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Membranous nephropathy (MN) is an immune-mediated glomerular disease 
and the most common cause of nephrotic syndrome in adults. Classical para-
digms concentrate on the binding of circulating autoantibodies (e.g., anti-PLA2R, 
anti-THSD7A) to podocytes, resulting in subepithelial immune deposits, com-
plement activation, and podocyte damage. Nonetheless, mounting evidence 
suggests that lipid metabolism in podocytes is a crucial regulator of MN patho-
physiology. Podocyte slit diaphragms are situated within specialized cholesterol-
enriched lipid rafts that orchestrate essential structural and signaling complexes. 
Disturbances in podocyte lipid metabolism (such as excessive uptake or com-
promised efflux of cholesterol and fatty acids) lead to “lipotoxicity,” marked by 
mitochondrial oxidative stress, cytoskeletal reorganization, and proinflammatory 
signaling, ultimately resulting in podocyte hypertrophy, detachment, and apopto-
sis. This review consolidates recent discoveries regarding the interaction between 
lipid homeostasis and podocyte biology in minimal change nephropathy (MN). 
We investigate the interplay between dysregulated lipid profiles, metabolic path-
ways, and immune injury—specifically, through the promotion of inflammasome 
activation or the alteration of antigen presentation—and how these interactions 
may exacerbate glomerular damage. We also talk about translational implications, 
like how lipid-associated biomarkers (serum lipids, lipidomic signatures, choles-
terol-regulatory genes) are related to disease activity and how new therapies 
(statins, PCSK9 inhibitors, cyclodextrins, nuclear receptor agonists, etc.) might 
be used to target the metabolic part of MN. The “lipid–podocyte axis” connects 
podocyte lipid metabolism with immune pathogenesis. This gives us a new way 
to think about MN and opens up new possibilities for diagnosis and treatment.

KEYWORDS

cytoskeletal reorganization, lipid–podocyte axis, membranous nephropathy (MN), 

PLA2R, podocyte

1 Introduction

Membranous nephropathy (MN) is an antibody-mediated autoimmune glomerulopathy 
and the primary etiology of nephrotic syndrome in adults. Patients usually show signs of heavy 
proteinuria, low albumin levels, swelling, and high lipid levels. Kidney biopsies typically exhibit 
diffuse thickening of the glomerular basement membrane (GBM) accompanied by subepithe-
lial “spike” formation on silver stains. Immunofluorescence microscopy shows small deposits 
of IgG (mostly IgG4 in primary MN) and complement (C3) along the loops of capillaries. 
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Electron microscopy verifies the presence of numerous subepithelial 
electron-dense immune complexes and extensive effacement of foot 
processes in podocytes. The pathogenesis of MN is now understood 
to center on in situ immune complex formation at the podocyte sur-
face. In primary (idiopathic) MN, circulating autoantibodies target 
intrinsic podocyte antigens, most notably the M-type phospholipase 
A2 receptor (PLA2R, present in ~60–70% of cases) and, less fre-
quently, thrombospondin type-1 domain-containing 7A (THSD7A) 
(1). Recently, other antigens, such as NELL-1, exostosins, and sema-
phorin 3B, have been found in patients who have antibodies but not 
PLA2R or THSD7A (2). The binding of autoantibodies to podocyte 
targets activates the complement cascade, especially through the clas-
sical and lectin pathways, which leads to the formation of the mem-
brane attack complex (C5b-9) on podocyte membranes. 
Complement-mediated damage, along with subsequent proinflamma-
tory and pro-fibrotic signaling, compromises the podocyte cytoskel-
eton and slit diaphragm, resulting in the loss of permselectivity and 
significant proteinuria. Traditionally, MN has been divided into “pri-
mary” (autoimmune) and “secondary” (linked to lupus, cancer, infec-
tions, drugs, etc.), but this distinction has become less clear: both 
primary and secondary forms involve antibodies against podocyte or 
glomerular antigens and similar injury mechanisms. From an immu-
nological perspective, MN is regarded as a B cell/plasma cell-driven 
disorder. Anti-PLA2R and anti-THSD7A autoantibodies function not 
only as biomarkers but also as pathogenic effectors, with their serum 
titers correlating with disease activity and frequently diminishing 
during remission (1). These IgG4-dominant antibodies do not fix 
complement well on their own, but unusual glycosylation and the 
lectin pathway seem to make the damage worse. The end result is 
damage to the glomerular filtration barrier caused by complement. 
Standard treatment focuses on B cells (rituximab, cyclophosphamide) 
and broadly suppresses immunity to stop the production of autoanti-
bodies. Nonetheless, not all patients exhibit a complete response to 
immunosuppression, and relapse is prevalent, indicating that supple-
mentary pathogenic factors contribute to podocyte injury in MN. In 
addition to immunity, lipid homeostasis is increasingly acknowledged 
as a vital factor influencing podocyte health in minimal change 
nephropathy (MN). Lipids function not only as metabolic substrates 
and structural elements but also as dynamic facilitators of cellular sig-
naling. Podocytes have a very complicated structure that depends on 
lipid-rich microdomains. The slit diaphragm, a specialized intercel-
lular junction, is structured as a cholesterol and sphingolipid-enriched 
“lipid raft.” Cholesterol is 5–8 times more concentrated in rafts than 
in the rest of the podocyte membrane. This makes sure that important 
proteins in the slit diaphragm (nephrin, podocin, NEPH1, CD2AP, 
TRPC6, etc.) are in the right place and work properly. Fatty acids are 
also important for the phospholipid bilayers that make up membranes 
and are the building blocks for bioactive lipid mediators. So, changes 
in the lipid makeup of podocytes can quickly change the biophysical 
properties of the filtration barrier and its signaling networks (3). It is 
now known that too much fat inside cells is bad for podocytes. 
Dysregulation of fatty acid uptake, triglyceride synthesis, or choles-
terol efflux results in ectopic lipid accumulation within podocytes, a 
condition referred to as lipotoxicity. Experimental and clinical evi-
dence demonstrates that elevated lipid levels (including neutral lipids, 
cholesterol esters, ceramides, etc.) in podocytes induce mitochondrial 
oxidative stress, endoplasmic reticulum stress, cytoskeletal disorgani-
zation, and proinflammatory signaling (3, 4). These alterations facili-
tate podocyte hypertrophy, detachment, and apoptotic demise, 

compromising the glomerular barrier. Podocyte lipid accumulation 
has been observed in various proteinuric kidney diseases, such as dia-
betes, FSGS, and MN, and is primarily attributed to intrinsic meta-
bolic defects, including overactive sterol regulatory element–binding 
protein (SREBP) pathways and downregulated ATP-binding cassette 
transporters (ABCA1/ABCG1), rather than solely hyperlipidemia in 
the bloodstream. Lipid-induced inflammasome activation (NLRP3), 
insulin resistance, and oxidative injury further connect lipid dysfunc-
tion with immune signaling in the podocyte. Consequently, a bidirec-
tional crosstalk develops: chronic inflammation (and circulating 
cytokines) enhance lipid uptake pathways in podocytes, whereas lipid-
induced oxidative stress exacerbates local inflammation, establishing 
a detrimental cycle of injury (3, 4).

Dyslipidemia is a characteristic feature of nephrotic MN; however, 
recent studies indicate that it reflects and aggravates disease processes 
rather than serving as a passive bystander. For instance, modified 
serum lipid profiles and glomerular lipid accumulations are associated 
with the intensity of proteinuria and renal deterioration. Additionally, 
particular lipid species and genetic variants in cholesterol pathways 
are being recognized as prospective biomarkers of MN activity. 
Podocyte biology is energy-intensive. Podocytes depend heavily on 
glucose metabolism, but they also have enzymes for breaking down 
fatty acids and cholesterol, which may be important when the body is 
under stress. When these metabolic pathways are not working prop-
erly (for example, when SREBP activation is higher in people with 
high levels of lipids), podocytes can be more likely to be hurt when the 
immune system attacks them. These findings have generated interest 
in the “lipid–podocyte axis” as a novel aspect of MN pathogenesis, 
incorporating metabolic and immunological principles.

The goal of this review is to bring together what we know about 
how lipid metabolism and podocyte biology work together in MN. We 
summarize the structural and metabolic roles of lipids in podocyte 
function and emphasize how disruptions in lipid homeostasis may 
exacerbate podocyte injury in the context of MN. We also look at new 
evidence that lipid pathways and immune injury can talk to each 
other. For example, we look at how lipid rafts and palmitoylation affect 
antibody and complement signaling, and how changing the way 
immune cells use energy might affect MN. We also talk about the 
clinical effects: using dyslipidemia and lipidomic markers to keep an 
eye on the disease and the possibility of lipid-targeted therapies (in 
addition to regular immunosuppression) to work with current treat-
ments. By combining information from basic, translational, and clini-
cal studies, we hope to show how important metabolic factors are in 
MN and to help plan future research and treatment for this disease.

2 Podocyte biology and function

Podocytes are highly specialized cells critical to the glomerular 
filtration barrier (GFB) in the kidney, regulating selective filtration 
through their unique structure and dynamic interactions. Their intri-
cate foot processes, slit diaphragms, and actin cytoskeleton maintain 
barrier integrity, while their vulnerability to injury underlies protein-
uric kidney diseases such as membranous nephropathy (MN). 
Advances in super-resolution microscopy, multi-omics, and mecha-
nistic studies have elucidated podocyte biology, revealing molecular 
pathways and therapeutic targets. This section explores podocyte 
structure, their role in GFB maintenance, and susceptibility to 
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immune-mediated damage in MN, emphasizing their significance in 
glomerular health and disease.

The podocyte architecture, including the specialized foot pro-
cesses and slit diaphragm, is illustrated in Figure 1.

2.1 Structure (foot processes, slit 
diaphragm, cytoskeleton)

Podocytes are specialized epithelial cells in the kidney’s glomeru-
lus, characterized by interdigitating foot processes that form filtration 
slits essential for the glomerular barrier. Super-resolution microscopy 
has revolutionized their visualization, achieving resolutions below 
100 nm and surpassing traditional electron microscopy (5). Three-
dimensional structured illumination microscopy (3D-SIM) enables 
morphometric quantification of filtration slits in animal models and 
human biopsies, detecting early changes before proteinuria onset, and 
integrates with mRNA detection, multiplex staining, and deep learn-
ing algorithms (6). Confocal and stimulated emission depletion 
(STED) microscopy allow imaging in paraformaldehyde-fixed, fresh 
frozen, and formalin-fixed paraffin-embedded tissues (7). The deep 
learning-based automatic morphological analysis of podocytes 
(AMAP) system quantifies foot process morphology, revealing dif-
ferential effacement patterns across kidney diseases that correlate with 
proteinuria severity (8).

The slit diaphragm (SD), a junction between foot processes, func-
tions as a molecular sieve comprising proteins such as nephrin, podo-
cin, CD2-associated protein (CD2AP), NEPH1, and transient receptor 
potential canonical 6 (TRPC6), linked via intrinsically disordered 

regions (IDRs) (9, 10). Structural modeling shows partner-specific 
conformational adaptations; mutations such as CD2AP (P532S), 
podocin (R138Q), and nephrin (G1161V) increase local stability, 
reduce IDR flexibility, and impair SD assembly (10). Podocin muta-
tions disrupt intraprotein interactions, affecting complex formation 
with other SD components (11), thereby compromising barrier and 
signaling functions and leading to proteinuria in nephrotic syn-
drome (12).

The podocyte cytoskeleton, primarily actin-based, maintains cell 
morphology via regulators such as synaptopodin, which protects 
against acute injury by modulating actin reorganization and focal 
adhesion dynamics. Synaptopodin loss reduces RhoA activity, 
increases Rac1 activation, and impairs stress fibers and cell migration 
(13). The cytoskeleton is regulated through SD and focal adhesion 
hubs, with dysregulation representing a common injury pathway (14). 
Rho guanine nucleotide exchange factors (e.g., ARHGEF40, 
ARHGEF2, ARHGEF26) control RhoA and Rac1 to shape podocyte 
morphology (15). Prototypical Rho GTPases (RhoA, Rac1, Cdc42) 
regulate actin dynamics in subcellular compartments, which is vital 
for podocyte health (16).

Podocyte mechanotransduction links the cytoskeleton to barrier 
integrity, with its unique architecture regulating cell shape, stability, 
and SD insertion; minor impairments can cause proteinuria (17). 
TRPC5 and TRPC6 channels mediate calcium influx for cytoskeletal 
dynamics via nephrin, focal adhesions, and Rho regulation (18). 
Calcium signaling drives cytoskeletal reorganization in podocytopa-
thies (19). Podocytes adapt to biomechanical stimuli via mechanobio-
logical pathways, with cytoskeletal dynamics and cellular adhesions 

FIGURE 1

Podocyte structure and lipid organization. The schematic illustrates the architecture of a podocyte resting on the glomerular basement membrane 
(GBM), including the cell body, major processes, and interdigitating foot processes connected by the slit diaphragm. Lipid rafts within the podocyte 
membrane serve as signaling microdomains anchoring proteins such as nephrin, podocin, and TRPC6, which link the slit diaphragm to the actin 
cytoskeleton. These lipid–protein interactions maintain podocyte structure and glomerular filtration barrier integrity. Created with BioRender.com.
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determining biomechanical resilience (20). Lipid rafts likely support 
SD organization, with scaffold proteins linking extracellular compo-
nents to the cytoskeleton, although direct evidence remains limited 
(12, 21–23).

2.2 Role in glomerular barrier

Podocytes are critical for maintaining the glomerular filtration 
barrier (GFB), which comprises fenestrated endothelial cells, the glo-
merular basement membrane (GBM), and podocytes to ensure selec-
tive filtration (24, 25). Podocytes and endothelial cells engage in 
bidirectional paracrine and autocrine signaling, with podocytes serv-
ing as a central communication hub for GFB development and main-
tenance (24, 26). In diabetes, hyperglycemia disrupts all GFB layers 
and this crosstalk, with early endothelial dysfunction including glyco-
calyx shedding and loss of function driving albuminuria (25, 27). 
Podocytes secrete key molecules such as vascular endothelial growth 
factor (VEGF) and angiopoietins, which bind to endothelial receptors 
to facilitate signal transduction essential for barrier function (28, 29). 
Additional pathways involve endothelin-1, epidermal growth factor 
(EGF), semaphorin 3A (SEMA3A), transforming growth factor-β 
(TGF-β), and C-X-C motif chemokine ligand 12 (CXCL12) (29). 
These mechanisms preserve glomerular structure under physiological 
conditions (24, 30).

The glycocalyx forms an additional layer of the GFB; the podocyte 
glycocalyx, located between foot processes and the GBM, contributes 
to charge and size selectivity, with its shedding increasing albumin 
permeability threefold (31). The endothelial glycocalyx, enriched in 
proteoglycans, glycosaminoglycans, and glycoproteins, restricts albu-
min passage via a mucinous coat extending into fenestrae (32, 33). 
Clinical evidence indicates complex relationships between glycocalyx 
degradation and albuminuria (34). Multi-omics approaches have 
revealed podocyte-specific molecules essential for barrier function, 
including pathways related to glycan glycosylphosphatidylinositol 
(GPI) anchor synthesis, retinol metabolism, and actin regulation; for 
instance, FARP1 has been validated as crucial (35, 36). These studies 
also highlight rapid mitochondrial protein synthesis, complex prote-
ase networks, and disrupted lipid metabolism, where lipotoxicity 
induces mitochondrial oxidative stress, cytoskeletal remodeling, and 
cell death in proteinuric diseases (3, 36). Podocyte metabolism sup-
ports barrier integrity through mitochondria, relying on oxidative 
phosphorylation or glycolysis depending on cellular demands, with 
shifts occurring during injury (37). Lipid dysregulation establishes a 
vicious cycle of lipotoxicity, oxidative stress, cytoskeletal remodeling, 
and inflammation (3, 4), further exacerbating podocyte injury and 
promoting glomerulosclerosis and fibrosis (38). Under stress, these 
metabolic disruptions lead to podocyte hypertrophy, detachment, and 
death, ultimately compromising permselectivity (3).

2.3 Podocyte vulnerability in MN

In membranous nephropathy (MN), podocytes are highly vulner-
able to immune-mediated injury from autoantibodies such as anti-
phospholipase A2 receptor (PLA2R; 50–80% of primary cases) and 
anti-thrombospondin type-1 domain-containing 7A (THSD7A; 
3–5%), which correlate with disease severity and serve as biomarkers 
(39, 40). Novel antigens include neural epidermal growth factor-like 
1 (NELL-1; 5–10% of PLA2R/THSD7A-negative cases), exostosins 
1/2, and semaphorin 3B (39, 41). Aberrantly glycosylated 

anti-PLA2R1 immunoglobulin G4 (IgG4) activates the lectin comple-
ment pathway via mannose-binding lectin, leading to C5b-9 forma-
tion, proteolysis of synaptopodin and NEPH1, and subsequent 
cytoskeletal disruption (42). Complement activation, particularly 
through the membrane attack complex (MAC/C5b-9), drives podo-
cyte damage and proteinuria; the alternative pathway is essential, as 
demonstrated by the absence of glomerular C5b-9 deposition and 
albuminuria in factor B-deficient mice (43, 44). Podocytes both pro-
duce complement components and are targeted by them, expressing 
regulators such as CD46, CD55, and CD59 (45). Activation impairs 
cytoskeletal integrity, resulting in podocyte detachment and protein-
uria; moreover, intratubular C5b-9 deposition contributes to progres-
sive kidney injury (46). Injury induces cytoskeletal remodeling and 
foot process effacement, involving distinct actin networks: contractile 
myosin IIA-containing cables in cell bodies and major processes, and 
non-contractile fibers in foot processes. Upon injury, the actomyosin 
network relocates basolaterally, forming sarcomere-like structures that 
promote effacement (47). Interactions between the SD and actin 
maintain barrier integrity; mutations in regulatory proteins disrupt 
organization, leading to foot process retraction and proteinuria (48). 
In minimal change disease a related podocytopathy reduced synapto-
podin expression correlates with effacement and treatment response 
(49). Modulation of the cytoskeleton thus presents potential therapeu-
tic targets (50). Mitochondrial dysfunction, oxidative stress, and endo-
plasmic reticulum (ER) stress are key drivers of podocyte injury, 
culminating in energy crises, inflammation, and cell death (51, 52). In 
focal segmental glomerulosclerosis (FSGS), mitochondrial oxidative 
stress, altered dynamics, and defective biogenesis are associated with 
genetic mutations (53). ER stress mediates aldosterone-induced podo-
cyte damage through oxidative stress, activating both apoptotic (via 
CHOP) and protective autophagic responses (54). Biomarkers such as 
PLA2R and its autoantibodies facilitate diagnosis and guide therapy. 
Emerging biomarkers encompass proteins, metabolites, noncoding 
RNAs, and immune cells (55). Podocyturia serves as a hallmark for 
disease progression (56), while urinary podocyte mRNA enables non-
invasive monitoring of activity and therapeutic response (57). 
Proteomic analyses of biofluids support biomarker discovery, although 
tissue-based studies remain limited (58). Therapeutic strategies target 
immune-podocyte interactions, given that podocytes express innate 
and adaptive immune components (59, 60). Approaches include mod-
ulating cytoskeletal dynamics and transcription factors, with sodium-
glucose cotransporter 2 (SGLT2) inhibitors and sirtuins promoting 
repair, alongside paracrine signaling pathways (61). Traditional 
Chinese medicine offers complement-targeted therapies to mitigate 
podocyte injury in primary MN (62).

3 Lipid homeostasis in podocytes

Podocytes are specialized cells critical to the glomerular filtration 
barrier (GFB), where they maintain selective filtration through intri-
cate structural and signaling mechanisms. Lipid homeostasis is fun-
damental to podocyte function, with cholesterol, sphingolipids, 
phospholipids, and fatty acids playing pivotal roles in membrane 
integrity, signaling, and energy metabolism. Dysregulation of lipid 
metabolism, particularly in MN, leads to lipotoxicity, characterized by 
lipid accumulation, mitochondrial oxidative stress, cytoskeletal 
remodeling, and inflammation, ultimately causing podocyte injury 
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and proteinuria. Lipid rafts, enriched in cholesterol and sphingolipids, 
serve as signaling platforms that coordinate slit diaphragm (SD) sta-
bility and mechanotransduction, while their disruption exacerbates 
glomerular diseases such as diabetic kidney disease (DKD) and focal 
segmental glomerulosclerosis (FSGS). In MN, lipid dysregulation 
amplifies immune-mediated damage, with autoantibodies targeting 
podocyte antigens like PLA2R and THSD7A compounding cellular 
stress. Advances in multi-omics and super-resolution microscopy 
have elucidated novel lipid regulators and therapeutic targets, high-
lighting the interplay between lipid metabolism, autophagy, and 
immune responses. This section reviews the mechanisms of lipid 
homeostasis in podocytes, the role of lipid rafts in signaling and mem-
brane integrity, and the impact of lipid dysregulation in MN, empha-
sizing their therapeutic potential.

3.1 Cholesterol, sphingolipids, 
phospholipids, and fatty acids

Podocytes are essential for maintaining the glomerular filtration 
barrier (GFB) and regulate lipid homeostasis to support their struc-
tural and functional roles. Cholesterol homeostasis is tightly con-
trolled through uptake, efflux, and synthesis pathways. The 
ATP-binding cassette transporter A1 (ABCA1), modulated by the 
small GTPase Arf6, facilitates cholesterol efflux to maintain cellular 
lipid balance (63). Pathological conditions disrupt this equilibrium; 
for instance, angiotensin II reduces ABCA1 expression while enhanc-
ing low-density lipoprotein receptor (LDLR)-mediated cholesterol 
uptake and synthesis via sterol regulatory element-binding proteins 
(SREBP1, SREBP2) and HMG-CoA reductase (HMGCR), leading to 
cholesterol accumulation and podocyte injury (64). Tumor necrosis 
factor (TNF) similarly impairs ABCA1-mediated efflux and sterol-O-
acyltransferase 1 (SOAT1)-dependent cholesterol esterification 
through an NFATc1-dependent mechanism, promoting apoptosis 
(65). In diabetic conditions, hyperglycemia suppresses Arf6, disrupt-
ing ABCA1 recycling and exacerbating cholesterol buildup (63). 
Sphingolipids, including ceramide and sphingosine-1-phosphate 
(S1P), contribute to plasma membrane assembly, receptor-effector 
interactions, and cellular processes such as apoptosis, proliferation, 
and inflammation (66, 67). Ceramides drive oxidative stress and apop-
tosis, whereas S1P promotes cell survival and vascular integrity (67). 
Dysregulated sphingolipid metabolism underlies podocyte injury in 
nephrotic syndrome, diabetic kidney disease (DKD), and focal seg-
mental glomerulosclerosis (FSGS), with lipid rafts near slit dia-
phragms (SDs) supporting cytoskeletal dynamics (66, 68). 
Phospholipids, notably phosphatidylinositol 4,5-bisphosphate (PI(4,5)
P2), are critical for SD formation, as demonstrated in Drosophila 
nephrocytes where PI(4,5)P2 depletion abolished SD assembly and 
reduced endocytosis (69). Phosphatidylserine and phosphatidylinosi-
tol enhance protein interactions and membrane fusion, reinforcing SD 
integrity (70). Nephrin, a central SD component, regulates podocyte 
adhesion and survival via tyrosine phosphorylation, highlighting 
phospholipids’ dual structural and signaling roles (71). Fatty acid oxi-
dation (FAO) in podocytes is linked to mitochondrial function, with 
podocytes relying on mitochondria for energy through oxidative 
phosphorylation or glycolysis (51). Although tubular epithelial cells 
depend heavily on FAO, podocytes’ mitochondrial dependence ren-
ders them vulnerable to lipotoxicity (72). Dysregulated lipid metabo-
lism induces mitochondrial oxidative stress, cytoskeletal remodeling, 
and inflammation, leading to podocyte hypertrophy, detachment, and 

death (3, 38). Multi-omics approaches have identified novel lipid regu-
lators, such as junctional adhesion molecule-like protein (JAML), 
which modulates SREBP1 signaling via SIRT1, contributing to lipid 
accumulation in DKD (73). Ceramide-enriched lipoproteins alter 
sphingolipid metabolism and mTOR signaling, while reduced FAO 
enzymes (ACOX1, ACOX2, ACOX3) and transporters (ABCD3) 
exacerbate diabetic nephropathy (74, 75). These findings position lipid 
metabolism as a key determinant of podocyte function and a promis-
ing therapeutic target for proteinuric kidney diseases (3).

3.2 Lipid rafts in signaling and membrane 
integrity

Lipid rafts, cholesterol- and sphingolipid-rich membrane micro-
domains, are essential for podocyte signaling and structural stability. 
CD2-associated protein (CD2AP) serves as a critical scaffolding pro-
tein, linking nephrin and podocin to the actin cytoskeleton to facili-
tate bidirectional signaling and maintain slit diaphragm (SD) integrity 
(76, 77). Tyrosine phosphorylation at CD2AP’s Y10 residue, induced 
by vascular endothelial growth factor-A (VEGF-A), enhances nephrin 
binding but may impair GFB function if dysregulated, underscoring 
the need for precise signaling balance (78). CD2AP also engages 
PI3K/Akt pathways to promote podocyte survival and prevent apop-
tosis (77). The SD functions as both a filtration barrier and a signaling 
hub, with lipid rafts organizing scaffold proteins like CD2AP to coor-
dinate these roles (12). Podocytes face biomechanical challenges from 
fluid shear stress and pulsatile glomerular forces, necessitating robust 
mechanotransduction to preserve GFB integrity (79, 80). Pathological 
conditions, such as hyperfiltration or glomerular hypertension, induce 
cytoskeletal rearrangement and foot process effacement, leading to 
podocyte detachment, a primary mechanism of loss in FSGS (80, 81). 
Lipid rafts facilitate mechanobiological responses by organizing sig-
naling complexes, and their dysregulation exacerbates podocyte dys-
function (20). Therapeutic strategies targeting lipid raft composition, 
such as cyclodextrins, show promise by mobilizing cholesterol and 
reducing lipid accumulation in FSGS models, serving as both drug 
carriers and direct modulators of lipid-related injury (82). Statins and 
methyl-β-cyclodextrin further disrupt pathological lipid rafts, offering 
potential to mitigate podocyte damage while preserving normal raft 
functions (83). These insights highlight lipid rafts’ critical role in 
podocyte signaling and membrane stability, positioning them as viable 
therapeutic targets for glomerular diseases.

3.3 Lipid dysregulation in membranous 
nephropathy

In membranous nephropathy (MN), lipid dysregulation drives 
podocyte injury and proteinuria. Cholesterol accumulation, resulting 
from impaired efflux mechanisms, is a central pathological feature 
(Table 1). Downregulation of Arf6 disrupts ABCA1 recycling, leading 
to cholesterol buildup, particularly in diabetic conditions (63). Sirt6 
deficiency exacerbates angiotensin II-induced cholesterol accumula-
tion by impairing ABCG1-mediated efflux, with podocyte-specific 
Sirt6 deletion worsening kidney injury (84). Altered cholesterol efflux 
mechanisms are broadly implicated in kidney disease progression, 
underscoring their role in MN pathogenesis (85). Sphingolipid metab-
olism is similarly essential, with ceramide accumulation inducing 
mitochondrial dysfunction and reactive oxygen species production, 
as evidenced in DKD models where myriocin treatment alleviated 
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ceramide-induced injury and albuminuria (86). Lipoprotein-
associated ceramides disrupt mTOR signaling, further compromising 
podocyte homeostasis (74). Sphingolipids, including ceramide, sphin-
gosine, and S1P, are pivotal in MN, with lipid rafts near SDs support-
ing filtration function (66, 87). Lipid-mediated oxidative stress 
amplifies podocyte damage through lipotoxicity, triggering cytoskel-
etal rearrangement, insulin resistance, and inflammation, which con-
tribute to glomerulosclerosis (4, 38). These interrelated pathways of 
cholesterol and sphingolipid dysregulation are summarized in Table 1, 
emphasizing their mechanistic overlap and potential therapeutic tar-
gets. In MN, podocytes are targets of autoantibodies (e.g., anti-PLA2R 
in 70–80% and anti-THSD7A in ~2% of cases) and exhibit immune 
cell-like properties, participating in innate and adaptive immunity (60, 
88). Impaired autophagy exacerbates lipotoxicity by compromising 
lysosomal clearance, leading to apoptosis and podocyte loss (89). In 
lupus nephritis, a related condition, autophagy activation protects 
podocytes, whereas inhibitors aggravate injury (90). Although lipido-
mics has identified biomarkers in other diseases (e.g., phospholipids 
in myasthenia gravis and multiple myeloma), specific lipid biomarkers 
for MN remain underexplored, with current research focusing on pro-
teins and noncoding RNAs (55, 91, 92). Therapeutic approaches, 
including statins and PCSK9 inhibitors, show variable efficacy in MN; 
PCSK9 inhibitors reduce LDL cholesterol but may increase nephrotic 
syndrome risk (93–96). Targeting lipid metabolism and autophagy 
holds promise for mitigating podocyte injury in MN, but further 
research is needed to develop specific lipid-based therapies.

4 Crosstalk between lipids and 
podocyte injury

Lipid metabolism plays a pivotal role in the pathogenesis of pro-
teinuric kidney diseases, particularly through its impact on podocyte 
function and glomerular filtration barrier integrity. Dysregulated lipid 
homeostasis in podocytes contributes to cellular injury, oxidative 
stress, and inflammation, driving the progression of conditions such 
as membranous nephropathy (MN) and diabetic kidney disease. This 
section explores the intricate crosstalk between lipid metabolism and 

podocyte injury, focusing on lipid rafts as platforms for immune-
mediated damage, oxidized low-density lipoprotein (oxLDL) and 
ceramide-induced apoptosis, dysregulated cholesterol efflux, and 
lipid-induced oxidative and endoplasmic reticulum (ER) stress lead-
ing to cytoskeletal remodeling (Figure 2).

4.1 Lipid rafts and immune-mediated 
podocyte injury

Lipid rafts, specialized membrane microdomains enriched in cho-
lesterol and sphingolipids, serve as critical platforms for autoantibody 
deposition and complement activation in primary MN, an autoim-
mune kidney disease characterized by immune complex deposition 
along the glomerular basement membrane, leading to proteinuria 
(97). Three major autoantigens phospholipase A2 receptor (PLA2R), 
thrombospondin type-1 domain-containing 7A (THSD7A), and 
neural epidermal growth factor-like 1 protein (NELL-1) are large 
transmembrane glycoproteins expressed by podocytes that elicit IgG4-
predominant humoral responses (39, 98). PLA2R-associated MN 
accounts for 50–80% of primary cases, with autoantibodies targeting 
a conformational epitope in the N-terminal cysteine-rich ricin 
domain, while THSD7A and NELL-1 contribute to 1–5% and 5–10% 
of cases, respectively (39, 99). Confocal microscopy reveals co-local-
ization of IgG and NELL-1 along the glomerular basement membrane, 
with serum autoantibodies detectable by Western blot (99).

Complement activation is a central pathogenic mechanism in 
MN, predominantly through the classical pathway, with contributions 
from the mannose-binding lectin and alternative pathways (100, 101). 
Mass spectrometry of glomeruli from MN patients shows elevated 
levels of complement components C1q, C3, C4, C5–C9, and reduced 
complement regulator CR1, with urinary levels of complement activa-
tion products (Ba, C5a, and membrane attack complex) strongly cor-
relating with disease severity (101). Experimental models demonstrate 
that complement-deficient mice exhibit less severe disease, and C3 
silencing attenuates progression, supporting complement-targeted 
therapies as promising interventions (2, 100). Podocytes express com-
plement components and regulators (CD46, CD55, CD59), yet the 
C5b-9 complex disrupts autophagy via lysosomal membrane permea-
bilization, leading to podocyte injury (45, 102). Lipid rafts near slit 

TABLE 1  Lipid alterations and pathogenic mechanisms in podocytes in membranous nephropathy (MN).

Lipid class/Pathway Key molecules/Enzymes Alterations in MN Functional consequences in 
podocytes

Cholesterol metabolism

(63, 84, 85)

Arf6, ABCA1, ABCG1, SREBP1/2, 

Sirt6

↓ Arf6 and Sirt6 → impaired ABCA1/

ABCG1 recycling and efflux; ↑ SREBP 

activation → cholesterol accumulation

Lipid droplet buildup, mitochondrial 

stress, apoptosis, podocyte detachment

Sphingolipid metabolism

(66, 74, 86)

Ceramide, S1P, SPHK1/2 ↑ Ceramide, ↓ S1P → oxidative stress, 

mitochondrial dysfunction

Apoptosis, impaired cytoskeleton, 

albuminuria

Lipid-oxidative stress axis

(4, 38)

ROS, mTOR, Nrf2 Ceramide-driven ROS ↑ → mTOR 

dysregulation

Cytoskeletal rearrangement, insulin 

resistance, inflammation

Autophagy–lipid interaction

(89, 90)

LC3, p62, lysosomal enzymes ↓ Autophagic clearance → lipid 

accumulation

Lipotoxicity, apoptosis, podocyte loss

Immune-lipid crosstalk

(60, 88)

PLA2R, THSD7A, immune 

complexes

Autoantibody-triggered 

signaling → amplified lipid dysregulation

Podocyte injury, proteinuria

Therapeutic modulation

(86, 93–95)

Statins, PCSK9 inhibitors, myriocin Lipid-lowering drugs variably effective; 

myriocin ↓ ceramide injury

Reduced cholesterol/ceramide burden, 

partial functional recovery
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diaphragms highlight the role of lipid metabolism in podocyte health, 
and therapeutic strategies targeting raft integrity, such as HDL mimet-
ics, LXR agonists, and cyclodextrins, aim to modulate cholesterol and 
sphingolipid metabolism to mitigate damage (103). SMPDL3b, a lipid 
raft enzyme, regulates plasma membrane fluidity, and its dysregulation 
in diabetic kidney disease impairs insulin receptor signaling, under-
scoring the therapeutic potential of targeting lipid rafts (104).

4.2 Oxidized LDL and ceramide-induced 
podocyte apoptosis

Podocyte injury in proteinuric kidney diseases is driven by lipid 
metabolism dysregulation, particularly through the accumulation of 
oxLDL and ceramides, which promote apoptosis via oxidative stress 
and inflammatory pathways. Excessive lipid accumulation leads to 
lipotoxicity, characterized by mitochondrial oxidative stress, cytoskel-
etal remodeling, and inflammation, culminating in podocyte apopto-
sis (3, 4). In MN, the long non-coding RNA XIST promotes apoptosis 
via the miR-217-TLR4 pathway, while aberrant glomerular filtration 
activates plasminogen to plasmin, upregulating NADPH oxidase and 
CD36 expression, enhancing cholesterol uptake, and driving apoptosis 
(105, 106). CD36, a scavenger receptor, facilitates oxLDL and fatty acid 
uptake, with its expression markedly increased in chronic kidney dis-
ease and diabetic nephropathy (64, 107). CD36 inhibition with sulfo-
N-succinimidyl oleate reduces lipid accumulation, oxidative stress, 
and podocyte damage, highlighting its therapeutic potential 
(108, 109).

Ceramide accumulation is a key mediator of podocyte dysfunc-
tion, inducing mitochondrial damage through reactive oxygen spe-
cies (ROS) production and disrupting mitochondrial integrity (86). 
Transcriptomic analyses reveal that C16 ceramide-enriched lipo-
proteins alter mTOR signaling, downregulating phosphorylated 
proteins in this pathway (74). Sphingolipids, including ceramides, 

regulate apoptosis, proliferation, and inflammation, with ceramide 
synthase 6 (CerS6) producing ceramide (d18:1/16:0) that activates 
the cGAS-STING inflammatory pathway via mitochondrial DNA 
leakage (67, 110). In diabetic kidney disease, altered ceramide spe-
cies distribution correlates with disease progression (111). 
Protective mechanisms, such as autophagy induced by palmitic acid 
or heme oxygenase-1 via AMPK-dependent pathways, mitigate 
apoptosis by reducing ROS, while antioxidant therapies like 
N-acetyl-cysteine suppress harmful autophagy responses, empha-
sizing the lipid-oxidative stress axis as a therapeutic target 
(112–114).

4.3 Dysregulated cholesterol efflux and 
podocyte injury

Impaired cholesterol efflux, mediated by ATP-binding cassette 
subfamily A member 1 (ABCA1), contributes significantly to podo-
cyte injury and kidney disease progression. ABCA1 deficiency 
leads to mitochondrial dysfunction via altered cardiolipin levels, 
which can be reversed by reducing cardiolipin peroxidation (115). 
Tumor necrosis factor (TNF) and angiotensin II reduce ABCA1 
expression, increasing cholesterol uptake and synthesis via LDL 
receptor (LDLr) and SREBP1/2 pathways, resulting in free choles-
terol accumulation and apoptosis (64, 65). Inflammatory stress 
exacerbates lipid droplet accumulation by upregulating LDLr path-
way components (SREBP-2, SCAP), promoting epithelial-mesen-
chymal transition and podocyte injury (116). Therapeutic 
strategies, such as 5-arylnicotinamide compounds targeting 
OSBPL7, upregulate ABCA1-dependent cholesterol efflux, normal-
izing proteinuria and preserving renal function in mouse models 
(117). Similarly, ApoE mimetic peptides and LXR agonists enhance 
cholesterol efflux, though clinical challenges like hypertriglyceride-
mia persist (118, 119). The LXR-ABCA1 pathway is critical for 

FIGURE 2

Lipid–podocyte crosstalk in membranous nephropathy (MN). The schematic illustrates the stepwise pathogenic cascade linking lipid dysregulation to 
immune-mediated podocyte injury. Lipid accumulation and oxidative stress promote immune complex formation on podocyte antigens (PLA2R, 
THSD7A, NELL-1), triggering complement activation and formation of the membrane attack complex (C5b-9). These events culminate in cytoskeletal 
disruption, foot process effacement, and proteinuria, defining the core lipid–immune–injury axis in MN pathogenesis. Created with BioRender.com.
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mitigating lipotoxicity, with Dock5 deficiency exacerbating pro-
teinuric kidney disease by modulating LXRα/CD36 signaling 
(120, 121).

4.4 Lipid-induced oxidative and ER stress 
leading to cytoskeletal remodeling

Lipid dysregulation in podocytes triggers oxidative and ER stress, 
driving cytoskeletal remodeling and proteinuria. Ectopic lipid accu-
mulation induces lipotoxicity, characterized by mitochondrial oxida-
tive stress, cytoskeletal remodeling, and inflammation, creating a 
self-perpetuating redox imbalance cycle (4, 38). In MN, complement 
activation triggers mitochondrial dysfunction and ROS-mediated 
pyroptosis (122). Lipid bilayer stress activates the unfolded protein 
response (UPR) via ATF6, IRE1, and PERK, with IRE1 modulating 
autophagy and lipolysis under lipid perturbation (123). Palmitic acid-
induced lipid accumulation promotes ER stress, actin cytoskeleton 
rearrangements, and slit diaphragm protein alterations, contributing 
to foot process effacement (124, 125). CD36-mediated fatty acid 
uptake exacerbates these effects, which can be alleviated by CD36 
inhibition (109). The NRF2 pathway, a key regulator of antioxidant 
responses, mitigates lipid peroxidation and protects podocytes, high-
lighting its therapeutic potential (126, 127). Emerging strategies target 
SREBP and HMGCR pathways, mitochondrial dynamics, AMPK acti-
vation, and lipid mediators like omega-6 and omega-3 polyunsatu-
rated fatty acids to preserve podocyte structure and function (61, 128).

5 Immune–lipid interactions in 
membranous nephropathy

MN is a leading cause of nephrotic syndrome in adults, character-
ized by immune-mediated glomerular injury driven by autoantibody 
deposition and dysregulated lipid metabolism. The interplay between 
lipid metabolism and immune responses significantly influences dis-
ease pathogenesis, involving complex interactions among B cells, T 
cells, and podocytes. This section explores the intricate relationships 
between lipid metabolism, inflammatory signaling pathways, and 
autoantibody-mediated injury via lipid microdomains, highlighting 
their roles in MN progression and potential therapeutic avenues.

5.1 Lipid metabolism and immune 
responses

MN is an autoimmune glomerular disease defined by immune 
complex deposition between podocytes and the glomerular basement 
membrane, primarily driven by autoantibodies targeting podocyte 
antigens such as phospholipase A2 receptor (PLA2R) in 70–80% of 
cases and thrombospondin type-1 domain-containing 7A (THSD7A) 
in approximately 2% of cases (98, 129). These autoantibodies, pre-
dominantly IgG4, correlate with disease activity, with circulating 
plasma cells and anti-PLA2R antibody levels serving as biomarkers of 
severity (130). Studies reveal specific alterations in B-cell subsets in 
MN patients, including decreased marginal-zone B cells and non-
switched memory B cells, alongside increased plasmablasts, which 
correlate with proteinuria and anti-PLA2R antibody levels (131). 
Regulatory B cells are also elevated, suggesting a complex interplay of 
B-cell responses in disease modulation (130).

While direct links between cholesterol metabolism and B-cell 
function in MN are limited, broader research underscores cholesterol 
homeostasis as a critical regulator of immune cell differentiation, acti-
vation, and signaling (132). Impaired cholesterol efflux, such as 
through ABCA1/G1 deficiency in dendritic cells, can induce lupus-
like autoimmune phenotypes, including glomerulonephritis, indicat-
ing that lipid metabolism dysfunction contributes to autoimmune 
kidney disease pathogenesis (133). Lipid metabolites further influence 
T-cell polarization, particularly the Th17/T-regulatory (Treg) cell bal-
ance critical to autoimmunity. Cholesterol and long-chain fatty acid 
biosynthetic pathways regulate RORγ transcriptional activity by gen-
erating lipid ligands, directly impacting Th17 differentiation and IL-17 
production (134). Sphingolipid pathways, particularly ceramide and 
glycosphingolipid synthesis, are essential for Th17 differentiation, with 
serine palmitoyl transferase required for IL-17A and IL-17F expres-
sion (135). Plasma membrane lipid composition, including cholesterol 
and glycosphingolipids forming lipid rafts, modulates T-cell activation 
and functional phenotypes, offering potential therapeutic targets for 
controlling aberrant T-cell responses in MN (136).

Immunometabolism governs immune cell function through met-
abolic reprogramming, with pathways such as glycolysis, fatty acid 
oxidation, and the Krebs cycle modulating both innate and adaptive 
immune responses. The mTOR signaling pathway is pivotal, as its 
inhibition by rapamycin can ameliorate autoimmune inflammation 
(137). In systemic lupus erythematosus (SLE), abnormal mitochon-
drial function, lipid metabolism, and mTOR signaling drive disease 
pathogenesis, with parallels in MN where metabolic reprogramming 
alters B and T cell survival, differentiation, and function, potentially 
triggering autoimmune processes (129, 136). Macrophages also 
exhibit metabolic diversity, with mTOR networks regulating effector 
functions through cellular metabolism modulation (138).

Primary and secondary MN share common immunological fea-
tures but also exhibit distinct patterns. Primary MN is characterized 
by autoantibodies against PLA2R, THSD7A, and NELL-1, with 
PLA2R positivity in 61.1% of primary cases compared to 22.2% in 
secondary cases (139). Both primary and malignancy-associated MN 
show IgG4-predominant responses, with no differences in antigen-
specific IgG subclass distribution (140). However, lupus-associated 
MN lacks glomerular PLA2R deposition, and HBV-associated MN 
shows PLA2R positivity in only 7.7% of cases, indicating divergent 
immunological mechanisms (141, 142).

5.2 Inflammatory signaling (NF-κB, 
inflammasome)

Lipid dysmetabolism in podocytes drives proteinuric kidney dis-
ease progression through inflammatory mechanisms, establishing a 
bidirectional relationship where lipid accumulation promotes inflam-
mation, and inflammatory stress exacerbates lipid disorders (3, 38). 
Inflammatory cytokines, such as IL-1β, upregulate the LDL receptor 
(LDLr) pathway, including LDLr, SREBP cleavage-activating protein 
(SCAP), and SREBP-2, leading to lipid accumulation, podocyte epi-
thelial-mesenchymal transition, and injury (116). This lipotoxicity 
manifests as insulin resistance, mitochondrial dysfunction, and podo-
cyte hypertrophy, detachment, and death, perpetuating a cycle that 
drives nephropathy progression (3).

The NLRP3 inflammasome is a key mediator of lipid-driven 
podocyte injury. CD36-mediated lipid accumulation triggers NLRP3 
inflammasome activation in podocytes, leading to IL-1β release and 
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podocyte damage in obesity-related glomerulopathy (143). Podocytes 
express all necessary inflammasome components, contributing to 
local kidney inflammation (144). The ceramide signaling pathway, via 
acid sphingomyelinase, regulates NLRP3 inflammasome activation 
and inflammatory exosome release in podocytes during obesity (145). 
The adipokine visfatin further mediates NLRP3 inflammasome for-
mation through ASC-dependent mechanisms, increasing caspase-1 
activity, IL-1β production, and podocyte dysfunction, characterized 
by reduced podocin expression and disrupted F-actin fiber arrange-
ment (146).

Lipid rafts serve as critical signaling platforms in podocyte injury. 
These cholesterol and sphingolipid-enriched membrane domains 
harbor receptors and regulatory molecules, facilitating signal trans-
duction in immune cells (147). Visfatin stimulation induces NADPH 
oxidase subunit aggregation in membrane raft clusters, forming redox 
signaling platforms that enhance reactive oxygen species production 
and NLRP3 inflammasome activation, leading to podocyte injury 
(148). The NLRP3 inflammasome, a central pathogenic mechanism in 
chronic glomerular diseases, produces pro-inflammatory cytokines in 
both immune and resident cells, including podocytes (149). In lupus 
nephritis, autoantibody-mediated podocyte damage triggers local 
immune responses via toll-like receptors and T-cell activation, exac-
erbating injury (150).

Extracellular vesicles (EVs) facilitate intercellular communication 
in glomerular pathology. In MN, PM2.5-induced oxidative stress 
upregulates PLA2R expression in lung tissue, with PLA2R-positive 
EVs correlating with anti-PLA2R antibody levels (151). Glomerular 

endothelial cell-derived EVs, enriched with miRNA-200c-3p, induce 
podocyte dysfunction by decreasing VEGF secretion and increasing 
mitochondrial stress (152). Podocyte-derived EVs under pathological 
conditions, such as high glucose, propagate injury to proximal tubular 
epithelial cells by inducing apoptosis (153). Therapeutic strategies tar-
geting lipid metabolism, NF-κB signaling, and NLRP3 inflammasome 
activation include statins, PCSK9 inhibitors, cyclodextrins, and FXR/
TGR5 dual agonists, which address lipid-mediated kidney injury by 
reducing inflammation and fibrosis (153–155) (Figure 3).

5.3 Autoantibody injury via lipid 
microdomains

Autoantibody-mediated injury in MN primarily involves circulat-
ing autoantibodies against PLA2R and THSD7A, which bind podo-
cyte antigens under nonreducing conditions, inducing 
IgG4-predominant responses (98, 129, 156). These autoantibodies 
directly cause podocyte injury and serve as biomarkers for disease 
monitoring (157). Lipid rafts, enriched with cholesterol and sphingo-
lipids, are critical for Fc receptor signaling. Cholesterol or sphingomy-
elin depletion impairs IgG-mediated phagocytosis and FcRγ 
phosphorylation, while lipid rafts recruit signaling proteins to facili-
tate FcR cross-linking upon immune complex binding (158, 159). In 
MN, complement activation following antibody deposition triggers 
C3a/C3aR signaling, contributing to podocyte injury and proteinuria 
(160). Sphingolipid dysregulation within lipid rafts near podocyte slit 
diaphragms contributes to cytoskeletal rearrangement, oxidative 

FIGURE 3

Immune–lipid interactions affecting podocyte survival. OxLDL and ceramide accumulation activate NF-κB signaling and the NLRP3 inflammasome in 
podocytes, promoting inflammatory cytokine release, oxidative stress, and apoptosis. These immune–lipid pathways form a feedback loop that drives 
podocyte injury and loss in membranous nephropathy. Created with BioRender.com.
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stress, and inflammation (66, 102). The complement membrane attack 
complex (C5b-9) exacerbates podocyte injury by impairing lysosome-
dependent autophagy, increasing autophagosomes, and promoting 
lysosomal membrane permeabilization and apoptosis (102). However, 
C5b-9’s role in tubulointerstitial injury appears limited in selective 
proteinuria models, suggesting context-dependent effects (161). 
Protein S-palmitoylation enhances antigen presentation and immune 
responses. Palmitoylated antigens improve MHC class II-restricted 
presentation to T cells and MHC class I-restricted CD8+ T cell induc-
tion, enhancing tumor suppression through efficient lipid bilayer inte-
gration (162, 163). S-palmitoylation regulates protein activity, stability, 
and trafficking in immune cells, with aberrant levels linked to immu-
nologic diseases (164). Lipid raft disruption, using agents like cyclo-
dextrins or statins, reduces autoantibody-mediated cytotoxicity. 
Cyclodextrins promote cholesterol efflux, ameliorating podocyte 
injury in preclinical models, while methyl-β-cyclodextrin prevents 
anti-β2-GPI antibody-induced signaling in endothelial cells (82, 165). 
Cholesterol depletion with cyclodextrin also mitigates TNF-induced 
podocyte apoptosis, highlighting cholesterol manipulation as a thera-
peutic strategy (65).

6 Clinical implications

MN, a primary cause of adult nephrotic syndrome, is driven by 
podocyte injury and lipid metabolism dysregulation, contributing to 
disease progression and complications like hyperlipidemia. With 
approximately 30% of MN patients progressing to end-stage renal dis-
ease, identifying reliable biomarkers and effective therapies is critical. 
Dyslipidemia serves as a key biomarker, reflecting disease severity and 
treatment response, while its correlations with proteinuria and prog-
nosis inform risk stratification. Lipid-lowering therapies, including 
statins, fibrates, PCSK9 inhibitors, and emerging ANGPTL3 inhibi-
tors, offer potential benefits but require careful consideration due to 
inconsistent renal outcomes and safety concerns. This section explores 
dyslipidemia as a biomarker, its correlations with proteinuria and 
prognosis, and the role of lipid-lowering therapies in MN 
management.

6.1 Dyslipidemia as biomarker

Dyslipidemia is a hallmark of MN, acting as a critical biomarker 
for diagnosis, monitoring, and risk stratification. Podocyte lipid accu-
mulation induces lipotoxicity, characterized by mitochondrial oxida-
tive stress, cytoskeletal remodeling, insulin resistance, and 
inflammation, leading to podocyte hypertrophy, detachment, and 
death (3, 38). This process is exacerbated by a bidirectional interplay 
between lipid dysmetabolism and inflammation, where inflammatory 
stress upregulates SREBP-2 and SCAP proteins, enhancing LDL recep-
tor pathway activation and promoting epithelial-mesenchymal transi-
tion (116). High-throughput lipidomics studies have identified 105 
altered lipids in MN patients, including reduced ceramides, sphingo-
myelins, diacylglycerols, and phosphatidylcholines following treatment 
with traditional Chinese medicine. Specific triglycerides, such as 
TG56:2-FA20:0 and TG56:3-FA20:0, correlate strongly with therapeu-
tic efficacy when combined with clinical parameters, enhancing treat-
ment prediction (4). In broader nephrotic syndrome studies, MN 
patients exhibit distinct lipidomic profiles, with decreased 

lysophosphatidylcholine (LPC 16:0;0) and elevated phosphatidyletha-
nolamine and lyso-PE levels compared to controls (166). Genomic 
analyses further reveal enrichment in cholesterol and arachidonic acid 
metabolism pathways, with genes like APOA1, APOB, APOC3, CETP, 
and PLA2G12B associated with circulating lipid concentrations (167). 
Proteomic studies confirm significant upregulation of lipoprotein-
related proteins (APOC1, APOB, APOA1) in idiopathic MN, reinforc-
ing their diagnostic and prognostic utility (168). Anti-PLA2R 
antibodies, present in 50–80% of primary MN cases, offer high speci-
ficity (96.7–100%) but variable sensitivity (25–83%), with tissue-based 
PLA2R immunohistochemistry (76% sensitivity, 86% specificity) out-
performing serum testing (169–171). Emerging biomarkers like NELL-
1, exostosin 1, EXT2, and contactin 1 enhance diagnostic precision in 
PLA2R/THSD7A-negative cases, complementing lipid biomarkers 
(39). Non-invasive tools, such as gut microbiome analysis (98.36% 
diagnostic efficiency) and urinary podocalyxin (80.5% sensitivity, 
73.5% specificity), further support MN diagnosis (172, 173). These 
lipid and autoantibody biomarkers enable personalized treatment strat-
egies, improving patient outcomes through targeted interventions.

6.2 Correlations with proteinuria/prognosis

Dyslipidemia in MN is closely linked to proteinuria severity and 
prognosis, serving as a valuable indicator of disease progression and 
treatment response. Total cholesterol, triglycerides, and LDL levels 
positively correlate with 24-h urine protein excretion, while total pro-
tein and albumin levels show negative correlations, reflecting the 
impact of nephrotic syndrome on lipid metabolism (174). 
Hypercholesterolemia independently predicts glomerular PLA2R 
deposits and serum anti-PLA2R antibody positivity in idiopathic MN, 
with non-HDL cholesterol exhibiting the strongest correlation with 
proteinuria levels (175, 176). Patients achieving remission have sig-
nificantly lower baseline levels of total cholesterol, LDL, and non-HDL 
cholesterol compared to those with persistent disease, highlighting 
their prognostic value (176). In nephrotic syndrome, HDL levels are 
higher in minimal change disease than in MN, while LDL levels are 
elevated in focal segmental glomerulosclerosis, indicating disease-
specific lipid profiles (177). Anti-PLA2R antibody titers are critical 
prognostic markers, with levels ≤97.6 RU/mL and complete depletion 
within 6 months predicting spontaneous remission, while epitope 
spreading at baseline reduces remission likelihood (178–180). In 
chronic kidney disease (CKD), high total cholesterol and LDL trajec-
tories increase the risk of end-stage renal disease by 21%, and elevated 
lipoprotein(a) levels (>30 mg/dL) in type 2 diabetes accelerate eGFR 
decline (2.75 vs. 1.01 mL/min/year) (181, 182). Lipidomic studies in 
American Indians identified 24 baseline lipids predictive of CKD risk, 
with longitudinal lipid changes explaining up to 4.8% of eGFR varia-
tion, underscoring their prognostic utility (183). In MN, lower HDL 
levels at diagnosis are associated with progression to end-stage renal 
disease, and persistent hyperlipidemia in recurrent disease correlates 
with longer disease duration, particularly in pediatric patients (184, 
185). These findings emphasize dyslipidemia’s role as a marker of dis-
ease severity and a predictor of renal outcomes, guiding clinical 
decision-making.

6.3 Lipid-lowering therapies

Lipid-lowering therapies, including statins, fibrates, PCSK9 inhib-
itors, and ANGPTL3 inhibitors, aim to mitigate dyslipidemia in MN, 
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addressing both cardiovascular and renal risks. Statins reduce micro-
albuminuria and 24-h protein excretion in CKD, with high-intensity 
statins providing a modest benefit in eGFR decline (0.10 mL/
min/1.73 m2/year), but they show inconsistent effects on overt pro-
teinuria or CKD progression (186, 187). In diabetic kidney disease, 
statins decrease albuminuria but do not significantly impact eGFR 
decline (188). In MN, statins fail to significantly improve lipid profiles 
at 12-month follow-up, and long-term renal outcomes remain under-
studied, necessitating further research (177, 189). Fibrates, when com-
bined with statins, reduce acute myocardial infarction risk (HR: 0.77) 
in moderate CKD but show no significant benefit for major cardiovas-
cular events or mortality, with reversible GFR decreases complicating 
their use (190, 191). PCSK9 inhibitors effectively lower LDL choles-
terol and reduce proteinuria in CKD (57 to 30 mg/g) by preserving 
megalin function, offering renal benefits in experimental models. 
However, Mendelian randomization suggests a potential increase in 
nephrotic syndrome risk, highlighting the need for disease-specific 
considerations (95, 192, 193). ANGPTL3 inhibitors, such as evi-
nacumab, show promise in nephrotic syndrome models by reducing 
hypertriglyceridemia, proteinuria, and renal inflammation via inhibi-
tion of ROS/GRP78 signaling, though specific MN data are limited 
(194, 195). Safety concerns in CKD patients include increased risks of 
statin-induced myalgia (1–10%) and rhabdomyolysis, particularly 
with worsening kidney function, necessitating careful monitoring 
(196, 197). Novel therapies targeting the lipid-oxidative stress axis, 
including SREBP, HMGCR, and AMPK pathways, demonstrate pre-
clinical promise, as do mesenchymal stem cell therapies modulating 
oxidative stress via GPX1 (4, 198). These approaches require further 
investigation to optimize efficacy and safety in MN, particularly for 
personalized treatment strategies tailored to lipid and autoantibody 
profiles. A comparative summary of current and emerging lipid-tar-
geting and podocyte-protective interventions is provided in Table 2.

In summary, dyslipidemia in MN is a pivotal biomarker, reflecting 
disease severity and guiding prognosis through its correlations with 
proteinuria and renal outcomes. Lipid-lowering therapies offer poten-
tial cardiovascular and renal benefits but face challenges due to incon-
sistent effects and safety concerns in CKD. Integrating lipid biomarkers 
with autoantibody profiles and emerging therapies targeting lipid 
metabolism and oxidative stress could enhance personalized MN 
management, improving outcomes through targeted interventions. 

Robust clinical validation and careful monitoring are essential to 
translate these approaches into effective clinical practice.

7 Emerging therapeutic perspectives

MN, a leading cause of nephrotic syndrome, is driven by autoim-
mune and metabolic dysregulation, necessitating innovative therapeu-
tic approaches. Emerging strategies include immunosuppressive 
therapies, metabolic interventions targeting podocyte lipid homeosta-
sis, integrative approaches combining immunomodulation and meta-
bolic support, and artificial intelligence (AI)-driven tools for 
personalized treatment (Figure 4). This section explores these per-
spectives, highlighting their potential to transform MN management 
by addressing autoimmune mechanisms, lipid dysregulation, and the 
need for precision medicine.

7.1 Immunosuppressive therapy

Immunosuppressive therapies, such as rituximab, calcineurin 
inhibitors (CNIs), and cyclophosphamide, are critical for managing 
primary MN, particularly in cases linked to anti-PLA2R antibodies. 
Rituximab, a monoclonal anti-CD20 antibody, demonstrates superior 
efficacy, with Lu et al. (199) reporting higher total remission rates 
(68.6% vs. 45.3%, p = 0.018) and lower relapse rates (3.4% vs. 38.5%, 
p < 0.001) compared to CNIs in a propensity-matched cohort, along-
side reduced eGFR decline (36% in CNI-treated patients had ≥25% 
decline). Li et al. (200) showed rituximab overcoming CNI depen-
dency, increasing complete remission from 10 to 70% after 12 months 
in 20 patients. However, a network meta-analysis by Bose et al. (201) 
found uncertain comparative effects for complete remission between 
cyclophosphamide, rituximab, and CNIs due to low-certainty evi-
dence. Obinutuzumab, a next-generation anti-CD20 antibody, 
achieved a 90.0% response rate in rituximab-resistant cases compared 
to 38.7% for rituximab (p < 0.001) (202). PLA2R serostatus influences 
outcomes, with non-PLA2R-associated MN patients showing higher 
early remission (76.9% vs. 44.9% at 3 months) and complete remission 
(30.8% vs. 2.6%) than PLA2R-positive patients, though differences 
lessen by 9 months (203). Cyclophosphamide and tacrolimus 

TABLE 2  Established and emerging therapeutic interventions targeting the lipid–podocyte axis in membranous nephropathy.

Therapy Mechanism/Target Main effects Renal outcomes/
Evidence

Limitations

Statins

(177, 186–189)

HMG-CoA reductase inhibition ↓ Cholesterol, ↓ oxidative 

stress

Mild ↓ microalbuminuria; 

inconsistent eGFR benefit

Myalgia, rhabdomyolysis

Fibrates

(190, 191, 266)

PPAR-α activation → ↑ FA 

oxidation

↓ TG, ↓ lipid toxicity ↓ AMI risk with statins; reversible 

↓ GFR

Caution in CKD

PCSK9 inhibitors

(95, 192, 267)

PCSK9 blockade → ↑ LDLR 

recycling

↓ LDL, ↓ podocyte stress ↓ Proteinuria in CKD; renal 

protection in models

Possible ↑ nephrotic risk; cost

ANGPTL3 inhibitors

(194, 195)

↓ ANGPTL3 → ↑ LPL activity ↓ TG, ↓ inflammation ↓ Proteinuria in nephrotic models Limited MN data; long-term 

safety

AMPK/SREBP modulators

(4, 198)

Regulate lipid synthesis & stress ↓ Lipotoxicity, ↓ apoptosis Preclinical benefit No clinical data

MSC therapy

(4, 198)

Antioxidant (GPX1) & 

immunoregulation

↓ ROS, ↓ podocyte injury Preclinical promise Experimental stage
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outperform rituximab in PLA2R-negative MN for 12-month complete 
response rates, but cumulative remission is similar (204). In ANCA-
associated vasculitis, rituximab-cyclophosphamide combinations 
yielded 95% renal survival at 5 years (205), yet the RI-CYCLO trial 
showed no significant difference in complete remission (16% vs. 32%) 
or adverse events (19% vs. 14%) between rituximab and cyclophos-
phamide-corticosteroid regimens in MN (206). Cyclophosphamide 
may induce faster remission in high PLA2R-Ab cases, though long-
term outcomes are comparable (207). Immunosuppressives like cyclo-
sporine increase statin toxicity via cytochrome P450 3A4 interactions, 
while statins reduce inflammation through the l-mevalonate pathway 
(96, 208). PLA2R-Ab titers (≤97.6 RU/mL) or depletion within 
6 months predict remission, emphasizing the need for tailored immu-
nosuppressive strategies based on biomarkers and resistance pro-
files (179).

7.2 Metabolic interventions targeting 
podocyte lipid homeostasis

Metabolic interventions targeting podocyte lipid homeostasis 
address cholesterol and sphingolipid dysregulation in glomerular dis-
eases. Preclinical studies (2019–2024) highlight cholesterol efflux 
modulation as a protective mechanism. Wright et al. (117) identified 
5-arylnicotinamide compounds targeting OSBPL7, upregulating 
ABCA1-dependent cholesterol efflux, reducing proteinuria, and pre-
serving kidney function in adriamycin-induced nephropathy and 
Alport syndrome mouse models. Liu et al. (209) showed SOAT1 inhi-
bition reduces cholesterol ester accumulation and lipid droplets in 
podocytes, enhancing ABCA1 expression and protecting against 

diabetic kidney disease and Alport syndrome. Sun et al. (210) demon-
strated dapagliflozin restores ABCA1 expression via KLF-5, mitigating 
glucose-induced podocyte apoptosis and cytoskeletal damage. Pressly 
et al. (211) validated ABCA1 induction through OSBPL7 as a viable 
therapy for glomerular diseases. PCSK9 inhibitors reduce proteinuria 
in CKD patients (57 to 30 mg/g and 456 ± 215 to 163 ± 83 mg/g over 
one year), likely via preserved megalin function, though Mendelian 
randomization suggests increased nephrotic syndrome risk, necessi-
tating disease-specific considerations (95, 192, 193, 212). Sphingolipid 
dysregulation, particularly ceramides, drives podocyte apoptosis and 
CKD progression (67, 68). Ceramide-enriched lipoproteins exacerbate 
podocyte damage by altering metabolic and signaling pathways (74). 
Novel interventions, such as nanotechnology-based delivery of dexa-
methasone/TGFβ1-siRNA or p38α MAPK/p65 siRNA, target lipid-
mediated inflammation, offering precise glomerulonephritis treatment 
(213, 214). These approaches highlight the potential of lipid-targeted 
therapies, though clinical translation requires addressing disease-
specific risks and optimizing delivery systems.

7.3 Integrative strategies 
(immunomodulation + metabolic support)

Integrative strategies combining immunosuppressive and meta-
bolic therapies target both autoimmune and metabolic pathways in 
MN. Preclinical studies, like Cornaby et al. (215), showed metfor-
min with CTLA4Ig reduced lupus nephritis in mice by suppressing 
CD4+ T cell effector expansion, suggesting potential for MN. Duan 
et al. (129) highlighted dysregulated B and T cell metabolism in MN, 
proposing immunometabolic reprogramming as a therapeutic 

FIGURE 4

Conceptual schematic illustrating the therapeutic landscape targeting the lipid–podocyte axis. Immune modulation targets cytokine-driven injury via 
regulatory T-cell enhancement and immunosuppressants; metabolic regulation restores lipid and energy homeostasis through AMPK and PPAR 
activation; and AI-guided precision medicine integrates multi-omics and predictive modeling to optimize individualized interventions. Inter-domain 
crosstalk between immune, metabolic, and AI-driven systems converges to preserve podocyte integrity and lipid balance. Created with BioRender.com.
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target. Advanced MN modeling, such as GBF-on-chip platforms, 
facilitates testing these combinations (216). Up to 30% of MN 
patients fail standard immunosuppression, underscoring the need 
for novel approaches (217). Lipid metabolism modulation enhances 
immunotherapy efficacy, as regulatory T cells rely on lipids for 
immunosuppression (218). In cancer models, targeting the SREBP1-
PCSK9 axis with PCSK9 antibodies alongside PD-1 therapy dis-
rupted lipid-mediated immune evasion, offering insights for MN 
(219). Systems biology approaches, including multi-omics and tra-
ditional Chinese medicines like Tripterygium wilfordii, reveal meta-
bolic biomarkers and pathways for integrative therapies (220). These 
strategies could improve outcomes in refractory MN, but clinical 
translation requires robust validation and standardized protocols 
(221, 222).

7.4 Artificial intelligence in MN

AI and machine learning (ML) are transforming MN manage-
ment by integrating multi-omics data to predict treatment response 
and identify therapeutic targets. ML models achieve AUCs of 0.78–
0.90 using clinical, imaging, and transcriptomic features to predict 
outcomes, as shown in related diseases like multiple myeloma (223, 
224). In MN, AI-driven multi-omics analysis identifies podocyte-
protective targets like EGFR, modulated by phloroglucinol-terpene 
hybrids via the PI3K/AKT/mTOR pathway in lupus nephritis (225). 
Liu et al. (4) highlighted the lipid-oxidative stress axis, pinpointing 
SREBP, HMGCR, and AMPK pathways as key regulators in podocy-
topathy. Deep learning models using hyperspectral imagery and 
Raman spectroscopy enhance MN diagnosis with high accuracy 
(AUC >0.85) by analyzing renal pathology images (226, 227). 
Multimodal deep learning further improves diagnostic precision 
(228). Explainable AI (XAI) frameworks like SHAP and LIME 
increase clinician trust by clarifying predictions, though challenges 
include data integration complexity and model generalizability (229, 
230). Systems biology approaches integrating genomics and metabo-
lomics facilitate biomarker discovery, enabling personalized MN 
therapies, but robust validation is essential for clinical adoption (231, 
232). In summary, emerging therapeutic perspectives for MN, encom-
passing immunosuppressive therapies, metabolic interventions, inte-
grative strategies, and AI-driven approaches, offer innovative 
solutions to address autoimmune and metabolic dysregulation. 
Tailoring treatments based on biomarkers like PLA2R-Ab, optimizing 
lipid homeostasis, and leveraging AI for precision medicine hold sig-
nificant promise, though clinical translation requires overcoming 
challenges in data integration, validation, and equitable 
implementation.

8 Future directions

MN, a leading cause of adult nephrotic syndrome, is driven by 
autoimmune and metabolic dysregulation, necessitating innovative 
approaches to improve diagnosis, prognosis, and treatment. Multi-
omics integration, longitudinal studies, and novel therapeutics target-
ing immunometabolic pathways offer promising avenues to advance 
MN management. These strategies aim to uncover molecular mecha-
nisms, enhance risk stratification, and develop personalized therapies, 
addressing current limitations in clinical practice.

8.1 Multi-omics integration

Multi-omics approaches, combining genomics, transcriptomics, 
proteomics, lipidomics, and metabolomics, are transforming MN 
research by elucidating disease mechanisms and identifying biomark-
ers. The discovery of major antigens like phospholipase A2 receptor 
(PLA2R) and thrombospondin type-1 domain-containing 7A 
(THSD7A), alongside minor antigens such as NELL-1, has been facili-
tated by advanced proteomic techniques, enabling the classification of 
phenotypically distinct MN subtypes (233). High-throughput tech-
nologies, including mass spectrometry and sequencing, have identi-
fied diverse biomarkers, including proteins, metabolites, and 
non-coding RNAs, with diagnostic and therapeutic potential (55). 
Single-cell multi-omics, particularly lipidomics and transcriptomics, 
reveal podocyte heterogeneity, identifying metabolically distinct sub-
populations vulnerable to lipotoxicity in MN (234, 235). For instance, 
lipidomics studies highlight disrupted sphingolipid catabolism, 
ceramide overload, and impaired fatty acid β-oxidation, with bio-
markers like urinary hexosylceramide correlating with podocyte 
structural damage (236). Machine learning enhances multi-omics 
integration by analyzing high-dimensional datasets, achieving AUCs 
of 0.78–0.90 for predicting disease progression and reclassifying 
patients into molecularly defined subgroups (237–239). Systems biol-
ogy approaches, using mathematical modeling and bioinformatics 
tools, integrate omics data to uncover novel molecular interactions 
and therapeutic targets, such as the lipid-oxidative stress axis driving 
podocyte injury (232, 240). However, challenges include high costs, 
data integration complexities, cohort heterogeneity, and the need for 
large-scale validation to translate findings into clinical practice (241, 
242). Overcoming these barriers through collaborative research and 
standardized protocols is essential to leverage multi-omics for preci-
sion medicine in MN, improving biomarker discovery and therapeutic 
development.

8.2 Longitudinal studies

Longitudinal studies are critical for understanding dynamic 
molecular changes and their impact on MN progression and treat-
ment response. Bae et al. (243) demonstrated that lipid ratios (LDL-C/
apoB, HDL-C/apoA-1) predict CKD development over 56.5 months, 
suggesting lipid particle size as a contributor to kidney disease pro-
gression. In MN, urinary podocyte-derived microparticles, markers 
of podocyte injury, decrease post-treatment, linking dynamic changes 
to disease activity (244). PLA2R autoantibody detection precedes MN 
diagnosis by months to years, with 66% of seropositive patients show-
ing hypoalbuminemia, highlighting their prognostic value (245). 
Lipidomic profiling in other diseases, like multiple sclerosis, reveals 
stage-specific metabolic patterns (e.g., reduced plasmalogens in early 
stages, increased sphingolipids in progressive stages), suggesting simi-
lar approaches could identify MN-specific lipid trajectories (246–248). 
However, no longitudinal studies directly assess lipid-lowering thera-
pies’ impact on podocyte injury in MN, with existing research focus-
ing on natural disease progression or non-lipid interventions (245, 
249–251). Machine learning-based longitudinal modeling, integrating 
blood biomarkers and electronic health records, outperforms tradi-
tional clinical predictors, achieving AUCs of 0.78–0.80 for kidney 
function decline in high-risk groups (252, 253). Key biomarkers, 
including tumor necrosis factor receptors and kidney injury mole-
cule-1, reflect inflammation and injury pathways (252). 
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Methodological challenges, such as small sample sizes, high variability, 
and participant retention (80% at 3 years, 37% at 6 years), limit study 
reliability (254). Longitudinal lipid variability studies show that intra-
individual lipid fluctuations predict clinical outcomes, but measure-
ment uncertainty and biological variability complicate precision (255, 
256). Future longitudinal studies in MN should focus on larger 
cohorts, extended follow-up, and lipid-lowering interventions to 
establish causal links between dynamic lipid changes and podocyte 
injury, enhancing prognostic accuracy and therapeutic strategies.

8.3 Novel therapeutics

Novel therapeutics targeting immunometabolic pathways offer 
promising strategies for MN management, addressing podocyte dys-
function and autoimmune mechanisms. The mTOR pathway, a key 
driver of PLA2R-mediated podocyte apoptosis via PI3K/AKT signaling, 
is a prime target, with rapamycin showing potential to attenuate podo-
cyte injury (257). Metabolic reprogramming of B and T cells, which 
drives autoimmune responses in MN, is regulated by mTOR, controlling 
mitochondrial oxidative phosphorylation, glycolysis, and fatty acid syn-
thesis (129, 258). Lipid-lowering therapies, beyond their cardiovascular 
benefits, are being explored for podocyte-protective effects. PCSK9 
inhibitors reduce proteinuria by preserving megalin function and influ-
ence multiple metabolic pathways (LDLR, CD36, VLDL receptors), 
offering renal protection (259). Drug repurposing, particularly metabolic 
drugs like metformin, GLP-1 receptor agonists, and SGLT2 inhibitors, 
shows promise due to their safety profiles and ability to activate AMPK 
and promote mitophagy, mitigating podocyte lipotoxicity (260, 261). 
Nanomedicine approaches, such as polymeric nanoparticles delivering 
dexamethasone or siRNA targeting lipid-mediated inflammation, enable 
precise podocyte targeting, enhancing therapeutic efficacy (262, 263). 
Antigen-specific therapies, including pathogenic antibody elimination 
and chimeric autoantibody receptor T cells, address PLA2R-driven auto-
immunity, potentially reducing reliance on nonspecific immunosuppres-
sants like rituximab, which achieves remission in ~66% of patients but 
fails in up to 30% (129, 217, 264, 265). Targeting the lipid-oxidative stress 
axis, particularly through AMPK activation, offers a novel approach to 
disrupt the cycle of lipotoxicity and inflammation (4). Clinical transla-
tion requires rigorous trials to validate these therapies’ efficacy and safety 
in MN, focusing on personalized approaches based on molecular and 
serologic profiles. In summary, multi-omics integration, longitudinal 
studies, and novel therapeutics targeting immunometabolic pathways 
hold significant potential to advance MN management. By elucidating 
molecular mechanisms, refining prognostic models, and developing tar-
geted therapies, these approaches can enhance precision medicine, 
improving outcomes for MN patients. However, overcoming challenges 
like data integration, study design limitations, and therapeutic validation 
is crucial for clinical implementation.

9 Limitations and knowledge gaps

Despite growing interest in the metabolic contribution to membra-
nous nephropathy (MN), several important limitations and knowledge 
gaps remain that constrain definitive conclusions regarding the role of 
podocyte lipid dysregulation in MN pathogenesis (268, 269). While this 
review proposes a unifying “lipid–podocyte axis” framework, it is impor-
tant to emphasize that the current evidence base is heterogeneous and, 
in several key areas, remains indirect or extrapolated from related 

proteinuric kidney diseases. A primary limitation is the relative scarcity 
of MN-specific mechanistic data directly linking podocyte lipid handling 
pathways to disease initiation and progression. Classical experimental 
MN models and human biopsy studies provide convincing evidence for 
glomerular lipid peroxidation, oxidative stress, and complement-medi-
ated injury, but they offer more limited resolution regarding podocyte-
centered lipid pathways, such as sterol regulatory element–binding 
protein (SREBP) activation, ATP-binding cassette transporter (ABCA1/
ABCG1) dysfunction, lipid raft remodeling, or intracellular lipid droplet 
dynamics. Consequently, several mechanistic nodes discussed in this 
review—particularly impaired cholesterol efflux, ceramide-driven apop-
tosis, and defective autophagic lipid clearance—are supported more 
robustly by data from diabetic kidney disease, focal segmental glomeru-
losclerosis, and other proteinuric states than from MN-specific systems. 
While these extrapolations are biologically plausible, they should be 
interpreted as hypothesis-generating rather than definitive MN mecha-
nisms. A related gap concerns the limited availability of podocyte-
resolved lipid data in MN. Most existing studies rely on bulk glomerular 
analyses, serum lipid profiles, or indirect markers of lipid peroxidation, 
which do not distinguish lipid alterations occurring specifically within 
podocytes from those in endothelial, mesangial, or tubular compart-
ments. Given the highly specialized lipid architecture of podocyte slit 
diaphragms and lipid rafts, this lack of spatial resolution represents a 
significant obstacle. Advanced approaches such as spatial lipidomics, 
mass spectrometry imaging, or single-cell multi-omics have not yet been 
systematically applied to MN biopsies, limiting insight into podocyte-
specific lipid remodeling during active disease and remission. Another 
important limitation relates to experimental model fidelity. Widely used 
MN models, including passive Heymann nephritis, primarily recapitu-
late immune complex deposition and complement activation but incom-
pletely reflect the molecular heterogeneity of human MN, particularly 
PLA2R- and THSD7A-associated disease. As a result, lipid metabolic 
alterations observed in these models may not fully capture antigen-spe-
cific or human-relevant lipid–immune interactions. Moreover, many in 
vitro podocyte studies employ lipid overload or cytokine exposure para-
digms that may not accurately reproduce the chronic, immune-mediated 
metabolic stress characteristic of MN in vivo. The lipidomics component 
in the strict sense remains underdeveloped, representing a major knowl-
edge gap. To date, MN research has largely focused on conventional lipid 
measurements (total cholesterol, LDL, triglycerides) or selected lipid spe-
cies, rather than unbiased, high-resolution lipidomic profiling. 
Comprehensive analyses of cholesterol subclasses, sphingolipid species, 
phospholipid composition, and fatty acid saturation within glomerular 
or podocyte compartments are scarce. As a result, it remains unclear 
which lipid species are primary drivers of podocyte injury in MN, which 
represent secondary consequences of nephrotic syndrome, and which 
may serve as reliable disease-specific biomarkers. In the clinical domain, 
lipidomic biomarkers in MN remain largely exploratory. Although 
altered lipid signatures have been reported in nephrotic syndrome and 
in small MN cohorts, these findings are often limited by small sample 
sizes, cross-sectional design, and lack of external validation. 
Methodological heterogeneity—including differences in lipid extraction 
protocols, analytical platforms, normalization strategies, and statistical 
pipelines—further complicates reproducibility and cross-study compari-
son. Importantly, many studies do not adequately control for major con-
founders such as proteinuria severity, renal function decline, statin or 
immunosuppressive therapy, dietary factors, and systemic inflammation, 
all of which profoundly influence circulating lipid profiles. Consequently, 
the specificity of proposed lipidomic biomarkers for MN pathophysiol-
ogy, as opposed to general nephrotic dyslipidemia, remains uncertain. 

https://doi.org/10.3389/fmed.2026.1722758
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Ma et al.� 10.3389/fmed.2026.1722758

Frontiers in Medicine 15 frontiersin.org

Another unresolved issue is the temporal relationship between lipid dys-
regulation and immune-mediated injury (270–272). It is not yet clear 
whether podocyte lipid abnormalities precede immune complex deposi-
tion and sensitize podocytes to antibody- and complement-mediated 
damage, or whether lipid dysregulation arises predominantly as a down-
stream consequence of immune injury and proteinuria. Longitudinal 
studies integrating lipidomics with serologic markers (e.g., anti-PLA2R 
titers), histologic activity, and clinical outcomes are notably lacking, lim-
iting causal inference. Therapeutically, although lipid-targeted interven-
tions such as statins, PCSK9 inhibitors, cyclodextrins, and sphingolipid 
modulators show promise, MN-specific efficacy data are limited and 
sometimes conflicting. Lipid-lowering therapies may improve cardiovas-
cular risk and reduce lipid burden, but their direct impact on podocyte 
injury, immune activation, and long-term renal outcomes in MN 
remains incompletely defined. Furthermore, some lipid-modifying 
agents may exert pleiotropic or context-dependent effects, underscoring 
the need for disease-specific mechanistic and clinical evaluation. Finally, 
integration of lipid metabolism with immune signaling in MN—while 
conceptually compelling—remains insufficiently mapped at the molecu-
lar level. How lipid rafts modulate antigen presentation, autoantibody 
binding, complement activation, and inflammasome signaling in MN 
podocytes is still poorly understood. Addressing this gap will require 
coordinated use of advanced imaging, multi-omics, and functional per-
turbation studies in MN-relevant systems. In summary, while the lipid–
podocyte axis provides a useful conceptual framework, substantial gaps 
remain in MN-specific mechanistic evidence, podocyte-resolved lipido-
mics, biomarker validation, and causal inference. Addressing these limi-
tations through spatially resolved lipidomics, longitudinal cohort studies, 
and antigen-specific MN models will be essential to translate metabolic 
insights into robust biomarkers and targeted therapies for MN (273, 274).

10 Conclusion

Recent discoveries have revealed a complicated “lipid–podocyte 
axis” that interacts with traditional immune systems in MN. Podocyte 
lipid homeostasis is a vital component in preserving the integrity of the 
glomerular filtration barrier. Cholesterol-rich lipid rafts support the 
integrity of the slit diaphragm by organizing nephrin/podocin and other 
signaling complexes. Podocytes experience lipotoxic stress when lipid 
handling is disrupted, such as through excessive absorption of free fatty 
acids or impaired cholesterol efflux. This causes problems with mito-
chondria, stress in the endoplasmic reticulum, changes to the actin cyto-
skeleton, and activation of the inflammasome. This kind of metabolic 
stress makes podocytes more likely to be attacked by the immune system. 
Complement membrane attack complexes and local cytokines make 
lipid disturbances worse, which leads to feed-forward injury loops. In 
clinical practice, dyslipidemia and modified lipid profiles are associated 
with proteinuria and prognosis in minimal change MN, validating their 
role as biomarkers of disease activity. Recent research has elucidated that 
podocyte-specific pathways, such as SREBP-driven lipogenesis, ABCA1/
ABCG1 efflux mechanisms, and sphingolipid metabolism, directly affect 
MN outcomes. Additionally, new “omics” studies are finding lipid types 
and regulatory genes that could help with diagnosis and figuring out who 
is at risk. These findings indicate potential therapeutic avenues via meta-
bolic modulation in the future. Instead of just focusing on immunologi-
cal factors, combination approaches that also bring podocyte lipid 
metabolism back to normal may work better. Focusing on the lipid-
oxidative stress axis is especially promising. For example, blocking 

SREBP or HMG-CoA reductase to stop too much lipid synthesis, turning 
on AMPK to boost energy and antioxidant defenses, or boosting 
ABCA1/ABCG1 to help cholesterol leave the cell. Preclinical investiga-
tions have assessed strategies such as statins, cyclodextrins, and FXR/
TGR5 agonists, demonstrating protective effects on podocytes. In sub-
sequent MN trials, adjunctive therapies targeting lipoprotein pathways 
(such as PCSK9 or ANGPTL3 inhibitors) and novel agents that influence 
cellular lipid flux should be assessed in conjunction with standard immu-
notherapy. Advanced tools such as lipidomic profiling, single-cell tran-
scriptomics, and machine learning will facilitate more profound 
phenotyping of metabolic networks and the customization of targeting 
metabolic nodes. In the end, adding metabolic treatments to MN man-
agement could better protect podocyte viability and glomerular function. 
The lipid–podocyte axis connects immunology and metabolism, giving 
us a complete picture of how MN develops and how to create new ways 
to diagnose and treat it (275).

Author contributions

SM: Writing – review & editing, Conceptualization, Formal analy-
sis, Writing – original draft. MC: Writing – original draft, Investigation, 
Methodology, Project administration, Writing – review & editing. DZ: 
Writing  – original draft, Conceptualization, Investigation. YW: 
Writing – original draft, Writing – review & editing, Investigation, 
Methodology. SZ: Methodology, Investigation, Validation, Writing – 
original draft. HW: Visualization, Writing  – review & editing, 
Writing – original draft. YL: Writing – review & editing, Methodology, 
Investigation, Validation.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This work was supported by Risk 
Prediction Model for Idiopathic Membranous Nephropathy and 
Evaluation of Integrated Traditional Chinese Medicine Intervention 
Techniques Project Number: 20240304069SF.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

https://doi.org/10.3389/fmed.2026.1722758
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Ma et al.� 10.3389/fmed.2026.1722758

Frontiers in Medicine 16 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the review-
ers. Any product that may be evaluated in this article, or claim that 
may be made by its manufacturer, is not guaranteed or endorsed by 
the publisher.

References
	1.	Tomas NM. Therapeutic targets in membranous nephropathy: plasma cells and com-
plement. Clin Kidney J. (2024) 17:sfae243. doi: 10.1093/ckj/sfae243

	2.	So BYF, Chan GCW, Yap DYH, Chan TM. The role of the complement system in pri-
mary membranous nephropathy: a narrative review in the era of new therapeutic targets. 
Front Immunol. (2022) 13:1009864. doi: 10.3389/fimmu.2022.1009864

	3.	Sun Y, Cui S, Hou Y, Yi F. The updates of podocyte lipid metabolism in proteinuric 
kidney disease. Kidney Dis. (2021) 7:438–51. doi: 10.1159/000518132

	4.	Liu Y, Zou M, Wang Y. The lipid-oxidative stress axis: novel therapeutic targets for 
podocytopathy. J Inflamm Res. (2025) 18:12505–32. doi: 10.2147/JIR.S530737

	5.	Siegerist F, Campbell KN, Endlich N. A new era in nephrology: the role of super-res-
olution microscopy in research, medical diagnostic, and drug discvery. Kidney Int. (2025) 
107:994–1001. doi: 10.1016/j.kint.2025.01.040

	6.	Siegerist F, Drenic V, Koppe T-M, Telli N, Endlich N. Super-resolution microscopy: a 
technique to revolutionize research and diagnosis of glomerulopathies. Glomerular Dis. 
(2022) 3:19–28. doi: 10.1159/000528713

	7.	Unnersjö-Jess D. Quantitative imaging of podocyte foot processes in the kidney using 
confocal and STED microscopy In: TD Hewitson, ND Toussaint and ER Smith, editors. 
Kidney research. Methods in molecular biology. New York, NY: Humana (2023). 185–99.

	8.	Unnersjö-Jess D, Butt L, Höhne M, Sergei G, Fatehi A, Witasp A, et al. Deep learning-
based segmentation and quantification of podocyte foot process morphology suggests 
differential patterns of foot process effacement across kidney pathologies. Kidney Int. 
(2023) 103:1120–30. doi: 10.1016/j.kint.2023.03.013

	9.	Mulukala Narasimha SK, Kar PP, Vadrevu R, Pasupulati AK. Intrinsically disordered 
regions mediate macromolecular assembly of the slit diaphragm proteins associated with 
nephrotic syndrome. Mol Simul. (2019) 45:603–13. doi: 10.1080/08927022.2019.1570508

	10.	 Padmanaban HK, Bheemireddy S, Mulukala SK, Dunna NR, Pasupulati AK. 
Structural conformations of intrinsically disordered proteins of podocyte slit-diaphragm. 
Comput Struct Biotechnol Rep. (2025) 2:100060. doi: 10.1016/j.csbr.2025.100060

	11.	 Mulukala SKN, Nishad R, Kolligundla LP, Saleem MA, Prabhu NP, 
Pasupulati AK. In silico structural characterization of podocin and assessment of 
nephrotic syndrome-associated podocin mutants. IUBMB Life. (2016) 68:578–88. doi: 
10.1002/iub.1515

	12.	 Kawachi H, Fukusumi Y. New insight into podocyte slit diaphragm, a therapeutic 
target of proteinuria. Clin Exp Nephrol. (2020) 24:193–204. doi: 10.1007/
s10157-020-01854-3

	13.	 Ning L, Suleiman HY, Miner JH. Synaptopodin is dispensable for normal podocyte 
homeostasis but is protective in the context of acute podocyte injury. J Am Soc Nephrol. 
(2020) 31:2815–32. doi: 10.1681/ASN.2020050572

	14.	 Blaine J, Dylewski J. Regulation of the actin cytoskeleton in podocytes. Cells. (2020) 
9:1700. doi: 10.3390/cells9071700

	15.	 Foxman E, Ibrahim S, Takano T. Rho GTPase regulatory proteins contribute to podo-
cyte morphology and function. McGill Sci Undergrad Res J. (2023) 18:A11–7. doi: 
10.26443/msurj.v18i1.193

	16.	 Asano-Matsuda K, Ibrahim S, Takano T, Matsuda J. Role of rho GTPase interacting 
proteins in subcellular compartments of podocytes. Int J Mol Sci. (2021) 22:3656. doi: 
10.3390/ijms22073656

	17.	 Schell C, Huber TB. The evolving complexity of the podocyte cytoskeleton. J Am Soc 
Nephrol. (2017) 28:3166–74. doi: 10.1681/ASN.2017020143

	18.	 Wieder N, Greka A. Calcium, TRPC channels, and regulation of the actin cytoskel-
eton in podocytes: towards a future of targeted therapies. Pediatr Nephrol. (2016) 
31:1047–54. doi: 10.1007/s00467-015-3224-1

	19.	 Ma S, Qiu Y, Zhang C. Cytoskeleton rearrangement in podocytopathies: an update. 
Int J Mol Sci. (2024) 25:647. doi: 10.3390/ijms25010647

	20.	 Haydak J, Azeloglu EU. Role of biophysics and mechanobiology in podocyte physiol-
ogy. Nat Rev Nephrol. (2024) 20:371–85. doi: 10.1038/s41581-024-00815-3

	21.	 Sezgin E, Levental I, Mayor S, Eggeling C. The mystery of membrane organization: 
composition, regulation and roles of lipid rafts. Nat Rev Mol Cell Biol. (2017) 18:361–74. 
doi: 10.1038/nrm.2017.16

	22.	 Zimmer SE, Kowalczyk AP. The desmosome as a model for lipid raft driven mem-
brane domain organization. Biochim Biophys Acta Biomembr. (2020) 1862:183329. doi: 
10.1016/j.bbamem.2020.183329

	23.	 Ikenouchi J. Roles of membrane lipids in the organization of epithelial 
cells: old and new problems. Tissue Barriers. (2018) 6:1–8. doi: 10.1080/21688370.2018. 
1502531

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

	25.	 Ndisang JF. Glomerular endothelium and its impact on glomerular filtration barrier 
in diabetes: are the gaps still illusive? Curr Med Chem. (2018) 25:1525–9. doi: 10.217
4/0929867324666170705124647

	26.	 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:F313–25. doi: 10.1152/ajprenal.00328.2023

	27.	 Gil CL, Hooker E, Larrivée B. Diabetic kidney disease, endothelial damage, and 
podocyte-endothelial crosstalk. Kidney Med. (2021) 3:105–15. doi: 10.1016/j.
xkme.2020.10.005

	28.	 Fu J, Lee K, Chuang PY, Liu Z, He JC. Glomerular endothelial cell injury and cross 
talk in diabetic kidney disease. Am J Physiol Renal Physiol. (2015) 308:F287–97. doi: 
10.1152/ajprenal.00533.2014

	29.	 Bartlett CS, Jeansson M, Quaggin SE. Vascular growth factors and glomerular disease. 
Annu Rev Physiol. (2016) 78:437–61. doi: 10.1146/annurev-physiol-021115-105412

	30.	 Dimke H, Maezawa Y, Quaggin SE. Crosstalk in glomerular injury and repair. Curr 
Opin Nephrol Hypertens. (2015) 24:231–8. doi: 10.1097/MNH.0000000000000117

	31.	 Becerra Calderon A, Izuhara A, Deepak S, Trogen G, Pourgonabadi S, Peti-Peterdi J, 
et al. Podocyte glycocalyx plays an essential role in the function of GFB and the develop-
ment of albumin leakage. Physiology. (2024) 39:1985. doi: 10.1152/physiol.2024.39.S1.1985

	32.	 Ballermann BJ, Nyström J, Haraldsson B. The glomerular endothelium restricts albu-
min filtration. Front Med. (2021) 8:766689. doi: 10.3389/fmed.2021.766689

	33.	 Moore KH, Murphy HA, George EM. The glycocalyx: a central regulator of vascular 
function. Am J Physiol Regul Integr Comp Physiol. (2021) 320:R508–18. doi: 10.1152/
ajpregu.00340.2020

	34.	 Dull RO, Hahn RG. The glycocalyx as a permeability barrier: basic science and clinical 
evidence. Crit Care. (2022) 26:273. doi: 10.1186/s13054-022-04154-2

	35.	 Hutzfeldt AD, Tan Y, Bonin LL, Beck BB, Baumbach J, Lassé M, et al. Consensus draft 
of the native mouse podocyte-ome. Am J Physiol Renal Physiol. (2022) 323:F182–97. doi: 
10.1152/ajprenal.00058.2022

	36.	 Rinschen MM, Gödel M, Grahammer F, Zschiedrich S, Helmstädter M, Kretz O, et al. 
A multi-layered quantitative in vivo expression atlas of the podocyte unravels kidney 
disease candidate genes. Cell Rep. (2018) 23:2495–508. doi: 10.1016/j.celrep.2018.04.059

	37.	 Gujarati NA, Vasquez JM, Bogenhagen DF, Mallipattu SK. The complicated role of 
mitochondria in the podocyte. Am J Physiol Renal Physiol. (2020) 319:F955–65. doi: 
10.1152/ajprenal.00393.2020

	38.	 Luo Z, Chen Z, Hu J, Ding G. Interplay of lipid metabolism and inflammation in 
podocyte injury. Metabolism. (2024) 150:155718. doi: 10.1016/j.metabol.2023.155718

	39.	 Gu Y, Xu H, Tang D. Mechanisms of primary membranous nephropathy. Biomolecules. 
(2021) 11:513. doi: 10.3390/biom11040513

	40.	 Tomas NM, Huber TB, Hoxha E. Perspectives in membranous nephropathy. Cell 
Tissue Res. (2021) 385:405–22. doi: 10.1007/s00441-021-03429-4

	41.	 Ronco P, Debiec H. Membranous nephropathy: current understanding of various 
causes in light of new target antigens. Curr Opin Nephrol Hypertens. (2021) 30:287–93. 
doi: 10.1097/MNH.0000000000000697

	42.	 Haddad G, Lorenzen JM, Ma H, De Haan N, Seeger H, Zaghrini C, et al. Altered 
glycosylation of IgG4 promotes lectin complement pathway activation in anti-PLA2R1-
associated membranous nephropathy. J Clin Invest. (2021) 131:e140453. doi: 10.1172/
JCI140453

	43.	 Kamyshova ES, Semeryuk TA, Bobkova IN. Modern view on the complement system 
role in membranous nephropathy. Ter Arkh. (2022) 94:772–6. doi: 10.26442/00403660.202
2.06.201563

	44.	 Luo W, Olaru F, Miner JH, Beck LH, van der Vlag J, Thurman JM, et al. Alternative 
pathway is essential for glomerular complement activation and proteinuria in a mouse 
model of membranous nephropathy. Front Immunol. (2018) 9:1433. doi: 10.3389/
fimmu.2018.01433

	45.	 Bruno V, Mühlig AK, Oh J, Licht C. New insights into the immune functions of 
podocytes: the role of complement. Mol Cell Pediatr. (2023) 10:3. doi: 10.1186/
s40348-023-00157-3

	46.	 Isaksson GL, Nielsen MB, Hinrichs GR, Krogstrup NV, Zachar R, Stubmark H, et al. 
Proteinuria is accompanied by intratubular complement activation and apical membrane 

https://doi.org/10.3389/fmed.2026.1722758
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1093/ckj/sfae243
https://doi.org/10.3389/fimmu.2022.1009864
https://doi.org/10.1159/000518132
https://doi.org/10.2147/JIR.S530737
https://doi.org/10.1016/j.kint.2025.01.040
https://doi.org/10.1159/000528713
https://doi.org/10.1016/j.kint.2023.03.013
https://doi.org/10.1080/08927022.2019.1570508
https://doi.org/10.1016/j.csbr.2025.100060
https://doi.org/10.1002/iub.1515
https://doi.org/10.1007/s10157-020-01854-3
https://doi.org/10.1007/s10157-020-01854-3
https://doi.org/10.1681/ASN.2020050572
https://doi.org/10.3390/cells9071700
https://doi.org/10.26443/msurj.v18i1.193
https://doi.org/10.3390/ijms22073656
https://doi.org/10.1681/ASN.2017020143
https://doi.org/10.1007/s00467-015-3224-1
https://doi.org/10.3390/ijms25010647
https://doi.org/10.1038/s41581-024-00815-3
https://doi.org/10.1038/nrm.2017.16
https://doi.org/10.1016/j.bbamem.2020.183329
https://doi.org/10.1080/21688370.2018.1502531
https://doi.org/10.1080/21688370.2018.1502531
https://doi.org/10.23876/j.krcp.23.071
https://doi.org/10.23876/j.krcp.23.071
https://doi.org/10.2174/0929867324666170705124647
https://doi.org/10.2174/0929867324666170705124647
https://doi.org/10.1152/ajprenal.00328.2023
https://doi.org/10.1016/j.xkme.2020.10.005
https://doi.org/10.1016/j.xkme.2020.10.005
https://doi.org/10.1152/ajprenal.00533.2014
https://doi.org/10.1146/annurev-physiol-021115-105412
https://doi.org/10.1097/MNH.0000000000000117
https://doi.org/10.1152/physiol.2024.39.S1.1985
https://doi.org/10.3389/fmed.2021.766689
https://doi.org/10.1152/ajpregu.00340.2020
https://doi.org/10.1152/ajpregu.00340.2020
https://doi.org/10.1186/s13054-022-04154-2
https://doi.org/10.1152/ajprenal.00058.2022
https://doi.org/10.1016/j.celrep.2018.04.059
https://doi.org/10.1152/ajprenal.00393.2020
https://doi.org/10.1016/j.metabol.2023.155718
https://doi.org/10.3390/biom11040513
https://doi.org/10.1007/s00441-021-03429-4
https://doi.org/10.1097/MNH.0000000000000697
https://doi.org/10.1172/JCI140453
https://doi.org/10.1172/JCI140453
https://doi.org/10.26442/00403660.2022.06.201563
https://doi.org/10.26442/00403660.2022.06.201563
https://doi.org/10.3389/fimmu.2018.01433
https://doi.org/10.3389/fimmu.2018.01433
https://doi.org/10.1186/s40348-023-00157-3
https://doi.org/10.1186/s40348-023-00157-3


Ma et al.� 10.3389/fmed.2026.1722758

Frontiers in Medicine 17 frontiersin.org

deposition of C3dg and C5b-9 in kidney transplant recipients. Am J Physiol Renal Physiol. 
(2022) 322:F150–63. doi: 10.1152/ajprenal.00300.2021

	47.	 Suleiman HY, Roth R, Jain S, Heuser JE, Shaw AS, Miner JH. Injury-induced actin 
cytoskeleton reorganization in podocytes revealed by super-resolution microscopy. JCI 
Insight. (2017) 2:e94137. doi: 10.1172/jci.insight.94137

	48.	 Ye Q, Lan B, Liu H, Persson PB, Lai EY, Mao J. A critical role of the podocyte cyto-
skeleton in the pathogenesis of glomerular proteinuria and autoimmune podocytopathies. 
Acta Physiol. (2022) 235:e13850. doi: 10.1111/apha.13850

	49.	 Liu S, Chen J. New insight in pathogenesis of podocyte disfunction in minimal change 
disease. Zhejiang Da Xue Xue Bao Yi Xue Ban. (2016) 45:214–8. doi: 10.3785/j.
issn.1008-9292.2016.03.16

	50.	 Garg P. A review of podocyte biology. Am J Nephrol. (2018) 47:3–13. doi: 
10.1159/000481633

	51.	 Liu S, Yuan Y, Xue Y, Xing C, Zhang B. Podocyte injury in diabetic kidney disease: a 
focus on mitochondrial dysfunction. Front Cell Dev Biol. (2022) 10:832887. doi: 10.3389/
fcell.2022.832887

	52.	 Zhu Y-T, Wan C, Lin J-H, Hammes H-P, Zhang C. Mitochondrial oxidative stress and 
cell death in podocytopathies. Biomolecules. (2022) 12:403. doi: 10.3390/biom12030403

	53.	 Li Y, Fan J, Zhu W, Niu Y, Wu ZA. Therapeutic potential targeting podocyte mito-
chondrial dysfunction in focal segmental glomerulosclerosis. Kidney Dis. (2023) 
9:254–64. doi: 10.1159/000530344

	54.	 Yuan Y, Xu X, Zhao C, Zhao M, Wang H, Zhang B, et al. The roles of oxidative stress, 
endoplasmic reticulum stress, and autophagy in aldosterone/mineralocorticoid receptor-
induced podocyte injury. Lab Investig. (2015) 95:1374–86. doi: 10.1038/
labinvest.2015.118

	55.	 Liu Q, Liu J, Lin B, Zhang Y, Ma M, Yang M, et al. Novel biomarkers in membranous 
nephropathy. Front Immunol. (2022) 13:845767. doi: 10.3389/fimmu.2022.845767

	56.	 Hanna C, Etry HE, Ibrahim M, Khalife L, Bahous SA, Faour WH. Podocyturia an 
emerging biomarker for kidney injury. BMC Nephrol. (2025) 26:118. doi: 10.1186/
s12882-025-04039-w

	57.	 Fukuda A, Sato Y, Shibata H, Fujimoto S, Wiggins RC. Urinary podocyte markers of 
disease activity, therapeutic efficacy, and long-term outcomes in acute and chronic kidney 
diseases. Clin Exp Nephrol. (2024) 28:496–504. doi: 10.1007/s10157-024-02465-y

	58.	 Maslyennikov Y, Bărar AA, Rusu CC, Potra AR, Tirinescu D, Ticala M, et al. The 
spectrum of minimal change disease/focal segmental glomerulosclerosis: from pathogen-
esis to proteomic biomarker research. Int J Mol Sci. (2025) 26:2450. doi: 10.3390/
ijms26062450

	59.	 Medina Rangel PX, Priyadarshini A, Tian X. New insights into the immunity and 
podocyte in glomerular health and disease: from pathogenesis to therapy in pro-
teinuric kidney disease. Integr Med Nephrol Androl. (2021) 8:5. doi: 10.4103/imna.
imna_26_21

	60.	 Jiang H, Shen Z, Zhuang J, Lu C, Qu Y, Xu C, et al. Understanding the podocyte 
immune responses in proteinuric kidney diseases: from pathogenesis to therapy. Front 
Immunol. (2024) 14:1335936. doi: 10.3389/fimmu.2023.1335936

	61.	 Cassis P, Zoja C, Perico L, Remuzzi G. A preclinical overview of emerging therapeutic 
targets for glomerular diseases. Expert Opin Ther Targets. (2019) 23:593–606. doi: 
10.1080/14728222.2019.1626827

	62.	 Zhang W, Hu A, Wang J, Wang Y, Yu X. Use of Chinese herbal medicine to inhibit 
podocyte damage as therapeutic strategy for membranous nephropathy. Integr Med 
Nephrol Androl. (2023) 10:e00004. doi: 10.1097/IMNA-D-23-00004

	63.	 Hu J, Yang Q, Chen Z, Liang W, Feng J, Ding G. Small GTPase Arf6 regulates diabetes-
induced cholesterol accumulation in podocytes. J Cell Physiol. (2019) 234:23559–70. doi: 
10.1002/jcp.28924

	64.	 Yang Y, Yang Q, Yang J, Ma Y, Ding G. Angiotensin II induces cholesterol accumula-
tion and injury in podocytes. Sci Rep. (2017) 7:10672. doi: 10.1038/s41598-017-09733-w

	65.	 Pedigo CE, Ducasa GM, Leclercq F, Sloan A, Mitrofanova A, Hashmi T, et al. Local 
TNF causes NFATc1-dependent cholesterol-mediated podocyte injury. J Clin Invest. 
(2016) 126:3336–50. doi: 10.1172/JCI85939

	66.	 Tolerico M, Merscher S, Fornoni A. Normal and dysregulated sphingolipid metabo-
lism: contributions to podocyte injury and beyond. Cells. (2024) 13:890. doi: 10.3390/
cells13110890

	67.	 Šakić Z, Atić A, Potočki S, Bašić-Jukić N. Sphingolipids and chronic kidney disease. 
J Clin Med. (2024) 13:5050. doi: 10.3390/jcm13175050

	68.	 Li G, Kidd J, Gehr TWB, Li PL. Podocyte sphingolipid signaling in nephrotic syn-
drome. Cell Physiol Biochem. (2021) 55:13–34. doi: 10.33594/000000356

	69.	 Gass MM, Borkowsky S, Lotz M-L, Siwek R, Schröter R, Nedvetsky P, et al. PI(4,5)P2 
controls slit diaphragm formation and endocytosis in Drosophila nephrocytes. Cell Mol 
Life Sci. (2022) 79:248. doi: 10.1007/s00018-022-04273-7

	70.	 MacDonald MJ, Ade L, Ntambi JM, Ansari I-UH, Stoker SW. Characterization of 
phospholipids in insulin secretory granules and mitochondria in pancreatic beta cells and 
their changes with glucose stimulation. J Biol Chem. (2015) 290:11075–92. doi: 10.1074/
jbc.M114.628420

	71.	 Martin CE, Jones N. Nephrin signaling in the podocyte: an updated view of signal 
regulation at the slit diaphragm and beyond. Front Endocrinol. (2018) 9:302. doi: 10.3389/
fendo.2018.00302

	72.	 Reidy KJ, Ross MJ. Re-energizing the kidney: targeting fatty acid metabolism protects 
against kidney fibrosis. Kidney Int. (2021) 100:742–4. doi: 10.1016/j.kint.2021.06.010

	73.	 Fu Y, Sun Y, Wang M, Hou Y, Huang W, Zhou D, et al. Elevation of JAML promotes 
diabetic kidney disease by modulating podocyte lipid metabolism. Cell Metab. (2020) 
32:1052–1062.e8. doi: 10.1016/j.cmet.2020.10.019

	74.	 Hammad SM, Twal WO, Arif E, Semler AJ, Klein RL, Nihalani D. Transcriptomics 
reveal altered metabolic and signaling pathways in podocytes exposed to C16 ceramide-
enriched lipoproteins. Genes. (2020) 11:178. doi: 10.3390/genes11020178

	75.	 Sha Q, Lyu J, Zhao M, Li H, Guo M, Sun Q. Multi-omics analysis of diabetic nephrop-
athy reveals potential new mechanisms and drug targets. Front Genet. (2020) 11:616435. 
doi: 10.3389/fgene.2020.616435

	76.	 Ha T, Hong E, Han G. Diabetic conditions downregulate the expression of CD2AP 
in podocytes via PI3-K/Akt signalling. Diabetes Metab Res Rev. (2015) 31:50–60. doi: 
10.1002/dmrr.2562

	77.	 Ren Q, You YS. CD2-associated protein participates in podocyte apoptosis via PI3K/
Akt signaling pathway. J Recept Signal Transduct. (2016) 36:288–91. doi: 
10.3109/10799893.2015.1101137

	78.	 Tossidou I, Teng B, Worthmann K, Müller-Deile J, Jobst-Schwan T, Kardinal C, et al. 
Tyrosine phosphorylation of CD2AP affects stability of the slit diaphragm complex. J Am 
Soc Nephrol. (2019) 30:1220–37. doi: 10.1681/ASN.2018080860

	79.	 Pichler Sekulic S, Sekulic M. Rheological influence upon the glomerular podocyte 
and resultant mechanotransduction. Kidney Blood Press Res. (2015) 40:176–87. doi: 
10.1159/000368493

	80.	 Feng D, DuMontier C, Pollak MR. Mechanical challenges and cytoskeletal impair-
ments in focal segmental glomerulosclerosis. Am J Physiol Renal Physiol. (2018) 
314:F921–5. doi: 10.1152/ajprenal.00641.2017

	81.	 Kriz W, Lemley KV. A potential role for mechanical forces in the detachment of podo-
cytes and the progression of CKD. J Am Soc Nephrol. (2015) 26:258–69. doi: 10.1681/
ASN.2014030278

	82.	 Mascarenhas-Melo F, Martins B, Monteiro I, Lohani A, Krambeck K. Focal segmental 
glomerulosclerosis: comprehensive review and exploration of the dual potential of cyclo-
dextrins in therapeutic optimization. Int J Mol Sci. (2025) 26:8760. doi: 10.3390/
ijms26188760

	83.	 Sorice M, Misasi R, Riitano G, Manganelli V, Martellucci S, Longo A, et al. Targeting 
lipid rafts as a strategy against coronavirus. Front Cell Dev Biol. (2021) 8:618296. doi: 
10.3389/fcell.2020.618296

	84.	 Yang Q, Hu J, Yang Y, Chen Z, Feng J, Zhu Z, et al. Sirt6 deficiency aggravates angio-
tensin II-induced cholesterol accumulation and injury in podocytes. Theranostics. (2020) 
10:7465–79. doi: 10.7150/thno.45003

	85.	 Wahl P, Ducasa GM, Fornoni A. Systemic and renal lipids in kidney disease develop-
ment and progression. Am J Physiol Renal Physiol. (2016) 310:F433–45. doi: 10.1152/
ajprenal.00375.2015

	86.	 Woo C-Y, Baek JY, Kim A-R, Hong CH, Yoon JE, Kim HS, et al. Inhibition of 
ceramide accumulation in podocytes by myriocin prevents diabetic nephropathy. 
Diabetes Metab J. (2020) 44:581–91. doi: 10.4093/dmj.2019.0063

	87.	 Mitrofanova A, Drexler Y, Merscher S, Fornoni A. Role of sphingolipid signaling in 
glomerular diseases: focus on DKD and FSGS. J Cell Signal. (2020) 1:56–69. doi: 10.33696/
Signaling.1.013

	88.	 Fouad MA, Mahedy AW, Mansour AE, Fouad NA. Anti-PLA2R and anti-THSD7A 
as diagnostic serological markers of idiopathic membranous nephropathy: a single centre 
study. Egypt J Immunol. (2020) 27:01–9.

	89.	 Yasuda-Yamahara M, Kume S, Tagawa A, Maegawa H, Uzu T. Emerging role of podo-
cyte autophagy in the progression of diabetic nephropathy. Autophagy. (2015) 11:2385–6. 
doi: 10.1080/15548627.2015.1115173

	90.	 Zhou X-J, Klionsky DJ, Zhang H. Podocytes and autophagy: a potential therapeutic 
target in lupus nephritis. Autophagy. (2019) 15:908–12. doi: 
10.1080/15548627.2019.1580512

	91.	 Sikorski P, Li Y, Cheema M, Wolfe GI, Kusner LL, Aban I, et al. Serum metabolomics 
of treatment response in myasthenia gravis. PLoS One. (2023) 18:e0287654. doi: 10.1371/
journal.pone.0287654

	92.	 Wei Y, Wang J, Chen F, Li X, Zhang J, Shen M, et al. Serum abnormal metabolites for 
evaluating therapeutic response and prognosis of patients with multiple myeloma. Front 
Oncol. (2022) 12:808290. doi: 10.3389/fonc.2022.808290

	93.	 Lai WL, Yeh TH, Chen PM, Chan CK, Chiang WC, Chen YM, et al. Membranous 
nephropathy: a review on the pathogenesis, diagnosis, and treatment. J Formos Med Assoc. 
(2015) 114:102–11. doi: 10.1016/j.jfma.2014.11.002

	94.	 Navarese EP, Kołodziejczak M, Schulze V, Gurbel PA, Tantry U, Lin Y, et al. Effects of 
proprotein convertase subtilisin/kexin type 9 antibodies in adults with hypercholesterol-
emia: a systematic review and meta-analysis. Ann Intern Med. (2015) 163:40–51. doi: 
10.7326/M14-2957

	95.	 Duan H, Shi Y, Zhang Q, Shi X, Zhang Y, Liu J, et al. Causal relationship between 
PCSK9 inhibitor and primary glomerular disease: a drug target Mendelian randomization 
study. Front Endocrinol. (2024) 15:1335489. doi: 10.3389/fendo.2024.1335489

	96.	 Skulratanasak P, Larpparisuth N. Lipid management to mitigate poorer postkidney 
transplant outcomes. Curr Opin Nephrol Hypertens. (2023) 32:27–34. doi: 10.1097/
MNH.0000000000000841

https://doi.org/10.3389/fmed.2026.1722758
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1152/ajprenal.00300.2021
https://doi.org/10.1172/jci.insight.94137
https://doi.org/10.1111/apha.13850
https://doi.org/10.3785/j.issn.1008-9292.2016.03.16
https://doi.org/10.3785/j.issn.1008-9292.2016.03.16
https://doi.org/10.1159/000481633
https://doi.org/10.3389/fcell.2022.832887
https://doi.org/10.3389/fcell.2022.832887
https://doi.org/10.3390/biom12030403
https://doi.org/10.1159/000530344
https://doi.org/10.1038/labinvest.2015.118
https://doi.org/10.1038/labinvest.2015.118
https://doi.org/10.3389/fimmu.2022.845767
https://doi.org/10.1186/s12882-025-04039-w
https://doi.org/10.1186/s12882-025-04039-w
https://doi.org/10.1007/s10157-024-02465-y
https://doi.org/10.3390/ijms26062450
https://doi.org/10.3390/ijms26062450
https://doi.org/10.4103/imna.imna_26_21
https://doi.org/10.4103/imna.imna_26_21
https://doi.org/10.3389/fimmu.2023.1335936
https://doi.org/10.1080/14728222.2019.1626827
https://doi.org/10.1097/IMNA-D-23-00004
https://doi.org/10.1002/jcp.28924
https://doi.org/10.1038/s41598-017-09733-w
https://doi.org/10.1172/JCI85939
https://doi.org/10.3390/cells13110890
https://doi.org/10.3390/cells13110890
https://doi.org/10.3390/jcm13175050
https://doi.org/10.33594/000000356
https://doi.org/10.1007/s00018-022-04273-7
https://doi.org/10.1074/jbc.M114.628420
https://doi.org/10.1074/jbc.M114.628420
https://doi.org/10.3389/fendo.2018.00302
https://doi.org/10.3389/fendo.2018.00302
https://doi.org/10.1016/j.kint.2021.06.010
https://doi.org/10.1016/j.cmet.2020.10.019
https://doi.org/10.3390/genes11020178
https://doi.org/10.3389/fgene.2020.616435
https://doi.org/10.1002/dmrr.2562
https://doi.org/10.3109/10799893.2015.1101137
https://doi.org/10.1681/ASN.2018080860
https://doi.org/10.1159/000368493
https://doi.org/10.1152/ajprenal.00641.2017
https://doi.org/10.1681/ASN.2014030278
https://doi.org/10.1681/ASN.2014030278
https://doi.org/10.3390/ijms26188760
https://doi.org/10.3390/ijms26188760
https://doi.org/10.3389/fcell.2020.618296
https://doi.org/10.7150/thno.45003
https://doi.org/10.1152/ajprenal.00375.2015
https://doi.org/10.1152/ajprenal.00375.2015
https://doi.org/10.4093/dmj.2019.0063
https://doi.org/10.33696/Signaling.1.013
https://doi.org/10.33696/Signaling.1.013
https://doi.org/10.1080/15548627.2015.1115173
https://doi.org/10.1080/15548627.2019.1580512
https://doi.org/10.1371/journal.pone.0287654
https://doi.org/10.1371/journal.pone.0287654
https://doi.org/10.3389/fonc.2022.808290
https://doi.org/10.1016/j.jfma.2014.11.002
https://doi.org/10.7326/M14-2957
https://doi.org/10.3389/fendo.2024.1335489
https://doi.org/10.1097/MNH.0000000000000841
https://doi.org/10.1097/MNH.0000000000000841


Ma et al.� 10.3389/fmed.2026.1722758

Frontiers in Medicine 18 frontiersin.org

	97.	 Liu W, Gao C, Liu Z, Dai H, Feng Z, Dong Z, et al. Idiopathic membranous nephropa-
thy: glomerular pathological pattern caused by extrarenal immunity activity. Front 
Immunol. (2020) 11:1846. doi: 10.3389/fimmu.2020.01846

	98.	 Beck LH. PLA2R and THSD7A: disparate paths to the same disease? J Am Soc 
Nephrol. (2017) 28:2579–89. doi: 10.1681/ASN.2017020178

	99.	 Sethi S, Debiec H, Madden B, Charlesworth MC, Morelle J, Gross L, et al. Neural 
epidermal growth factor-like 1 protein (NELL-1) associated membranous nephropathy. 
Kidney Int. (2020) 97:163–74. doi: 10.1016/j.kint.2019.09.014

	100.	Seifert L, Zahner G, Meyer-Schwesinger C, Hickstein N, Dehde S, Wulf S, et al. The 
classical pathway triggers pathogenic complement activation in membranous nephropa-
thy. Nat Commun. (2023) 14:473. doi: 10.1038/s41467-023-36068-0

	101.	Ayoub I, Shapiro JP, Song H, Zhang XL, Parikh S, Almaani S, et al. Establishing a 
case for anti-complement therapy in membranous nephropathy. Kidney Int Rep. (2021) 
6:484–92. doi: 10.1016/j.ekir.2020.11.032

	102.	Liu WJ, Li Z, Chen X, Zhao X, Zhong Z, Yang C, et al. Blockage of the lysosome-
dependent autophagic pathway contributes to complement membrane attack complex-
induced podocyte injury in idiopathic membranous nephropathy. Sci Rep. (2017) 7:8643. 
doi: 10.1038/s41598-017-07889-z

	103.	Sviridov D, Mukhamedova N, Miller YI. Lipid rafts as a therapeutic target. J Lipid 
Res. (2020) 61:687–95. doi: 10.1194/jlr.TR120000658

	104.	Mitrofanova A, Mallela SK, Ducasa GM, Yoo TH, Rosenfeld-Gur E, Zelnik ID, et al. 
SMPDL3b modulates insulin receptor signaling in diabetic kidney disease. Nat Commun. 
(2019) 10:2692. doi: 10.1038/s41467-019-10584-4

	105.	Jin L, Pan M, Ye H, Zheng Y, Chen Y, Huang W, et al. Down-regulation of the long 
non-coding RNA XIST ameliorates podocyte apoptosis in membranous nephropathy via 
the miR-217–TLR4 pathway. Exp Physiol. (2019) 104:220–30. doi: 10.1113/EP087190

	106.	Raij L, Tian R, Wong JS, He JC, Campbell KN. Podocyte injury: the role of protein-
uria, urinary plasminogen, and oxidative stress. Am J Physiol Renal Physiol. (2016) 
311:F1308–17. doi: 10.1152/ajprenal.00162.2016

	107.	Jay AG, Chen AN, Paz MA, Hung JP, Hamilton JA. CD36 binds oxidized low density 
lipoprotein (LDL) in a mechanism dependent upon fatty acid binding. J Biol Chem. (2015) 
290:4590–603. doi: 10.1074/jbc.M114.627026

	108.	Hua W, Huang H, Tan L, Wan J, Gui H, Zhao L, et al. CD36 mediated fatty acid-
induced podocyte apoptosis via oxidative stress. PLoS One. (2015) 10:e0127507. doi: 
10.1371/journal.pone.0127507

	109.	Hua W, Peng L, Chen X, Jiang X, Hu J, Jiang X-H, et al. CD36-mediated podocyte 
lipotoxicity promotes foot process effacement. Open Med. (2024) 19:20240918. doi: 
10.1515/med-2024-0918

	110.	Zhu Z, Cao Y, Jian Y, Hu H, Yang Q, Hao Y, et al. CerS6 links ceramide metabolism 
to innate immune responses in diabetic kidney disease. Nat Commun. (2025) 16:1528. 
doi: 10.1038/s41467-025-56891-x

	111.	Viji Nair KMS, Pradeep Kayampilly JB, Jharna Saha HZ. Targeted lipidomic and 
transcriptomic analysis identifies dysregulated renal ceramide metabolism in a mouse 
model of diabetic kidney disease. J Proteomics Bioinform. (2015) 14:S14. doi: 10.4172/
jpb.S14-002

	112.	Jiang X, Chen X, Wan J, Gui H, Ruan X, Du X. Autophagy protects against palmitic 
acid-induced apoptosis in podocytes in vitro. Sci Rep. (2017) 7:42764. doi: 10.1038/
srep42764

	113.	Dong C, Zheng H, Huang S, You N, Xu J, Ye X, et al. Heme oxygenase-1 
enhances autophagy in podocytes as a protective mechanism against high glu-
cose-induced apoptosis. Exp Cell Res. (2015) 337:146–59. doi: 10.1016/j.yexcr. 
2015.04.005

	114.	Lenoir O, Jasiek M, Hénique C, Guyonnet L, Hartleben B, Bork T, et al. 
Endothelial cell and podocyte autophagy synergistically protect from diabetes-induced 
glomerulosclerosis. Autophagy. (2015) 11:1130–45. doi: 10.1080/15548627.2015. 
1049799

	115.	Ducasa GM, Mitrofanova A, Fornoni A. Crosstalk between lipids and mitochondria 
in diabetic kidney disease. Curr Diab Rep. (2019) 19:144. doi: 10.1007/s11892-019-1263-x

	116.	Zhang Y, Ma KL, Liu J, Wu Y, Hu ZB, Liu L, et al. Inflammatory stress exacerbates 
lipid accumulation and podocyte injuries in diabetic nephropathy. Acta Diabetol. (2015) 
52:1045–56. doi: 10.1007/s00592-015-0753-9

	117.	Wright MB, Varona Santos J, Kemmer C, Maugeais C, Carralot J-P, Roever S, et al. 
Compounds targeting OSBPL7 increase ABCA1-dependent cholesterol efflux preserving 
kidney function in two models of kidney disease. Nat Commun. (2021) 12:4662. doi: 
10.1038/s41467-021-24890-3

	118.	Bielicki JK. ABCA1 agonist peptides for the treatment of disease. Curr Opin Lipidol. 
(2016) 27:40–6. doi: 10.1097/MOL.0000000000000258

	119.	Lewandowski CT, Laham MS, Thatcher GRJ. Remembering your A, B, C’s: 
Alzheimer’s disease and ABCA1. Acta Pharm Sin B. (2022) 12:995–1018. doi: 10.1016/j.
apsb.2022.01.011

	120.	Qu H, Liu X, Zhu J, Xiong X, Li L, He Q, et al. Dock5 deficiency promotes protein-
uric kidney diseases via modulating podocyte lipid metabolism. Adv Sci. (2024) 
11:2306365. doi: 10.1002/advs.202306365

	121.	Ahmad A, Ali M, Levy R, Stone R, Pollack A. Role of ATP binding cassette subfamily 
a member 1 (ABCA1) in chemoradiotherapy-induced renal injury. Int J Radiat Oncol. 
(2023) 117:e218. doi: 10.1016/j.ijrobp.2023.06.1116

	122.	Wang H, Lv D, Jiang S, Hou Q, Zhang L, Li S, et al. Complement induces podocyte 
pyroptosis in membranous nephropathy by mediating mitochondrial dysfunction. Cell 
Death Dis. (2022) 13:281. doi: 10.1038/s41419-022-04737-5

	123.	Koh JH, Wang L, Beaudoin-Chabot C, Thibault G. Lipid bilayer stress-activated 
IRE-1 modulates autophagy during endoplasmic reticulum stress. J Cell Sci. (2018) 
131:jcs217992. doi: 10.1242/jcs.217992

	124.	Martínez-García C, Izquierdo-Lahuerta A, Vivas Y, Velasco I, Yeo T-K, Chen S, et al. 
Renal lipotoxicity-associated inflammation and insulin resistance affects actin cytoskel-
eton organization in podocytes. PLoS One. (2015) 10:e0142291. doi: 10.1371/journal.
pone.0142291

	125.	Kim J-J, Wilbon SS, Fornoni A. Podocyte lipotoxicity in CKD. Kidney360. (2021) 
2:755–62. doi: 10.34067/KID.0006152020

	126.	Dodson M, Castro-Portuguez R, Zhang DD. NRF2 plays a critical role in mitigating 
lipid peroxidation and ferroptosis. Redox Biol. (2019) 23:101107. doi: 10.1016/j.
redox.2019.101107

	127.	Hao H, Xie F, Xu F, Wang Q, Wu Y, Zhang D. LipoxinA4 analog BML-111 protects 
podocytes cultured in high-glucose medium against oxidative injury via activating Nrf2 
pathway. Int Immunopharmacol. (2022) 111:109170. doi: 10.1016/j.intimp.2022.109170

	128.	Sharma M, Singh V, Sharma R, Koul A, McCarthy ET, Savin VJ, et al. Glomerular 
biomechanical stress and lipid mediators during cellular changes leading to chronic 
kidney disease. Biomedicine. (2022) 10:407. doi: 10.3390/biomedicines10020407

	129.	Duan X, Lv X, Wang X, Zhang Y, Hu Y, Li H, et al. Impact of immune cell metabolism 
on membranous nephropathy and prospective therapy. Commun Biol. (2025) 8:405. doi: 
10.1038/s42003-025-07816-3

	130.	Cantarelli C, Jarque M, Angeletti A, Manrique J, Hartzell S, O’Donnell T, et al. A 
comprehensive phenotypic and functional immune analysis unravels circulating anti-
phospholipase A2 receptor antibody secreting cells in membranous nephropathy patients. 
Kidney Int Rep. (2020) 5:1764–76. doi: 10.1016/j.ekir.2020.07.028

	131.	Wang H, Lan L, Wang J, Chen J, Xiao L, Han F. Alterations of B-cell subsets in 
peripheral blood from adult patients with idiopathic membranous nephropathy. Immunol 
Lett. (2024) 266:106838. doi: 10.1016/j.imlet.2024.106838

	132.	Aguilar-Ballester M, Herrero-Cervera A, Vinué Á, Martínez-Hervás S, González-
Navarro H. Impact of cholesterol metabolism in immune cell function and atherosclero-
sis. Nutrients. (2020) 12:2021. doi: 10.3390/nu12072021

	133.	Westerterp M, Gautier EL, Ganda A, Molusky MM, Wang W, Fotakis P, et al. 
Cholesterol accumulation in dendritic cells links the inflammasome to acquired immu-
nity. Cell Metab. (2017) 25:1294–1304.e6. doi: 10.1016/j.cmet.2017.04.005

	134.	Kidani Y, Bensinger SJ. Reviewing the impact of lipid synthetic flux on Th17 func-
tion. Curr Opin Immunol. (2017) 46:121–6. doi: 10.1016/j.coi.2017.03.012

	135.	Sen P, Andrabi SBA, Buchacher T, Khan MM, Ullah U, Lindeman T, et al. (2021). 
Quantitative analysis and genome-scale modeling of human CD4+ T-cell differentiation 
reveals subset-specific regulation of glycosphingolipid pathways. bioRxiv. Available online 
at: https://doi.org/10.1101/2021.01.29.428853. [Epub ahead of preprint]

	136.	Robinson GA, MGL W, Wincup C. The role of immunometabolism in the patho-
genesis of systemic lupus erythematosus. Front Immunol. (2022) 12:806560. doi: 10.3389/
fimmu.2021.806560

	137.	Stathopoulou C, Nikoleri D, Bertsias G. Immunometabolism: an overview and thera-
peutic prospects in autoimmune diseases. Immunotherapy. (2019) 11:813–29. doi: 
10.2217/imt-2019-0002

	138.	Kang S, Kumanogoh A. The spectrum of macrophage activation by immunometabo-
lism. Int Immunol. (2020) 32:467–73. doi: 10.1093/intimm/dxaa017

	139.	Tiwari V, Jain A, Gupta A. #6502 etiological spectrum of membranous nephropathy. 
Nephrol Dial Transplant. (2023) 38:gfad063c_6502. doi: 10.1093/ndt/gfad063c_6502

	140.	von Haxthausen F, Reinhard L, Pinnschmidt HO, Rink M, Soave A, Hoxha E, et al. 
Antigen-specific IgG subclasses in primary and malignancy-associated membranous 
nephropathy. Front Immunol. (2018) 9:3035. doi: 10.3389/fimmu.2018.03035

	141.	Dong H, Wang Y, Cheng X, Wang G, Sun L, Cheng H, et al. Retrospective study of 
phospholipase A2 receptor and IgG subclasses in glomerular deposits in Chinese patients 
with membranous nephropathy. PLoS One. (2016) 11:e0156263. doi: 10.1371/journal.
pone.0156263

	142.	Liu W, Gao C, Dai H, Zheng Y, Dong Z, Gao Y, et al. Immunological pathogenesis 
of membranous nephropathy: focus on PLA2R1 and its role. Front Immunol. (2019) 
10:1809. doi: 10.3389/fimmu.2019.01809

	143.	Zhao J, Rui H, Yang M, Sun L, Dong H, Cheng H. CD36-mediated lipid accumula-
tion and activation of NLRP3 inflammasome lead to podocyte injury in obesity-related 
glomerulopathy. Mediat Inflamm. (2019) 2019:1–16. doi: 10.1155/2019/3172647

	144.	Xiong W, Meng X-F, Zhang C. Inflammasome activation in podocytes: a new mecha-
nism of glomerular diseases. Inflamm Res. (2020) 69:731–43. doi: 10.1007/
s00011-020-01354-w

	145.	Huang D, Kidd JM, Zou Y, Wu X, Gehr TWB, Li P-L, et al. Regulation of NLRP3 
inflammasome activation and inflammatory exosome release in podocytes by acid sphin-
gomyelinase during obesity. Inflammation. (2023) 46:2037–54. doi: 10.1007/
s10753-023-01861-y

	146.	Koka S, Xia M, Zhang C, Zhang Y, Li PL, Boini KM. Podocyte NLRP3 Inflammasome 
activation and formation by adipokine visfatin. Cell Physiol Biochem. (2019) 53:355–65. 
doi: 10.33594/000000143

https://doi.org/10.3389/fmed.2026.1722758
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.3389/fimmu.2020.01846
https://doi.org/10.1681/ASN.2017020178
https://doi.org/10.1016/j.kint.2019.09.014
https://doi.org/10.1038/s41467-023-36068-0
https://doi.org/10.1016/j.ekir.2020.11.032
https://doi.org/10.1038/s41598-017-07889-z
https://doi.org/10.1194/jlr.TR120000658
https://doi.org/10.1038/s41467-019-10584-4
https://doi.org/10.1113/EP087190
https://doi.org/10.1152/ajprenal.00162.2016
https://doi.org/10.1074/jbc.M114.627026
https://doi.org/10.1371/journal.pone.0127507
https://doi.org/10.1515/med-2024-0918
https://doi.org/10.1038/s41467-025-56891-x
https://doi.org/10.4172/jpb.S14-002
https://doi.org/10.4172/jpb.S14-002
https://doi.org/10.1038/srep42764
https://doi.org/10.1038/srep42764
https://doi.org/10.1016/j.yexcr.2015.04.005
https://doi.org/10.1016/j.yexcr.2015.04.005
https://doi.org/10.1080/15548627.2015.1049799
https://doi.org/10.1080/15548627.2015.1049799
https://doi.org/10.1007/s11892-019-1263-x
https://doi.org/10.1007/s00592-015-0753-9
https://doi.org/10.1038/s41467-021-24890-3
https://doi.org/10.1097/MOL.0000000000000258
https://doi.org/10.1016/j.apsb.2022.01.011
https://doi.org/10.1016/j.apsb.2022.01.011
https://doi.org/10.1002/advs.202306365
https://doi.org/10.1016/j.ijrobp.2023.06.1116
https://doi.org/10.1038/s41419-022-04737-5
https://doi.org/10.1242/jcs.217992
https://doi.org/10.1371/journal.pone.0142291
https://doi.org/10.1371/journal.pone.0142291
https://doi.org/10.34067/KID.0006152020
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1016/j.intimp.2022.109170
https://doi.org/10.3390/biomedicines10020407
https://doi.org/10.1038/s42003-025-07816-3
https://doi.org/10.1016/j.ekir.2020.07.028
https://doi.org/10.1016/j.imlet.2024.106838
https://doi.org/10.3390/nu12072021
https://doi.org/10.1016/j.cmet.2017.04.005
https://doi.org/10.1016/j.coi.2017.03.012
https://doi.org/10.1101/2021.01.29.428853
https://doi.org/10.3389/fimmu.2021.806560
https://doi.org/10.3389/fimmu.2021.806560
https://doi.org/10.2217/imt-2019-0002
https://doi.org/10.1093/intimm/dxaa017
https://doi.org/10.1093/ndt/gfad063c_6502
https://doi.org/10.3389/fimmu.2018.03035
https://doi.org/10.1371/journal.pone.0156263
https://doi.org/10.1371/journal.pone.0156263
https://doi.org/10.3389/fimmu.2019.01809
https://doi.org/10.1155/2019/3172647
https://doi.org/10.1007/s00011-020-01354-w
https://doi.org/10.1007/s00011-020-01354-w
https://doi.org/10.1007/s10753-023-01861-y
https://doi.org/10.1007/s10753-023-01861-y
https://doi.org/10.33594/000000143


Ma et al.� 10.3389/fmed.2026.1722758

Frontiers in Medicine 19 frontiersin.org

	147.	Varshney P, Yadav V, Saini N. Lipid rafts in immune signalling: current progress and 
future perspective. Immunology. (2016) 149:13–24. doi: 10.1111/imm.12617

	148.	Koka S, Surineni S, Singh GB, Boini KM. Contribution of membrane raft redox 
signalling to visfatin-induced inflammasome activation and podocyte injury. Aging. 
(2023) 15:12738–48. doi: 10.18632/aging.205243

	149.	Conley SM, Abais JM, Boini KM, Li P-L. Inflammasome activation in chronic glo-
merular diseases. Curr Drug Targets. (2017) 18:1019–29. doi: 10.217
4/1389450117666160817103435

	150.	Liu R, Wen X, Peng X, Zhao M, Mi L, Lei J, et al. Immune podocytes in the immune 
microenvironment of lupus nephritis (review). Mol Med Rep. (2023) 28:204. doi: 10.3892/
mmr.2023.13091

	151.	Zhang W, Chen J, Yuan Y, Luo J, Zhou Z, Wang G. PM2.5-induced oxidative stress 
upregulates PLA2R expression in the lung and is involved in the pathogenesis of mem-
branous nephropathy through extracellular vesicles. Front Pharmacol. (2024) 15:1516111. 
doi: 10.3389/fphar.2024.1516111

	152.	Hill N, Michell DL, Ramirez-Solano M, Sheng Q, Pusey C, Vickers KC, et al. 
Glomerular endothelial derived vesicles mediate podocyte dysfunction: a potential role 
for miRNA. PLoS One. (2020) 15:e0224852. doi: 10.1371/journal.pone.0224852

	153.	Huang Y, Li R, Zhang L, Chen Y, Dong W, Zhao X, et al. Extracellular vesicles from 
high glucose-treated podocytes induce apoptosis of proximal tubular epithelial cells. Front 
Physiol. (2020) 11:579296. doi: 10.3389/fphys.2020.579296

	154.	Yuan Q, Tang B, Zhang C. Signaling pathways of chronic kidney diseases, implica-
tions for therapeutics. Signal Transduct Target Ther. (2022) 7:182. doi: 10.1038/
s41392-022-01036-5

	155.	Zuzda K, Grycuk W, Małyszko J, Małyszko J. Kidney and lipids: novel potential 
therapeutic targets for dyslipidemia in kidney disease? Expert Opin Ther Targets. (2022) 
26:995–1009. doi: 10.1080/14728222.2022.2161887

	156.	Zhang P, Huang W, Zheng Q, Tang J, Dong Z, Jiang Y, et al. A novel insight into the 
role of PLA2R and THSD7A in membranous nephropathy. J Immunol Res. (2021) 
2021:8163298. doi: 10.1155/2021/8163298

	157.	Seifert L, Riecken K, Zahner G, Hambach J, Hagenstein J, Dubberke G, et al. An 
antigen-specific chimeric autoantibody receptor (CAAR) NK cell strategy for the elimina-
tion of anti-PLA2R1 and anti-THSD7A antibody-secreting cells. Kidney Int. (2024) 
105:886–9. doi: 10.1016/j.kint.2024.01.021

	158.	Bryan AM, You JK, Li G, Kim J, Singh A, Morstein J, et al. Cholesterol and sphingo-
myelin are critical for Fcγ receptor-mediated phagocytosis of Cryptococcus neoformans 
by macrophages. J Biol Chem. (2021) 297:101411. doi: 10.1101/2021.11.02.466923

	159.	Kara S, Amon L, Lühr JJ, Nimmerjahn F, Dudziak D, Lux A. Impact of plasma mem-
brane domains on IgG Fc receptor function. Front Immunol. (2020) 11:1320. doi: 10.3389/
fimmu.2020.01320

	160.	Zhang Q, Bin S, Budge K, Petrosyan A, Villani V, Aguiari P, et al. C3aR-initiated 
signaling is a critical mechanism of podocyte injury in membranous nephropathy. JCI 
Insight. (2024) 9:e172976. doi: 10.1172/jci.insight.172976

	161.	Rangan GK. C5b-9 does not mediate tubulointerstitial injury in experimental acute 
glomerular disease characterized by selective proteinuria. World J Nephrol. (2016) 
5:288–99. doi: 10.5527/wjn.v5.i3.288

	162.	Stolk DA, Horrevorts SK, Schetters STT, Kruijssen LJW, Duinkerken S, Keuning E, 
et al. Palmitoylated antigens for the induction of anti-tumor CD8+ T cells and enhanced 
tumor recognition. Mol Ther Oncolytics. (2021) 21:315–28. doi: 10.1016/j.
omto.2021.04.009

	163.	Ellwanger K, Reusch U, Fucek I, Weichel M, Rajkovic E, Treder M. Abstract 593: 
highly cytotoxic EGFR/CD16A TandAbs specifically recruit NK cells to potently kill vari-
ous types of solid tumors. Cancer Res. (2016) 76:593–3. doi: 10.1158/1538-7445.
AM2016-593

	164.	Zhang Y, Qin Z, Sun W, Chu F, Zhou F. Function of protein S-palmitoylation in 
immunity and immune-related diseases. Front Immunol. (2021) 12:661202. doi: 10.3389/
fimmu.2021.661202

	165.	Riitano G, Capozzi A, Recalchi S, Augusto M, Conti F, Misasi R, et al. Role of lipid 
rafts on LRP8 signaling triggered by anti-β2-GPI antibodies in endothelial cells. 
Biomedicine. (2023) 11:3135. doi: 10.3390/biomedicines11123135

	166.	Rother N, Rood I, Bekkering S, Riksen N, Hilbrands L, Maas R, et al. #1389 identi-
fication of serum lipidomic profile in nephrotic syndrome patients. Nephrol Dial 
Transplant. (2024) 39:gfae069-0280-1389. doi: 10.1093/ndt/gfae069.280

	167.	Wu D, Yu Z, Zhao S, Qu Z, Sun W, Jiang Y. Lipid metabolism participates in human 
membranous nephropathy identified by whole-genome gene expression profiling. Clin 
Sci. (2019) 133:1255–69. doi: 10.1042/CS20181110

	168.	Previtali P, Pagani L, Risca G, Capitoli G, Bossi E, Oliveira G, et al. Towards the defi-
nition of the molecular hallmarks of idiopathic membranous nephropathy in serum 
proteome: a DIA-PASEF approach. Int J Mol Sci. (2023) 24:11756. doi: 10.3390/
ijms241411756

	169.	Yeo M, Kim YH, Choi DE, Choi S-Y, Kim K-H, Suh K-S. The usefulness of phospho-
lipase A2 receptor and IgG4 detection in differentiation primary membranous nephropa-
thy from secondary membranous nephropathy in renal biopsy. Appl Immunohistochem 
Mol Morphol. (2018) 26:591–8. doi: 10.1097/PAI.0000000000000460

	170.	Vellakampadi D, Bonu R, Siddini V, Vankalakunti M. The sensitivity and specificity 
of serum phospholipase A2 receptor antibodies in diagnosing primary membranous 

nephropathy in patients with adult nephrotic syndrome and its correlation with serum 
phospholipase A2 receptor staining in kidney biopsies. Saudi J Kidney Dis Transplant. 
(2023) 34:416–26. doi: 10.4103/1319-2442.397203

	171.	Ong L, Silvestrini R, Chapman J, Fulcher DA, Lin MW. Validation of a phospholipase 
A2 receptor antibody ELISA in an Australian cohort with membranous glomerulonephri-
tis. Pathology. (2016) 48:242–6. doi: 10.1016/j.pathol.2016.02.001

	172.	Shang J, Zhang Y, Guo R, Liu W, Zhang J, Yan G, et al. Gut microbiome analysis can 
be used as a noninvasive diagnostic tool and plays an essential role in the onset of mem-
branous nephropathy. Adv Sci. (2022) 9:2201581. doi: 10.1002/advs.202201581

	173.	Imaizumi T, Nakatochi M, Akiyama S, Yamaguchi M, Kurosawa H, Hirayama Y, et al. 
Urinary podocalyxin as a biomarker to diagnose membranous nephropathy. PLoS One. 
(2016) 11:e0163507. doi: 10.1371/journal.pone.0163507

	174.	Lv D, Chu L, Du Y, Jiang H, Zhou X, Yu Y. Association between central obesity and 
membranous nephropathy. Med Sci Monit. (2025) 31:e947570. doi: 10.12659/
MSM.947570

	175.	Dong L, Li Y, Guo S, Xu G, Wei W, Han M. Hypercholesterolemia correlates with 
glomerular phospholipase A2 receptor deposit and serum anti-phospholipase A2 receptor 
antibody and predicts proteinuria outcome in idiopathic membranous nephropathy. Front 
Immunol. (2022) 13:905930. doi: 10.3389/fimmu.2022.905930

	176.	Dong L, Wei W, Han M, Xu G. Utility of non-HDL-C in predicting proteinuria 
remission of idiopathic membranous nephropathy: a retrospective cohort study. Lipids 
Health Dis. (2021) 20:122. doi: 10.1186/s12944-021-01558-x

	177.	Alqudsi M, Alhumaid S, Almagooshi AS, Samman AM, Alqaraishi AM. 
Characteristics of dyslipidemia in primary nephrotic syndromes. Cureus. (2025) 
17:e84077. doi: 10.7759/cureus.84077

	178.	Rodas LM, Matas-García A, Barros X, Blasco M, Viñas O, Llobell A, et al. 
Antiphospholipase 2 receptor antibody levels to predict complete spontaneous remission 
in primary membranous nephropathy. Clin Kidney J. (2019) 12:36–41. doi: 10.1093/
ckj/sfy005

	179.	Pourcine F, Dahan K, Mihout F, Cachanado M, Brocheriou I, Debiec H, et al. 
Prognostic value of PLA2R autoimmunity detected by measurement of anti-PLA2R anti-
bodies combined with detection of PLA2R antigen in membranous nephropathy: a sin-
gle-centre study over 14 years. PLoS One. (2017) 12:e0173201. doi: 10.1371/journal.
pone.0173201

	180.	Seitz-Polski B, Debiec H, Rousseau A, Dahan K, Zaghrini C, Payré C, et al. 
Phospholipase A2 receptor 1 epitope spreading at baseline predicts reduced likelihood of 
remission of membranous nephropathy. J Am Soc Nephrol. (2018) 29:401–8. doi: 10.1681/
ASN.2017070734

	181.	Tsai C-W, Huang H-C, Chiang H-Y, Chung C-W, Chang S-N, Chu P-L, et al. 
Longitudinal lipid trends and adverse outcomes in patients with CKD: a 13-year obser-
vational cohort study. J Lipid Res. (2019) 60:648–60. doi: 10.1194/jlr.P084590

	182.	Lin J, Khetarpal SA, Terembula K, Reilly MP, Wilson FP. Relation of atherogenic 
lipoproteins with estimated glomerular filtration rate decline: a longitudinal study. BMC 
Nephrol. (2015) 16:130. doi: 10.1186/s12882-015-0122-5

	183.	Zeng W, Miao G, Subedi P, Cole S, Umans JG, Franceschini N, et al. Abstract EP07: 
a longitudinal Lipidomics profiling for risk of chronic kidney disease in American 
Indians: the strong heart family study. Circulation. (2022) 145. doi: 10.1161/circ.145.
suppl_1.EP07

	184.	Cristina Martins A, Francisco D, Pimenta G, Gonçalves M, Gil C, Laranjinha I, et al. 
MO147: fat check: lipid abnormalities in nephrotic primary glomerulopathies. Nephrol 
Dial Transplant. (2022) 37:gfac066.049. doi: 10.1093/ndt/gfac066.049

	185.	Atal P, Choudhary K, Meenakshi. Comprassion the lipid profile among children 
suffreing from nephrotic syndrome before and after remission. AsianJ Pediatr Res. (2022) 
8:28–33. doi: 10.9734/ajpr/2022/v8i230240

	186.	Sanguankeo A, Upala S, Cheungpasitporn W, Ungprasert P, Knight EL. Effects of 
statins on renal outcome in chronic kidney disease patients: a systematic review and 
meta-analysis. PLoS One. (2015) 10:e0132970. doi: 10.1371/journal.pone.0132970

	187.	Zhang Z, Wu P, Zhang J, Wang S, Zhang G. The effect of statins on microalbumin-
uria, proteinuria, progression of kidney function, and all-cause mortality in patients with 
non-end stage chronic kidney disease: a meta-analysis. Pharmacol Res. (2016) 105:74–83. 
doi: 10.1016/j.phrs.2016.01.005

	188.	Qin X, Dong H, Fang K, Lu F. The effect of statins on renal outcomes in patients with 
diabetic kidney disease: a systematic review and meta-analysis. Diabetes Metab Res Rev. 
(2017) 33:e2901. doi: 10.1002/dmrr.2901

	189.	Kaysen GA. Lipid-lowering therapy in CKD: should we use it and in which patients. 
Blood Purif. (2017) 43:196–9. doi: 10.1159/000452727

	190.	Ma L-Y, Fan P-C, Chen C-Y, Tu Y-R, Hsiao C-C, Yen C-L, et al. Can concurrent 
fibrate use reduce cardiovascular risks among moderate chronic kidney disease patients 
undergoing statin therapy? A cohort study. J Clin Med. (2023) 13:168. doi: 10.3390/
jcm13010168

	191.	Kousios A, Hadjivasilis A, Kouis P, Panayiotou A (2025). The effect of fibrates on 
kidney function and chronic kidney disease progression: protocol for a systematic review. 
Research Square. Available online at: https://doi.org/10.21203/rs.3.rs-104160/v1. [Epub 
ahead of preprint]

	192.	Hummelgaard S, Kresse J-C, Jensen MS, Glerup S, Weyer K. Emerging roles of 
PCSK9 in kidney disease: lipid metabolism, megalin regulation and proteinuria. Pflugers 
Arch. (2025) 477:773–86. doi: 10.1007/s00424-025-03069-5

https://doi.org/10.3389/fmed.2026.1722758
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1111/imm.12617
https://doi.org/10.18632/aging.205243
https://doi.org/10.2174/1389450117666160817103435
https://doi.org/10.2174/1389450117666160817103435
https://doi.org/10.3892/mmr.2023.13091
https://doi.org/10.3892/mmr.2023.13091
https://doi.org/10.3389/fphar.2024.1516111
https://doi.org/10.1371/journal.pone.0224852
https://doi.org/10.3389/fphys.2020.579296
https://doi.org/10.1038/s41392-022-01036-5
https://doi.org/10.1038/s41392-022-01036-5
https://doi.org/10.1080/14728222.2022.2161887
https://doi.org/10.1155/2021/8163298
https://doi.org/10.1016/j.kint.2024.01.021
https://doi.org/10.1101/2021.11.02.466923
https://doi.org/10.3389/fimmu.2020.01320
https://doi.org/10.3389/fimmu.2020.01320
https://doi.org/10.1172/jci.insight.172976
https://doi.org/10.5527/wjn.v5.i3.288
https://doi.org/10.1016/j.omto.2021.04.009
https://doi.org/10.1016/j.omto.2021.04.009
https://doi.org/10.1158/1538-7445.AM2016-593
https://doi.org/10.1158/1538-7445.AM2016-593
https://doi.org/10.3389/fimmu.2021.661202
https://doi.org/10.3389/fimmu.2021.661202
https://doi.org/10.3390/biomedicines11123135
https://doi.org/10.1093/ndt/gfae069.280
https://doi.org/10.1042/CS20181110
https://doi.org/10.3390/ijms241411756
https://doi.org/10.3390/ijms241411756
https://doi.org/10.1097/PAI.0000000000000460
https://doi.org/10.4103/1319-2442.397203
https://doi.org/10.1016/j.pathol.2016.02.001
https://doi.org/10.1002/advs.202201581
https://doi.org/10.1371/journal.pone.0163507
https://doi.org/10.12659/MSM.947570
https://doi.org/10.12659/MSM.947570
https://doi.org/10.3389/fimmu.2022.905930
https://doi.org/10.1186/s12944-021-01558-x
https://doi.org/10.7759/cureus.84077
https://doi.org/10.1093/ckj/sfy005
https://doi.org/10.1093/ckj/sfy005
https://doi.org/10.1371/journal.pone.0173201
https://doi.org/10.1371/journal.pone.0173201
https://doi.org/10.1681/ASN.2017070734
https://doi.org/10.1681/ASN.2017070734
https://doi.org/10.1194/jlr.P084590
https://doi.org/10.1186/s12882-015-0122-5
https://doi.org/10.1161/circ.145.suppl_1.EP07
https://doi.org/10.1161/circ.145.suppl_1.EP07
https://doi.org/10.1093/ndt/gfac066.049
https://doi.org/10.9734/ajpr/2022/v8i230240
https://doi.org/10.1371/journal.pone.0132970
https://doi.org/10.1016/j.phrs.2016.01.005
https://doi.org/10.1002/dmrr.2901
https://doi.org/10.1159/000452727
https://doi.org/10.3390/jcm13010168
https://doi.org/10.3390/jcm13010168
https://doi.org/10.21203/rs.3.rs-104160/v1
https://doi.org/10.1007/s00424-025-03069-5


Ma et al.� 10.3389/fmed.2026.1722758

Frontiers in Medicine 20 frontiersin.org

	193.	Muñoz Ramos P, Gil Giraldo LY, Reque J, Quiroga B, Alvarez CV. P0183THE use of 
PCSK9 inhibitors could reduce proteinuria in chronic kidney disease patients. Nephrol 
Dial Transplant. (2020) 35:gfaa142.P0183. doi: 10.1093/ndt/gfaa142.P0183

	194.	Tamehri Zadeh SS, Toth PP, Shapiro MD, Surma S, Banach M. ANGPTL3 vital role 
in different kidney diseases. Current knowledge and future perspectives. Biomed 
Pharmacother. (2025) 188:118189. doi: 10.1016/j.biopha.2025.118189

	195.	Zhao Y, Goto M, Vaziri ND, Khazaeli M, Liu H, Farahanchi N, et al. RNA interfer-
ence targeting liver angiopoietin-like protein 3 protects from nephrotic syndrome in a rat 
model via amelioration of pathologic hypertriglyceridemia. J Pharmacol Exp Ther. (2021) 
376:428–35. doi: 10.1124/jpet.120.000257

	196.	Nasri H. A mini-review to the common adverse-effects of statins. J Ren Endocrinol. 
(2022) 8:e25071. doi: 10.34172/jre.2022.25071

	197.	Ramkumar S, Raghunath A, Raghunath S. Statin therapy: review of safety and poten-
tial side effects. Acta Cardiol Sin. (2016) 32:631–9. doi: 10.6515/ACS20160611A

	198.	Iizuka Y, Sasaki M, Terada K, Sakai T, Nagaoka Y, Fukumura S, et al. Therapeutic 
efficacy of mesenchymal stem cells in modulating oxidative stress in puromycin-induced 
nephropathy. Pathophysiology. (2025) 32:19. doi: 10.3390/pathophysiology32020019

	199.	Lu L, Cai S, Zhu H, Liu G, Wang Y, Ren P, et al. Comparations of efficacy and safety 
of rituximab, calcineurin inhibitors and cyclophosphamide in primary membranous 
nephropathy: a single-center retrospective analysis. BMC Nephrol. (2024) 25:473. doi: 
10.1186/s12882-024-03912-4

	200.	Li Z, Zhao T, Zhang S, Huang J, Wang H, Sun Y, et al. Efficacy analysis of rituximab 
in treating patients with primary membranous nephropathy dependent on calcineurin 
inhibitors. Front Immunol. (2024) 15:1504646. doi: 10.3389/fimmu.2024.1504646

	201.	Bose B, Chung EYM, Hong R, Strippoli GFM, Johnson DW, Yang W, et al. 
Immunosuppression therapy for idiopathic membranous nephropathy: systematic review 
with network meta-analysis. J Nephrol. (2022) 35:1159–70. doi: 10.1007/
s40620-022-01268-2

	202.	Xu M, Wang Y, Wu M, Chen R, Zhao W, Li M, et al. Obinutuzumab versus rituximab 
for the treatment of refractory primary membranous nephropathy. Nephrol Dial 
Transplant. (2025) 40:978–86. doi: 10.1093/ndt/gfae230

	203.	Wang J, Xie Q, Sun Z, Xu N, Li Y, Wang L, et al. Response to immunosuppressive 
therapy in PLA2R-associated and non-PLA2R-associated idiopathic membranous 
nephropathy: a retrospective, multicenter cohort study. BMC Nephrol. (2017) 18:227. doi: 
10.1186/s12882-017-0636-0

	204.	Zhou Z, Zou Y, Ke B, Shen W. How to choose treatment regimens for idiopathic 
membranous nephropathy patients with PLA2R-negative: a single-center retrospective 
cohort study. ImmunoTargets Ther. (2025) 14:515–22. doi: 10.2147/ITT.S512451

	205.	McAdoo SP, Medjeral-Thomas N, Gopaluni S, Tanna A, Mansfield N, Galliford J, 
et al. Long-term follow-up of a combined rituximab and cyclophosphamide regimen in 
renal anti-neutrophil cytoplasm antibody-associated vasculitis. Nephrol Dial Transplant. 
(2019) 34:63–73. doi: 10.1093/ndt/gfx378

	206.	Scolari F, Delbarba E, Santoro D, Gesualdo L, Pani A, Dallera N, et al. Rituximab or 
cyclophosphamide in the treatment of membranous nephropathy: the RI-CYCLO ran-
domized trial. J Am Soc Nephrol. (2021) 32:972–82. doi: 10.1681/ASN.2020071091

	207.	Xue C, Wang J, Pan J, Liang C, Zhou C, Wu J, et al. Cyclophosphamide induced early 
remission and was superior to rituximab in idiopathic membranous nephropathy patients 
with high anti-PLA2R antibody levels. BMC Nephrol. (2023) 24:280. doi: 10.1186/
s12882-023-03307-x

	208.	Zeiser R. Immune modulatory effects of statins. Immunology. (2018) 154:69–75. doi: 
10.1111/imm.12902

	209.	Liu X, Ducasa GM, Mallela SK, Kim J-J, Molina J, Mitrofanova A, et al. Sterol-O-
acyltransferase-1 has a role in kidney disease associated with diabetes and Alport syn-
drome. Kidney Int. (2020) 98:1275–85. doi: 10.1016/j.kint.2020.06.040

	210.	Sun J, Zhang X, Wang S, Chen D, Shu J, Chong N, et al. Dapagliflozin improves 
podocytes injury in diabetic nephropathy via regulating cholesterol balance through 
KLF5 targeting the ABCA1 signalling pathway. Diabetol Metab Syndr. (2024) 16:38. doi: 
10.1186/s13098-024-01271-6

	211.	Pressly J, Varona Santos J, Ge M, Gurumani M, Merscher S, Fornoni A. POS-209 
oxysterol-binding protein like 7 in chronic kidney disease. Kidney Int Rep. (2022) 7:S90. 
doi: 10.1016/j.ekir.2022.01.227

	212.	Muñoz Ramos P, Gil Giraldo Y, Álvarez-Chiva V, Arroyo D, Sango Merino C, 
Moncho Francés F, et al. Proteinuria-lowering effects of proprotein convertase subtilisin/
kexin type 9 inhibitors in chronic kidney disease patients: a real-world multicentric study. 
Metabolites. (2021) 11:760. doi: 10.3390/metabo11110760

	213.	Fang P, Han L, Liu C, Deng S, Zhang E, Gong P, et al. Dual-regulated functionalized 
liposome–nanoparticle hybrids loaded with dexamethasone/TGFβ1-siRNA for targeted 
therapy of glomerulonephritis. ACS Appl Mater Interfaces. (2022) 14:307–23. doi: 10.1021/
acsami.1c20053

	214.	Wang Y, Wu Q, Wang J, Li L, Sun X, Zhang Z, et al. Co-delivery of p38α MAPK and 
p65 siRNA by novel liposomal glomerulus-targeting nano carriers for effective immuno-
globulin a nephropathy treatment. J Control Release. (2020) 320:457–68. doi: 10.1016/j.
jconrel.2020.01.024

	215.	Cornaby C, Elshikha AS, Teng X, Choi S-C, Scindia Y, Davidson A, et al. Efficacy of 
the combination of metformin and CTLA4Ig in the (NZB × NZW)F1 mouse model of 
lupus nephritis. ImmunoHorizons. (2020) 4:319–31. doi: 10.4049/
immunohorizons.2000033

	216.	Zhang C, Xu Z, Feng Y, Kong J, Wang Y, Xu F, et al. Immune-mediated membranous 
nephropathy: innovations in pathogenetic modeling and mechanistic insights. Int Rev 
Immunol. (2025) 44:443–53. doi: 10.1080/08830185.2025.2550714

	217.	Rojas-Rivera JE, Ortiz A, Fervenza FC. Novel treatments paradigms: membranous 
nephropathy. Kidney Int Rep. (2023) 8:419–31. doi: 10.1016/j.ekir.2022.12.011

	218.	Yang L, Wang X, Wang S, Shen J, Li Y, Wan S, et al. Targeting lipid metabolism in 
regulatory T cells for enhancing cancer immunotherapy. Biochim Biophys Acta Rev 
Cancer. (2025) 1880:189259. doi: 10.1016/j.bbcan.2025.189259

	219.	Lao M, Zhang X, Li Z, Sun K, Yang H, Wang S, et al. Lipid metabolism reprograming 
by SREBP1-PCSK9 targeting sensitizes pancreatic cancer to immunochemotherapy. 
Cancer Commun. (2025) 45:1010–37. doi: 10.1002/cac2.70038

	220.	Miao H, Zhang Y, Yu X, Zou L, Zhao Y. Membranous nephropathy: systems biology-
based novel mechanism and traditional Chinese medicine therapy. Front Pharmacol. 
(2022) 13:969930. doi: 10.3389/fphar.2022.969930

	221.	Purohit V, Wagner A, Yosef N, Kuchroo VK. Systems-based approaches to study 
immunometabolism. Cell Mol Immunol. (2022) 19:409–20. doi: 10.1038/
s41423-021-00783-9

	222.	O’Connor LM, O’Connor BA, Lim SB, Zeng J, Lo CH. Integrative multi-omics and 
systems bioinformatics in translational neuroscience: a data mining perspective. J Pharm 
Anal. (2023) 13:836–50. doi: 10.1016/j.jpha.2023.06.011

	223.	Sharma R, Desai K, Dadhania N, Croce P, Thalji M, Hanif A, et al. Systematic review 
of currently available predictive machine learning models for multiple myeloma. Blood. 
(2024) 144:7518–8. doi: 10.1182/blood-2024-211834

	224.	Yoosuf N, Maciejewski M, Ziemek D, Jelinsky SA, Folkersen L, Müller M, et al. Early 
prediction of clinical response to anti-TNF treatment using multi-omics and machine 
learning in rheumatoid arthritis. Rheumatology. (2022) 61:1680–9. doi: 10.1093/rheuma-
tology/keab521

	225.	Chen T, Liu X, Zhu J, Zhang X, Zhang J, Yu H, et al. (2025) Excavating podocyte-
protective targets of phloroglucinol-terpene hybrids utilizing AI models and omics analy-
sis. bioRxiv. Available online at: https://doi.org/10.1101/2025.02.22.639610. [Epub ahead 
of preprint]

	226.	Tu T, Wei X, Yang Y, Zhang N, Li W, Tu X, et al. Deep learning-based framework for 
the distinction of membranous nephropathy: a new approach through hyperspectral 
imagery. BMC Nephrol. (2021) 22:231. doi: 10.1186/s12882-021-02421-y

	227.	Zhu G, Shadekejiang H, Zhang X, Chen C, Su M, Wu S, et al. Rapid diagnosis of 
membranous nephropathy based on kidney tissue Raman spectroscopy and deep learn-
ing. Sci Rep. (2025) 15:13038. doi: 10.1038/s41598-025-97351-2

	228.	Hu X, Yang J, Li Y, Gong Y, Ni H, Wei Q, et al. Multimodal deep learning improving 
the accuracy of pathological diagnoses for membranous nephropathy. Ren Fail. (2025) 
47:2528106. doi: 10.1080/0886022X.2025.2528106

	229.	Rosenbacke R, Melhus Å, McKee M, Stuckler D. How explainable artificial intelli-
gence can increase or decrease clinicians’ trust in AI applications in health care: system-
atic review. JMIR AI. (2024) 3:e53207. doi: 10.2196/53207

	230.	Prentzas N, Kakas A, Pattichis CS (2023). Explainable AI applications in the medical 
domain: a systematic review. arXiv. Available online at: https://doi.org/10.48550/
arXiv.2308.05411. [Epub ahead of preprint]

	231.	Zhou X-J, Zhong X-H, Duan L-X. Integration of artificial intelligence and multi-
omics in kidney diseases. Fundam Res. (2023) 3:126–48. doi: 10.1016/j.fmre.2022.01.037

	232.	Cisek K, Krochmal M, Klein J, Mischak H. The application of multi-omics and sys-
tems biology to identify therapeutic targets in chronic kidney disease. Nephrol Dial 
Transplant. (2016) 31:2003–11. doi: 10.1093/ndt/gfv364

	233.	Caza TN, Al-Rabadi LF, Beck LH. How times have changed! A cornucopia of anti-
gens for membranous nephropathy. Front Immunol. (2021) 12:800242. doi: 10.3389/
fimmu.2021.800242

	234.	Sarkar S, Ghosh R. Unravelling lipid heterogeneity: advances in single-cell lipidomics 
in cellular metabolism and disease. BBA Adv. (2025) 8:100169. doi: 10.1016/j.
bbadva.2025.100169

	235.	Karaiskos N, Rahmatollahi M, Boltengagen A, Liu H, Hoehne M, Rinschen M, et al. 
A single-cell transcriptome atlas of the mouse glomerulus. J Am Soc Nephrol. (2018) 
29:2060–8. doi: 10.1681/ASN.2018030238

	236.	Requena B, Shabaka A, Lanzon B, Martinez S, Carrillo IG, Bada-Bosch T, et al. 
Lipidomics unveils critical lipid pathway shifts in Alport syndrome. Kidney Int Rep. 
(2025) 10:2805–20. doi: 10.1016/j.ekir.2025.05.034

	237.	Sealfon RSG, Mariani LH, Kretzler M, Troyanskaya OG. Machine learning, the 
kidney, and genotype–phenotype analysis. Kidney Int. (2020) 97:1141–9. doi: 10.1016/j.
kint.2020.02.028

	238.	Liu X, Shi J, Jiao Y, An J, Tian J, Yang Y, et al. Integrated multi-omics with machine 
learning to uncover the intricacies of kidney disease. Brief Bioinform. (2024) 25:bbae364. 
doi: 10.1093/bib/bbae364

	239.	Eddy S, Mariani LH, Kretzler M. Integrated multi-omics approaches to improve 
classification of chronic kidney disease. Nat Rev Nephrol. (2020) 16:657–68. doi: 10.1038/
s41581-020-0286-5

	240.	Ni Z, Wölk M, Jukes G, Mendivelso Espinosa K, Ahrends R, Aimo L, et al. Guiding 
the choice of informatics software and tools for lipidomics research applications. Nat 
Methods. (2023) 20:193–204. doi: 10.1038/s41592-022-01710-0

https://doi.org/10.3389/fmed.2026.1722758
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1093/ndt/gfaa142.P0183
https://doi.org/10.1016/j.biopha.2025.118189
https://doi.org/10.1124/jpet.120.000257
https://doi.org/10.34172/jre.2022.25071
https://doi.org/10.6515/ACS20160611A
https://doi.org/10.3390/pathophysiology32020019
https://doi.org/10.1186/s12882-024-03912-4
https://doi.org/10.3389/fimmu.2024.1504646
https://doi.org/10.1007/s40620-022-01268-2
https://doi.org/10.1007/s40620-022-01268-2
https://doi.org/10.1093/ndt/gfae230
https://doi.org/10.1186/s12882-017-0636-0
https://doi.org/10.2147/ITT.S512451
https://doi.org/10.1093/ndt/gfx378
https://doi.org/10.1681/ASN.2020071091
https://doi.org/10.1186/s12882-023-03307-x
https://doi.org/10.1186/s12882-023-03307-x
https://doi.org/10.1111/imm.12902
https://doi.org/10.1016/j.kint.2020.06.040
https://doi.org/10.1186/s13098-024-01271-6
https://doi.org/10.1016/j.ekir.2022.01.227
https://doi.org/10.3390/metabo11110760
https://doi.org/10.1021/acsami.1c20053
https://doi.org/10.1021/acsami.1c20053
https://doi.org/10.1016/j.jconrel.2020.01.024
https://doi.org/10.1016/j.jconrel.2020.01.024
https://doi.org/10.4049/immunohorizons.2000033
https://doi.org/10.4049/immunohorizons.2000033
https://doi.org/10.1080/08830185.2025.2550714
https://doi.org/10.1016/j.ekir.2022.12.011
https://doi.org/10.1016/j.bbcan.2025.189259
https://doi.org/10.1002/cac2.70038
https://doi.org/10.3389/fphar.2022.969930
https://doi.org/10.1038/s41423-021-00783-9
https://doi.org/10.1038/s41423-021-00783-9
https://doi.org/10.1016/j.jpha.2023.06.011
https://doi.org/10.1182/blood-2024-211834
https://doi.org/10.1093/rheumatology/keab521
https://doi.org/10.1093/rheumatology/keab521
https://doi.org/10.1101/2025.02.22.639610
https://doi.org/10.1186/s12882-021-02421-y
https://doi.org/10.1038/s41598-025-97351-2
https://doi.org/10.1080/0886022X.2025.2528106
https://doi.org/10.2196/53207
https://doi.org/10.48550/arXiv.2308.05411
https://doi.org/10.48550/arXiv.2308.05411
https://doi.org/10.1016/j.fmre.2022.01.037
https://doi.org/10.1093/ndt/gfv364
https://doi.org/10.3389/fimmu.2021.800242
https://doi.org/10.3389/fimmu.2021.800242
https://doi.org/10.1016/j.bbadva.2025.100169
https://doi.org/10.1016/j.bbadva.2025.100169
https://doi.org/10.1681/ASN.2018030238
https://doi.org/10.1016/j.ekir.2025.05.034
https://doi.org/10.1016/j.kint.2020.02.028
https://doi.org/10.1016/j.kint.2020.02.028
https://doi.org/10.1093/bib/bbae364
https://doi.org/10.1038/s41581-020-0286-5
https://doi.org/10.1038/s41581-020-0286-5
https://doi.org/10.1038/s41592-022-01710-0


Ma et al.� 10.3389/fmed.2026.1722758

Frontiers in Medicine 21 frontiersin.org

	241.	Bastos JM, Colaço B, Baptista R, Gavina C, Vitorino R. Innovations in heart failure 
management: the role of cutting-edge biomarkers and multi-omics integration. J Mol Cell 
Cardiol Plus. (2025) 11:100290. doi: 10.1016/j.jmccpl.2025.100290

	242.	Bourgonje AR, van Goor H, Faber KN, Dijkstra G. Clinical value of multiomics-
based biomarker signatures in inflammatory bowel diseases: challenges and opportuni-
ties. Clin Transl Gastroenterol. (2023) 14:e00579. doi: 10.14309/ctg.0000000000000579

	243.	Bae JC, Han JM, Kwon S, Jee JH, Yu TY, Lee MK, et al. LDL-C/apoB and HDL-C/
apoA-1 ratios predict incident chronic kidney disease in a large apparently healthy cohort. 
Atherosclerosis. (2016) 251:170–6. doi: 10.1016/j.atherosclerosis.2016.06.029

	244.	Lu J, Hu Z-B, Chen P-P, Lu C-C, Zhang J-X, Li X-Q, et al. Urinary levels of podocyte-
derived microparticles are associated with the progression of chronic kidney disease. Ann 
Transl Med. (2019) 7:445–5. doi: 10.21037/atm.2019.08.78

	245.	Burbelo PD, Joshi M, Chaturvedi A, Little DJ, Thurlow JS, Waldman M, et al. 
Detection of PLA2R autoantibodies before the diagnosis of membranous nephropathy. J 
Am Soc Nephrol. (2020) 31:208–17. doi: 10.1681/ASN.2019050538

	246.	Senanayake VK, Jin W, Mochizuki A, Chitou B, Goodenowe DB. Metabolic dysfunc-
tions in multiple sclerosis: implications as to causation, early detection, and treatment, a 
case control study. BMC Neurol. (2015) 15:154. doi: 10.1186/s12883-015-0411-4

	247.	Lee G, Hasan M, Kwon O-S, Jung BH. Identification of altered metabolic pathways 
during disease progression in EAE mice via metabolomics and lipidomics. Neuroscience. 
(2019) 416:74–87. doi: 10.1016/j.neuroscience.2019.07.029

	248.	Ferreira HB, Melo T, Monteiro A, Paiva A, Domingues P, Domingues MR. Serum 
phospholipidomics reveals altered lipid profile and promising biomarkers in multiple 
sclerosis. Arch Biochem Biophys. (2021) 697:108672. doi: 10.1016/j.abb.2020.108672

	249.	McDonnell T, Hartemink J, Ragy O, Parker K, Shukkur M, Thachil J, et al. 
Longitudinal analysis of prophylactic anticoagulation in primary nephrotic syndrome: 
low incidence of thromboembolic complications. Glomerular Dis. (2023) 3:266–74. doi: 
10.1159/000534652

	250.	Liu F, Chen S. Identification of biomarkers for minimal change disease based on 
LMD-DIA technology quantitative proteomics: SA-PO966. J Am Soc Nephrol. (2023) 
34:999–1000. doi: 10.1681/ASN.20233411S1999d

	251.	Smith AR, Helmuth M, Achanti A, Almaani S, Aviles DH, Ayoub I, et al. Longitudinal 
proteinuria trajectories and their association with kidney failure in minimal change dis-
ease and focal segmental glomerulosclerosis: a CureGN study: TH-PO479. J Am Soc 
Nephrol. (2022) 33:181–1. doi: 10.1681/ASN.20223311S1181b

	252.	Chauhan K, Nadkarni GN, Fleming F, McCullough J, He CJ, Quackenbush J, et al. 
Initial validation of a machine learning-derived prognostic test (KidneyIntelX) integrat-
ing biomarkers and electronic health record data to predict longitudinal kidney outcomes. 
Kidney360. (2020) 1:731–9. doi: 10.34067/KID.0002252020

	253.	Nadkarni GN, Fleming F, McCullough JR, Chauhan K, Verghese DA, He JC, et al. 
(2019). Prediction of rapid kidney function decline using machine learning combining 
blood biomarkers and electronic health record data. bioRxiv. Available online at: https://
doi.org/10.1101/587774. [Epub ahead of preprint]

	254.	Blondeel A, Demeyer H, Loeckx M, Rodrigues FM, Janssens W, Troosters T. 
Longitudinal assessment of physical activity: a methodological approach. Eur Respir J. 
(2018) 52:PA5430. doi: 10.1183/13993003.congress-2018.PA5430

	255.	Lin Y-H, Huang J-C, Wu P-Y, Chen S-C, Chiu Y-W, Chang J-M, et al. Greater low-
density lipoprotein cholesterol variability is associated with increased progression to 
dialysis in patients with chronic kidney disease stage 3. Oncotarget. (2018) 9:3242–53. doi: 
10.18632/oncotarget.23228

	256.	Bollack A, Pemberton HG, Collij LE, Markiewicz P, Cash DM, Farrar G, et al. 
Longitudinal amyloid and tau PET imaging in Alzheimer’s disease: a systematic review 
of methodologies and factors affecting quantification. Alzheimers Dement. (2023) 
19:5232–52. doi: 10.1002/alz.13158

	257.	Chiou TT-Y, Chau Y-Y, Chen J-B, Hsu H-H, Hung S-P, Lee W-C. Rapamycin attenu-
ates PLA2R activation-mediated podocyte apoptosis via the PI3K/AKT/mTOR pathway. 
Biomed Pharmacother. (2021) 144:112349. doi: 10.1016/j.biopha.2021.112349

	258.	Piranavan P, Bhamra M, Perl A. Metabolic targets for treatment of autoimmune 
diseases. Immunometabolism. (2020) 2:e200012. doi: 10.20900/immunometab20200012

	259.	Filippatos TD, Christopoulou EC, Elisaf MS. Pleiotropic effects of proprotein con-
vertase subtilisin/kexin type 9 inhibitors? Curr Opin Lipidol. (2018) 29:333–9. doi: 
10.1097/MOL.0000000000000523

	260.	Panchapakesan U, Pollock C. Drug repurposing in kidney disease. Kidney Int. (2018) 
94:40–8. doi: 10.1016/j.kint.2017.12.026

	261.	Yip JMX, Chiang GSH, Lee ICJ, Lehming-Teo R, Dai K, Dongol L, et al. Mitochondria 
and the repurposing of diabetes drugs for off-label health benefits. Int J Mol Sci. (2025) 
26:364. doi: 10.3390/ijms26010364

	262.	Colombo C, Li M, Watanabe S, Messa P, Edefonti A, Montini G, et al. Polymer 
nanoparticle engineering for podocyte repair: from in vitro models to new 
nanotherapeutics in kidney diseases. ACS Omega. (2017) 2:599–610. doi: 10.1021/
acsomega.6b00423

	263.	Wang J, Masehi-Lano JJ, Chung EJ. Peptide and antibody ligands for renal targeting: 
nanomedicine strategies for kidney disease. Biomater Sci. (2017) 5:1450–9. doi: 10.1039/
C7BM00271H

	264.	Bomback AS, Fervenza FC. Membranous nephropathy: approaches to treatment. 
Am J Nephrol. (2018) 47:30–42. doi: 10.1159/000481635

	265.	Köllner SMS, Seifert L, Zahner G, Tomas NM. Strategies towards antigen-specific 
treatments for membranous nephropathy. Front Immunol. (2022) 13:822508. doi: 10.3389/
fimmu.2022.822508

	266.	Malur P, Menezes A, DiNicolantonio JJ, O’Keefe JH, Lavie CJ. The microvascular and 
macrovascular benefits of fibrates in diabetes and the metabolic syndrome: a review. Mo 
Med. (2017) 114:464–71.

	267.	Bao L, Shi X, Shao Y. PCSK9 inhibitors: a potential priority choice for lipid manage-
ment in patients with diabetic kidney disease. Drugs. (2025) 85:1133–51. doi: 10.1007/
s40265-025-02221-w

	268.	Chen F, Zhang K, Wang M, He Z, Yu B, Wang X, et al. VEGF-FGF Signaling Activates 
Quiescent CD63+ Liver Stem Cells to Proliferate and Differentiate. Advanced Science. 
(2024) 11:2308711. doi: 10.1002/advs.202308711

	269.	Chen X, Chen C, Tian X, He L, Zuo E, Liu P, et al. DBAN: An improved dual 
branch attention network combined with serum Raman spectroscopy for diagnosis 
of diabetic kidney disease. Talanta. (2024) 266:125052. doi: 10.1016/j.
talanta.2023.125052

	270.	Zeng Y, Li J, Wei X, Ma S, Wang Q, Qi Z, et al. Preclinical evidence of reno-
protective effect of quercetin on acute kidney injury: a meta-analysis of animal 
studies. Frontiers in Pharmacology, (2023) 14:1310023. doi: 10.3389/fphar.2023 
.1310023

	271.	Mi W, Xia Y, and Bian Y. The influence of ICAM1 rs5498 on diabetes mellitus risk: 
evidence from a meta-analysis. Inflammation Research, (2019) 68:275–284. doi: 10.1007/
s00011-019-01220-4

	272.	Peng Q, Zhang H, and Li Z. Methyltransferase-like 16 drives diabetic nephropathy 
progression via epigenetic suppression of V-set pre-B cell surrogate light chain 3. Life 
sciences, (2025) 374:123694. doi: 10.1016/j.lfs.2025.123694

	273.	Peng Q, Zhang H, and Li Z. KAT2A-mediated H3K79 succinylation promotes fer-
roptosis in diabetic nephropathy by regulating SAT2. Life sciences, (2025) 376:123746. doi: 
10.1016/j.lfs.2025.123746

	274.	Tong G, Wang S, Gao G, He Y, Li Q, Yang X, et al. The efficacy of sulodexide com-
bined with Jinshuibao for treating early diabetic nephropathy patients. Int J Clin Exp Med, 
(2020) 13, 8308–8317.

	275.	Wang T, Li L, Liu L, Tan R, Wu Q, Zhu X, et al. Overview of pharmacodynamical 
research of traditional Chinese medicine on hyperuricemic nephropathy: from the per-
spective of dual-regulatory effect on the intestines and kidneys. Frontiers in Pharmacology, 
(2025) 16:1517047. doi: 10.3389/fphar.2025.1517047

https://doi.org/10.3389/fmed.2026.1722758
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.jmccpl.2025.100290
https://doi.org/10.14309/ctg.0000000000000579
https://doi.org/10.1016/j.atherosclerosis.2016.06.029
https://doi.org/10.21037/atm.2019.08.78
https://doi.org/10.1681/ASN.2019050538
https://doi.org/10.1186/s12883-015-0411-4
https://doi.org/10.1016/j.neuroscience.2019.07.029
https://doi.org/10.1016/j.abb.2020.108672
https://doi.org/10.1159/000534652
https://doi.org/10.1681/ASN.20233411S1999d
https://doi.org/10.1681/ASN.20223311S1181b
https://doi.org/10.34067/KID.0002252020
https://doi.org/10.1101/587774
https://doi.org/10.1101/587774
https://doi.org/10.1183/13993003.congress-2018.PA5430
https://doi.org/10.18632/oncotarget.23228
https://doi.org/10.1002/alz.13158
https://doi.org/10.1016/j.biopha.2021.112349
https://doi.org/10.20900/immunometab20200012
https://doi.org/10.1097/MOL.0000000000000523
https://doi.org/10.1016/j.kint.2017.12.026
https://doi.org/10.3390/ijms26010364
https://doi.org/10.1021/acsomega.6b00423
https://doi.org/10.1021/acsomega.6b00423
https://doi.org/10.1039/C7BM00271H
https://doi.org/10.1039/C7BM00271H
https://doi.org/10.1159/000481635
https://doi.org/10.3389/fimmu.2022.822508
https://doi.org/10.3389/fimmu.2022.822508
https://doi.org/10.1007/s40265-025-02221-w
https://doi.org/10.1007/s40265-025-02221-w
https://doi.org/10.1002/advs.202308711
https://doi.org/10.1016/j.talanta.2023.125052
https://doi.org/10.1016/j.talanta.2023.125052
https://doi.org/10.3389/fphar.2023.1310023
https://doi.org/10.3389/fphar.2023.1310023
https://doi.org/10.1007/s00011-019-01220-4
https://doi.org/10.1007/s00011-019-01220-4
https://doi.org/10.1016/j.lfs.2025.123694
https://doi.org/10.1016/j.lfs.2025.123746
https://doi.org/10.3389/fphar.2025.1517047

	The lipid–podocyte axis: emerging clues in membranous nephropathy pathogenesis
	1 Introduction
	2 Podocyte biology and function
	2.1 Structure (foot processes, slit diaphragm, cytoskeleton)
	2.2 Role in glomerular barrier
	2.3 Podocyte vulnerability in MN

	3 Lipid homeostasis in podocytes
	3.1 Cholesterol, sphingolipids, phospholipids, and fatty acids
	3.2 Lipid rafts in signaling and membrane integrity
	3.3 Lipid dysregulation in membranous nephropathy

	4 Crosstalk between lipids and podocyte injury
	4.1 Lipid rafts and immune-mediated podocyte injury
	4.2 Oxidized LDL and ceramide-induced podocyte apoptosis
	4.3 Dysregulated cholesterol efflux and podocyte injury
	4.4 Lipid-induced oxidative and ER stress leading to cytoskeletal remodeling

	5 Immune–lipid interactions in membranous nephropathy
	5.1 Lipid metabolism and immune responses
	5.2 Inflammatory signaling (NF-κB, inflammasome)
	5.3 Autoantibody injury via lipid microdomains

	6 Clinical implications
	6.1 Dyslipidemia as biomarker
	6.2 Correlations with proteinuria/prognosis
	6.3 Lipid-lowering therapies

	7 Emerging therapeutic perspectives
	7.1 Immunosuppressive therapy
	7.2 Metabolic interventions targeting podocyte lipid homeostasis
	7.3 Integrative strategies (immunomodulation + metabolic support)
	7.4 Artificial intelligence in MN

	8 Future directions
	8.1 Multi-omics integration
	8.2 Longitudinal studies
	8.3 Novel therapeutics

	9 Limitations and knowledge gaps
	10 Conclusion

	References

