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ARTICLE INFO ABSTRACT
Keywords: Preeclampsia is a multifactorial pregnancy disorder characterized by the new onset of hypertension and organ
Mitochondrial dysfunction damage. Mitochondrial dysfunction is central to preeclampsia pathogenesis leading to placental dysfunction and
Preeclampsia oxidative stress. This study aims to elucidate the mechanisms of mitochondrial dysfunction in first-trimester
Tr,o phOblaSt,S . trophoblast cells and to assess the therapeutic potential of aspirin, metformin, resveratrol, and a FKBPL-based
Mitochondrial dynamics . . . . . . X
Autophagy peptide (AD-01) as a strategy to improve trophoblast mitochondrial health. A 2D in vitro model using the first
trimester ACH-3Ps trophoblasts were developed to mimic preeclampsia-like conditions, including hypoxia-
inducible factor (HIF)-la activation (DMOG, 100 pM), mitochondrial dysfunction (Rho-6G, 1 pg/mL), or
inflammation (TNF-a, 10 ng/ml). Cells were treated for 48 h with metformin (0.5 mM), resveratrol (15 uM), AD-
01 (100 nM), or aspirin (0.5 mM), in the presence of DMOG, Rho-6G or TNF-a. Mitochondrial dynamics were
assessed by immunofluorescence staining, the Seahorse XF Mito Stress Test, and RT-qPCR for key genes
expression regulating mitochondrial fusion (mfnl), fission (dnmil), and autophagy (atg5, mapllc3b).
Preeclampsia-mimicking stimuli significantly altered mitochondrial networks by reducing mitochondrial size (p
<0.05-0.0001), increasing circularity (p < 0.05-0.0001), and decreasing mitochondrial number per cell (p <
0.0001). Metformin notably restored mitochondrial architecture under inflammatory stress, normalized mfnl (p
< 0.05) and atg5 expression (p < 0.001), and improved cellular bioenergetics. Aspirin improved mitochondrial
morphology under hypoxic conditions and reduced oxygen consumption (p < 0.01). Resveratrol and AD-01
showed context-dependent protective effects, including reduced basal respiration under inflammatory stress
(p < 0.0001). These findings demonstrate that hypoxia, inflammation, and mitochondrial dysfunction contribute
to mitochondrial pathology in preeclampsia and highlight aspirin, metformin, resveratrol, and AD-01 as prom-
ising targeted therapies. Tailored interventions may improve mitochondrial health and pregnancy outcomes in
women with preeclampsia.
1. Introduction a leading cause of maternal and perinatal morbidity and mortality in
pregnancy worldwide; however, it can also increase the risk of future
Preeclampsia is a heterogeneous, multisystem disorder that arises in cardiovascular and metabolic diseases [1,3-5]. Monitoring options for
the second half of pregnancy. It is defined by the new-onset of hyper- preeclampsia remain limited, and the only definitive treatment is de-
tension (blood pressure >140/90) and proteinuria after 20 weeks of livery of the baby and placenta. When delivery must occur preterm, it
gestation, and it can affect multiple organ systems, including the renal, can lead to significant maternal and neonatal complications [2,6].
hepatic, neurological, and cardiovascular systems [1,2]. Preeclampsia is Although the aetiology of preeclampsia is not yet fully understood,

* Corresponding author.

** Corresponding author.School of Life Sciences, Faculty of Science, University of Technology Sydney, NSW, Australia.
E-mail addresses: Qian.Su@uts.edu.au (Q.P. Su), lana.mcclements@uts.edu.au (L. McClements).

! Contributed equally.

https://doi.org/10.1016/j.cbi.2025.111883
Received 18 August 2025; Received in revised form 26 November 2025; Accepted 12 December 2025

Available online 15 December 2025
0009-2797/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-4911-1014
https://orcid.org/0000-0002-4911-1014
mailto:Qian.Su@uts.edu.au
mailto:lana.mcclements@uts.edu.au
www.sciencedirect.com/science/journal/00092797
https://www.elsevier.com/locate/chembioint
https://doi.org/10.1016/j.cbi.2025.111883
https://doi.org/10.1016/j.cbi.2025.111883
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbi.2025.111883&domain=pdf
http://creativecommons.org/licenses/by/4.0/

D. Afrose et al.

placental dysfunction is considered the root cause, with mitochondrial
dysfunction being the main contributor [7-11].

Mitochondria play a crucial role in placental development and
growth, particularly within the syncytiotrophoblasts, a specialized cell
layer essential for maternal-fetal interactions throughout pregnancy
[12,13]. Mitochondrial oxidative phosphorylation (OXPHOS) is crucial
for adenosine triphosphate (ATP) production, supporting trophoblast
proliferation, invasion, and vascular remodelling during early placental
development. Disruptions in OXPHOS can lead to reduced ATP pro-
duction, compromising placentation [14,15]. Mitochondria are also
vital for nutrient transport and metabolism in the placenta [16]. Dys-
regulation of these metabolic processes can impair syncytiotrophoblast
function, hindering nutrient and gas transport and affecting placental
growth [16-19]. Beyond energy production, mitochondria regulate
oxidative stress and apoptosis in placental trophoblasts; their impaired
function can trigger excess reactive oxygen species (ROS) generation
and cellular damage leading to inappropriate placentation [8,9,20,21].

The mitochondrial population is regulated not only by the biogenesis
of new organelles but also by their selective degradation via mitophagy
(e.g., mitochondrial-specific autophagy) [8,22]. Autophagy is essential
for maintaining cellular homeostasis by promoting cell survival and
eliminating damaged organelles and protein aggregates, hence playing a
critical role in supporting normal pregnancy [22].

While there is no definitive treatment for preeclampsia, lifestyle
measures, exercise, and adequate rest are often implemented as pre-
ventative measures [23,24]. Various pharmacological agents have been
investigated for their potential to restore mitochondrial function in
preeclampsia [25,26]. Low-dose aspirin (~81-150 mg/day), a
non-steroidal anti-inflammatory drug with vasodilatory properties, is an
effective prophylactic treatment for preterm preeclampsia (delivery
before 37 weeks of gestation) when prescribed before 16 weeks of
gestation [27-29]. Metformin, a hypoglycemic agent, and resveratrol,
an antioxidant supplement, are currently being repurposed as new
treatment options for preeclampsia. AD-01 is a FK506-binding pro-
tein-like (FKBPL)-based therapeutic peptide with potent anti-angiogenic
activity in cancer through targeting CD44 and DLL4 [30-32]. Recently,
AD-01 has demonstrated anti-inflammatory properties by inhibiting the
NF-kB pathway and rescuing vascular dysfunction [33]. Interestingly,
AD-01 can both positively and negatively regulate FKBPL expression
depending on the type of stressor present, restoring its expression to
physiological levels [33,34]. FKBPL has a critical role in developmental
angiogenesis, and its levels in human plasma and placental tissue are
increased in the presence of preeclampsia [35-37]. We have recently
shown in similar in vitro models that aspirin, metformin, resveratrol and
AD-01 can reduce oxidative stress and rescue trophoblast dysfunction
under preeclampsia-like stresses [38].

In this study, we used custom-designed 2D in vitro first trimester
trophoblast cell models of preeclampsia and induced mitochondrial
dysfunction by applying specific stressor including inflammation,
hypoxia-like or mitochondrial dysfunction. These stressors disrupted
mitochondrial networks, dynamics and autophagy, and mitochondrial
respiration. We also show, for the first time, that repurposing metfor-
min, resveratrol and AD-01 can effectively target mitochondrial
dysfunction in first trimester trophoblasts, providing insights into the
mechanisms of action relevant for preeclampsia treatment.

2. Materials and methods
2.1. Cell culture

The ACH-3P first trimester trophoblast cell line, established in 2007,
was generously donated by Professor Gernot Desoye (Medical University
of Graz, Austria) [39]. ACH-3Ps cells were immortalized by fusing pri-
mary trophoblast cells from a 12-week gestation placenta with the
choriocarcinoma cell line AC1-1 [39]. ACH-3Ps cells (Ethics:
ETH21-6326, University of Technology Sydney) were cultured in
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Ham’s/F12 nutrient mix (Thermo Fisher Scientific, USA) supplemented
with 10 % fetal bovine serum (Thermo Fisher Scientific, USA) and 1 %
penicillin-streptomycin (P/S) (Thermo Fisher Scientific, USA). ACH-3Ps
were used as a first-trimester trophoblast model closely resembling
primary trophoblasts [38]. A selection medium containing azaserine
(5.7 pM; Sigma-Aldrich, USA) and hypoxanthine (100 pM;
Sigma-Aldrich, USA) was applied to cells every two to five passages for
24 h to suppress choriocarcinoma cell growth. Cells were subsequently
maintained in standard Ham’s/F-12 medium for at least 48 h before
downstream experiments. This maintenance protocol minimizes any
impact of the selection medium on mitochondrial metabolism. During
incubation, cells were maintained at 37 °C in a humidified atmosphere
with 5 % CO,, and ambient oxygen (~21 % O), and cultures were
routinely tested for mycoplasma contamination. Accutase (Sigma-Al-
drich, Germany) was used to dissociate the cells, and experiments were
performed at passages P15-25.

2.2. Cell stimuli and treatments

ACH-3Ps were seeded at specific densities depending on the down-
stream assay type: 3 x 10* cells per fluorodish for immunofluorescence
imaging, 4 x 10° cells per well in 6-well plates for RNA extraction and
RT-qPCR, and 5 x 10* cells per well in XFe24 flux plates for Seahorse XF
Cell Mito Stress Tests. Following cell attachment, cells were incubated
overnight in serum-reduced Ham’s/F12 medium containing 1 % FBS
and 1 % P/S before treatments were added. The serum-reduction step
served to partially synchronize cells in the same phase of the cell cycle
prior to treatment, thereby minimizing variability in basal metabolic
activity and allowing treatment-induced changes in mitochondrial
function and gene expression to be more accurately attributed to the
experimental conditions. Untreated cells cultured in standard Ham’s/
F12 medium containing 10 % FBS and 1 % P/S were used as the
experimental control (media-only control). This group represents base-
line physiological conditions in ACH-3Ps and serves as the negative
control in comparison to preeclampsia-like stimuli. The following day,
cells were treated for 48 h with one of the following stimuli: dimethy-
loxalylglycine (DMOG, 1 mM or 100 pM) (Sigma-Aldrich, USA) to
activate HIF-1a [40], TNF-a (10 ng/mL) (Sigma-Aldrich, USA) to mimic
inflammation [41,42], or Rho-6G (1 pg/ml) (Sigma-Aldrich, USA) to
induce mitochondrial dysfunction [43,44]. Initial time-course optimi-
sation experiments comparing 24-, 48-, and 72-h treatment durations
indicated that 48 h produced the most relevant changes in oxidative
stress markers based on our previous work [38]. DMOG is a
cell-permeable prolyl-hydroxylase inhibitor that stabilizes HIF-la, a
master regulator of hypoxia-induced downstream mechanisms. A tri-gas
incubator was not employed because the aim was to activate
hypoxia-inducible signaling pathways independently of altering
ambient oxygen tension. DMOG stabilizes HIF-a under standard incu-
bator conditions (5 % COg, atmospheric Os), allowing controlled and
reproducible induction of hypoxia-like molecular responses without the
additional variability and logistical constraints associated with low-O4
culture systems. Rhodamine 6G (Rho-6G) is a cationic dye that acts as a
potent inhibitor of mitochondrial OXPHOS. It selectively targets the
mitochondrial  electron  transport chain, impairing ATP
synthase-mediated ATP production by blocking proton translocation
across the inner mitochondrial membrane. At higher concentrations, it
can also cause uncoupled respiration, leading to mitochondrial depo-
larization and reduced bioenergetic capacity. This compound has been
widely used to experimentally induce mitochondrial dysfunction and
study bioenergetic deficits in various cell models, including trophoblasts
[45]. Each stimulus was applied alone or in combination with metfor-
min [46,47] (0.5 mM) (Sigma-Aldrich, USA), AD-01 [31,48] (100 nM)
(MedChemExpress, UK), aspirin [29,43,49] (0.5 mM) (Sigma-Aldrich,
USA), resveratrol [50,51] (15 pM) (Sigma-Aldrich, USA). Untreated cells
served as controls. Metformin was dissolved in PBS, while aspirin and
resveratrol were initially dissolved in DMSO and diluted 10X in PBS to
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minimize the DMSO concentration. The final concentration of DMSO in
all experiments was <0.1 % (v/v), a level generally considered non-toxic
to cells. AD-01 was dissolved in sterile water. Drug concentrations were
chosen to reflect human plasma levels after absorption, metabolism and
distribution [50,52-54].

2.3. Immunofluorescence staining and imaging

ACH-3Ps were seeded onto poly-i-lysine (PLL)-coated fluorodishes
(Corning, USA) and exposed to preeclampsia-mimicking stimuli with or
without drug treatment as described above. Growth medium was
replaced with RPMI containing 10 % FBS and 1 % P/S, before
Hoechst33342 (1:4000; Thermo-Fisher) and MitoTracker Deep Red
(1:5000; Thermo-Fisher) were added for 30 min to stain nuclei and
mitochondria, respectively, prior to confocal imaging.

Live-cell confocal microscopy was performed using a Leica Stellaris 8
with a 63x oil objective (NA 1.4) and 1.518 RI immersion oil. Images
(512 x 512 pixels) were acquired at a scanning speed of 600 Hz. Fluo-
rophores were excited at 405 nm (Hoechst 33342) and 641 nm (Mito-
Tracker Deep Red). Emissions were recorded at 431-495 nm using a
HyD detector (nuclear Hoechst 33342), and at 647-829 nm using a
HyDS detector (mitochondrial MitoTracker Deep Red). To analyse
mitochondrial morphology, images were processed in ImageJ/Fiji (Na-
tional Institutes of Health, USA). The ‘Analyze Particles’ function was
used to measure mitochondrial size (pm2) and circularity (a.u.),
excluding particles smaller than 5 pixel2 due to the resolution limit.
Total mitochondrial count and count per cell were also calculated. All
imaging experiments were performed using three independent biolog-
ical replicates for each experimental condition.

2.4. Real-time quantitative polymerase chain reaction (RT-gPCR)

RT-qPCR was used to assess mRNA expression of mfnl, dnmil, atg5
and map1lc3b in ACH-3Ps. Total RNA was extracted from cultured cells
using TRIsure reagent (Bioline, Australia) according to the manufac-
turer’s instructions. RNA quality and concentration were assessed with a
Nanodrop One (Thermo Fisher Scientific). SYBR Green primers were
used for amplification (Table 1), and RT-qPCR performed using a Luna
One-Step qPCR kit (New England Biolabs, USA) on a CFX96 thermo-
cycler (Bio-Rad) and analysed with CFX Maestro (v 1.0). mRNA
expression was calculated using the AACt method and normalised to
ribosomal protein S18. Five independent biological repeats were
performed.

2.5. Seahorse XF96 cell Mito Stress Test

ACH-3Ps cells were seeded in XFe24 flux plates (Seahorse) at 0.5 x
10° cells/well and allowed to adhere for 6-7 h before the medium was
changed to starvation medium (Ham’s-F-12 with 1-Glutamine, 1 % FBS
and 1 % P/S). After overnight incubation, cells were stimulated for 48 h

Table 1
Primers used for real-time quantitative polymerase chain reaction.

Primer Gene Sequence (5-3") Accession Number
rps18 forward CAGMGGATGTAMGGATGG NM_022551.2
1ps18 reverse TATTTCTTCTTGGACACACC NM_022551.2
mfnl forward ATCTTTGAGGAGTGTATCTCG NM_033540.4
mfnl reverse GTAGCTAGTATCTGTTTAGCTC NM_033540.4
dnm1l forward CTGATTCMTCCGTGATGAG NM_012062.3
dnm1l reverse AACCTGTTTAGAGTCCTAGC NM_012062.3
atg5 forward AAGACCTTTCATTCAGAAGC NM_004849.4
atg5 reverse CATCTTCAGGATCAATAGCAG NM_004849.4
map1lc3b forward ATAGMCGATACAAGGGTGAG NM_022818.4
map1lc3b reverse CTGTMGCGCCTTCTAATTATC NM_022818.4

1ps18: ribosomal protein s18; mfnl: mitofusinl; dnm1l: dynamin-1-like protein; map1lc3b:
microtubule-associated protein 1 light chain 3 beta
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with DMOG (100 pM), Rho-6G (1 pg/mL), TNF-a (10 ng/mL) or media
only. Each stimulus was combined with aspirin (0.5 mM), metformin
(0.5 mM), AD-01 (100 nM), or resveratrol (15 pM); PBS was used as a
control. Prior to conducting the assay, cells were washed twice with PBS
(without calcium or magnesium) to remove bicarbonate- and serum-
containing culture medium, which can interfere with Seahorse pH and
oxygen measurements. These washes were brief to minimize cell stress
and did not affect cell viability or mitochondrial function, as confirmed
in pilot tests. Plates were equilibrated for 1 h in a non—CO; incubator at
37°C. Cellular bioenergetics were analysed using a Seahorse XFe24
extracellular flux analyzer according to the manufacturer’s instructions.
Oxygen-consumption rate (OCR) was measured in XF medium (non-
buffered DMEM with 10 mM glucose, 2 mM t-glutamine and 1 mM so-
dium pyruvate) under basal conditions and after sequential injections of
oligomycin (1 pM; ATP- linked respiration), carbonylcyanide-4-
(trifluoromethoxy)-phenylhydrazone (FCCP; 5 pM; maximal respira-
tion) and antimycin A and rotenone (3 pM each; Sigma-Aldrich). Three
technical replicates were run for each condition, and a total of 12
measurements of 3 min were acquired. Three independent biological
replicates (n = 3) were performed. Further analysis was performed using
the Agilent Seahorse XFe Analyzer Wave 2.6 software.

2.6. Statistical analysis

GraphPad Prism (v9.4.0) was used for statistical analysis. Data dis-
tribution was assessed using the Shapiro-Wilk normality test prior to
statistical comparisons. An ordinary one-way ANOVA with Sidak’s
multiple comparisons post-hoc test was used to compare groups with
normally distributed data. When the data were not normally distributed,
a Kruskal-Wallis ANOVA followed by Dunn’s multiple comparison post-
hoc test was applied. A p-value <0.05 was considered statistically sig-
nificant. Data were presented as mean =+ standard error of the mean
(SEM) and as mean =+ standard deviation (SD), as indicated.

3. Results

3.1. Preeclamptic stimuli disrupt the mitochondrial network in ACH-3P
cell model with limited rescue by aspirin and metformin treatments

We previously showed that exposing ACH-3P first trimester tropho-
blasts to DMOG, TNF-a or Rho-6G recapitulates oxidative stress in pre-
eclampsia, as measured by intracellular concentration of uric acid (UA)
and malondialdehyde (MDA) [38]. In this study, we also showed that all
three preeclampsia-mimicking stimuli influence the mitochondrial
network architecture in trophoblast cells (Fig. 1). Under physiological
conditions (media-only control), mitochondria were abundant, elon-
gated and interconnected, occupying the extensive cytoplasmic space.

As shown in Fig. 1, DMOG and TNF-a caused mitochondria to cluster
rather than extend throughout the cytoplasm. Mitochondrial clusters
were larger in DMOG-treated cells than in TNF-o-treated cells: they
accumulated in the perinuclear region with DMOG treatment, whereas
in TNF-o-treated cells the clusters were located toward the cell periph-
ery. Rho-6G treatment disrupted mitochondrial architecture leading to
punctate mitochondria. Among treatments, metformin was the most
effective at restoring the mitochondrial network in the presence of TNF-
o; with confocal imaging showing elongated and interconnected net-
works more closely resembling control cells. However, metformin did
not affect mitochondria in the same manner in the presence of Rho-6G or
DMOG (Fig. 1).

3.2. Characteristics of mitochondrial morphology in ACH-3P cells
exposed to preeclampsia-like stimuli

In preeclampsia, the disruption of mitochondrial networks within
placental cells is a key factor contributing to placental dysfunction [55].
Mitochondria, essential for energy production and regulation of cellular
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metabolism, exhibit changes in morphology and function when sub-
jected to stresses associated with preeclampsia or other pregnancy
complications, such as hypoxia, mitochondrial dysfunction, and
inflammation [56,57]. These disruptions manifest as alterations in
mitochondrial size, distribution and shape, which are critical for main-
taining cellular homeostasis [26]. Such mitochondrial anomalies are
implicated in the pathogenesis of preeclampsia, leading to increased
oxidative stress and impaired cellular function within the placenta [25].
Here we investigated how hypoxia, mitochondrial dysfunction or
inflammation affect mitochondrial morphology (average size, circu-
larity, and number per cell) in trophoblasts, and whether treatments
could mitigate these changes by restoring mitochondrial homeostasis
(Supplementary Fig. 1).

In terms of average mitochondrial size, DMOG (100 pM) did not
significantly alter mean mitochondrial area relative to control, whereas
Rho-6G and TNF-a significantly reduced mitochondria size compared to
the control group (Control 6.12 + 0.30 vs Rho-6G 2.30 + 0.27vs TNF-a,
4.03 + 0.81, ym?, p < 0.0001 (Rho-6G), p < 0.05 (TNF-a); Fig. 2A). This
is consistent with DMOG acting as a hypoxia mimetic via HIF stabiliza-
tion rather than lowering ambient Oo; in our model, DMOG primarily
remodeled network features other than mean area. By contrast, DMOG
increased mitochondrial circularity (Control 0.54 + 0.01 vs. DMOG:
0.66 + 0.02, p < 0.0001, Fig. 2B) and reduced mitochondria per cell
(Control 25.31 + 2.00 vs DMOG 15.03 + 0.68, p < 0.0001, Fig. 2C),
indicating fragmentation/clustered remodelling without a shift in
average size. A higher DMOG dose (1 mM) was cytotoxic and ablated
respiration (Supplementary Fig. 2), so 100 uM was used to model sub-
lethal pseudo-hypoxia. Metformin, aspirin or AD-01 treatment did not
rescue or further reduce mitochondrial average size (Fig. 2A). However,
aspirin restored circularity to control levels (DMOG 0.66 + 0.02 vs.
DMOG + Aspirin 0.57 + 0.01, p < 0.01, Fig. 2B) and partially rescued
the number of mitochondrial per cell (DMOG 15.03 + 0.68 vs DMOG +
Aspirin 21.63 + 2.22, fold change, p < 0.05, Fig. 2C).

Mitochondrial circularity also increased significantly under mito-
chondrial dysfunction (Control 0.54 + 0.01 vs Rho-6G 0.69 + 0.02, p <
0.001, Fig. 2B) and inflammation conditions (Control 0.54 + 0.01 vs
TNF-a 0.66 + 0.05, p < 0.05, Fig. 2B). These changes indicate a shift
from an elongated, rod-like network to a fragmented network composed
of short segments or dots. However, metformin, aspirin and AD-01 had
no significant effect on circularity in the presence of Rho-6G or in-
flammatory conditions ( Fig. 2B).

Under mitochondrial dysfunction conditions, metformin reduced
mitochondria per cell (Rho-6G 24.45 + 2.73 vs Rho-6G + Metformin
12.78 + 0.43, p < 0.05, Fig. 2C). Under inflammatory conditions,
aspirin reduced mitochondria per cell (TNF-a 25.88 + 1.6 vs TNF-a +
Aspirin 16.80 & 2.40, p < 0.05, Fig. 2C).

3.3. Inflammation induces changes in mitochondrial fusion that are
restored by metformin

During environmental stress, mitochondria undergo dynamic
morphological changes through fusion, fission, and mitophagy to
maintain homeostasis, quality control and function [58] Here, we aimed
to determine how hypoxia, mitochondrial dysfunction and inflamma-
tion affect trophoblast mitochondrial dynamics and mitophagy, and
whether metformin, aspirin, AD-01 or resveratrol could reverse these
alterations in key mitochondrial gene expression. Expression of the
fusion gene, mfnl, showed a trend towards downregulation under
hypoxia-like conditions (Control 1.00 £+ 0.00 vs DMOG 0.54 + 0.09,
fold change, p = 0.05, Fig. 3A). Rho-6G treatment also reduced mfni
expression (Control 1.00 + 0.00 vs Rho-6G 0.56 + 0.08, fold change, p
< 0.01, Fig. 3A), whereas inflammation increased it (Control 1.00 +
0.00 vs TNF-a 1.85 + 0.23, fold change, p < 0.05, Fig. 3A). Metformin
restored mfnl expression under inflammatory conditions (TNF-« 1.85 +
0.23 vs TNF-a + Metformin 1.04 + 0.12, fold change, p < 0.05, Fig. 3A).
In contrast, expression of the fission gene, dnm1l, was not altered by any
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stimulus (hypoxia, mitochondrial dysfunction or inflammation) or by
any treatment (metformin, aspirin, AD-01 or resveratrol, Fig. 3B). These
RT-qPCR data indicate that hypoxia and Rho-6G downregulate mfnil
while inflammation upregulates it. Metformin effectively restored mfnl
under inflammatory conditions, suggesting a potential role in stabilizing
mitochondrial dynamics during specific preeclampsia-related stresses.

3.4. Hypoxia and inflammation target mitochondrial autophagy genes
that are restored by metformin or resveratrol

Mitochondrial autophagy (mitophagy) is a key quality-control
mechanism that eliminates damaged mitochondria, thus maintaining
cellular homeostasis. We examined the expression of two critical
autophagy-related genes, atg5 and map1lc3b, under preeclampsia-like
stresses, with and without treatments in ACH-3P cells. RT-qPCR anal-
ysis revealed no significant changes in atg5 expression under hypoxia-
like or mitochondrial dysfunction-induced stresses or after treatments
(Fig. 4A). However, inflammation significantly increased atg5 expres-
sion (Control 1.01 £ 0.00 vs TNF-a 1.77 + 0.27, fold change, p < 0.01,
Fig. 4A). Both metformin and resveratrol restored atg5 expression to
control levels (TNF-a 1.77 &+ 0.27 vs TNF-a + Metformin 0.76 + 0.05,
fold change, p < 0.001; and TNF-a + Resveratrol 1.07 + 0.14, fold
change, p < 0.05, Fig. 4A). Hypoxia significantly downregulated
map1lc3b expression (Control 1.00 + 0.00 vs DMOG 0.35 + 0.11, fold
change, p < 0.01, Fig. 4B), whereas metformin restored it (DMOG 0.35
+ 0.11 vs DMOG + Metformin 0.86 + 0.24, fold change, p < 0.05,
Fig. 4B). Furthermore, mapllc3b expression did not change under
mitochondrial dysfunction or inflammation alone; however, metformin
reduced mapllc3b expression in inflammatory conditions compared
with inflammation alone (TNF-a 0.89 + 0.11 vs TNF-a + Metformin
0.34 + 0.04, fold change, p < 0.05, Fig. 4B). These data highlight
metformin’s unique ability to modulate autophagy-related gene
expression across different stress conditions, underscoring its thera-
peutic potential for stabilizing mitochondrial dynamics in preeclampsia.

3.5. Cellular bioenergetic tests reveal hypoxia- and inflammation-
mediated mechanism on mitochondrial function in ACH-3Ps cells and
responses to treatments

Given that mitochondrial dysfunction plays a critical role in pre-
eclampsia pathophysiology [59], we used the Seahorse XF Cell Mito
Stress Test to comprehensively assess mitochondrial bioenergetics under
preeclampsia-related conditions (hypoxia and inflammation) with or
without treatments in ACH-3P cells. This test measures various param-
eters of mitochondrial function that reflect key aspects of cellular bio-
energetics and energy management. A high concentration of DMOG (1
mM) caused significant cell damage, indicating severe impairment of
mitochondrial respiration, as shown by ablated oxygen consumption
(Supplementary Fig. 2).

In contrast, a lower concentration of DMOG (100 pM) produced
respiration similar to PBS-treated cells (Fig. 5A), indicating that cells
could adapt to the hypoxia-mimetic condition and meet energy de-
mands. TNF-a -stimulated cells, which mimic inflammatory conditions
in preeclampsia, demonstrated higher oxygen consumption and
increased maximal respiration (upon FCCP stimulation) compared with
media-only controls (Fig. 5A). However, basal oxygen consumption rate
(OCR) was similar between TNF-a-treated and media-only cells
(Fig. 5B). In DMOG-treated cells, aspirin reduced basal respiration (p <
0.01, Fig. 5B) and ATP turnover (p < 0.05, Fig. 5C), suggesting less
oxygen was required to meet ATP demand; no change in proton leak was
observed (Fig. 5D). Aspirin also reduced the maximum respiratory ca-
pacity of trophoblast cells exposed to hypoxia (p < 0.001) and inflam-
mation (p < 0.01) but not under physiological conditions (Fig. 5E),
indicating decreased oxygen consumption under stress and potentially
reducing cellular overexertion.

We also explored the mitochondrial mechanisms of metformin, AD-
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Fig. 1. Impact of HIF-1«, mitochondrial dysfunction and inflammation on mitochondrial networks and morphology in ACH-3Ps cells and their response to
treatments. Representative immunofluorescence images show the effects of hypoxia mimetic acting via HIF-1la stabilization (DMOG, 100 pM), mitochondrial
dysfunction (Rho-6G, 1 pg/ml) and inflammation (TNF-a, 10 ng/ml) on mitochondrial morphology in ACH-3P trophoblast cells in the presence or absence of
metformin (0.5 mM), aspirin (0.5 mM), and AD-01 (100 nM) treatments. (A) Control cells exhibit elongated and interconnected mitochondrial networks; (B)
preeclampsia-mimicking stimuli caused mitochondrial fragmentation and clustering. Mitochondria were stained with MitoTracker Deep Red and nuclei were stained
with Hoechst 33342. Images were analysed using ImageJ/FIJI "Analyze Particles" function to measure mitochondrial size, circularity, and number per cell. Scale bars

represent 50 pm and 20 pm.
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Fig. 2. Preeclampsia-like stimuli impair mitochondrial morphology and networks. ACH-3Ps cells were treated for 48 h with hypoxia (DMOG; 100 pM),
mitochondrial dysfunction (Rho-6G; 1 ug/ml), or inflammation (TNF-a; 10 ng/ml) with or without metformin (0.5 mM), aspirin (0.5 mM), or AD-01 (100 nM). Cells
in culture media served as untreated controls. Mitochondria were analysed using ImageJ/Fiji ‘Analyze Particles’ function to quantify: (A) average size pm2, (B)
circularity (=0.5 means rod-like, = 1 means dot-like) and (C) number of mitochondria per cell (a.u.). Data are presented as mean + SEM with individual data points
shown where possible. Statistical significance was assessed using one-way ANOVA followed by Sidak’s post-hoc test (n = 3-8 biological replicates per group); “p <

0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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Fig. 3. Preeclampsia-relevant stresses target mitochondrial fusion rather than fission, which is restored by metformin under inflammatory conditions
only. ACH-3P cells were treated with (DMOG, 100 pM), (Rho-6G, 1 pg/ml) or (TNF-o, 10 ng/ml) to mimic hypoxia, mitochondrial dysfunction or inflammation,
respectively, and were exposed to metformin (0.5 mM), aspirin (0.5 mM), AD-01 (100 nM), or resveratrol (15 pM) for 48 h. Cells in culture media were used as
untreated control. Expression of (A) the fusion gene mitofusin 1 (mfn1) and (B) the fission gene dynamin- 1-like (dnm1l) was normalised to ribosomal protein S18.
Data were normally distributed and analysed by ordinary one-way ANOVA with Sidak’s post-hoc test. Data presented as mean + SEM (n = 3-5 biological replicates);

p = 0.05, *p < 0.05, **p<0.01.

01 and resveratrol under hypoxia and inflammation. Under physiolog-
ical conditions, metformin reduced basal respiration (p < 0.01, Fig. 5B),
suggesting a lower oxygen requirement for ATP production without a
compensatory increase in extracellular acidification rate (ECAR).
However, the biological significance of reduced basal respiration in
trophoblasts under these conditions remains unclear and requires
further functional investigation. Metformin also increased spare respi-
ratory capacity, potentially enhancing the cells’ ability to respond to
energy demands. In DMOG (100 pM)-stimulated cells, metformin mostly
increased respiration (Fig. 5B). Under inflammatory conditions, met-
formin, AD-01 and resveratrol reduced basal respiration, oxygen con-
sumption for ATP production, protein leak and maximal respiratory
capacity (p < 0.05-0.0001, Fig. 5B-E). These reductions should be
interpreted cautiously, as they may represent either protective meta-
bolic reprogramming or impaired energy production capacity, necessi-
tating further study (Fig. 5A and B). Overall, the Seahorse Mito Stress
Test demonstrated that preeclampsia-related stresses, particularly

inflammation, cause substantial reductions in mitochondrial respiration,
affecting basal respiration and ATP production. These bioenergetic
deficits contribute to mitochondrial dysfunction and reflect the cellular
energy challenges faced by trophoblasts in preeclampsia.

4. Discussion

In this study, we demonstrate that preeclampsia-related stresses
disrupt mitochondrial morphology and dynamics through distinct
mechanisms, notably impacting mitochondrial fusion and autophagy.
These alterations correlate with bioenergetic strain including higher
oxygen consumption and increased maximal respiration, particularly
under inflammatory conditions. Consistent with the central role of
mitochondrial quality control, ligustrazine nano-drug delivery targeting
the PIEZO1-TMBIM6-PHB2 axis improves doxorubicin-induced mito-
chondrial injury by enhancing PHB2-dependent mitochondrial quality
surveillance and suppressing cardiomyocyte pyroptosis [60], while
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Fig. 4. TNF-a upregulates mitochondrial autophagy genes, whereas HIF-1a stabilization downregulates macroautophagy gene expression; both effects
are normalized by metformin. ACH-3P cells were treated for 48 h with DMOG (100 pM; hypoxia), Rho-6G (1 pg/ml; mitochondrial dysfunction) or TNF-a (10 ng/
ml; inflammation) with or without metformin (0.5 mM), aspirin (0.5 mM), AD-01 (100 nM) or resveratrol (15 pM). Cells treated in culture media were used as
controls. The expression of (A) atg5 and (B) map1lc3b mRNA was normalised to ribosomal protein S18. Data were normally distributed and analysed by ordinary one-
way ANOVA with Sidak’s post-hoc test. Data are presented as mean + SEM (n = 5 biological replicates); *p < 0.05, **p < 0.01, ***p < 0.001.

Astragaloside IV similarly engages DUSP1-PHB2 signaling to coordinate
mitochondrial quality control and endoplasmic reticulum (ER)-autoph-
agy in septic myocardial injury [61]. In coronary microvascular disease
models, Tanshinone IIA acts through a Sirt5-METTL3 node to regulate
the mitochondrial-ER unfolded protein response [62], and Zishen
Huoxue decoction activates a Sirt5—-f-tubulin axis that couples mitoph-
agy with UPRmt to limit ischemic myocardial damage [63]. A lip-
id-selenium conjugate drug that accumulates in mitochondria depletes
malate/fumarate and induces mitophagy-mediated suppression of nec-
roptosis [64]. Together, these studies highlight PHB2, Sirt5-dependent
UPR/mitophagy pathways and TCA-cycle reprogramming as tractable
mitochondrial targets in cardiovascular injury, providing potential
mechanistic pathways for our strategy of targeting trophoblast mito-
chondrial quality control in preeclampsia.

The fluorescence imaging results reveal that exposure to pre-
eclamptic stimuli causes morphological changes to the mitochondrial
network, and each type of preeclamptic stimulus (HIF-1a activation,
inflammation or mitochondrial dysfunction) yields a unique

mitochondrial organization within the cells. Preeclampsia-like stimuli
reduced mitochondrial size leading to varying degrees of aggregation,
highlighting how different stresses lead to both morphological and
metabolic changes in placental trophoblasts. In this study, cells were
cultured in serum-reduced media prior to the addition of treatments to
partially synchronize them in the same cell-cycle phase and minimize
background variability in metabolic activity. This approach ensured that
any observed changes could be more confidently attributed to the
applied stimuli rather than differences in growth stage or serum-driven
signaling. Previous work has shown that mitochondrial morphology is
important for maintaining the form and function of cells [65,66]. These
findings align with our previous work showing that these stressors
impair trophoblast proliferation and migration [38] that could lead to
preeclampsia development [67-69]. Overall, metformin treatment
appeared the most effective at protecting against TNF-a-induced mito-
chondrial network disorganization. This morphological protection was
consistent with our Seahorse XF Mito Stress Test results, where met-
formin significantly improved basal respiration, ATP production,
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Fig. 5. HIF-1a activation reflective of hypoxia or TNF-a inflammatory stress impact on trophoblast mitochondrial respiration; aspirin protects against
HIF-1a-induced mitochondrial dysfunction, whereas metformin, AD-01 or resveratrol provide protection in inflammatory conditions. (A) Normalized OCR
(pmol/min/cell) during the Mito Stress Test for ACH-3P cells treated with PBS, DMOG (100 pM), or TNF-a (10 ng/ml), in the presence of metformin (0.5 mM), aspirin
(0.5 mM), AD-01 (100 nM), or resveratrol (15 pM) for 48 h. The traces illustrate the effects of sequential inhibitor additions on OCR and the bio-energetic parameters
derived from these assays under each stimulus and treatment. (B-E) Bar graphs showing individual data points for (B) basal Respiration, (C) ATP Turnover, (D) H"
(proton) Leak and (E) maximal respiratory capacity, Data were normally distributed and analysed by ordinary one-way ANOVA with Tukey’s post-hoc test. Data are
Eresented as mean + SEM (n = 3 biological repeats); *p < 0.05 and **p < 0.01. Key: OLIGO (Oligomycin); A + R (Antimycin A & Rotenone).

protein leak and maximal respiration capacity in TNF-a-treated cells,
indicating that its structural rescue was accompanied by functional
restoration of mitochondrial bioenergetics. While proton leak reduction
can indicate improved coupling efficiency, it may also reflect diminished
mitochondrial adaptability and thus should not be interpreted as
inherently beneficial in the context of preeclampsia. A study in a mouse
model for Parkinson’s disease reported that metformin can normalize
mitochondrial function and reduce senescence in astrocytes [58].

Mitochondria maintain homeostasis under stress through dynamic
morphological changes involving two key processes: fusion and fission
[25,52,67]. Our results demonstrate that mainly fusion events, but not
fission events, are impacted by preeclampsia-like conditions at the
cellular level. This supports our microscopy observations showing
altered structure and breakdown of the mitochondrial network. The
fusion gene, mfnl, was downregulated under hypoxic or mitochondrial
dysfunction conditions, whereas it was upregulated under inflammatory
conditions, and metformin reversed this increase. The mechanism is
likely via the AMPK and PGC-1a signaling, given metformin is known to
signal through these pathways [70-72]. This finding aligns with a report
in DU145 prostate cancer cells showing that metformin led to a
decreased expression of another mitochondrial fusion protein, mfn2
[68]. We acknowledge that further exploration of additional fission and
fusion genes, including fis1 and opal, could provide better insight into
mitochondrial dynamics in preeclampsia [65]. In support of this,
NR4A1-driven myocardial ischemia-reperfusion injury has been shown
to depend on mitochondrial fission factor (MFF)-mediated mitochon-
drial fragmentation together with inhibition of FUNDCI-dependent
mitophagy [73], and microtubule remodelling can profoundly alter
mitochondrial trafficking and bioenergetics in cardiovascular disease
models [74]. These data reinforce the need to interrogate a broader
panel of fission/fusion regulators and cytoskeletal interactions in tro-
phoblasts to fully define how preeclampsia-related stresses re-shape
mitochondrial networks. Related to autophagy, we found that only the
inflammatory stimulus increased atg5 expression and that both metfor-
min and resveratrol restored its expression to normal. Autophagy acti-
vation has been previously observed in preeclampsia within placental
tissue [75]. Notably, fine-tuning mitophagy appears to be context
dependent: while mitophagy induction by lipid-selenium conjugates
can suppress necroptosis in cancer models [64], cardioprotective agents
such as Astragaloside IV harness PHB2-mediated mitochondrial quality
control and ER-autophagy to limit septic myocardial injury [61].
Together with our data on atg5 and map11c3b, these findings suggest that
targeted modulation of mitophagy and PHB2-linked surveillance, rather
than global autophagy activation, may be required to achieve tropho-
blast protection in preeclampsia.

Pro-inflammatory TNF-a impaired mitochondrial respiration. These
findings align with the morphological observations and suggest that
structural disorganization of mitochondria is closely linked to functional
impairment [70]. All baseline ACH-3P cultures were maintained under
atmospheric oxygen (~21 % Og) prior to treatment, ensuring that
hypoxia-related responses in DMOG-treated groups were mediated via
HIF-1a rather than differences in background oxygen tension. Consistent
with other experiments, metformin was the most effective at protecting
mitochondrial function, particularly in response to TNF-a-induced
inflammation. Metformin treatment decreases basal respiration, ATP
turnover and maximal respiration capacity, indicating its potential to
counteract inflammation-induced mitochondrial dysfunction [76]. It is
important to note, however, that while metformin, AD-01 and
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resveratrol reduced basal respiration, proton leak, ATP production and
maximal respiratory capacity, these changes should not automatically
be interpreted as beneficial. Such reductions could reflect improved
coupling efficiency but might also signal diminished mitochondrial
adaptability or energy production capacity, particularly in the context of
placental insufficiency. Further functional studies are required to
determine whether these bioenergetic shifts support or impair tropho-
blast and placental growth in preeclampsia. However, these observa-
tions are consistent with previous reports that metformin can normalize
mitochondrial function and reduce cellular senescence in various dis-
ease models [77-79]. They also align with broader work showing that
natural products and phytochemicals can modulate mitochondrial ROS,
mitophagy and ER stress to restore redox balance in lung and cardio-
vascular disorders [80,81], and with comprehensive reviews high-
lighting mitochondrial dysfunction, impaired mitophagy and
inappropriate biogenesis as central drivers of vascular endothelial injury
across cardiovascular, renal and pulmonary diseases [82,83]. Given that
preeclampsia combines placental mitochondrial stress with systemic
endothelial dysfunction, our demonstration that metformin, resveratrol
and AD-01 modulate trophoblast mitochondrial function provides a
mechanistic basis for future strategies that co-target placental and
maternal vascular mitochondria.

The clinical implications of using metformin, resveratrol, and AD-01
to target mitochondrial dysfunction in preeclampsia are significant.
Metformin has been used to treat gestational diabetes in pregnancy for
decades [84], and emerging clinical evidence supports its therapeutic
potential in preeclampsia [46]. However, further clinical studies are
needed to determine its short- and long-term safety and optimal dosing
during pregnancy. Future studies should establish the impact on fetal
health and evaluate its effectiveness in the clinical trial setting for
different phenotypes of preeclampsia.

Similarly, resveratrol, a naturally occurring antioxidant, exhibits
mitochondrial protective effects by inhibiting oxidative stress pathways.
Despite its potential, concerns remain regarding its ability to cross the
placenta and its long-term impact on fetal development. AD-01, a novel
FKBPL-based peptide, demonstrated promising effects on mitochondrial
integrity in this study and can restore angiogenic balance [31], but its
safety and pharmacokinetics in pregnancy require further investigation
in vivo before clinical use. In parallel, lifestyle-related chronic metabolic
and inflammatory stress has been implicated in progressive mitochon-
drial dysfunction and electrical remodelling in sick sinus syndrome [85],
underscoring that systemic mitochondrial vulnerability may modify
cardiovascular risk over the life course. Integrating such systemic risk
factors with placental mitochondrial targets may help refine which
women are most likely to benefit from mitochondria-directed therapies.

Other mitochondrial-targeted therapies, such as melatonin and
CoQ10, have shown efficacy in enhancing mitochondrial biogenesis and
reducing oxidative stress in preeclampsia models. Melatonin’s antioxi-
dant properties help scavenge free radicals, reduce lipid peroxidation
and protect mitochondrial integrity [86]. Similarly, CoQ10, a compo-
nent of the electron transport chain, supports mitochondrial biogenesis
and reduces oxidative damage by enhancing ATP production and sta-
bilizing cellular energy levels [87]. The therapies evaluated in this
study, though different from melatonin and CoQ10 in their primary
modes of action, converge in their ability to restore mitochondrial
function and reduce oxidative stress [38].

Finally, our in vitro model closely recapitulates the detrimental
impact of preeclampsia-like stresses on mitochondrial morphology,
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function and oxidative stress in trophoblast cells [38], providing a
reliable platform for investigating mitochondria-targeting therapeutic
strategies.

Despite the valuable insights, our study has several limitations,
including the use of the ACH-3P trophoblast cell line. ACH-3Ps cells,
although widely used and resembling first-trimester primary tropho-
blasts in integrin and MMP expression as well as in transcriptomics
profile [39], have an abnormal karyotype (94-98 chromosomes), are
derived from male tissue, so nuclear-mitochondrial interactions may
differ from those in primary cells. However, our previous study vali-
dated our model against human clinical samples from women with
preeclampsia showing aligned oxidative stress profile [38]. They do not
fully replicate the in vivo placental microenvironment or enable syncy-
tialization in 2D culture, although express p-hCG [36]. In addition, the
azaserine-hypoxanthine selection medium used to maintain ACH-3Ps is
removed well before experiments, but this culture history could still
influence mitochondrial physiology. The final DMSO concentration in
all assays was <0.1 % (v/v), which we confirmed in preliminary tests to
have no measurable impact on our readouts; hence, media-only controls
were deemed sufficient for subsequent assays. Future validation in pri-
mary human trophoblasts, placental organoids and ex-vivo perfusion
models will be essential to confirm our findings. Moreover, mitochon-
drial analysis using confocal microscopy is limited by algorithms unable
to detect clustered or closely spaced mitochondria, leading to underes-
timation and potential bias. Advanced imaging methods-such as STED,
SIM, Airyscan and live-cell fluorescent tracking could enhance assess-
ment of mitochondrial dynamics. Further validation of our findings,
including metformin’s therapeutic potential, should be carried out in
animal models and clinical studies. Future integration of organoid
models, co-culture systems and ex-vivo placental perfusion models may
help bridge the translational gap and support targeting mitochondrial
dysfunction as a therapeutic strategy for preeclampsia.

These findings also have potential implications when considering the
heterogeneity of preeclampsia. Early-onset preeclampsia is often asso-
ciated with placental dysfunction, and therefore might be more sensitive
to interventions that improve mitochondrial biogenesis and function,
whereas late-onset disease may benefit more from therapies targeting
maternal endothelial dysfunction and inflammation [88]. Our in vitro
model more closely resembles the placental pathophysiology of
early-onset disease, given the emphasis on trophoblast mitochondrial
impairment under hypoxic and inflammatory stress. In addition, com-
parison with other promising mitochondrial-targeted or antioxidant
therapies, such as sulforaphane, is warranted. Sulforaphane, a naturally
occurring isothiocyanate, has been shown to activate the Nrf2 pathway,
reduce oxidative stress, and improve mitochondrial function in various
models, including pregnancy complications [89]. While its mechanisms
differ from those of metformin, resveratrol, and AD-01, these agents
share a common goal of restoring mitochondrial homeostasis and
reducing oxidative injury. Future studies should evaluate how these
therapeutic strategies perform side-by-side in both early- and late-onset
preeclampsia models to inform tailored interventions.

Although this study provides important mechanistic insights, several
constraints must be addressed before our findings can be translated into
clinical practice. Firstly, our work is based on a single trophoblast cell
line and does not incorporate the maternal vascular endothelium, im-
mune cells or haemodynamic factors, even though mitochondrial
dysfunction in endothelial cells is now recognised as a central driver of
vascular injury across cardiovascular, renal and pulmonary diseases [82,
83]. Secondly, we did not assess pharmacokinetics, placental transfer, or
maternal-fetal safety for metformin, resveratrol, or AD-01, all of which
will be critical for determining feasible dosing windows and off-target
effects in pregnancy. Interestingly, aspirin is already used clinically for
prevention of preterm preeclampsia however it showed limited
mitochondria-targeting therapeutic potential in our study. Finally, the
study focused on mitochondrial structure, dynamics and respiration but
did not evaluate downstream functional outcomes such as spiral artery
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remodelling, endocrine signaling, or long-term vascular programming in
the offspring. Addressing these gaps in primary trophoblasts, advanced
placental models and relevant in vivo systems will be essential to
establish whether mitochondria-targeted interventions can realistically
be developed as preventive or therapeutic strategies for preeclampsia.

5. Conclusions

In our ACH-3P trophoblast model, hypoxia and inflammation dis-
rupted mitochondrial networks and dynamics, supporting a role for
mitochondrial dysfunction in the pathophysiology of preeclampsia.
Among the tested interventions, metformin improved aspects of mito-
chondrial architecture and normalized the expression of genes involved
in fusion and autophagy under inflammatory conditions, with associated
improvements in bioenergetic parameters. Resveratrol and AD-01
exerted modest, context-dependent effects. AD-01 partially preserved
mitochondrial respiratory integrity under inflammatory conditions by
reducing excessive basal respiration and oxygen consumption, although
it did not substantially restore mitochondrial morphology or number.
Aspirin had limited efficacy, showing some benefit under hypoxic con-
ditions with no impact on inflammation-induced dysfunction.

These variable responses highlight the complexity of mitochondrial
adaptation to different stressors and suggest that targeted interventions
may need to be tailored to specific pathogenic characteristics of pre-
eclampsia. Given this was an in vitro study, further work in primary cells,
organoids, and in vivo models is needed to confirm these findings,
evaluate protein-level changes and assess safety. Future research should
optimize dosing and explore precision-medicine strategies with the aim
of improving maternal and fetal outcomes in preeclampsia.
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