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Preeclampsia-associated nephropathy represents a distinct form of pregnancy-induced kidney 
injury characterized by proteinuria, hypertension, and endothelial dysfunction, posing significant 
risks to both maternal and fetal health. Historically defined by the hallmark lesion of glomerular 
endotheliosis, contemporary histopathological analyses have expanded this paradigm to reveal 
widespread podocyte effacement, mesangial expansion, and subtle tubulointerstitial alterations 
that correlate with disease severity and postpartum renal recovery trajectories. At the molecular 
level, recent insights emphasize a profound angiogenic imbalance driven by excessive placental 
release of anti-angiogenic factors, particularly soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble 
endoglin, which disrupt glomerular capillary integrity and impair endothelial nitric oxide signaling. 
Concurrently, oxidative stress, complement activation, and dysregulated inflammatory cascades 
amplify endothelial injury, while emerging evidence highlights mitochondrial dysfunction and 
epigenetic modifications as critical contributors to sustained podocyte damage and maladaptive 
repair. Integrative multi-omics approaches have further identified dysregulated lipid metabolism, 
extracellular matrix remodeling, and autophagy impairment as pivotal pathways linking systemic 
vascular stress to localized nephropathy. Despite these advances, the precise temporal sequence 
of molecular events and their translation into targeted therapeutics remain unresolved. Current 
research is increasingly focused on biomarker validation, noninvasive imaging correlates, and 
repurposing angiogenic or complement-modulating agents to mitigate renal injury. Translational 
efforts are now prioritizing interventions that restore vascular homeostasis and preserve podocyte 
architecture, alongside longitudinal cohorts designed to delineate long-term renal sequelae. Finally, a 
deeper mechanistic understanding of preeclampsia-associated nephropathy refines risk stratification, 
informs postpartum monitoring, and illuminates broader paradigms of endothelial-driven kidney 
disease across the lifespan.
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Introduction
Preeclampsia-associated nephropathy remains one of 
the most clinically consequential manifestations of 
hypertensive pregnancy disorders, representing a complex 
intersection of placental dysfunction, systemic endothelial 
injury, and targeted renal damage (1). The kidney serves 
as both a primary victim and a critical diagnostic window 
into the broader pathophysiology of preeclampsia, as 
its structural and functional alterations often precede 
or parallel the onset of severe maternal complications 
(2). Contemporary understanding of this condition has 
evolved substantially from earlier descriptive models, 
transitioning into a mechanistic framework that integrates 
precise histomorphologic observations with dynamic 
molecular pathways (3). At the heart of this paradigm is 
the recognition that preeclampsia-induced renal injury 
is not merely a passive consequence of hypertension 
but rather an active, multifactorial process driven 
by circulating anti-angiogenic factors, inflammatory 
mediators, oxidative stress, complement activation, and 
direct placental-renal cross-talk (4). The morphologic 
hallmark of this disease, glomerular endotheliosis, has 
been recognized for decades, yet modern investigative 
approaches have revealed that this seemingly localized 
lesion is the visible endpoint of a systemic molecular 
cascade that disrupts the glomerular filtration barrier, 
alters podocyte architecture, perturbs tubulointerstitial 
homeostasis, and compromises renal microvascular 
integrity (5,6). Current insights emphasize that the renal 
phenotype in preeclampsia exists on a spectrum, varying in 
severity based on gestational timing, genetic susceptibility, 
pre-existing renal reserve, and the magnitude of placental-
derived toxic factors (7,8). Understanding this spectrum 
requires a seamless integration of histopathologic detail 
with molecular biology, as the structural changes observed 
under light and electron microscopy directly reflect the 

underlying biochemical and signaling derangements that 
define the disease (7). Here, we therefore aim to discuss 
on preeclampsia-associated nephropathy, across with 
evaluation of current insights into renal histopathology 
and molecular mechanisms.

Search strategy
For this review, a comprehensive literature search was 
conducted in major electronic databases, including 
PubMed, Web of Science, EBSCO, Scopus, Embase, 
Google Scholar, and the Directory of Open Access Journals 
(DOAJ). The search strategy combined Medical Subject 
Headings (MeSH) terms and free-text keywords related to 
renal disease and pregnancy complications, such as kidney 
disease, nephropathy, preeclampsia, hypertension, and 
renal histopathology, which were used individually and in 
various Boolean combinations (AND, OR) to maximize 
sensitivity and specificity. Where relevant, reference lists of 
retrieved articles and pertinent reviews were also screened 
manually to identify additional eligible studies.

Morphologic lesions of preeclampsia-associated 
nephropathy
The defining histopathologic feature of preeclampsia-
associated nephropathy is glomerular endotheliosis, 
a lesion characterized by swelling of the glomerular 
capillary endothelial cells, narrowing or obliteration of 
capillary lumens, and detachment of the endothelium 
from the glomerular basement membrane (6). Under 
light microscopy, affected glomeruli appear enlarged 
and bloodless, with capillary walls thickened by pale, 
eosinophilic material that corresponds to endothelial 
cytoplasmic expansion and subendothelial matrix 
deposition (9). Electron microscopy reveals the true extent 
of the injury: endothelial cells lose their fenestrations, 
become vacuolated, and develop prominent intracellular 
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organelles such as dilated endoplasmic reticulum and 
mitochondria, reflecting a state of metabolic stress and 
impaired protein handling (6,10). The glomerular basement 
membrane itself may appear subtly thickened or wrinkled, 
not due to true hyperfiltration-related remodeling but 
rather to mechanical stress from endothelial swelling and 
altered hemodynamics (11). Importantly, this endothelial 
injury is remarkably selective; it predominantly affects 
the renal glomeruli while sparing other vascular beds, a 
phenomenon that has long puzzled investigators until 
recent molecular studies clarified the unique dependence 
of glomerular endothelial cells on continuous vascular 
endothelial growth factor signaling for fenestration 
maintenance and survival (6). The absence of significant 
immune complex deposition or cellular crescents 
distinguishes preeclampsia-associated nephropathy 
from primary glomerulonephritides, reinforcing its 
classification as a secondary, hemodynamically and 
biochemically driven endotheliopathy (4). Beyond the 
endothelium, podocytes exhibit parallel but distinct 
morphologic alterations (12). While not as dramatically 
swollen as endothelial cells, podocytes undergo foot 
process effacement, detachment from the glomerular 
basement membrane, and redistribution of slit diaphragm 
proteins (12). Immunofluorescence and ultrastructural 
studies frequently demonstrate reduced expression or 
mislocalization of nephrin, podocin, and synaptopodin, 
with corresponding cytoskeletal disarray (13,14). These 
changes are not merely secondary to endothelial swelling 
but represent an independent, parallel injury pathway that 
directly compromises the size and charge selectivity of the 
filtration barrier, explaining the characteristic proteinuria 
that often heralds clinical diagnosis (9). Tubulointerstitial 
changes, though historically considered minor, are 
increasingly recognized as clinically relevant. Mild tubular 
epithelial cell vacuolization, focal atrophy, and interstitial 
edema can be observed, particularly in severe or prolonged 
cases (2). These alterations likely reflect ischemic stress 
from upstream glomerular hypoperfusion, oxidative 
damage, and the toxic effects of filtered proteins that 
overwhelm proximal tubular reabsorptive capacity (4). 
Vascular lesions, including arteriolar narrowing, medial 
hypertrophy, and occasional fibrinoid necrosis, mirror 
the systemic vasoconstrictive state but are less specific 
and often overlap with chronic hypertensive changes 
(15,16). The morphologic landscape, therefore, is not 
static but evolves with disease duration, severity, and 
maternal comorbidities, making biopsy interpretation 
highly context-dependent (17). Nevertheless, the 
consistent presence of endotheliosis, podocyte injury, and 
filtration barrier disruption across diverse patient cohorts 
underscores a unified pathogenic core that modern 
research continues to decode at the molecular level (12).

From histologic observation to molecular mechanisms
The transition from histologic observation to molecular 
mechanism reveals that preeclampsia-associated 
nephropathy is fundamentally an angiogenic crisis 
localized to the renal microvasculature (18,19). The most 
extensively validated pathway involves the dysregulated 
balance between pro-angiogenic and anti-angiogenic 
factors, primarily driven by placental overproduction of 
soluble fms-like tyrosine kinase-1 (sFlt-1) (15,20). Recent 
studies showed that, sFlt-1 acts as a circulating decoy 
receptor that binds and neutralizes vascular endothelial 
growth factor (VEGF) and placental growth factor (PlGF), 
depriving glomerular endothelial cells of their essential 
survival and differentiation signals (21). Preliminary 
studies detected that, VEGF is constitutively expressed 
by podocytes and is critical for maintaining endothelial 
fenestrations, regulating nitric oxide and prostacyclin 
synthesis, and preventing endothelial apoptosis (22). 
When sFlt-1 levels rise, typically in the late second or 
third trimester, VEGF signaling is abruptly suppressed, 
triggering endothelial cell swelling, loss of fenestrations, 
and detachment from the basement membrane (23). This 
molecular mechanism directly explains the histologic 
appearance of endotheliosis and the accompanying 
increase in glomerular permeability (23,24). Recent 
studies have refined this model by demonstrating that 
the sFlt-1/PlGF ratio not only correlates with disease 
severity but also predicts renal involvement before clinical 
symptoms manifest (25). Furthermore, recent studies 
indicated that sFlt-1 exists in multiple isoforms with 
varying tissue affinities (25). It should remember that, 
the VEGF axis does not operate in isolation; it intersects 
with endothelin-1 signaling, which becomes upregulated 
in response to endothelial stress and further exacerbates 
vasoconstriction and podocyte injury (26). Endothelin-1 
receptors are densely expressed on both endothelial cells 
and podocytes, and their activation promotes cytoskeletal 
contraction, reduces nitric oxide bioavailability, and 
stimulates pro-fibrotic pathways that may contribute 
to persistent renal dysfunction even after pregnancy 
resolution (27). The angiogenic imbalance model has 
thus evolved from a simple ligand-receptor paradigm into 
a dynamic network involving multiple receptor tyrosine 
kinases, co-receptors, and downstream signaling cascades 
that collectively dictate endothelial phenotype and barrier 
integrity (28).

Podocyte injury in preeclampsia
Podocyte injury in preeclampsia extends well beyond 
the indirect effects of VEGF deprivation and involves 
direct molecular destabilization of the slit diaphragm and 
actin cytoskeleton (29). The slit diaphragm, a specialized 
intercellular junction between podocyte foot processes, 
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functions as a size-selective filter and signaling hub 
(30). Key structural proteins such as nephrin, podocin, 
and CD2AP form a molecular complex that transduces 
mechanical and biochemical signals into intracellular 
responses (31). In preeclampsia, reduced nephrin 
expression and altered phosphorylation status disrupt this 
complex, leading to foot process retraction and effacement 
(32). Current insights implicate several signaling 
pathways in this process, including the activation of Rho-
family GTPases such as RhoA and Rac1, which regulate 
actin polymerization and stress fiber formation (33). 
Excessive RhoA activity, often triggered by angiotensin 
II, endothelin-1, and oxidative stress, promotes actin 
contractility and podocyte detachment, while diminished 
Rac1 signaling impairs lamellipodial extension and barrier 
repair (33). Transient receptor potential canonical channel 
6 (TRPC6) has emerged as a critical mediator of podocyte 
calcium dysregulation in preeclampsia (34). Upregulated 
TRPC6 expression leads to sustained intracellular 
calcium influx, activating calcineurin and downstream 
effectors that promote cytoskeletal collapse and apoptosis 
(35). Notably, pharmacologic inhibition of TRPC6 or 
calcineurin in experimental models attenuates proteinuria 
and preserves podocyte architecture, suggesting a direct 
therapeutic target (36). Integrin-mediated adhesion 
to the glomerular basement membrane is similarly 
compromised (36). Meanwhile, α3β1 integrin, as the the 
primary podocyte receptor for laminin-521, undergoes 
internalization or reduced surface expression under 
angiogenic stress, weakening cell-matrix attachment 
and predisposing to detachment and urinary loss (37). 
Recent single-cell RNA sequencing studies of renal tissue 
from preeclamptic pregnancies have identified distinct 
podocyte subpopulations exhibiting upregulated stress-
response genes, including heat shock proteins, unfolded 
protein response markers, and senescence-associated 
secretory phenotype factors (38). These findings indicate 
that podocytes do not merely degenerate passively but 
actively participate in a maladaptive stress response 
that may perpetuate injury even after the initial trigger 
subsides (39). The molecular crosstalk between podocytes 
and endothelial cells further amplifies renal dysfunction 
(40). Podocyte-derived VEGF normally maintains 
endothelial health, while endothelial-derived nitric oxide 
and prostaglandins modulate podocyte contractility and 
survival (41). In preeclampsia, this reciprocal signaling is 
severed, creating a vicious cycle of mutual deterioration 
that manifests histologically as combined endotheliosis 
and podocytopathy (42).

Focus on oxidative stress
Oxidative stress operates as both a primary instigator and 
a secondary amplifier of renal injury in preeclampsia, 

bridging placental ischemia with glomerular damage (4). 
The placenta, particularly when shallowly implanted 
or subjected to abnormal spiral artery remodeling, 
experiences intermittent hypoxia-reperfusion, generating 
reactive oxygen species (ROS) that spill into the maternal 
circulation (15). Systemic oxidative stress overwhelms 
endogenous antioxidant defenses, including superoxide 
dismutase, catalase, and glutathione, leading to lipid 
peroxidation, protein carbonylation, and DNA damage 
within renal cells (43). Glomerular endothelial cells are 
especially vulnerable due to their high metabolic rate, 
extensive surface area, and reliance on redox-sensitive 
signaling pathways (44). Notably, ROS directly inactivate 
endothelial nitric oxide synthase (eNOS) by uncoupling 
it, shifting its function from nitric oxide production 
to superoxide generation, thereby exacerbating 
vasoconstriction and inflammation (45). Mitochondrial 
dysfunction within podocytes and tubular epithelial 
cells further compounds oxidative injury (46). Recent 
studies demonstrate that preeclampsia is associated 
with fragmented mitochondrial networks, reduced ATP 
production, and increased mitophagy in renal tissue (47). 
The accumulation of damaged mitochondria triggers 
the release of mitochondrial DNA and formyl peptides, 
which act as damage-associated molecular patterns that 
activate toll-like receptors and inflammasome complexes 
(48). The NLRP3 inflammasome, in particular, has been 
implicated in preeclampsia-associated renal injury, as its 
activation in podocytes and endothelial cells promotes 
caspase-1 cleavage, IL-1β and IL-18 secretion, and 
pyroptotic cell death (49). Pharmacologic or genetic 
inhibition of NLRP3 in animal models significantly 
reduces proteinuria, preserves glomerular architecture, 
and attenuates inflammatory infiltration, highlighting its 
potential as a therapeutic target (50). Oxidative stress also 
modulates epigenetic regulation in renal cells (51). On 
the other hand, DNA methylation, histone acetylation, 
and non-coding RNA expression are highly sensitive to 
redox status, since preeclampsia has been associated with 
aberrant methylation of genes involved in endothelial 
function, podocyte differentiation, and antioxidant 
defense (52,53). It should remember that, the epigenetic 
alterations may persist postpartum, offering a molecular 
explanation for the well-documented increased risk of 
chronic kidney disease and cardiovascular disease in 
women with a history of preeclampsia (54).

Inflammatory setting in preeclampsia-associated 
nephropathy
The inflammatory milieu in preeclampsia-associated 
nephropathy has shifted from being viewed as a secondary 
phenomenon to a central driver of renal pathology 
(2). Activated maternal immune cells, particularly 
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neutrophils, monocytes, and natural killer cells, infiltrate 
the renal interstitium and glomeruli, releasing cytokines, 
chemokines, and proteolytic enzymes that degrade the 
filtration barrier (55,56). Tumor necrosis factor-alpha 
(TNF-α), interleukin-6 (IL-6), and interferon-gamma 
(IFN-γ) are consistently elevated in preeclamptic serum 
and directly impair endothelial and podocyte function 
by downregulating tight junction proteins, increasing 
vascular permeability, and promoting apoptotic signaling 
(4,57). Macrophage polarization plays a critical role; while 
M2 macrophages support tissue repair and angiogenesis, 
preeclampsia skews the balance toward M1 dominance, 
which secretes pro-inflammatory mediators and reactive 
nitrogen species that exacerbate glomerular injury 
(58,59). Complement system activation has emerged as 
one of the most significant recent insights in preeclampsia 
pathophysiology (60). The alternative complement 
pathway is excessively activated in preeclampsia, with 
elevated levels of C3a, C5a, and the membrane attack 
complex (C5b-9) detected in both maternal circulation and 
renal tissue (61). Complement activation products directly 
damage glomerular endothelial cells by inducing calcium 
influx, promoting vesiculation, and triggering apoptosis 
(61). C5a receptor (C5aR) signaling on podocytes and 
tubular cells amplifies inflammatory cytokine production 
and upregulates adhesion molecules that recruit additional 
leukocytes (62). Genetic polymorphisms in complement 
regulatory proteins, such as factor H and membrane 
cofactor protein, have been associated with increased 
susceptibility to severe preeclampsia and persistent renal 
dysfunction (63,64). Therapeutic complement inhibition, 
particularly at the C5 level, has shown promise in preclinical 
models by reducing proteinuria, preserving glomerular 
architecture, and improving placental perfusion, though 
clinical translation remains cautious due to infection 
risks and pregnancy-specific pharmacokinetics (61). The 
complement system does not act alone; it intersects with 
the coagulation cascade, as tissue factor expression on 
damaged endothelium initiates microthrombus formation 
that further compromises glomerular blood flow (65). 
Fibrin deposition in capillary lumens, occasionally seen on 
histology, reflects this prothrombotic shift and contributes 
to ischemic injury (66).

A short look at the renin-angiotensin-aldosterone system
Renin-angiotensin-aldosterone system (RAAS) 
dysregulation in preeclampsia presents a paradox, 
as pregnancy normally induces physiological RAAS 
activation to support volume expansion and placental 
perfusion, yet preeclampsia is characterized by a state 
of functional angiotensin II hypersensitivity despite 
elevated circulating levels (67). Angiotensin II type 1 
receptor (AT1R) signaling is amplified by oxidative stress, 

inflammatory cytokines, and autoantibodies that stabilize 
the receptor in an active conformation (68). These AT1R 
autoantibodies, frequently detected in preeclamptic serum, 
bind to the receptor’s second extracellular loop, mimicking 
angiotensin II effects and promoting vasoconstriction, 
sodium retention, and endothelial dysfunction (69). In 
the kidney, AT1R activation on efferent arterioles increases 
glomerular capillary pressure, initially maintaining 
filtration rate but ultimately exacerbating endothelial 
shear stress and protein leakage (70). Angiotensin II also 
directly stimulates podocyte apoptosis and cytoskeletal 
collapse via NADPH oxidase-derived ROS and TGF-β1 
upregulation (71). The interplay between RAAS and 
endothelin-1 is particularly deleterious; each system 
potentiates the other’s expression and receptor sensitivity, 
creating a self-sustaining cycle of vasoconstriction and 
barrier disruption (72). Aldosterone, traditionally viewed 
as a mineralocorticoid, has gained recognition for its pro-
fibrotic and pro-inflammatory effects in preeclampsia-
associated nephropathy (67,73). Mineralocorticoid 
receptor activation in renal tubular cells and podocytes 
promotes sodium channel expression, potassium wasting, 
and extracellular matrix deposition, contributing to both 
acute injury and long-term structural remodeling (74,75). 
It is possible that selective mineralocorticoid receptor 
antagonists in pregnancy-complicated hypertension 
have demonstrated improved renal hemodynamics 
and reduced albuminuria without compromising fetal 
growth, suggesting a potential niche for targeted RAAS 
modulation (76,77). The endothelin system mirrors these 
findings, with endothelin-1 levels correlating strongly with 
proteinuria severity and glomerular endothelial swelling 
(78). Endothelin receptor antagonists have shown efficacy 
in reducing blood pressure and preserving renal function 
in experimental preeclampsia, though their use in human 
pregnancy remains limited by teratogenicity concerns and 
the need for rigorous safety profiling (79,80).

Role of trophoblasts and decidual cells
Placental-derived extracellular vesicles and microRNAs 
represent a rapidly advancing frontier in understanding 
renal involvement in preeclampsia (81,82). Trophoblasts 
and decidual cells continuously release exosomes, 
microvesicles, and apoptotic bodies into the maternal 
circulation, carrying proteins, lipids, mRNAs, and non-
coding RNAs that modulate systemic endothelial and 
immune function (83). In preeclampsia, the quantity and 
cargo of these vesicles are altered, with an enrichment 
of pro-inflammatory, pro-angiogenic inhibitory, and 
oxidative stress-inducing molecules (84). Specific 
microRNAs, such as miR-210, miR-155, and miR-223, 
are consistently upregulated in preeclamptic plasma 
and have been shown to target renal endothelial and 
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podocyte transcripts involved in barrier maintenance, 
antioxidant defense, and apoptosis (85). Accordingly, 
miR-210, hypoxia-inducible and highly expressed in 
preeclampsia, downregulates ephrin-A3 and ISCU, 
impairing mitochondrial respiration and promoting ROS 
generation in glomerular cells (86,87). Likewise, miR-155 
targets SOCS1 and SHIP1, removing negative regulators 
of inflammatory signaling and amplifying cytokine-
driven endothelial activation (88). Exosomal transfer of 
these microRNAs to renal cells has been demonstrated 
in vitro and in vivo, confirming a direct placental-renal 
communication pathway that operates independently 
of circulating protein factors (89). Proteomic analysis 
of preeclamptic exosomes reveals enrichment of sFlt-
1, endoglin, complement fragments, and oxidized 
phospholipids, all of which contribute to renal endothelial 
injury (60, 90). The diagnostic and prognostic potential 
of exosomal biomarkers is actively being explored, as their 
cargo reflects real-time placental stress and may precede 
clinical renal dysfunction by weeks (91). Therapeutic 
strategies aimed at neutralizing pathogenic exosomes or 
modulating their biogenesis are in early developmental 
stages but hold promise for interrupting the placental-
renal injury axis without systemic immunosuppression 
(92,93). Genetic susceptibility and epigenetic 
reprogramming further shape the renal phenotype in 
preeclampsia, explaining the variable penetrance and 
severity observed across populations (94,95). Genome-
wide association studies have identified numerous loci 
associated with preeclampsia risk, many of which encode 
proteins involved in angiogenesis, coagulation, immune 
regulation, and renal development (96,97). Variants in 
FLT1, ENG, STOX1, and LEP have been linked to both 
placental dysfunction and renal vulnerability, suggesting 
shared genetic pathways that predispose to multi-
organ involvement (96,98). Epigenetic modifications, 
particularly DNA methylation and histone acetylation, 
mediate environmental and gestational influences on 
gene expression in renal tissue (99). Preeclampsia is 
associated with global hypomethylation in leukocytes but 
hypermethylation in specific renal promoters, reflecting 
tissue-specific epigenetic programming in response to 
oxidative and inflammatory stress (100,101). These 
modifications can persist postpartum, contributing to the 
well-documented long-term risk of chronic kidney disease, 
hypertension, and cardiovascular morbidity in affected 
women (102). Emerging research into transgenerational 
epigenetic inheritance suggests that maternal preeclampsia 
may influence fetal renal development and adult disease 
susceptibility through in utero programming of renal 
stem cell populations and vascular precursor cells (101). 
This underscores the importance of viewing preeclampsia-
associated nephropathy not merely as an acute pregnancy 

complication but as a window into lifelong renal and 
cardiovascular health trends (16).

Integrating of morphologic lesions with molecular 
biomarkers
Contemporary clinical and research approaches 
increasingly emphasize the integration of histopathologic 
findings with molecular biomarkers to enable early 
detection, risk stratification, and targeted intervention 
(103). Renal biopsy, though rarely performed during 
pregnancy due to safety concerns, remains invaluable 
in atypical cases where primary glomerular disease must 
be excluded or when postpartum renal dysfunction 
persists (104,105). When obtained, biopsy specimens 
consistently demonstrate endotheliosis, podocyte injury, 
and variable tubulointerstitial changes, with severity 
correlating strongly with proteinuria magnitude, blood 
pressure control, and placental angiogenic markers (32). 
Non-invasive biomarkers such as the sFlt-1/PlGF ratio, 
urine albumin-to-creatinine ratio, and complement 
split products are now routinely used to monitor renal 
involvement and guide clinical management (106). 
Emerging omics technologies, including single-cell 
transcriptomics, spatial proteomics, and metabolomic 
profiling, are revealing previously unrecognized 
cellular heterogeneity and pathway crosstalk within the 
preeclamptic kidney (107,108). These approaches have 
identified distinct endothelial subpopulations exhibiting 
varying degrees of stress response, repair capacity, and 
apoptotic susceptibility, offering new targets for precision 
therapeutics (109). Animal models, particularly those 
utilizing adenoviral sFlt-1 overexpression, complement 
activation, and genetic knockout strategies, continue to 
validate molecular pathways and test novel interventions 
(110). Pharmacologic strategies under investigation 
include VEGF supplementation via controlled-release 
formulations, sFlt-1 apheresis, complement inhibitors, 
endothelin receptor modulators, TRPC6 antagonists, 
and antioxidant or Nrf2 activators (20). While none have 
yet achieved widespread clinical approval, several have 
demonstrated remarkable efficacy in preclinical studies by 
preserving glomerular architecture, reducing proteinuria, 
and improving maternal-fetal outcomes (111). The 
ultimate goal remains the development of pregnancy-safe, 
targeted therapies that interrupt pathogenic molecular 
cascades without compromising placental perfusion or 
fetal development (112,113). The ongoing refinement 
of our understanding of preeclampsia-associated 
nephropathy underscores the necessity of viewing 
renal injury not as an isolated event but as the renal 
manifestation of a systemic pregnancy-specific syndrome 
(4,38). The morphologic lesions observed in biopsy 
specimens are direct readouts of molecular disruptions 
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that originate in the placenta, propagate through the 
circulation, and selectively target the glomerular filtration 
barrier (111). Endotheliosis, podocyte effacement, and 
tubulointerstitial stress are not static endpoints but 
dynamic processes that evolve in response to angiogenic 
imbalance, oxidative burden, inflammatory signaling, 
complement activation, and genetic predisposition 
(9,114). Current insights have transformed preeclampsia 
from a purely clinical diagnosis into a molecularly defined 
entity, enabling risk prediction, mechanistic classification, 
and pathway-specific intervention (115). Yet significant 
challenges remain, including the need for pregnancy-
compatible therapeutics, standardized histomolecular 
correlation protocols, and long-term renal outcome 
tracking in affected women (116). As research continues 
to unravel the intricate crosstalk between placental factors, 
systemic endothelium, and renal parenchyma, the hope is 
that preeclampsia-associated nephropathy will transition 
from a feared complication to a preventable and treatable 
condition (117). The integration of histopathology with 
molecular biology has already yielded unprecedented 
clarity, and future advances will undoubtedly rely on 
continued cross-disciplinary collaboration, innovative 
biomarker development, and patient-centered therapeutic 
design that prioritizes both maternal renal health and fetal 
well-being (6,118).

Conclusion
Preeclampsia-associated nephropathy remains a critical 
manifestation of systemic endothelial dysfunction, with 
contemporary research steadily clarifying its distinctive 
renal histopathology and underlying molecular 
architecture. The characteristic glomerular lesion, termed 
endotheliosis, reflects profound capillary endothelial 
swelling and podocyte foot-process effacement driven 
primarily by a systemic shift toward anti-angiogenic 
signaling. Circulating sFlt-1 and soluble endoglin 
sequester vascular endothelial growth factor and placental 
growth factor, thereby disrupting the maintenance of 
fenestrated glomerular endothelium and precipitating 
significant proteinuria. This angiogenic imbalance 
is further compounded by oxidative stress, aberrant 
complement activation, and pro-inflammatory cytokine 
networks that collectively exacerbate tubulointerstitial 
inflammation and promote podocyte detachment. While 
these histological alterations classically resolve following 
placental delivery, emerging longitudinal data indicate 
that residual microvascular scarring, subclinical podocyte 
loss, and maladaptive fibrotic remodeling may persist, 
substantially elevating lifetime risks for chronic kidney 
disease and cardiovascular complications. Recent advances 
in single-cell transcriptomics and spatial proteomics have 
begun to map these pathophysiological cascades with 

unprecedented resolution, identifying novel mediators 
such as disrupted autophagy, mitochondrial dysfunction, 
and dysregulated Wnt/β-catenin signaling. Translating 
these insights into clinical practice demands integrated, 
multicenter cohorts that bridge molecular phenotyping 
with long-term renal outcomes, alongside the validation 
of noninvasive biomarkers for early disease stratification. 
Eventually, refining our mechanistic understanding 
of preeclampsia-associated nephropathy will not only 
enhance postpartum surveillance strategies but also catalyze 
the development of targeted, renoprotective therapies 
capable of restoring angiogenic equilibrium, mitigating 
irreversible structural damage, and safeguarding maternal 
kidney health well beyond the acute hypertensive crisis of 
pregnancy.

Authors’ contribution 
Conceptualization: Shirin Taraz Jamshidi and Dinara 
Gaybullayeva.
Data curation: Sara Sadat Mirhosseini and Shavkat 
Mavlyanov.
Investigation: Firuza Nishanova, Fatemeh Sharifian, and 
Doston Kurbonov.
Supervision: All authors.
Validation: Ali Emadzadeh and Marina Mirzaraximova.
Visualization: Dilfuza Ruzmetova and Lutfiya Karimova.
Writing–original draft: All authors.
Writing–review and editing: All authors.

Conflicts of interest
The authors declare that they have no competing interests. 

Ethical issues
Ethical issues (including plagiarism, data fabrication, 
double publication) have been completely observed by 
the authors.

Declaration of generative AI and AI-assisted technologies 
in the writing process
During the preparation of this work, the authors utilized 
Perplexity to refine grammar points and language style in 
writing. Subsequently, the authors thoroughly reviewed 
and edited the content as necessary, assuming full 
responsibility for the publication’s content.

Funding/Support
None.

References
1.	 Burton GJ, Redman CW, Roberts JM, Moffett A. Pre-

eclampsia: pathophysiology and clinical implications. BMJ. 
2019;366:l2381. doi: 10.1136/bmj.l2381. 

2.	 Dines V, Suvakov S, Kattah A, Vermunt J, Narang K, 

https://nephropathol.com


Mirhosseini SS et al

Journal of  Nephropathology, Vol 15, No 4, October 2026                                              https://nephropathol.com8

Jayachandran M, et al. Preeclampsia and the Kidney: 
Pathophysiology and Clinical Implications. Compr Physiol. 
2023;13:4231-67. doi: 10.1002/cphy.c210051. 

3.	 Witkowski P, Dzieński B, Stefańska K, Tomaszewicz 
M, Zabielska-Kaczorowska M, Wydra D. Preeclampsia: 
Contemporary Concepts in Pathophysiology, Risk 
Stratification, Prevention and Monitoring. J Clin Med. 
2026;15. doi: 10.3390/jcm15051944. 

4.	 Wang X, Shields CA, Ekperikpe U, Amaral LM, Williams 
JM, Cornelius DC. Vascular and renal mechanisms of 
preeclampsia. Curr Opin Physiol. 2023;33:100655. doi: 
10.1016/j.cophys.2023.100655. 

5.	 Armaly Z, Jadaon JE, Jabbour A, Abassi ZA. Preeclampsia: 
Novel Mechanisms and Potential Therapeutic Approaches. 
Front Physiol. 2018;9:973. doi: 10.3389/fphys.2018.00973. 

6.	 Stillman IE, Karumanchi SA. The glomerular injury of 
preeclampsia. J Am Soc Nephrol. 2007;18:2281-4. doi: 
10.1681/asn.2007020255. 

7.	 Kattah A. Preeclampsia and Kidney Disease: Deciphering 
Cause and Effect. Curr Hypertens Rep. 2020;22:91. doi: 
10.1007/s11906-020-01099-1. 

8.	 Wiles K, Chappell LC, Lightstone L, Bramham K. Updates 
in Diagnosis and Management of Preeclampsia in Women 
with CKD. Clin J Am Soc Nephrol. 2020;15:1371-80. doi: 
10.2215/cjn.15121219. 

9.	 Phipps EA, Thadhani R, Benzing T, Karumanchi SA. Pre-
eclampsia: pathogenesis, novel diagnostics and therapies. Nat 
Rev Nephrol. 2019;15:275-89. doi: 10.1038/s41581-019-
0119-6. 

10.	 Sulbarán TA, Castellano A, Chacín L, Vergel C, Portillo 
MA, Urbina E, et al. Electron microscopy of umbilical cord 
endothelial cells in preeclampsia. J Submicrosc Cytol Pathol. 
2002;34:389-95. 

11.	 Lafayette RA, Druzin M, Sibley R, Derby G, Malik T, Huie 
P, et al. Nature of glomerular dysfunction in pre-eclampsia. 
Kidney Int. 1998;54:1240-9. doi: 10.1046/j.1523-
1755.1998.00097.x. 

12.	 Henao DE, Saleem MA, Cadavid AP. Glomerular disturbances 
in preeclampsia: disruption between glomerular endothelium 
and podocyte symbiosis. Hypertens Pregnancy. 2010;29:10-
20. doi: 10.3109/10641950802631036. 

13.	 Panek-Laszczyńska K, Konieczny A, Milewska E, Dąbrowska K, 
Bąchor R, Witkiewicz W, et al. Podocyturia as an early diagnostic 
marker of preeclampsia: a literature review. Biomarkers. 
2018;23:207-12. doi: 10.1080/1354750x.2017.1405283. 

14.	 Collino F, Bussolati B, Gerbaudo E, Marozio L, Pelissetto S, 
Benedetto C, et al. Preeclamptic sera induce nephrin shedding 
from podocytes through endothelin-1 release by endothelial 
glomerular cells. Am J Physiol Renal Physiol. 2008;294:F1185-
94. doi: 10.1152/ajprenal.00442.2007. 

15.	 Torres-Torres J, Espino YSS, Martinez-Portilla R, Borboa-
Olivares H, Estrada-Gutierrez G, Acevedo-Gallegos S, et al. A 
Narrative Review on the Pathophysiology of Preeclampsia. Int 
J Mol Sci. 2024;25:7569. doi: 10.3390/ijms25147569. 

16.	 Kutllovci Hasani K, Ajeti N, Goswami N. Understanding 
preeclampsia: cardiovascular pathophysiology, 
histopathological insights and molecular biomarkers. Med Sci 
(Basel). 2025;13:154. doi: 10.3390/medsci13030154. 

17.	 Roberts JM, Rich-Edwards JW, McElrath TF, Garmire 
L, Myatt L. Subtypes of preeclampsia: recognition and 
determining clinical usefulness. Hypertension. 2021;77:1430-
41. doi: 10.1161/hypertensionaha.120.14781. 

18.	 Müller-Deile J, Schiffer M. Preeclampsia from a renal point 
of view: Insides into disease models, biomarkers and therapy. 
World J Nephrol. 2014;3:169-81. doi: 10.5527/wjn.v3.i4.169. 

19.	 Mutter WP, Karumanchi SA. Molecular mechanisms of 
preeclampsia. Microvasc Res. 2008;75:1-8. doi: 10.1016/j.
mvr.2007.04.009. 

20.	 Eddy AC, Bidwell GL, 3rd, George EM. Pro-angiogenic 
therapeutics for preeclampsia. Biol Sex Differ. 2018;9:36. doi: 
10.1186/s13293-018-0195-5. 

21.	 Iloki-Assanga S, McCarty MF. Nutraceutical Targeting of 
Placental Synthesis of Soluble Fms-Like Tyrosine Kinase- 1 
(sFlt-1) as Strategy for Preventing and Controlling Pre-
eclampsia. Curr Pharm Des. 2018;24:2255-63. doi: 10.2174/
1381612824666180723162327. 

22.	 Kim BS, Goligorsky MS. Role of VEGF in kidney development, 
microvascular maintenance and pathophysiology of renal 
disease. Korean J Intern Med. 2003;18:65-75. doi: 10.3904/
kjim.2003.18.2.65. 

23.	 Tang Y, Ye W, Liu X, Lv Y, Yao C, Wei J. VEGF and sFLT-1 
in serum of PIH patients and effects on the foetus. Exp Ther 
Med. 2019;17:2123-8. doi: 10.3892/etm.2019.7184. 

24.	 Kornacki J, Gutaj P, Kalantarova A, Sibiak R, Jankowski M, 
Wender-Ozegowska E. Endothelial dysfunction in pregnancy 
complications. Biomedicines. 2021;9:1756. doi: 10.3390/
biomedicines9121756. 

25.	 Verlohren S, Brennecke SP, Galindo A, Karumanchi SA, 
Mirkovic LB, Schlembach D, et al. Clinical interpretation 
and implementation of the sFlt-1/PlGF ratio in the 
prediction, diagnosis and management of preeclampsia. 
Pregnancy Hypertens. 2022;27:42-50. doi: 10.1016/j.
preghy.2021.12.003. 

26.	 Lee C, Kim MJ, Kumar A, Lee HW, Yang Y, Kim Y. Vascular 
endothelial growth factor signaling in health and disease: from 
molecular mechanisms to therapeutic perspectives. Signal 
Transduct Target Ther. 2025;10:170. doi: 10.1038/s41392-
025-02249-0. 

27.	 De Miguel C, Speed JS, Kasztan M, Gohar EY, Pollock DM. 
Endothelin-1 and the kidney: new perspectives and recent 
findings. Curr Opin Nephrol Hypertens. 2016;25:35-41. doi: 
10.1097/mnh.0000000000000185. 

28.	 Ma X, Liang Y, Chen W, Zheng L, Lin H, Zhou T. The role 
of endothelin receptor antagonists in kidney disease. Ren Fail. 
2025;47:2465810. doi: 10.1080/0886022x.2025.2465810. 

29.	 Lu CC, Wang GH, Lu J, Chen PP, Zhang Y, Hu ZB, et al. Role 
of Podocyte Injury in Glomerulosclerosis. Adv Exp Med Biol. 
2019;1165:195-232. doi: 10.1007/978-981-13-8871-2_10. 

30.	 Martin CE, Jones N. Nephrin Signaling in the Podocyte: An 
Updated View of Signal Regulation at the Slit Diaphragm 
and Beyond. Front Endocrinol (Lausanne). 2018;9:302. doi: 
10.3389/fendo.2018.00302. 

31.	 Schwarz K, Simons M, Reiser J, Saleem MA, Faul C, Kriz W, 
et al. Podocin, a raft-associated component of the glomerular 
slit diaphragm, interacts with CD2AP and nephrin. J Clin 
Invest. 2001;108:1621-9. doi: 10.1172/jci12849. 

https://nephropathol.com


 https://nephropathol.com                                             Journal of  Nephropathology, Vol 15, No 4, October 2026

                          Preeclampsia-associated nephropathy

9

32.	 Craici IM, Wagner SJ, Weissgerber TL, Grande JP, Garovic 
VD. Advances in the pathophysiology of pre-eclampsia and 
related podocyte injury. Kidney Int. 2014;86:275-85. doi: 
10.1038/ki.2014.17. 

33.	 Babelova A, Jansen F, Sander K, Löhn M, Schäfer L, Fork C, 
et al. Activation of Rac-1 and RhoA contributes to podocyte 
injury in chronic kidney disease. PLoS One. 2013;8:e80328. 
doi: 10.1371/journal.pone.0080328. 

34.	 Ilatovskaya DV, Staruschenko A. TRPC6 channel as an 
emerging determinant of the podocyte injury susceptibility in 
kidney diseases. Am J Physiol Renal Physiol. 2015;309:F393-
7. doi: 10.1152/ajprenal.00186.2015. 

35.	 Sheng A, Liu F, Wang Q, Fu H, Mao J. The roles of TRPC6 
in renal tubular disorders: a narrative review. Ren Fail. 
2024;46:2376929. doi: 10.1080/0886022x.2024.2376929. 

36.	 Kistler AD, Singh G, Altintas MM, Yu H, Fernandez IC, 
Gu C, et al. Transient receptor potential channel 6 (TRPC6) 
protects podocytes during complement-mediated glomerular 
disease. J Biol Chem. 2013;288:36598-609. doi: 10.1074/jbc.
M113.488122. 

37.	 Sachs N, Sonnenberg A. Cell-matrix adhesion of podocytes in 
physiology and disease. Nat Rev Nephrol. 2013;9:200-10. doi: 
10.1038/nrneph.2012.291. 

38.	 Gilani SI, Anderson UD, Jayachandran M, Weissgerber TL, 
Zand L, White WM, et al. Urinary Extracellular Vesicles of 
Podocyte Origin and Renal Injury in Preeclampsia. J Am Soc 
Nephrol. 2017;28:3363-72. doi: 10.1681/asn.2016111202. 

39.	 Zhu H, Sun J, Yan Y, Liu P, Huang Y. Immune podocyte 
injury in autoimmune glomerular diseases. Front Immunol. 
2026;17:1804416. doi: 10.3389/fimmu.2026.1804416. 

40.	 Gujarati NA, Chow AK, Mallipattu SK. Central role of 
podocytes in mediating cellular cross talk in glomerular health 
and disease. Am J Physiol Renal Physiol. 2024;326:F313-f25. 
doi: 10.1152/ajprenal.00328.2023. 

41.	 Li M, Armelloni S, Mattinzoli D, Ikehata M, Chatziantoniou 
C, Alfieri C, et al. Crosstalk mechanisms between glomerular 
endothelial cells and podocytes in renal diseases and kidney 
transplantation. Kidney Res Clin Pract. 2024;43:47-62. doi: 
10.23876/j.krcp.23.071. 

42.	 Kwiatkowska E, Stefańska K, Zieliński M, Sakowska J, 
Jankowiak M, Trzonkowski P, et al. Podocytes-The Most 
Vulnerable Renal Cells in Preeclampsia. Int J Mol Sci. 
2020;21:5051. doi: 10.3390/ijms21145051. 

43.	 Ozbek E. Induction of oxidative stress in kidney. Int J Nephrol. 
2012;2012:465897. doi: 10.1155/2012/465897. 

44.	 Sol M, Kamps J, van den Born J, van den Heuvel MC, van 
der Vlag J, Krenning G, et al. Glomerular Endothelial Cells as 
Instigators of Glomerular Sclerotic Diseases. Front Pharmacol. 
2020;11:573557. doi: 10.3389/fphar.2020.573557. 

45.	 Janaszak-Jasiecka A, Płoska A, Wierońska JM, Dobrucki 
LW, Kalinowski L. Endothelial dysfunction due to eNOS 
uncoupling: molecular mechanisms as potential therapeutic 
targets. Cell Mol Biol Lett. 2023;28:21. doi: 10.1186/s11658-
023-00423-2. 

46.	 Fontecha-Barriuso M, Lopez-Diaz AM, Guerrero-Mauvecin 
J, Miguel V, Ramos AM, Sanchez-Niño MD, et al. 
Tubular Mitochondrial Dysfunction, Oxidative Stress, and 
Progression of Chronic Kidney Disease. Antioxidants (Basel). 

2022;11:1356. doi: 10.3390/antiox11071356. 
47.	 Hu XQ, Zhang L. Mitochondrial dysfunction in the 

pathogenesis of preeclampsia. Curr Hypertens Rep. 
2022;24:157-72. doi: 10.1007/s11906-022-01184-7. 

48.	 Jin L, Yu B, Armando I, Han F. Mitochondrial DNA-mediated 
inflammation in acute kidney injury and chronic kidney 
disease. Oxid Med Cell Longev. 2021;2021:9985603. doi: 
10.1155/2021/9985603. 

49.	 Kim YG, Kim SM, Kim KP, Lee SH, Moon JY. The role of 
inflammasome-dependent and inflammasome-independent 
NLRP3 in the kidney. Cells. 2019;8:1389. doi: 10.3390/
cells8111389. 

50.	 Luo Y, Long M, Wu X, Zeng L. Targeting the NLRP3 
inflammasome in kidney disease: molecular mechanisms, 
pathogenic roles, and emerging small-molecule therapeutics. 
Front Immunol. 2025;16:1703560. doi: 10.3389/
fimmu.2025.1703560. 

51.	 Mahalingaiah PK, Ponnusamy L, Singh KP. Oxidative 
stress-induced epigenetic changes associated with malignant 
transformation of human kidney epithelial cells. Oncotarget. 
2017;8:11127-43. doi: 10.18632/oncotarget.12091. 

52.	 Garovic VD. The role of the podocyte in preeclampsia. 
Clin J Am Soc Nephrol. 2014;9:1337-40. doi: 10.2215/
cjn.05940614. 

53.	 Sánchez-Aranguren LC, Prada CE, Riaño-Medina CE, 
Lopez M. Endothelial dysfunction and preeclampsia: role of 
oxidative stress. Front Physiol. 2014;5:372. doi: 10.3389/
fphys.2014.00372. 

54.	 Palmiero P, Caretto P, Ciccone MM, Maiello M, On Behalf 
Of The ICISCUICOISCU. Long-term cardiovascular risk and 
maternal history of pre-eclampsia. J Clin Med. 2025;14:3121. 
doi: 10.3390/jcm14093121. 

55.	 Deer E, Herrock O, Campbell N, Cornelius D, Fitzgerald S, 
Amaral LM, et al. The role of immune cells and mediators 
in preeclampsia. Nat Rev Nephrol. 2023;19:257-70. doi: 
10.1038/s41581-022-00670-0. 

56.	 Lee SA, Noel S, Sadasivam M, Hamad ARA, Rabb H. Role of 
Immune Cells in Acute Kidney Injury and Repair. Nephron. 
2017;137:282-6. doi: 10.1159/000477181. 

57.	 Raghupathy R. Cytokines as key players in the pathophysiology 
of preeclampsia. Med Princ Pract. 2013;22 Suppl 1:8-19. doi: 
10.1159/000354200. 

58.	 Wei Y, Su Y, Liu C, Ma X, Ling Z, Wang Y, et al. Macrophage 
and preeclampsia: macrophage polarization imbalance at the 
maternal-fetal interface. J Clin Lab Anal. 2025;39:e70046. 
doi: 10.1002/jcla.70046. 

59.	 Harmon AC, Cornelius DC, Amaral LM, Faulkner 
JL, Cunningham MW, Jr., Wallace K, et al. The role of 
inflammation in the pathology of preeclampsia. Clin Sci 
(Lond). 2016;130:409-19. doi: 10.1042/cs20150702. 

60.	 David M, Maharaj N, Krishnan A. Exosomal-complement 
system activation in preeclampsia. J Obstet Gynaecol Res. 
2025;51:e16255. doi: 10.1111/jog.16255. 

61.	 Regal JF, Burwick RM, Fleming SD. The Complement System 
and Preeclampsia. Curr Hypertens Rep. 2017;19:87. doi: 
10.1007/s11906-017-0784-4. 

62.	 Buelli S, Imberti B, Morigi M. The Complement C3a and 
C5a Signaling in Renal Diseases: A Bridge between Acute 

https://nephropathol.com


Mirhosseini SS et al

Journal of  Nephropathology, Vol 15, No 4, October 2026                                              https://nephropathol.com10

and Chronic Inflammation. Nephron. 2024;148:712-23. doi: 
10.1159/000538241. 

63.	 Salmon JE, Heuser C, Triebwasser M, Liszewski MK, Kavanagh 
D, Roumenina L, et al. Mutations in complement regulatory 
proteins predispose to preeclampsia: a genetic analysis of 
the PROMISSE cohort. PLoS Med. 2011;8:e1001013. doi: 
10.1371/journal.pmed.1001013. 

64.	 Kościelska-Kasprzak K, Bartoszek D, Myszka M, Zabińska M, 
Klinger M. The complement cascade and renal disease. Arch 
Immunol Ther Exp (Warsz). 2014;62:47-57. doi: 10.1007/
s00005-013-0254-x. 

65.	 Yoshida Y, Nishi H. The role of the complement system in 
kidney glomerular capillary thrombosis. Front Immunol. 
2022;13:981375. doi: 10.3389/fimmu.2022.981375. 

66.	 Eneström S, Druid H, Rammer L. Fibrin deposition in the 
kidney in post-ischaemic renal damage. Br J Exp Pathol. 
1988;69:387-94. 

67.	 J JS, M AB. Renin-angiotensin system in pre-eclampsia: 
everything old is new again. Obstet Med. 2012;5:147-53. doi: 
10.1258/om.2012.120007. 

68.	 Forrester SJ, Booz GW, Sigmund CD, Coffman TM, Kawai T, 
Rizzo V, et al. Angiotensin II Signal Transduction: An Update 
on Mechanisms of Physiology and Pathophysiology. Physiol 
Rev. 2018;98:1627-738. doi: 10.1152/physrev.00038.2017. 

69.	 Campbell N, LaMarca B, Cunningham MW, Jr. The Role 
of Agonistic Autoantibodies to the Angiotensin II Type 1 
Receptor (AT1-AA) in Pathophysiology of Preeclampsia. Curr 
Pharm Biotechnol. 2018;19:781-5. doi: 10.2174/138920101
9666180925121254. 

70.	 Sievers LK, Eckardt KU. Molecular Mechanisms of Kidney 
Injury and Repair in Arterial Hypertension. Int J Mol Sci. 
2019;20:2138. doi: 10.3390/ijms20092138. 

71.	 Wang Y, Chen J, Wang W, Yi X, Xing S, Lei X, et al. The 
core mechanism of hypertension-linked renal fibrosis: “RAAS-
ROS-inflammation-fibrosis” axis. iScience. 2026;29:115353. 
doi: 10.1016/j.isci.2026.115353. 

72.	 Guan Z, VanBeusecum JP, Inscho EW. Endothelin and the 
renal microcirculation. Semin Nephrol. 2015;35:145-55. doi: 
10.1016/j.semnephrol.2015.02.004. 

73.	 Muñoz-Durango N, Vecchiola A, Gonzalez-Gomez LM, Simon 
F, Riedel CA, Fardella CE, et al. Modulation of Immunity 
and Inflammation by the Mineralocorticoid Receptor and 
Aldosterone. Biomed Res Int. 2015;2015:652738. doi: 
10.1155/2015/652738. 

74.	 Spencer S, Wheeler-Jones C, Elliott J. Aldosterone and 
the mineralocorticoid receptor in renal injury: A potential 
therapeutic target in feline chronic kidney disease. J Vet 
Pharmacol Ther. 2020;43:243-67. doi: 10.1111/jvp.12848. 

75.	 Luther JM, Fogo AB. The role of mineralocorticoid receptor 
activation in kidney inflammation and fibrosis. Kidney Int 
Suppl (2011). 2022;12:63-8. doi: 10.1016/j.kisu.2021.11.006. 

76.	 Riester A, Reincke M. Progress in primary aldosteronism: 
mineralocorticoid receptor antagonists and management 
of primary aldosteronism in pregnancy. Eur J Endocrinol. 
2015;172:R23-30. doi: 10.1530/eje-14-0444. 

77.	 Geller DS, Farhi A, Pinkerton N, Fradley M, Moritz M, 
Spitzer A, et al. Activating mineralocorticoid receptor 
mutation in hypertension exacerbated by pregnancy. Science. 

2000;289:119-23. doi: 10.1126/science.289.5476.119. 
78.	 Brooks AJ, Gallego-López MDC, De Miguel C. Endothelin-1 

signaling in the kidney: recent advances and remaining 
gaps. Am J Physiol Renal Physiol. 2025;328:F815-f27. doi: 
10.1152/ajprenal.00304.2024. 

79.	 George EM, Granger JP. Endothelin: key mediator of 
hypertension in preeclampsia. Am J Hypertens. 2011;24:964-
9. doi: 10.1038/ajh.2011.99. 

80.	 Bakrania B, Duncan J, Warrington JP, Granger JP. The 
Endothelin Type A Receptor as a Potential Therapeutic Target 
in Preeclampsia. Int J Mol Sci. 2017;18:522. doi: 10.3390/
ijms18030522. 

81.	 Schuster J, Cheng SB, Padbury J, Sharma S. Placental 
extracellular vesicles and pre-eclampsia. Am J Reprod 
Immunol. 2021;85:e13297. doi: 10.1111/aji.13297. 

82.	 Lewis E, Lee SJ, Park HR. Placenta-derived extracellular vesicles 
in fetal health: emerging insights into brain development and 
environmental interactions. Exp Mol Med. 2025;57:2729-38. 
doi: 10.1038/s12276-025-01601-2. 

83.	 Morelli AE, Sadovsky Y. Extracellular vesicles and immune 
response during pregnancy: A balancing act. Immunol Rev. 
2022;308:105-22. doi: 10.1111/imr.13074. 

84.	 Hula N, Escalera D, Goulopoulou S. Extracellular vesicles in 
preeclampsia: drivers of vascular dysfunction and inflammation. 
Am J Physiol Heart Circ Physiol. 2025;329:H1560-h74. doi: 
10.1152/ajpheart.00584.2025. 

85.	 Gerede A, Stavros S, Danavasi M, Potiris A, Moustakli E, 
Machairiotis N, et al. MicroRNAs in Preeclampsia: Bridging 
Diagnosis and Treatment. J Clin Med. 2025;14:2003. doi: 
10.3390/jcm14062003. 

86.	 Muralimanoharan S, Maloyan A, Mele J, Guo C, Myatt LG, 
Myatt L. MIR-210 modulates mitochondrial respiration in 
placenta with preeclampsia. Placenta. 2012;33:816-23. doi: 
10.1016/j.placenta.2012.07.002. 

87.	 Liu C, Zhou Y, Zhang Z. MiR-210: an important player in the 
pathogenesis of preeclampsia? J Cell Mol Med. 2012;16:943-
4. doi: 10.1111/j.1582-4934.2011.01370.x. 

88.	 Zingale VD, Gugliandolo A, Mazzon E. MiR-155: An 
Important Regulator of Neuroinflammation. Int J Mol Sci. 
2021;23:90. doi: 10.3390/ijms23010090. 

89.	 Liu C, Li Q, Ma JX, Lu B, Criswell T, Zhang Y. Exosome-
mediated renal protection: Halting the progression of 
fibrosis. Genes Dis. 2024;11:101117. doi: 10.1016/j.
gendis.2023.101117. 

90.	 Parapob N, Luewan S, Kamlungkuea T, Tongsong T. 
Oxidative Stress in Pathogenesis of Preeclampsia: Mechanistic 
and Clinical Insights. Antioxidants (Basel). 2026;15:387. doi: 
10.3390/antiox15030387. 

91.	 Rao A, Shinde U, Das DK, Balasinor N, Madan T. Early 
prediction of pre-eclampsia using circulating placental 
exosomes: Newer insights. Indian J Med Res. 2023;158:385-
96. doi: 10.4103/ijmr.ijmr_2143_22. 

92.	 Zheng S, Georgiou HM, Kokkinos MI, Mirabito Colafella 
KM, Brennecke SP, Kalionis B. Therapeutic potential of 
extracellular vesicles for treating human pregnancy disorders. 
Extracell Vesicles Circ Nucl Acids. 2025;6:287-309. doi: 
10.20517/evcna.2025.07. 

93.	 You B, Yang Y, Wei J, Zhou C, Dong S. Pathogenic 

https://nephropathol.com


 https://nephropathol.com                                             Journal of  Nephropathology, Vol 15, No 4, October 2026

                          Preeclampsia-associated nephropathy

11

Copyright © 2026 The Author(s); Published by Society of Diabetic Nephropathy Prevention. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original work is properly cited.

and therapeutic roles of extracellular vesicles in sepsis. 
Front Immunol. 2025;16:1535427. doi: 10.3389/
f immu.2025.1535427. 

94.	 Williams PJ, Morgan L. The role of genetics in pre-
eclampsia and potential pharmacogenomic interventions. 
Pharmgenomics Pers Med. 2012;5:37-51. doi: 10.2147/pgpm.
S23141. 

95.	 Williams PJ, Broughton Pipkin F. The genetics of pre-
eclampsia and other hypertensive disorders of pregnancy. 
Best Pract Res Clin Obstet Gynaecol. 2011;25:405-17. doi: 
10.1016/j.bpobgyn.2011.02.007. 

96.	 Parada-Niño L, Castillo-León LF, Morel A. Preeclampsia, 
Natural History, Genes, and miRNAs Associated with 
the Syndrome. J Pregnancy. 2022;2022:3851225. doi: 
10.1155/2022/3851225. 

97.	 Martini C, Saeed Z, Simeone P, Palma S, Ricci M, Arata A, et 
al. Preeclampsia: Insights into pathophysiological mechanisms 
and preventive strategies. Am J Prev Cardiol. 2025;23:101054. 
doi: 10.1016/j.ajpc.2025.101054. 

98.	 Jena MK, Sharma NR, Petitt M, Maulik D, Nayak NR. 
Pathogenesis of Preeclampsia and Therapeutic Approaches 
Targeting the Placenta. Biomolecules. 2020;10:953. doi: 
10.3390/biom10060953. 

99.	 Morgado-Pascual JL, Marchant V, Rodrigues-Diez R, Dolade 
N, Suarez-Alvarez B, Kerr B, et al. Epigenetic Modification 
Mechanisms Involved in Inflammation and Fibrosis in Renal 
Pathology. Mediators Inflamm. 2018;2018:2931049. doi: 
10.1155/2018/2931049. 

100.	Apicella C, Ruano CSM, Méhats C, Miralles F, Vaiman D. The 
Role of Epigenetics in Placental Development and the Etiology 
of Preeclampsia. Int J Mol Sci. 2019;20:2837. doi: 10.3390/
ijms20112837. 

101.	Ashraf UM, Hall DL, Rawls AZ, Alexander BT. Epigenetic 
processes during preeclampsia and effects on fetal development 
and chronic health. Clin Sci (Lond). 2021;135:2307-27. doi: 
10.1042/cs20190070. 

102.	Ferreira RC, Fragoso MBT, Dos Santos Tenório MC, Silva 
JVF, Bueno NB, Goulart MOF, et al. Pre-eclampsia is 
associated with later kidney chronic disease and end-stage renal 
disease: Systematic review and meta-analysis of observational 
studies. Pregnancy Hypertens. 2020;22:71-85. doi: 10.1016/j.
preghy.2020.07.012. 

103.	Moss EM, Brewster UC. Kidney Biopsy in a Pregnant Patient 
with Suspected Glomerular Disease: CON. Kidney360. 
2023;4:1356-8. doi: 10.34067/kid.0000000000000243. 

104.	Conti-Ramsden F, Bass P, Chappell LC, Bramham K. Renal 
biopsy findings during and after pregnancy. Obstet Med. 
2020;13:174-8. doi: 10.1177/1753495x19852817. 

105.	Mondemu SS, Parameswaran S, Ganesh RN, Keepanasseril A. 
Native kidney biopsy in pregnancy and postpartum: A single 
centre experience from India. Obstet Med. 2025;18:228-32. 
doi: 10.1177/1753495x241290664. 

106.	Keryakos HKH, Youssuf AM, El-Ela MA, Abo-Ellil N. Urinary 
transcription factor 21 (TCF21) as a non-invasive biomarker 

of podocyte injury in preeclampsia: diagnostic performance 
and translational insights from a case-control study. BMC 
Pregnancy Childbirth. 2026;26:428. doi: 10.1186/s12884-
026-09026-z. 

107.	Hartmann S, Botha SM, Gray CM, Valdes DS, Tong S, 
Kaitu’u-Lino TJ, et al. Can single-cell and spatial omics unravel 
the pathophysiology of pre-eclampsia? J Reprod Immunol. 
2023;159:104136. doi: 10.1016/j.jri.2023.104136. 

108.	Sharma K, Hansen J, Susztak K, Eberlin L, Anderton CR, 
Alexandrov T, et al. Spatial metabolomics and multiomics 
integration for breakthroughs in precision medicine for kidney 
disease. Nat Rev Nephrol. 2026;22:152-64. doi: 10.1038/
s41581-025-01007-3. 

109.	Delrue C, Speeckaert MM. Decoding Kidney Pathophysiology: 
Omics-Driven Approaches in Precision Medicine. J Pers Med. 
2024;14:1157. doi: 10.3390/jpm14121157. 

110.	Aronoff DM, Wassenaar JW, Madhur MS. Evaluating the 
sFlt1 Mouse Model of Preeclampsia: Benefits and Limitations 
for Understanding Human Disease. Fetal Pediatr Pathol. 
2025;44:573-82. doi: 10.1080/15513815.2025.2558605. 

111.	Daehn IS, Duffield JS. The glomerular filtration barrier: a 
structural target for novel kidney therapies. Nat Rev Drug 
Discov. 2021;20:770-88. doi: 10.1038/s41573-021-00242-0. 

112.	Cui J, Yang Z, Ma R, He W, Tao H, Li Y, et al. Placenta-
targeted Treatment Strategies for Preeclampsia and Fetal 
Growth Restriction: An Opportunity and Major Challenge. 
Stem Cell Rev Rep. 2024;20:1501-11. doi: 10.1007/s12015-
024-10739-x. 

113.	Hod T, Cerdeira AS, Karumanchi SA. Molecular Mechanisms 
of Preeclampsia. Cold Spring Harb Perspect Med. 2015;5. doi: 
10.1101/cshperspect.a023473. 

114.	Scioli MG, Storti G, D’Amico F, Rodríguez Guzmán R, 
Centofanti F, Doldo E, et al. Oxidative stress and new 
pathogenetic mechanisms in endothelial dysfunction: potential 
diagnostic biomarkers and therapeutic targets. J Clin Med. 
2020;9:1995. doi: 10.3390/jcm9061995. 

115.	Than NG, Romero R, Posta M, Györffy D, Szalai G, Rossi 
SW, et al. Classification of preeclampsia according to molecular 
clusters with the goal of achieving personalized prevention. 
J Reprod Immunol. 2024;161:104172. doi: 10.1016/j.
jri.2023.104172. 

116.	Palma-Reis I, Vais A, Nelson-Piercy C, Banerjee A. Renal 
disease and hypertension in pregnancy. Clin Med (Lond). 
2013;13:57-62. doi: 10.7861/clinmedicine.13-1-57. 

117.	Andronikidi PE, Orovou E, Mavrigiannaki E, Athanasiadou 
V, Tzitiridou-Chatzopoulou M, Iatrakis G, et al. Placental 
and Renal Pathways Underlying Pre-Eclampsia. Int J Mol Sci. 
2024;25:2741. doi: 10.3390/ijms25052741. 

118.	Gorayeb-Polacchini FS, Moura AF, Luders C, Moura Neto 
JA, Leme JEG, Silva DRD. Pregnancy in patients with 
chronic kidney disease undergoing dialysis. J Bras Nefrol. 
2024;46:e20240067. doi: 10.1590/2175-8239-JBN-2024-
0067en. 

https://nephropathol.com
https://creativecommons.org/licenses/by/4.0/

