase was also observed in mitochondria 
of pregnant women with preeclampsia (157).

Evidence of a link between preeclampsia and oxi
dative stress in animal models has also been estab
lished (101). Beauséjour et al. (2007) showed an 
increase in oxidative stress markers (8-iso-PGF 
(2alpha), TxB(2)/6-keto-PGF(1alpha) ratios, total 
TNF-alpha RNA expression, as well as the apoptotic 
index (Bax/Bcl-2 ratio) in pregnant rats who were 
fed sodium-supplemented diet compared to normal 
diet displaying some features of preeclampsia 
including increased blood pressure, decreased circu
latory volume and diminished activity of the renin- 
angiotensin-aldosterone system (158). Another 
in vivo pregnancy study where pregnant rats were 
administered desoxycorticosterone acetate (DOCA) 
demonstrated that high blood pressure and sympa
thetic overactivity in preeclamptic rats are associated 
with increased ROS production through upregulat
ing the expression of NOX4 in the rostral ventrolat
eral medulla (RVLM) (159).

Potential treatments targeting oxidative stress in 
preeclampsia

Oxidative stress, inflammation, immune and vascular 
dysfunction in the placenta as well as systemically in 
preeclampsia are hallmark features that researchers 
have sought to target using various therapeutic strate
gies. A major obstacle in the development of therapeu
tics for preeclampsia is the apprehension related to 
testing new agents in pregnant women without know
ing whether these agents will adversely affect the fetus. 
Consequently, innovative therapies that have not been 
extensively tested in humans or pregnant individuals 
have been difficult to approve for use in clinical set
tings. Thus, repurposing drugs that are known to be 
safe in pregnancy is an attractive avenue for faster 
translation toward clinical use as potential treatments 
of preeclampsia. Preclinical and human trials investi
gating various pregnancy-safe agents through repurpos
ing that can target key aberrant pathways in 
preeclampsia are underway for the prevention and 
treatment of preeclampsia (Figure 2) (Table 1)(160).
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Metformin
Metformin is an old-generation hypoglycemic drug that 
has been investigated over the last decade as a potential 
treatment for preeclampsia. Metformin’s potential as 
a preeclampsia treatment extends beyond its hypogly
cemic effects and it includes significant antioxidative 
properties. Metformin activates AMP-activated protein 
kinase (AMPK), which enhances mitochondrial func
tion and reduces ROS production, helping to counter
act oxidative stress (161). Studies have demonstrated 
that metformin inhibits the mitochondrial permeability 
transition pore, thereby reducing cell death and oxida
tive stress in conditions where mitochondria are 
stressed (161). Also, metformin prevents hyperglyce
mia-induced endothelial cell death by stabilizing the 
mitochondrial permeability transition, highlighting 
metformin’s protective role against oxidative injury to 
endothelial cells, which is relevant to preeclampsia 
(162). Metformin is routinely prescribed for individuals 
with polycystic ovary syndrome or diabetes mellitus, as 
it increases cellular insulin uptake and reverses insulin 
resistance (163,164). More recently, metformin has 
been shown to abrogate endothelial dysfunction, 
hence it has cardio-protective effects in people with 
diabetes mellitus (163). Metformin has also been 

associated with reduced weight gain in women with 
GDM (165). One study demonstrated that the inci
dence of preeclampsia was reduced by 75% in obese 
pregnant women without diabetes mellitus who were 
treated with metformin compared to placebo (166). 
A meta-analysis conducted by Alqudah et al (2018) 
reported reduced risk of developing preeclampsia by  
~ 30% in pregnant individuals with GDM or type 2 
diabetes mellitus taking metformin compared to insulin 
alone, which was potentially attributed to reduced 
weight gain in the metformin group. Interestingly, the 
same meta-analysis did not find a significant difference 
between diet-controlled and metformin treated GDM 
groups (167). In a clinical trial conducted in South 
Africa, metformin extended the gestation age of deliv
ery in EOP by an average of seven days compared to 
placebo (133). In addition to reducing the risk of pre
mature birth, this finding may have implications for 
reducing the likelihood of perinatal health complica
tions. Combined maternal, fetal, and neonatal out
comes as well as circulating levels of sFlt-1, PlGF, and 
sEng were similar between groups (133). Birth weight 
increased non-significantly in the metformin group, 
while length of stay in the neonatal unit decreased 
(133). There is an ongoing clinical trial (PI2 Trial is 

Figure 2. Schematic diagram depicting the factors involved in the development of preeclampsia and the therapeutic targets of 
several repurposed treatments. Oxidative stress and impaired spiral uterine artery remodeling play a major role in placental 
dysfunction leading to preeclampsia progression. Some repurposed drugs (PPIs, metformin, aspirin, resveratrol, pravastatin, 
sulfasalazine and melatonin) work by targeting anti-angiogenic, pro-inflammatory factors contribute to mitigate these complex 
diseases preeclampsia. (created in https://BioRender.com); PPIs: proton pump inhibitors.
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a phase II, double blind, randomized controlled trial) 
assessing the efficacy of metformin in the treatment of 
preterm preeclampsia (between weeks 26 and 32) 
(PACTR201608001752102) (168). In this study, the 
primary outcome is the time from randomization to 

delivery. It is considered clinically relevant to have 
a five-day delivery delay. Secondary outcomes will 
include maternal and neonatal composite outcomes 
(168). Although additional trials are required, this 
study provides proof of concept for metformin as a 

Table 1. Summary of the findings of potential preventative and treatment strategies for preeclampsia.

Drugs
Study 
Types Findings References

Metformin Clinical 
trials 
Meta- 
analyses 
RCTs

● In obese pregnant women without type 2 diabetes mellitus, metformin reduced preeclampsia by 75%
● Extended gestational age of delivery in early-onset preeclampsia by an average of 7 days.
● Metformin ± insulin reduces gestational weight gain and risk of preeclampsia by 30% compared to 

insulin only
● Metformin + esomeprazole reduces endothelial dysfunction and sFlt-1 secretion

(133,166–168)

Low dose 
aspirin

In vitro 
studies 
Meta- 
analyses 
Clinical 
trials 
RCTs

● Prophylactic treatment for preeclampsia
● Reduces incidence of preterm preeclampsia and IUGR
● Non-steroid, anti-inflammatory, antiplatelet properties
● Improves placental function and abrogates cytokines upregulation, apoptosis and premature tropho

blast differentiation
● Restores syncytiotrophoblast dysfunction

(173–176,178,179)

Resveratrol In vitro 
studies 
Clinical 
trials 
In vivo 
studies

● Anti-oxidant, anti-inflammatory properties
● Upregulates SIRT expression
● Inhibits sFlt-1 and sEng secretion by primary trophoblasts and HUVECs
● Reduces secretion of pro-inflammatory molecules and increases antioxidant molecule expression
● Resveratrol inhibited pigment epithelium-derived factor (PEDF) by upregulating miR-363-3p expression, 

thereby further elevating the expression of VEGF in a rat model of preeclampsia. Furthermore, 
resveratrol was found to improve the viability, migration, and angiogenesis of Cocl2-induced hypoxic 
trophoblasts in vitro.

● Resveratrol increases the velocity of blood flow in the uterine arteries and fetal weight in COMT−/− mice
● Resveratrol + nifedipine therapy could be beneficial for preeclampsia management by attenuating 

hypertensive symptoms .

(179,180,182– 
184,187–189)

PPIs Clinical 
trials 
In vitro 
studies

● Reduce inflammatory cytokine levels in the placenta and blood vessels
● Inhibit sFlt-1, sEng and ET-1 secretion in women with confirmed or suspected preeclampsia
● Higher dose of intravenous administration may be effective in pre-term preeclampsia
● Good safety profile and no teratogenic reports

(190–192,195– 
197)

Sulfasalazine Clinical 
trials 
In vitro 
studies

● Anti-inflammatory and antioxidant properties
● Inhibits sFlt-1, sEng and PlGF secretion in primary trophoblast cells
● Mitigates vascular dysfunction in primary endothelial cells and omental vessel
● Inhibits anti-angiogenic factors, stimulates angiogenic factors, inhibits HO-1 and VCAM, and induces 

vasodilation
● Sulfasalazine + Metformin at low dose significantly increase VEGFα expression and reduce ET-1 

expression in primary endothelial cells

(160,198,200,201)

Pravastatin Clinical 
trials 
In vitro 
studies 
In vivo 
studies

● Promising preventative treatment when used in early gestation in pregnancy
● Early administration of pravastatin is associated with lower IUGR
● Favorable safety profile compared to other statins
● In a murine model of preeclampsia, pravastatin increased VEGF and PlGF expression in placenta and 

ameliorated symptoms of preeclampsia
● In primary human tissue studies (purified cytotrophoblast cells and placental explants), pravastatin 

inhibits sFlt-1 and sEng production
● Prevents vascular dysfunction by increasing eNOS within aortic endothelial cells in a mouse model of 

preeclampsia

(202,204–211)

Melatonin Clinical 
trials 
In vitro 
studies 
In vivo 
studies

● Melatonin levels are reduced in preeclampsia
● Reduces sFLT-1 secretion in primary trophoblasts but does not affect sFlt-1 secretion from placental 

explants or HUVECs
● Inhibits oxidative stress but not vascular dysfunction
● Reduces misfolded proteins transported by EVs from preeclamptic placentas
● Reduces blood pressure
● Antioxidant effects involve a release of Nrf2 gene
● May have a protective effect on the developing brain of the fetus

(212–217)

RCT: randomized controlled trials. 
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potential treatment of pre-term preeclampsia (168). 
Another trial is being conducted to prevent preeclamp
sia in women with Type 2 diabetes mellitus 
(NTC01353391). In this study, the primary outcome is 
a composite of fetal and neonatal outcomes. Several 
relevant outcomes related to maternal health and neo
natal health were reported as secondary out
comes (169).

In terms of mechanisms, an in vitro study assessed 
the effects of metformin and esomeprazole on sEng and 
sFlt-1 secretion in primary placental cells, tissues, and 
endothelial cells (170). The findings showed that low 
dose metformin and esomeprazole together reduced 
endothelial dysfunction markers (VCAM-1, ET-1) and 
sFlt-1 secretion compared to using metformin alone 
(170). Metformin merits further investigation as 
a potential therapy for certain high-risk populations, 
including women with polycystic ovaries, diabetes mel
litus, and obesity, A different study compared the com
bination of esomeprazole (40 mg) and metformin 
(1000 mg) with a placebo treatment for treatment of 
EOP (171). The purpose of this double-blind, rando
mized, placebo-controlled study was to determine 
whether combining metformin with esomeprazole 
could reduce sFlt-1 and sEng secretion as well as 
endothelial dysfunction (NCT03717701) (171). 
Another clinical trial investigating the use of metformin 
in pregnant women with type 1 diabetes mellitus is 
currently recruiting participants in North America 
(NCT03570632) (172). The aim of this trial is to deter
mine whether daily oral metformin therapy initiated 
before 20 weeks’ gestation reduces the frequency of 
hypertensive disorder of pregnancy (HDP) in women 
with type 1 diabetes mellitus compared to their usual 
care (172).

Aspirin
Low-dose aspirin (LDA; <150 mg/day) is used as a non- 
steroid anti-inflammatory drug with antiplatelet prop
erties and it is the only prophylactic treatment used in 
the clinic for the prevention of preeclampsia. The 
administration of LDA early in pregnancy is an effec
tive method for reducing the incidence of preterm 
preeclampsia (delivery before 37 weeks of gestation) 
and IUGR (173). In numerous meta-analyses of large 
cohort studies, LDA has shown to reduce the relative 
risk of developing preeclampsia by 19% in high-risk 
groups, and it is associated with a 7% reduction in the 
incidence of severe complications including preterm 
birth (174). The preventative low doses of aspirin 
used across different studies are varied ranging between 
50 to 150 mg per day (175). One meta-analysis of 59 
studies evaluating the effectiveness of various 

antiplatelet agents (LDA or dipyridamole), found preg
nant individuals treated with anti-platelet agents were 
17% less likely to develop preeclampsia and the num
bers needed to treat (NNT) are estimated at 72 women 
in order to prevent one case of preeclampsia (175) 
Moreover, antiplatelet agents were found to reduce 
perinatal death by 15% and premature birth by 9% 
(175). Furthermore, a meta-analysis of 34 randomized 
controlled trials found that LDA significantly reduces 
the risk of preeclampsia in high-risk women when 
administered before 16 weeks gestation (176). In terms 
of LDA’s mechanism of action, both antiplatelet and 
antioxidative effects have been reported. Aspirin exerts 
antioxidative effects by inhibiting lipid peroxidation 
and increasing nitric oxide (NO) bioavailability, which 
improves endothelial function (173,177). Additionally, 
an in vitro study showed that LDA or acetyl salicylic 
acid (5 μg/mL) increased PlGF production and restored 
preeclamptic serum-induced increase in the cytokines 
(activated leukocyte cell adhesion molecule, CXCL-16, 
and ErbB3) concentration, apoptosis markers, and pre
mature trophoblast differentiation (178). Further evi
dence shows that aspirin ameliorates preeclampsia 
through restoring STB dysfunction, and reduces sFlt- 
1, which, when upregulated, causes vascular damage in 
preeclampsia (178,179). However, it is still unclear 
whether aspirin improves the shallow trophoblast inva
sion and remodeling of spiral uterine arteries observed 
mainly in EOP (179).

Resveratrol
As a member of the stilbene family of compounds, 
resveratrol (3, 5, 4’−trihydroxy stilbene) can be found 
in a variety of plants, including Polygonum 
Cuspidatum, grapes, wine, peanuts, blueberries, bil
berries, and cranberries (68,180,181). Based on var
ious preclinical experiments, resveratrol appears to 
be effective as a treatment of preeclampsia (181). It 
has been suggested that resveratrol’s antioxidant 
properties are exerted through upregulating SIRT1 
expression, thereby activating downstream antioxi
dant molecules. Consequently, resveratrol reduces 
the secretion of sFlt-1 and sEng by primary tropho
blasts and human umbilical vein endothelial cells 
(HUVECs), which are increased in preeclampsia 
(180). In addition, it reduces pro-inflammatory cyto
kine, proteinase-activated receptor-2 (PAR-2), 
expression and increases antioxidant molecule 
expression, heme oxygenase-1 (HO-1), NADPH qui
none oxidoreductase 1(NQO1), nuclear factor- 
erythroid 2 (NF-E2)-related factor 2 (Nrf2), glu
tathione (GSH), superoxide dismutase (SOD) and 
ARE (antioxidant responsive element) (181,182). 
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Evidence suggests that resveratrol regulates the func
tions of trophoblasts in vitro by activating the epithe
lial-mesenchymal transition (EMT) and Wnt 
signaling pathways (181,183).

In an in vivo model, resveratrol has shown the 
ability to alleviate the symptoms of pre-eclampsia, 
and reduce high blood pressure in hypertensive 
patients (180,184). One in vivo study created pree
clampsia-like model using intraperitoneal injection 
of Ng-nitro-L-arginine methyl ester (L-NAME) in 
Sprague-Dawley rats. In this model, resveratrol inhib
ited pigment epithelium-derived factor (PEDF) by 
upregulating miR-363-3p expression, thereby further 
elevating the expression of VEGF in rats with pre
eclampsia-like symptoms (183). Furthermore, another 
finding from the same study showed that resveratrol 
improved the viability, migration, and angiogenesis of 
cobalt chloride (Cocl2)-induced hypoxic trophoblasts 
in vitro (183). Another study demonstrated that 
plasma from women who later developed preeclamp
sia induced increased heme oxygenase-1 (HO-1) pro
duction and reduced nitric oxide (NO) in endothelial 
cells (HUVECs). In contrast, no such changes were 
observed with plasma from women who had healthy 
pregnancies. Notably, increase in HO-1 and NO mar
kers were abrogated by co-treatment with resveratrol 
(185). A co-treatment with the polyphenol (contained 
in chocolate) (186) and resveratrol also abrogated 
these changes and improved GSH levels (184). 
A separate study in Catechol-O-methyl transferase 
(COMT−/−) knockout mice, which share many phe
notypic characteristics of preeclampsia, found that 
resveratrol significantly increased the velocity of 
blood flow in the uterine arteries and the weight of 
the fetus in COMT−/− mice suggesting that it could be 
a promising therapeutic strategy for preeclampsia 
(187). A clinical trial (NCT01106170), that combined 
resveratrol treatment with phytochemicals (grape 
seed, green tea, a blend of quercetin, ginkgo biloba) 
reported a reduction of diastolic blood pressure, mean 
arterial pressure, and urinary nitrate and nitrite con
centrations in participants with preeclampsia 
(188,189).

Proton pump inhibitors (PPIs)
PPIs are widely used to treat symptomatic gastric acid 
reflux by reducing acid secretion. Preclinical evidence 
suggests that PPIs may reduce preeclampsia symptoms 
(e.g., hemorrhage or stillbirth, or hypertension in preg
nancy) and inflammatory cytokine levels in the pla
centa and blood vessels, as well as mitigate endothelial 
dysfunction (190,191). A study findings reported that 
in women with confirmed or suspected preeclampsia, 

PPIs showed a favorable pro-angiogenic profile by inhi
biting sFlt-1, sEng, and ET-1 (191). A clinical trial 
conducted in Cape Town, South Africa, recruited 120 
participants who were randomized to receive 40 mg of 
esomeprazole daily or a placebo in pregnancies with 
preterm preeclampsia. However, esomeprazole (40 mg) 
did not prolong gestation or decrease sFlt-1 circulating 
levels (192). In addition to these pro-angiogenic effects, 
PPIs have shown antioxidative potential by reducing 
oxidative stress and inflammatory markers, as observed 
in studies on endothelial cells and the gastrointestinal 
tract, potentially protecting vascular tissues from oxi
dative injury (193,194). The clinical studies demon
strated PPIs to be well tolerated and extensive safety 
data from very large cohorts confirmed that there are 
no teratogenic risks associated with their use, even 
when taken during the first trimester (160,195,196). 
An observational study of pregnant women exposed 
to PPIs for 8–45 days from the second trimester of 
pregnancy demonstrated a decreased circulating con
centrations in sFlt-1, sEng, and ET-1 (160,195,197). 
Further clinical trials are necessary to assess the efficacy 
and safety of using PPIs as a prophylactic treatment to 
prevent the onset of preeclampsia, particularly in high- 
risk pregnant women, and to determine the optimal 
dosage, timing, and patient population.

Sulfasalazine
As explained above, preeclampsia is associated with 
increased abundance of pro-inflammatory cytokines that 
may contribute to endothelial dysfunction. Long-term evi
dence on sulfasalazine has demonstrated that it is safe to 
use in pregnancy, making it a promising candidate for 
preeclampsia treatment due to its anti-inflammatory and 
antioxidant properties. Besides treating arthritis and 
inflammatory bowel disease, sulfasalazine has also been 
used to treat auto-immune diseases (160,198). 
Sulfasalazine exerts antioxidative effects through its ability 
to increase the expression of heme oxygenase-1 (HO-1), an 
enzyme known for its protective role against oxidative 
stress. HO-1 reduces oxidative stress by neutralizing free 
radicals, which is particularly important in preventing oxi
dative damage to endothelial cells in preeclampsia (199). 
A study using primary human cytotrophoblast cells has 
shown that sulfasalazine reduced the secretion of sFlt-1 and 
sEng and increased the production of PlGF. In the same 
study, sulfasalazine mitigated vascular dysfunction and 
showed vasodilatory effects in primary endothelial cells 
and omental vessels (198). Sulfasalazine’s antioxidant 
effects are further supported by its ability to decrease 
vascular cell adhesion molecule-1 (VCAM-1) levels, 
thereby reducing the risk of endothelial dysfunction in 
preeclampsia (198). A potential advantage of this 
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medication is that it has a potent anti-inflammatory prop
erties, which may be helpful in resolving the placental and 
systemic inflammation associated with preeclampsia. 
Nevertheless, the pharmacokinetics of sulfasalazine in 
pregnancy is not fully understood, particularly in terms of 
absorption. To address this, a pharmacokinetic trial of 
sulfasalazine has been initiated among women with pre
term preeclampsia in Australia (ACTRN12617000226303). 
This trial focused on determining the pharmacokinetics of 
sulfasalazine and its effect on the clinical and biochemical 
parameters of preeclampsia (160,200). Two preclinical stu
dies using primary human cytotrophoblast cells, primary 
endothelial cells and omental vessels, showed that sulfasa
lazine decreases antiangiogenic factors (sFlt-1 and sENG), 
increases angiogenic factor (PlGF), increases HO-1, 
decreases VCAM-1, and induces vasodilation (160,198). 
The known safety profile of this drug during pregnancy 
and the positive results of preclinical studies support its 
progression into a clinical trial (160). The combination of 
metformin and low dose sulfasalazine significantly 
increased VEGFα expression and reduced TNF-α-induced 
ET-1 expression in primary endothelial cells, suggesting 
that treatment of preeclampsia may be improved by using 
this combinational therapy (201). Sulfasalazine’s antioxi
dant and anti-inflammatory properties suggest it may help 
counteract the oxidative stress and inflammatory pathways 
central to preeclampsia pathogenesis. The potential of sul
fasalazine as a therapeutic and preventive option for pre
eclampsia requires additional exploration through well- 
designed clinical trials (201).

Pravastatin
Pravastatin is currently being evaluated as a treatment 
for preeclampsia in several clinical trials due to its 
better safety profile compared with other statins 
(160,202). Recent systematic reviews and meta- 
analyses have deemed pravastatin as a promising pre
ventative therapy for preeclampsia when used early in 
gestation (203–205). The meta-analysis established that 
pravastatin was ineffective for the prevention of pree
clampsia when given after 35 weeks of gestation 
(203,206). However, when pravastatin therapy was 
given to mothers before 20 weeks of gestation, it was 
associated with the lower incidence of IUGR, neonatal 
intensive care unit (NICU) admissions, and premature 
delivery of neonates (203).

In a preclinical study, using an experimental murine 
model of preeclampsia following overexpressed sFlt-1 
a lentiviral vector-mediated placenta-specific expres
sion system resembling features including hyperten
sion, proteinuria, and IUGR (207), pravastatin 
enhanced the expression of VEGF-like angiogenic fac
tor (PlGF) and ameliorated the symptoms of 

preeclampsia including hypertension, proteinuria, and 
IUGR (207). Similarly, an ex vivo study with primary 
human tissues (purified cytotrophoblast cells and pla
cental explants), demonstrated that pravastatin 
decreased sFlt-1 and sEng production, and abrogated 
endothelial dysfunction (132). In addition to its pro- 
angiogenic effects, pravastatin has been shown to exert 
antioxidant effects, reducing reactive oxygen species 
(ROS) and lipid peroxidation levels, thereby protecting 
endothelial cells from oxidative injury, a key factor in 
preeclampsia pathogenesis (207). Another study 
showed that pravastatin prevented vascular dysfunction 
in part by up-regulating isolated aortic endothelial 
nitric oxide synthase (eNOS) by approximately two- 
fold in an sFlt-1 overexpression mouse model of pre
eclampsia (208). However, in the StAmP trial 
(23410175), pravastatin treatment did not result in 
a reduction in circulating sFlt-1 concentration nor an 
increase in gestational age of delivery, in individuals 
with EOP. However, the study was underpowered and 
should potentially be carried out in a larger cohort of 
patients (204,209).

A further advantage of pravastatin is that it is 
hydrophilic and hence it does not cross the placenta 
readily, which reduces teratogenic risks (160,204,205). 
Compared to other statins including rosuvastatin and 
simvastatin, pravastatin is less toxic to endothelial 
cells at high doses (160). Despite the fact that simvas
tatin and rosuvastatin have been shown to be more 
effective than different generation statins (pravastatin, 
and atorvastatin) in people with cardiovascular dis
eases and to be able to reduce sFlt-1, ET-1, and oxi
dative stress in preeclampsia models, their endothelial 
cell toxicity deems them less desirable than pravasta
tin, making pravastatin a safer choice (210,211). 
Therefore, taking into the account both safety and 
efficacy, pravastatin is likely the most promising treat
ment for preeclampsia, compared to other sta
tins (160).

Melatonin
As an endogenous hormone and antioxidant, melato
nin is produced by the pineal gland and the placenta 
(160,212–214). There is evidence that melatonin plays 
a role in the pathogenesis of preeclampsia, given that 
women with preeclampsia have significantly lower mel
atonin plasma concentration with lower expression of 
melatonin receptors within the placental tissue 
(215,216). A meta-analysis determined that lower con
centration of melatonin in individuals with preeclamp
sia was positively correlated to the severity of the 
condition (216). In an in vitro study, melatonin was 
found to reduce sFlt-1 secretion from primary 
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trophoblasts. However, it did not affect the secretion of 
sFlt-1 or sEng from either placental explants or 
HUVECs. The study also determined that melatonin 
did not restore TNF-α-induced VCAM-1 and ET-1 
overexpression in endothelial cells. The results of this 
study indicate that while melatonin treatment reduces 
oxidative stress, it does not target all sources of vascular 
dysfunction (213). The results of another in vitro study 
indicated that melatonin could reduce misfolded pro
teins transported by extracellular vesicles (EVs) from 
preeclamptic placentas. In addition, it inhibits the abil
ity of these EVs to activate endothelial cells (212). As 
preeclampsia is associated with widespread vascular 
dysfunction, peripheral vasoconstriction may result in 
maternal hypertension (213). Given that melatonin has 
demonstrated antihypertensive effects, it could be used 
for symptomatic management of preeclampsia that also 
targets the root cause of the disease (214). Researchers 
demonstrated that the antioxidant response element of 
safeguarding genes is activated when melatonin releases 
Nrf2 from Kelch-like ECH-associated protein 1 (KEAP- 
1). ROS are neutralized by these proteins through cel
lular redox reactions. Melatonin is therefore able to 
improve vascular function by reducing vasoconstric
tion, reducing capillary leakage, and enhancing placen
tal function. It has also been suggested that melatonin 
may directly protect the developing brain of the fetus 
(214). In the PAMPR open-label, single-arm trial, mel
atonin prolonged gestational age of delivery by 6 ± 2.3 
days and reduced the need for increasing antihyperten
sives following the diagnosis of preeclampsia (217). 
Inan in vitro xanthine/xanthine oxidase (X/XO) placen
tal explant model, melatonin mitigated TNFα-induced 
VCAMs increased expression and preserved endothelial 
monolayer integrity without altering other markers of 
endothelial activation or dysfunction (217). On the 
other hand, during a phase I trial including 20 
women with preeclampsia, melatonin was found to 
mitigate maternal endothelial pro-oxidant injury and 
could therefore serve as an effective adjuvant therapy 
for women with severe preeclampsia, and improving 
clinical outcomes (160,217). Further preclinical and 
clinical studies should be conducted to investigate the 
efficacy and mechanism of action of melatonin in 
preeclampsia.

Mesenchymal stem/stromal cells (MSCs) and EVs as 
an emerging treatment for preeclampsia
MSCs can be derived from bone marrow, adipose tis
sue, the pancreas, the placenta, or the umbilical cord 
(218–220). Due to their multipotency, these cells can 
differentiate into multiple cell lineages, though their 
therapeutic effects appears to be influenced by their 

ability to communicate with target cells through their 
secretome, which is dominated by EVs (218–221). In 
preclinical models of inflammatory injury-related dis
eases including osteoarthritis, rheumatoid arthritis, 
stroke, Alzheimer’s disease, cardiovascular disease, 
and preeclampsia, MSCs have demonstrated promising 
results (219) (Figure 3).

Recent studies have investigated the therapeutic 
potential of MSCs in preeclampsia due to their 
immunomodulatory, anti-inflammatory, antioxidant, 
and proangiogenic properties (219). MSCs are multi
potent mesodermal cells that can give rise to stromal 
cell lineages (222). Trophic factors released by MSCs 
have been identified to have cytoprotective (anti- 
apoptotic and pro-mitotic), anti-inflammatory and 
anti-fibrotic effects whilst promoting endogenous tis
sue regeneration and vascularization in various con
texts (223). MSCs also have antioxidant effects, as 
they can secrete enzymes including superoxide dis
mutase (SOD) and catalase, which help neutralize 
ROS and reduce oxidative damage in preeclampsia 
(224). Trophic factors of interest commonly secreted 
by MSCs include transforming growth factor-b-1 
(TGF-b-1), TNF-α, PGE2, IFN-γ, hepatocyte growth 
factor (HGF), fibroblast growth factor (FGF), indo
leamine-pyrrole 2,3-dioxygenase (IDO), VEGF-A, 
and nitric oxide (225). Research into preeclampsia 
has also unveiled that placental-derived MSCs from 
individuals with preeclampsia differ from healthy 
pregnancies and this abnormal placental MSC func
tion could be a contributing factor for the onset of 
preeclampsia (226). Placental MSCs express higher 
levels of CD34, CD44, and leukemia inhibitory factor 
(LIF) within decidua in the presence of preeclampsia 
compared to normotensive patients (227). Microarray 
studies have identified several decidual MSCs 
(dMSCs)-derived miRNAs that are upregulated in 
preeclampsia suggesting that differential miRNA 
expression may be involved in the development of 
preeclampsia (228,229). One study confirmed that the 
overexpression of miR-16 resulted in reduced migra
tion and proliferation of normotensive pregnancy- 
derived MSCs and affected the vascularization capa
city of HUVECs in addition to a reduction in the 
migratory capacity of trophoblast cells. Furthermore, 
miR-136 and miR-494 have been found to be highly 
expressed in dMSCs from individual with preeclamp
sia, and both miRNAs have been linked to increased 
apoptosis and suppression of the angiogenic activity 
of HUVECs (230,231).

However, due to their proangiogenic and antioxi
dant properties, healthy MSCs have emerged as 
a promising resource for treatment of preeclampsia 
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(219,226). A study performed on preeclamptic placental 
villous explants showed that placenta-derived-MSC 
conditioned media had anti-inflammatory and pro- 
angiogenic effects, reducing the expression of macro
phage-migration inhibitory factor (MIF), TNF-α, IL-6 
and sFlt-1 (232). Studies in rat and mouse models of 
preeclampsia have shown that MSCs can reduce symp
toms of preeclampsia including blood pressure and 
proteinuria by targeting the inflammatory response 
resulting in decreased TNF-α and other inflammatory 
cytokines (233,234). More recently, a study published 
in 2020, showed that MSCs-conditioned media 
enhanced trophoblast migration in both hypoxia and 
normoxia, and promoted tubule formation of endothe
lial cells in association with reduced expression of an 
anti-angiogenic factor, FKBPL, and increased CD44 
expression (91).

In recent years, EVs have been identified as key 
messengers in intercellular communication with anti- 
inflammatory and antioxidant functions. MSC-derived 
EVs carry antioxidant enzymes and miRNAs that 
reduce ROS levels in endothelial and placental cells, 
offering protection against oxidative stress-related 
damage in preeclampsia (235). A great variety of 
mammalian cell types including MSCs are capable of 
constitutively releasing EVs into their environment 
(236,237). Given their anti-inflammatory and trophic 
effects, MSC-EVs have gained interest for their poten
tial as cell-free therapeutic treatment presenting lower 
risks than cell-based therapy and relative ease of man
ufacture, processing and storage (220,236,238). In the 
context of preeclampsia, MSC-EVs have been studied 
in both animal and human in vitro models. In a heme 

oxygenase (Hmox1) null mutant mouse model of pre
eclampsia, MSC-EVs were found to modify the mar
kers of inflammation in the pregnant uterus in 
addition to improving fetal lung branching (239). In 
the same model, MSC-EVs were reported to modify 
markers of oxidative stress in the pregnant uterus and 
enhance antioxidant defense, reducing oxidative 
injury in placental and fetal tissues (235) as well as 
abrogate fetal loss and fetal growth restriction, 
improve the spiral uterine artery remodeling process, 
and ameliorate the maternal preeclampsia-like symp
toms (240). In the rat L-NAME (NG-nitro-l-arginine 
methyl ester)-induced model of preeclampsia, MSC- 
EVs led to a reduction in blood pressure and protei
nuria, improved the placental and fetal development, 
reduced resorption rate, increased expression of 
angiogenic markers, reduced cell apoptosis, and 
decreased sFlt-1 levels (241). In a human cell culture 
model of preeclampsia, dMSCs-EVs treatment 
increased HUVECs attachment and proliferation and 
reduced the expression of pro-inflammatory IL-6 
cytokine (242). Furthermore, the addition of dMSCs- 
EVs to preeclampsia serum treated HUVECs resulted 
in a significant reduction in lipid peroxidation, indi
cating a decrease in oxidative stress, which is crucial 
for improving endothelial health in preeclampsia 
(242). Lastly, a study on the effects of amnion-derived 
EVs on cultured trophoblasts cells, resulted in an 
increase of trophoblast proliferation and autophagy 
under hypoxic conditions. Researchers were able to 
pinpoint this to the downregulation of EZH2 which 
resulted in inactivation of the mTOR signaling path
way (243).

Figure 3. Schematic illustrating the application of MSCs derived EVs in treating preeclampsia. MSCs exert therapeutic effects by 
secreting EVs that contain mRNAs, miRNAs, circRNA, DNA, proteins, and organelles including mitochondria. MSCs can treat pre 
eclampsia by improving angiogenesis, immunomodulation, and redox regulation through their EVs. Figure adapted from Suvakov 
et al, 2020 (219). Created in https://BioRender.com.
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Overall, MSC-derived EVs represent a promising 
avenue for preeclampsia treatment due to their safety, 
lower immunogenicity compared to cell-based thera
pies, ease of manufacturing, storage and transport, 
and therapeutic effects and mechanisms that target 
the key root causes of preeclampsia.

Mitochondria targeting therapies
There are currently no treatments that can cure pre
eclampsia (68,82). Antihypertensive drugs are com
monly used to manage clinical symptoms in pregnant 
individuals with preeclampsia. However, these treat
ments are not designed to prolong gestation or mitigate 
the impacts of preeclampsia on fetal development and 
growth, as they do not address the underlying disease 
mechanisms (68,244). One of the reasons for the lack of 
effective treatment for preeclampsia is poorly under
stood mechanisms of pathogenesis. However, research 
has established that mitochondrial dysfunction within 
the trophoblast cells in the placenta from women with 
preeclampsia was associated with impaired energy 
metabolism, redox imbalances, dysregulation of mito
chondrial biogenesis and dynamics, accumulation of 
mitochondrial DNA, abnormal mitophagy and autop
hagy, as well as cell senescence and apoptosis (245). 
Therefore, targeting mitochondrial function, a hallmark 
feature of preeclampsia, could potentially halt disease 
progression (68,82). Mitochondrial ROS production 
induced by hypoxia plays a significant role in placental 
dysfunction and preeclampsia. Traditional antioxidant 
therapies (vitamin C, vitamin E) have not been effective 
in preventing preeclampsia due to their inability to 
specifically target mitochondrial ROS (mtROS) and 
other ROS forms (246,247). In the DAPIT study 
(ISRCTN27214045) including pregnant women with 
type 1 diabetes although vitamin C and E did not 
decrease the incidence of preeclampsia overall, sub 
analyses in participants with low levels of antioxidant 
status showed beneficial results (248). Recent studies, 
however, have shown promising results with various 
antioxidant therapies that specifically target mitochon
drial ROS-induced placental dysfunction 
(56,68,82,246,249). Some of the mitochondria targeting 
antioxidants are described below.

Coenzyme Q10 or CoQ10
Interventional study in humans have found that 
CoQ10, a key component of the mitochondrial electron 
transport chain, could be a promising treatment for 
preeclampsia (82,250). In preeclampsia there is 
a significant reduction in plasma concentration of 
CoQ10 (251). However, another study shows that 
CoQ10 concentration in placental mitochondria from 

individuals with preeclampsia were reported to be 
increased (252). This is due to increased ROS produc
tion in the placenta in the presence of preeclampsia, 
which suggests compensatory accumulation (252). 
A randomized, double-blind, placebo-controlled study 
was conducted to assess the safety and effectiveness of 
daily oral administration of 200mg CoQ10 from 
20 weeks of gestation until delivery (250). The study 
concluded that supplementation with CoQ10 was asso
ciated with reduced preeclampsia risks reporting the 
incidence of preeclampsia of 25.6% in the placebo 
group compared to 14.4% in CoQ10 treatment groups. 
The high incidence of preeclampsia in this study is due 
to the recruitment of women at increased risk, includ
ing those with Type 2 diabetes mellitus. The significant 
reduction in preeclampsia rates with CoQ10 supple
mentation highlights its potential as a preventative 
measure in high-risk pregnancies, particularly among 
women with pre-gestational diabetes mellitus 
(56,148,250). A meta-analysis of randomized controlled 
trials investigating the effects of CoQ10 compared with 
placebo on endothelial function demonstrated a signif
icant improvement in endothelial function assessed 
peripherally by flow-mediated dilatation in the pre
sence of CoQ10. (253). Althought this meta-analysis 
included participants with and without cardiovascular 
disease, this is relevant to preeclampsia given endothe
lial dysfunction is a hallmark feature of its pathogen
esis. Although CoQ10 shows some promising 
therapeutic effects in preeclampsia, the exact mechan
ism is still not fully understood. Some evidence suggests 
that CoQ10 could increase the total antioxidant capa
city, which could decrease ROS and reactive nitrogen 
species (RNS) levels in preeclampsia (56).

Mito Q
MitoQ is a pharmaceutical compound developed by 
linking a quinone moiety to a triphenylphosphonium 
(TPP) moiety through a 10-carbon chain, which allows 
it to target mitochondria effectively (254). Once inside 
the mitochondria, MitoQ is converted into ubiquinol 
by mitochondrial complex II. As an antioxidant, ubi
quinol neutralizes free radicals and can be continuously 
recycled within mitochondria to maintain a required 
level of antioxidant activity (68,246). MitoQ is another 
mitochondrial targeting antioxidant capable of abrogat
ing mitochondrial oxidative stress and hypertension in 
preeclampsia (246). The MitoQ treatment increased 
placental maternal blood space surface area and volume 
in a rat model of unfolded protein response (UPR) 
while inhibiting activation of mitochondrial and endo
plasmic reticulum stress, and preventing downstream 
effects that can damage cells and organelle (255). It has 
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been shown that MitoQ accumulates within the placen
tal tissue following its administration in rats (249,256). 
An animal model of prenatal hypoxia has shown that 
MitoQ treatment prevents hypoxia-induced reduction 
in mitochondrial activity and increase in placental ROS 
(249,255–259). MitoQ has been shown to improve fetal 
growth in rats in hypoxia-induced model of fetal 
growth restriction (249,256). A study evaluating 
whether MitoQ bound to drug-loaded γ-PGA-Phe 
nanoparticles (NPs) would prevent it from crossing 
the placenta and affecting fetal development, reported 
that NP-bound MitoQ prevented placental oxidative 
stress, improved fetal weight, and protected the fetal 
brain in a hypoxic pregnancy rat model (11% oxygen: 
gestational day (GD) 16–21) (256). Furthermore, in the 
rat reduced uterine perfusion pressure (RUPP) model, 
MitoQ has also been shown to improve electron trans
port chain (ETC) function, reduce mean arterial pres
sure, and restore fetal growth (249,260). However, 
precaution should be taken when considering antiox
idants as preventative measure for preeclampsia, as a 
rodent study reported that MitoQ administration early 
in pregnancy could impair normal placenta develop
ment through the reduction of physiological ROS 
(45,68).

MitoTEMPO
MitoTEMPO is another widely used mitochondrion 
targeting antioxidant containing piperidine nitroxide 
(Tempo). It mimics SOD and catalyzes the dismuta
tion of the superoxide radicals into molecular oxygen 
and hydrogen peroxide within the mitochondria 
(56,68,81,246). Previous preclinical studies have 
shown that MitoTEMPO significantly reduces mater
nal blood pressure and increases both placental and 
fetal weight in the rat RUPP model of preeclampsia 
(56,68,260). A study in a placental 11β- 
hydroxysteroid dehydrogenase type 2 (11β-HSD2) 
dysfunction-induced preeclampsia-like rat model 
resembling preeclampsia and mitochondrial dysfunc
tion of EVTs, found that MitoTEMPO improved 
both the stability of placental mitochondrial DNA 
and mitochondrial dynamics (68,261). HUVECs trea
ted with serum from women with preeclampsia, in 
the presence of MitoTEMPO have also shown 
a significant reduction in mitochondrial ROS, mito
chondrial uncoupling protein 1, and Toll-like 
Receptor activity (81,246). Further evidence from 
in vitro studies shows that MitoTEMPO maintains 
mitochondrial function and reduces the effect of 
hydrogen peroxide on cell death (262). MitoTEMPO 
has been tested in humans and is reported to have 

a favorable safety profile (68,81,262–264), however no 
data is currently available with regards to pregnancy.

Ergothioneine
As a water-soluble amino acid and derivative of histi
dine, L-Ergothioneine (ERG) has been shown to pos
sess radical-scavenging properties (56,265–269). 
Ergothioneine accumulates in mitochondria via its spe
cific transporter, OCTN1 (also known as SLC22A4), 
which enables it to concentrate in mitochondrial com
partments where it exerts protective effects against oxi
dative damage (270). In a number of pathologies 
(ischemic kidney and liver), ERG has been tested for 
its therapeutic potential and there is evidence that it 
accumulates in mitochondria exerting anti-oxidant 
effects (56,265,267,269,271–274). When ERG was tested 
in vivo using the rat RUPP model of preeclampsia, 
a number of phenotypic features of EOP were alleviated 
by ERG treatment, including hypertension, fetal growth 
restriction, and increased sFlt-1 concentration or meta
bolites associated with inflammation. The accumulation 
of ERG in mitochondria allows it to directly scavenge 
mitochondrial ROS, contributing to increased antiox
idant levels and reduced inflammation (275,276). 
Although promising, further studies are needed to vali
date the therapeutic potential of ERG in preeclampsia.

AP39
AP39 is an emerging antioxidant treatment that acts as 
a mitochondria-targeted hydrogen sulfide (H2S) donor 
(249,277). In a study, using a model of primary human 
trophoblast cell culture where hypoxia increased mito
chondrial ROS production and sFlt-1 concentration, 
AP39 inhibited ROS production, reduced HIF-1α pro
tein expression, and decreased sFlt-1 production. 
Additionally, AP39 was capable of modulating mito
chondrial bioenergy that led to the reversal of oxidative 
stress and antiangiogenic responses in trophoblasts fol
lowing hypoxia exposure, while also enhancing cyto
chrome c oxidase (COX) activity (249,277). Similarly, 
AP39 was able to abrogate anti-angiogenic impact of 
increased sFlt-1 production in primary human tropho
blast cell culture model and restore mitochondrial bioe
nergetics in hypoxic environment. A study found that 
inhibition of cystathionine γ-lyase (CSE) increases the 
release of sFlt-1 and sEng in response to H2S dysregu
lation in endothelial cells. It was also investigated 
whether these effects are related to CSE-induced pro
duction of sFlt-1 and sEng in endothelial cells. They 
found that low CSE increased the emphasis on glyco
lysis and the production of mitochondrial superoxide. 
According to this study, AP39, a mitochondrial- 
targeted H2S donor, was able to suppress preeclampsia- 
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induced endothelial dysfunction caused by sFlt-1 (278). 
AP39 was shown to improve mitochondrial function in 
human primary trophoblasts by targeting H2S, which 
acts as a replacement electron transport component 
and ATP generator in mitochondria, at the concentra
tions tested, i.e. 50µM (277). The mitochondrial elec
tron transport rate can be increased by H2S at low 
concentrations via direct electron donation, an increase 
in mitochondrial cAMP levels, direct activation of ATP 
synthase, and mitochondrial antioxidant effects (277). 
Conversely, a higher concentration of H2S inhibits 
mitochondrial function through mitochondrial com
plex IV (277). It is important to use AP39 at the 
appropriate concentrations, to achieve beneficial cellu
lar effects within the placenta via direct mitochondrial 
protection, as well as through stimulation of complex 
IV, in turn modulating mitochondrial ROS production 
(277). This mechanism of action could be favorable for 
the treatment of preeclampsia, however the safety pro
file of AP39 in pregnancy is still not established.

Micronutrients supplements as a therapy for 
preeclampsia
Recently, micronutrients including vitamins A, B6, B12, 
C, D, E, folate, selenium and zinc have emerged as key 
determinants of pregnancy outcome and are implicated 
in modulating maternal and fetal metabolism, oxidative 
stress, and placentation (56,279,280). During pregnancy, 
these micronutrients can enhance the maternal capacity 
to manage heightened oxidative stress (280–282). 
However, the use of vitamin A is restricted during preg
nancy due to potential teratogenic effects, especially 
when consumed in doses exceeding the recommended 
daily allowance (RDA) of 2,500–3,000 IU. Excessive 
intake of vitamin A has been associated with an 
increased risk of congenital malformations, and there
fore, supplementation should be carefully managed 
(283). The inflammatory and oxidative stress state of 
pregnancy may be worsened by the deficiencies in folate, 
selenium, vitamin C, and vitamin E, potentially contri
buting to endothelial dysfunction and clinical manifesta
tions of preeclampsia (280,284). Unlike other 
micronutrients, vitamins B6 and B12 do not directly 
combat oxidative stress but play essential roles in cellular 
metabolism and homocysteine regulation. Elevated 
homocysteine levels, which vitamins B6 and B12 help 
reduce, are associated with endothelial dysfunction and 
may indirectly contribute to the risk of preeclampsia 
(285). Vitamin D possesses immunomodulatory proper
ties that could influence the maintenance of pregnancy. 
In addition to its immunomodulatory effects, vitamin 
D has antioxidant properties that may help reduce oxi
dative stress in preeclampsia. Vitamin D’s active form, 

calcitriol, has been shown to inhibit ROS production 
and improve antioxidant defenses, which is critical in 
mitigating oxidative damage to placental and endothelial 
cells (286). There may be a potential benefit in ensuring 
that vitamin D status and consumption is adequate in 
pregnancy to prevent preeclampsia (280,284). The 
Norwegian Mother and Child Cohort Study examined 
the association between Vitamin D intake during preg
nancy and preeclampsia among 23,423 nulliparous preg
nant women. In this study, they reported a reduced odds 
ratio of 0.76 (95% CI 0.60–0.95) for preeclampsia in 
women with a total vitamin D intake of 15–20 micro
grams per day compared to women with an intake of less 
than 5 micrograms per day. Additionally, women taking 
10–15 micrograms of vitamin D per day were found to 
have decreased the risk of preeclampsia by 27% (OR 
0.73; 95% CI 0.58–0.92) compared with women taking 
no vitamin D supplementation (280,284). Despite this, 
no correlation was found between vitamin D intake 
from diet alone and the risk of preeclampsia (280,284). 
The antioxidant properties of vitamins C and E help 
scavenge free radicals and reduce cellular damage caused 
by ROS (280). A significant reduction in preterm birth 
risk following supplementation of vitamin C and E in 
pregnant women as part of clinical trial was conducted 
in the UK (287). In contrast, a multicentre trial was 
conducted in Australia and New Zealand, involving 
1,877 nulliparous women found no significant difference 
in the risk of preeclampsia, IUGR, infant death or other 
serious outcomes in infants (288). Thus, it is difficult to 
draw a conclusion whether preeclampsia may be suc
cessfully prevented or treated with a single or multiple 
micronutrients as there may be diverse factors playing 
a role in the pathogenesis of preeclampsia including the 
baseline micronutrient status in women prior to or dur
ing pregnancy. However, a larger study by researchers 
examined whether the use of multivitamins and miner
als during pregnancy may reduce the risk of preeclamp
sia. The analysis included 2,261 pregnancies, with 
preeclampsia occurring in 1.95% of cases. A body mass 
index (BMI) of ≥ 25 was linked to a 1.97-fold increase in 
the risk of preeclampsia. Additionally, first-trimester 
multivitamin use, reported by 31.8% of women, was 
associated with a 67% reduction in preeclampsia risk 
after adjustment (56,289).

Future perspectives

To effectively manage preeclampsia, it is important 
to address the heightened oxidative stress because it 
plays an important role in the pathophysiology of 
the condition, contributing to endothelial dysfunc
tion and inflammation, and leading to placental 
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dysfunction (155,290). In addition, it is important to 
note that although addressing oxidative stress may 
be beneficial in the clinical management of pree
clampsia, it is generally part of a comprehensive 
treatment plan that includes monitoring blood pres
sure, managing the symptoms, and, in severe cases, 
delivering the baby to avoid complications for the 
mother and the baby (291–293).

Targeting oxidative stress in preeclampsia presents sev
eral challenges. Although many compounds reduce oxida
tive stress in vitro, delivering these agents effectively to 
placental or vascular tissues in vivo is difficult due to poor 
solubility, rapid metabolism, and limited permeability. 
Additionally, a lack of reliable oxidative stress biomarkers 
complicates treatment monitoring (294) however, meta- 
analyses have identified promising candidates, including 
IMA, UA, and MDA (96,295). Developing therapies that 
maximize efficacy and minimize off-target effects is crucial, 
as is exploring optimal combination of treatments for 
synergistic benefits. While emerging therapies show poten
tial, further research is essential to confirm their safety and 
efficacy for preeclampsia. Recent evidence suggests using 
preclinical models that potential modulators of mitochon
drial mitophagy could be used to prevent preeclampsia. 
The optimal level of mitochondrial mitophagy promotes 
trophoblast cell survival, while imbalance leads to apoptosis 
(68,82). Researchers are attempting to develop new drugs 
that can control the expression of target proteins involved 
in the regulation of mitochondrial dynamics and mito
phagy (e.g., BNIP3, TFAM, DRAM1, MFN1, MFN2, 
OPA1, and DRP1). Examples include the quinazolinone 
derivative known as mitochondrial division inhibitor-1 
(Mdivi-1), an inhibitor of dynamin related protein 1 
(DRP1) (82). Mdivi-1 works by inhibiting DRP1, a key 
regulator of mitochondrial fission, which prevents exces
sive mitochondrial fragmentation. By stabilizing mito
chondrial morphology, Mdivi-1 preserves mitochondrial 
function, reduces oxidative stress, and prevents down
stream cascade leading to cell apoptosis, therefore showing 
potential for targeting mechanisms implicated in pree
clampsia pathology (296) (297,298). This has led to the 
development of pharmacological modulators of mitochon
drial dynamics and mitophagy, which offer great potential 
for advancing basic research and clinical translation in 
preeclampsia treatment.

Effective preeclampsia treatment could be developed and 
implemented through interdisciplinary collaboration and 
innovative technologies. Given that preeclampsia is 
a multifactorial disorder, we need experts from the obstetrics, 
gynecology, cardiology, genetics, immunology, and placental 
biology research fields to collaborate and share knowledge 
across disciplines to design appropriate studies that will eval
uate the appropriateness of various antioxidant treatments. 

This holistic approach provides an opportunity to better 
understand the underlying mechanisms, identify risk factors, 
and formulate effective prevention and treatment plans 
(203,294,299,300). Researchers from various STEM disciplines 
should also lead the development of innovative technologies 
including novel biomarkers, genetic screening, as well as 
advanced imaging of placental morphology and diagnostic 
platforms that can contribute to the early detection and diag
nosis of preeclampsia. More reliable panel of biomarkers 
detectable in the blood (invasively) or saline/urine (non- 
invasively) should be developed to predict and diagnose pre
eclampsia before symptoms manifestation. This approach 
could lead to implementation of safe and effective preventative 
therapies for preeclampsia therefore reducing associated com
plications through timely clinical intervention and 
management.

As a treatment approach for heterogenous condi
tions such as preeclampsia, personalized medicine 
holds great promise. Personalized medicine allows 
treatment plans to be tailored according to the char
acteristics of the individual patients upon diagnosed. 
Treatment decisions are influenced by variables includ
ing preeclampsia phenotype and severity, gestational 
age, and the presence of other medical conditions. It 
is important to note that personalized medicine con
siders not only genetic factors but also lifestyle and 
environmental factors that have the potential to influ
ence preeclampsia risk and progression.

(301). There are a number of considerations when it comes 
to translating promising preclinical findings into clinical prac
tice for preeclampsia. Preclinical studies often rely on animal 
models that mimic preeclampsia, but the translational rele
vance of these models to human preeclampsia is often ques
tioned due to interspecies differences and limitations in 
replicating the full spectrum of the human diseases, while 
the ethical complexities of testing new treatments in pregnant 
women still exist (302,303). Better in vitro models are needed 
to increase our understanding of preeclampsia pathogenesis 
toward developing improved predictive, diagnostic, and ther
apeutic options, and ensuring that pregnant individuals and 
their offspring receive better support and care.

Conclusions

In summary, oxidative stress plays a significant role in the 
development and progression of preeclampsia, a leading cause 
of morbidity and mortality in pregnancy (304). Current 
research has identified several potential strategies to reduce 
oxidative stress through the use of clinically available or 
novel antioxidants and micronutrients (203). 
A number of these therapies have been repurposed, 
however further research is still necessary to validate 
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these approaches in preeclampsia and to gain a better 
understanding of their mechanisms of action in preg
nancy settings. The development of targeted therapies 
for preeclampsia and further research into the 
mechanisms of oxidative stress hold significant pro
mise for improving outcomes for both mothers and 
their offspring (123,305). However, conducting clini
cal trials to test potential treatments for preeclampsia 
is hindered by the difficulty in recruiting pregnant 
women. Pregnant women have been routinely 
excluded from pharmaceutical trials because of the 
widespread concern about drugs harming the fetus. 
However, there is still scarce evidence on medication 
safety and efficacy during pregnancy. According to 
a systematic review, theoretically informed strategies 
can facilitate the engagement, participation, and trust 
of pregnant and lactating women in clinical trials. 
Nevertheless, this is accomplished by linking identi
fied risk factors to a framework for behavioral change 
(306). Although significant progress has been made in 
understanding the etiology and pathogenesis of pre
eclampsia, there are still many gaps that require multi
disciplinary effort. Developing targeted treatments 
with antioxidant capacity that are safe to use in preg
nancy, is of a critical importance in order to reduce 
both short- and long-term burden of preeclampsia. 
This will require joint global effort, that includes shar
ing of knowledge and resources and conducting large 
and robust multicentre clinical trials in pregnant 
women.

Article Highlights

Oxidative stress and mitochondrial dysfunction play a key role in the 
pathogenesis of preeclampsia. This review provides comprehensive 
account of oxidative stress mechanisms relevant to preeclampsia 
Targeted treatments including antioxidant supplements, lifestyle 
modifications, mitochondrial targeting antioxidants and pharmaco
logical agents to counteract oxidative stress in preeclampsia are 
discussed.
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