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A B S T R A C T

Polyunsaturated fatty acids (PUFAs) regulate renal inflammation through metabolites generated by COX, LOX, 
and CYP pathways. While prostaglandins, leukotrienes, and 20-hydroxyeicosatetraenoic acid (20-HETE) exac
erbate kidney injury, epoxyeicosatrienoic acids (EETs), lipoxins, and other specialized pro-resolving mediators 
(SPMs) counteract inflammation and promote tissue repair. These lipid mediators also modulate nuclear re
ceptors such as peroxisome proliferator-activated receptors (PPARs) and fibrotic pathways like TGF-β signaling. 
Disease-specific imbalances in PUFA metabolism have been implicated in nephrotic syndrome, glomerulone
phritis, kidney transplantation, and renal cancer. This review integrates mechanistic insights with experimental 
and clinical data, highlighting therapeutic strategies including dietary ω-3 PUFA supplementation, synthetic SPM 
analogs, selective enzyme inhibitors, and nanocarrier-based delivery systems. We also address limitations, such 
as short half-life, off-target effects, and immunoregulatory risks. Lipidomic profiling may aid in patient strati
fication and treatment personalization. Collectively, targeting PUFA-derived lipid mediators offers a promising 
adjunct to conventional therapies for inflammatory and immune-mediated kidney diseases.

1. Introduction

Polyunsaturated fatty acids (PUFAs), characterized by multiple 
double bonds within their structure, are essential for various physio
logical functions, including neural activity, coagulation, and muscle 
health [1]. Beyond their fundamental biological roles, PUFAs and their 
metabolites, collectively termed oxylipins, are intricately involved in 
inflammatory processes, which are central to the pathogenesis of a range 
of kidney diseases [2]. The enzymes responsible for PUFA metabolism, 
namely cyclooxygenases (COXs), lipoxygenases (LOXs), and cyto
chromes P450 (CYPs), play pivotal roles in regulating the production of 
lipid mediators such as prostaglandins (PGs), leukotrienes (LTs), and 
lipoxins (LXs). These lipid mediators modulate inflammation and 
fibrosis, key processes in kidney pathology [3].

COXs are the primary enzymes involved in converting arachidonic 
acid (AA) into PGs, thromboxanes (TXs), and prostacyclins, all of which 
are critical in regulating inflammatory responses and maintaining 
vascular homeostasis [4]. In the context of kidney injury, metabolites 
derived from COX contribute significantly to inflammation and fibrosis, 
the hallmarks of chronic kidney diseases (CKDs) [5]. The use of COX 

inhibitors, including non-steroidal anti-inflammatory drugs (NSAIDs), is 
known to reduce inflammation and mitigate renal damage, underscoring 
the importance of COX-derived metabolites in the progression of kidney 
diseases [6].

LOXs, a family of dioxygenase enzymes, catalyze the oxidation of 
PUFAs such as AA, linoleic acid (LA), and alpha-linolenic acid (ALA), 
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), dihomo- 
γ-linolenic acid (DGLA), as well as less frequently discussed but bio
logically relevant PUFAs such as 18:3 ω-6, 22:4 ω-6, 22:5 ω-6, 18:4 ω-3, 
and 22:5 ω-3 [7]. The enzymatic activity of LOXs on these substrates 
gives rise to hydroxylated fatty acids and specialized pro-resolving 
mediators involved in immune modulation and inflammation resolu
tion [8]. In renal injury, LOXs play a critical role in driving inflammation 
and fibrosis [9]. LTs enhance inflammation by increasing vascular 
permeability and recruiting immune cells, contributing to the patho
genesis of conditions such as glomerulonephritis (GN) and diabetic ne
phropathy (DN) [10]. In contrast, LXs, produced by 15-LOX, facilitate 
the resolution of inflammation and promote tissue repair, highlighting 
the dual role of LOXs in both initiating and resolving inflammation 
[11,12]. Specifically, 15-LOX-1 has been implicated in kidney damage, 
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particularly in chronic conditions like diabetic nephropathy, by driving 
both inflammation and fibrosis [9]. Among LOX isoforms, 15-LOX exists 
in two distinct variants. 15-LOX-1 displays a dual role in inflammation, 
it can generate anti-inflammatory mediators such as 15-hydroxyeicosa
tetraenoic acid (15-HETE) from AA and 15-hydroxyeicosapentaenoic 
acid (15-HEPE) from EPA, which are precursors of LXs and resolvins. 
Moreover, it produces pro-inflammatory metabolites, such as 13- 
hydroxyoctadecadienoic acid (13-HODE) from LA, which may 
contribute to oxidative stress and vascular dysfunction [13]. In contrast, 
15-LOX-2 primarily oxygenates esterified fatty acids within membrane 
phospholipids and is more associated with tissue remodeling and 
epithelial differentiation [13,14]. Other LOX isoforms, such as 5-LOX 
and 12-LOX, also influence renal inflammation.

CYP enzymes are integral to the metabolism of PUFAs, particularly in 
the production of epoxyeicosatrienoic acids (EETs) [15]. These metab
olites regulate key processes such as vascular tone, inflammation, and 
renal blood flow, all of which are essential for maintaining kidney ho
meostasis. Disruption in the activity of CYP450 enzymes can lead to 
kidney dysfunction, exacerbating conditions like acute kidney injury 
(AKI) and CKD [16]. Specifically, CYP450-derived EETs have protective 
effects by promoting vasodilation and reducing inflammation. However, 
an imbalance in the production of these metabolites can also contribute 
to kidney damage, fibrosis, and the progression of renal diseases. 
Furthermore, CYP450 enzymes interact with various endogenous and 
exogenous compounds, influencing drug metabolism and potentially 
contributing to nephrotoxicity in renal pathways [17].

This review endeavors to clarify the dual roles of PUFAs within these 
pathological processes, detailing the complex mechanisms by which 
PUFAs and their metabolites regulate inflammatory and fibrotic re
sponses. Furthermore, it aims to provide a comprehensive understand
ing of their contributions to renal damage and to explore potential 
therapeutic implications in the context of kidney diseases.

2. Dyslipidemia in kidney disease progression

Growing experimental and clinical evidence underscores the strong 
association between lipid abnormalities and the onset and progression of 
CKD. Dyslipidemia is a major factor in accelerating CKD, with large- 
scale clinical trials and meta-analyses indicating that statin therapy 
may help to slow down this process [18]. Elevated low-density lipo
protein (LDL) cholesterol levels have been linked to a more rapid decline 
in estimated glomerular filtration rate (eGFR) in patients with CKD [19]. 
Furthermore, observational studies correlate lipid imbalances, including 
high triglycerides, low high-density lipoprotein (HDL), and an increased 
LDL/HDL ratio, with an increased risk of CKD onset and faster GFR 
decline over time [19].

Dyslipidemia promotes renal dysfunction through mechanisms 
similar to lipid-mediated vascular injury in atherosclerosis [20]. These 
include mesangial cell activation, glomerular lipid accumulation, 
podocyte injury, monocyte infiltration, and tubular lipid deposition 
[20]. LDL binds to specific receptors on mesangial cells, triggering ma
trix protein synthesis and the release of proinflammatory cytokines, 
leading to macrophage infiltration and sustained inflammation [21]. 
Excess lipoprotein accumulation within the glomerular mesangium en
hances extracellular matrix production, fostering glomerulosclerosis 
[21]. Podocytes, essential for maintaining glomerular integrity, are 
highly susceptible to damage from elevated triglycerides and choles
terol, while oxidized LDL intensifies renal inflammation by promoting 
monocyte infiltration into renal tissues [22]. Additionally, lipid reab
sorption via the megalin–cubilin complex, along with increased nephron 
glucose uptake, accelerates lipid accumulation in renal tubules and 
interstitium, further aggravating kidney injury [20].

Disruption of lipid metabolism is a critical factor in the pathogenesis 
of both glomerular and interstitial damage, driving the progression of 
CKD [23]. Conditions such as focal segmental glomerulosclerosis (FSGS) 
and tubulointerstitial fibrosis worsen with excessive dietary cholesterol 

intake, which alters fatty acid composition in renal tissues, promotes 
macrophage infiltration, induces mesangial expansion, and enhances 
lipid accumulation and foam cell formation [24]. Patients with CKD are 
at a heightened risk of cardiovascular diseases (CVDs), with dyslipide
mia being a modifiable yet significant contributor [25]. While lipid- 
lowering therapies have shown limited benefits in kidney disease, 
controlled trials and meta-analyses suggest that lipid reduction de
creases proteinuria and helps preserve GFR [25]. Changes in lipid pro
files during different CKD stages negatively impact renal function and 
substantially elevate the risk of CVDs [26].

Statins exert pleiotropic effects beyond LDL reduction, improving 
renal outcome by mitigating inflammation, reducing oxidative stress, 
and stabilizing atherosclerotic plaques [27]. As inhibitors of 
hydroxymethylglutaryl-CoA (HMG-CoA) reductase, statins decrease 
isoprenoid production, thereby limiting mesangial cell proliferation, 
leukocyte adhesion, and monocyte activation [28]. In experimental 
models, statins have been shown to protect glomeruli by reducing 
macrophage infiltration, inhibiting mesangial cell proliferation, and 
suppressing NF-κB activation in response to inflammatory stimuli [29].

An emerging aspect of statin therapy is its interaction with PUFAs. 
Statins and PUFAs share overlapping cellular pathways, suggesting that 
PUFA metabolites might act as secondary messengers in statin-mediated 
renal protection [30]. Research consistently indicates that ω-3 PUFAs 
lower serum lipid levels, even in individuals not undergoing statin 
therapy, reinforcing their therapeutic potential in preventing glomer
ular injury [31]. Understanding the interplay between statins and PUFAs 
could provide novel insights into cardiovascular and renal protection, 
warranting further exploration of their combined effects in CKD 
management.

3. PUFAs and the progression of renal diseases

3.1. Overview: mechanistic links between PUFAs and kidney injury

PUFAs are categorized into two main groups: ω-6 and ω-3. Their 
primary dietary precursors, LA (18:2 ω-6) and ALA (18:3 ω-3), are 
metabolized into AA (20:4 ω-6), eicosapentaenoic acid (EPA, 20:5 ω-3) 
and docosahexaenoic acid (DHA, 22:6 ω-3), respectively. The balance 
between these PUFAs plays a crucial role in regulating inflammation, as 
they influence the production of eicosanoids, which mediate pro- 
inflammatory and anti-inflammatory responses [32]. A diet rich in 
PUFAs has been shown to regulate leukocyte chemotaxis, improve 
endothelial function, and modulate cytokine synthesis, demonstrating 
significant therapeutic potential in inflammatory conditions [33]. 
Clinical and experimental studies highlight the impact of dietary PUFAs 
on renal inflammation and fibrosis, two key processes in CKD progres
sion. Lin et al. reported that diabetic patients consuming ω-3 PUFAs and 
high-quality proteins exhibited a lower risk of developing DN [34]. 
Similarly, increased intake of marine fish, shellfish, and low-fat dairy 
products has been associated with a decreased risk of DN [34]. These 
findings emphasize the role of dietary PUFA composition in modifying 
phospholipid profiles, thereby influencing inflammatory pathways in 
the kidneys. In addition to inflammation, renal fibrosis significantly 
contributes to CKD progression. Dietary interventions modifying PUFA 
composition have been shown to impact fibrotic pathways, potentially 
mitigating nephropathy [35]. In a study on polycystic kidney disease, 
Ogborn et al. demonstrated that a diet rich in conjugated LA signifi
cantly improved chronic interstitial nephritis (CIN) [36]. Additionally, 
Khan et al. found that fish oil and flaxseed oil, both abundant in ω-3 
PUFAs, effectively reduced nephrotoxicity and oxidative stress in male 
Wistar rats exposed to sodium nitroprusside [37].

The beneficial effects of fish oil on blood pressure and proteinuria in 
both human and animal models of hypertension are attributed to its 
vasodilatory properties and its ability to regulate transforming growth 
factor-beta (TGF-β), renin, fibronectin, and nitric oxide (NO) synthesis 
[38]. Ng et al. demonstrated that fish oil supplementation improved 
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renal function in patients with IgA nephropathy following trans
plantation [39]. Furthermore, Tsipas and Morphake observed that a 
balanced intake of ω-6 and ω-3 PUFAs mitigated cyclosporine-induced 
nephrotoxicity [40]. These findings underscore the therapeutic prom
ise of PUFAs in managing various kidney disorders. The mechanisms 
underlying the nephroprotective effects of PUFAs are still being inves
tigated. Studies suggest that renal injury occurs primarily through two 
pathways: inflammatory responses involving TGF-β, tumor necrosis 
factor-alpha (TNF-α), and interleukin-1 (IL-1); and hemodynamic 
changes mediated by NO, angiotensin II (Ang II), and PGs [41,42]. These 
factors drive renal fibrosis, ultimately contributing to end stage renal 
disease (ESRD). The early phase of renal damage involves the activation 
of cellular mediators, with TGF-β playing a pivotal role. This leads to cell 
proliferation, extracellular matrix (ECM) expansion, and progressive 
fibrosis. Ang II, a major pro-inflammatory mediator, influences macro
phage activity, fibroblast proliferation, and renal cell hypertrophy. It 
enhances tubular epithelial cell activation and upregulates profibrotic 
cytokines via TGF-β-dependent pathways [43]. Moreover, PUFAs have 
been shown to modulate renal fibrosis by affecting apoptosis, inflam
mation, migration, proliferation, and differentiation [44]. This high
lights the complexity of kidney fibrosis and the potential for targeting 
these mechanisms to slow down the progression of CKD (Fig. 1).

EPA, a major ω-3 PUFA from fish oil, has been found to suppress 
mesangial cell proliferation in response to platelet-derived growth factor 
(PDGF) and epidermal growth factor (EGF) [45]. This occurs through 
the inhibition of PDGF receptor autophosphorylation, suppression of 
extracellular signal-regulated kinase (ERK) activation, and down
regulation of cyclin-dependent kinase 4 (CDK4) and cyclin D1 expres
sion [46]. Additionally, in anti-Thy 1.1 GN models, fish oil 
supplementation significantly reduced mesangial cell activation and 
proliferation, leading to lower proteinuria and improved renal 

histology.
PUFAs also regulate key pathways such as the renin-angiotensin 

system (RAS) and NO metabolism, both of which are central in CKD 
and hypertension. Evidence suggests that PUFAs inhibit angiotensin- 
converting enzyme (ACE) activity, reduce Ang II production, enhance 
endothelial NO synthesis, and downregulate TGF-β expression [47]. AA, 
an ω-6 PUFA, enhances the response of mesangial Ca2+-activated K+

channels to Ang II, which is crucial for regulation of glomerular filtra
tion [48].

DHA, another key ω-3 PUFA, has shown protective effects in murine 
models of ischemic AKI by reducing serum creatinine levels and sup
pressing TNF-α and inducible nitric oxide synthase (iNOS) expression 
post-reperfusion [49]. Furthermore, long-term supplementation with 
EPA-DHA in patients with prior myocardial infarction significantly 
slowed kidney function decline, particularly in those with pre-existing 
CKD [50].

Emerging research indicates that PUFAs influence peroxisome 
proliferator-activated receptor (PPAR) activity in renal tissues, affecting 
lipid metabolism, inflammation, and glomerulosclerosis progression 
[51]. Targeting PPARs through dietary or pharmacological in
terventions presents a promising strategy for slowing CKD progression.

Although the general roles of PUFA-derived mediators in kidney 
inflammation and fibrosis have been broadly delineated, growing evi
dence underscores the heterogeneity of their impact across distinct renal 
disorders. The pathophysiological landscapes of nephrotic syndrome 
(NS), GN, transplantation-related nephropathy, autoimmune kidney 
diseases and renal cancer differ markedly in terms of cellular targets, 
inflammatory cascades, and lipid mediator profiles [52]. Consequently, 
a deeper understanding of PUFA metabolism requires disease-specific 
analysis. Indeed, although PUFAs and their metabolites participate in 
the pathogenesis of nearly all kidney diseases, their patterns of 

Fig. 1. Potential targets of PUFAs in renal fibrosis process. PUFAs play their pro-inflammatory or anti-inflammatory role by regulating several main factors in the two 
groups of inflammatory and hemodynamic factors. PUFAs interfere with the processes involved in kidney fibrosis, such as the activation and proliferation of 
mesangial cells and the synthesis of ECM proteins, as well as apoptosis, proliferation, differentiation and migration of renal cells.
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involvement vary substantially depending on the specific disease 
context. The dominance of particular oxylipins, such as LTB4 in GN 
[53], PGE2 in NS [54], 20-HETE in ischemia/reperfusion injury (IRI) 
[55], and LXA4 in autoimmune nephritis [56], reflects the distinct in
flammatory and hemodynamic environments of each condition. These 
distinctions are critical for elucidating both shared and divergent 
mechanisms and informing tailored therapeutic strategies.

Thus, while the metabolic pathways are conserved, the balance, 
downstream targets, and clinical implications of each mediator differ 
significantly across disease types. This concept underpins the disease- 
specific organization as presented in the following subsections.

3.2. Nephrotic syndrome

NS, defined by massive proteinuria, hypoalbuminemia, hyperlipid
emia, and peripheral edema, is increasingly recognized as an immu
noinflammatory disorder with substantial glomerular involvement. A 
growing body of evidence implicates PUFA-derived eicosanoids, 
particularly LTs and LXs, in modulating both the initiation and resolu
tion of glomerular inflammation [10]. Several clinical studies have re
ported elevated urinary and plasma concentrations of LTB4, cysteinyl 
leukotrienes (LTC4, LTD4), as well as increased levels of thromboxane 
B2 (TXB2), the stable metabolite of TXA2 in pediatric patients with 
active NS, particularly during relapses and in steroid-resistant cases 
[57,58].

These eicosanoids promote mesangial proliferation, cytokine pro
duction, and leukocyte recruitment, contributing to glomerular perme
ability and podocyte injury. In contrast, LXA4, an endogenous pro- 
resolving mediator generated through the lipoxygenase pathway, has 
demonstrated anti-inflammatory and cytoprotective effects in nephrotic 
models. LXA4 exerts its action via inhibition of NF-κB signaling and 
suppression of pro-inflammatory cytokines such as TNF-α and IL-1β 
[11]. While direct evidence from adriamycin-induced nephrosis is 
limited, studies in DN and other inflammatory kidney conditions suggest 
that LXA4 analogs reduce proteinuria, inhibit NF-κB signaling, and 
suppress pro-fibrotic responses [59]. LXA4 has also been reported to 
influence macrophage polarization, promoting a shift toward the M2 
reparative phenotype and reducing fibronectin expression, mechanisms 
that may help mitigate mesangial expansion and interstitial fibrosis 
[60].

From a clinical perspective, ω-3 PUFAs, namely EPA and DHA, have 
been evaluated as adjunctive therapy in NS due to their anti- 
inflammatory and lipid-lowering properties. ω-3 PUFAs, particularly 
EPA and DHA, reduce inflammation by competing with AA for enzy
matic metabolism, thereby lowering the production of pro- 
inflammatory eicosanoids [61]. Clinical trials have shown that supple
mentation with 3 g/day of ω-3 fatty acids can reduce serum triglycerides 
and modestly lower proteinuria in patients with glomerular diseases 
such as membranous nephropathy and focal segmental glomerulo
sclerosis [29]. A meta-analysis of randomized trials further supports a 
small but significant reduction in proteinuria with ω-3 supplementation, 
though no clear effect on eGFR was observed [29]. Furthermore, 
adherence to a Mediterranean diet, rich in ω-3 fatty acids, was associated 
with a more favorable plasma PUFA profile and reduced ω-6 to ω-3 ratio 
in children with idiopathic nephrotic syndrome (INS), potentially 
contributing to improved inflammatory status [62].

These studies support the potential adjunctive role of ω-3 PUFAs in 
managing lipid abnormalities and proteinuria in NS, though further 
large-scale studies are needed to confirm their efficacy and define 
optimal dosing strategies. However, evidence for improved glomerular 
filtration or enhanced steroid responsiveness remains limited. While ω-3 
PUFAs show promise in managing NS comorbidities, their inability to 
consistently preserve renal function or demonstrate universal protein
uria reduction across glomerulopathies underscores the need for 
personalized dosing strategies and subtype-specific clinical guidelines 
[63].

Importantly, ω-3 PUFAs exhibit a favorable safety profile, with 
gastrointestinal discomfort being the most commonly reported side ef
fect. Their inclusion as part of individualized dietary strategies offers a 
low-risk option for managing hyperlipidemia and inflammatory burden 
in NS [64]. Meanwhile, the therapeutic potential of LXA4 remains 
confined to preclinical research due to metabolic instability and lack of 
approved formulations. Emerging delivery technologies, including 
nanoparticle-based encapsulation, may facilitate renal targeting and 
enhance bioactivity of such lipid mediators in future interventions [65].

3.3. Glomerulonephritis

GN encompasses a diverse group of immune-mediated glomerular 
diseases, including IgA nephropathy, lupus nephritis (LN), which is 
discussed in greater detail in Section 3.5 due to its systemic autoimmune 
features, membranoproliferative GN, and rapidly progressive GN. 
Despite etiologic heterogeneity, these conditions share a common 
pathophysiological theme: immune cell infiltration, cytokine activation, 
and disruption of the glomerular filtration barrier. PUFA metabolites 
play an increasingly recognized role in amplifying or resolving these 
immune responses.

Among the AA-derived eicosanoids, LTB4 is a potent chemo
attractant that recruits neutrophils and monocytes to glomerular tissue. 
Elevated renal and systemic levels of LTB4 have been demonstrated in 
both animal models and human biopsies of IgA nephropathy [66,67]. Its 
receptor BLT1 is overexpressed in glomerular endothelial and infil
trating immune cells, and pharmacological inhibition of LTB4 signaling 
significantly reduces glomerular injury in murine models [68].

On the anti-inflammatory axis, LXA4 has emerged as a critical 
modulator of immune resolution in GN. LXA4 levels are reported to be 
diminished in active LN, as further detailed in Section 3.5. Exogenous 
administration of LXA4 or its stable analogs has been shown to suppress 
NF-κB signaling, reduce the expression of adhesion molecules such as 
ICAM-1 and VCAM-1, and facilitate the clearance of activated leuko
cytes [69]. These actions collectively help preserve glomerular integrity 
and limit proteinuria.

In GN subtypes such as IgA nephropathy and LN, ω-3 PUFAs may 
attenuate glomerular inflammation by downregulating LTB4 and TXA2 
production through competitive inhibition of AA metabolism. This shift 
favors the biosynthesis of specialized pro-resolving mediators like 
resolvins, which suppress mesangial proliferation and immune activa
tion in experimental models. EPA-derived RvE1 has also been shown to 
suppress mesangial proliferation and macrophage activation in experi
mental GN models [70,71].

Collectively, the evidence highlights that PUFA-derived lipid medi
ators act as active regulators of glomerular inflammation in GN rather 
than inert byproducts. These mediators, ranging from pro-inflammatory 
leukotrienes to pro-resolving agents like resolvins and lipoxins, exert 
bidirectional effects on immune activation and resolution dynamics 
within the glomerular microenvironment. As such, therapeutic strate
gies that seek to recalibrate this lipid mediator balance offer promise as 
adjunctive approaches in GN management. This may be particularly 
relevant for treatment-resistant or relapsing cases where conventional 
immunosuppressive regimens are insufficient to achieve durable disease 
control.

3.4. Kidney transplantation

Kidney transplantation offers the most definitive treatment for pa
tients with ESRD. Yet, despite advances in surgical techniques and 
immunosuppressive therapy, long-term graft survival remains limited 
by immune-mediated injury and persistent low-grade inflammation 
[72]. Within this context, PUFAs and their bioactive derivatives have 
garnered attention for their potential to modulate immune responses 
and promote graft homeostasis.

While direct studies on ω-3 PUFA supplementation in murine models 
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of renal transplantation are limited, related animal studies have 
demonstrated that ω-3 PUFAs can attenuate inflammatory responses. 
For instance, in a controlled mouse model of fat grafting, fish oil sup
plementation reduced serum CRP levels, decreased expression of pro- 
inflammatory cytokines, and diminished infiltration of inflammatory 
cells in graft tissues, indicating enhanced resolution of inflammation and 
improved graft survival [73].

Clinical trials investigating ω-3 PUFA supplementation in kidney 
transplant recipients have yielded mixed results. Some studies have re
ported benefits such as reduced triglyceride levels and improved endo
thelial function. For instance, a randomized controlled trial found that 
supplementation with 2.6 g/day of EPA and DHA for 44 weeks led to 
significant reductions in plasma triglycerides and improvements in 
endothelial function, although no significant changes in GFR were 
observed [74]. Another study reported that fish oil supplementation at a 
dose of 6 g/day during the first postoperative year improved renal he
modynamics and reduced blood pressure in kidney transplant recipients 
[75].

3.5. Autoimmune-associated renal diseases

Autoimmune nephropathies, including systemic lupus erythemato
sus (SLE)-associated nephritis and ANCA-associated vasculitis, are 
driven by a breakdown in immune tolerance, characterized by immune 
complex deposition, complement activation, and chronic glomerular 
inflammation [76]. In these contexts, lipid mediators derived from 
PUFAs have emerged as key regulators of immune responses, bridging 
metabolic and immunologic dysfunction. In LN, as discussed in Section 
3.3, renal expression of COX-2 and 5-LOX is elevated, leading to 
increased production of pro-inflammatory eicosanoids including PGE2 
and LTB4, which contribute to immune-mediated tissue injury. Inhibi
tion of LTB4 signaling in murine LN models reduces proteinuria and 
improves histological outcomes. Similarly, in ANCA-associated vascu
litis, increased circulating and renal levels of LTB4 have been correlated 
with neutrophil extracellular trap (NET) formation and crescentic GN. 
This suggests a conserved pathogenic axis across autoimmune renal 
disorders [77].

In LN, LXA4 is significantly diminished during active disease phases, 
as demonstrated in both patient samples and lupus-prone animal models 
[78,79]. These mechanisms, detailed at the glomerular level in Section 
3.2, include the suppression of NF-κB activity, downregulation of pro- 
inflammatory cytokines such as IL-6 and TNF-α, and inhibition of 
early growth response protein 1 (EGR-1)-mediated TGF-β signaling, 
which is central to fibrosis [80]. Additionally, LXA4 promotes 
macrophage-mediated clearance of apoptotic cells (efferocytosis), 
contributing to the resolution of inflammation without compromising 
antimicrobial defense [81]. These multifaceted effects position LXA4 not 
only as a biomarker of disease activity but also as a potential therapeutic 
candidate in autoimmune renal disorders.

Dietary supplementation with ω-3 PUFAs has demonstrated immu
nomodulatory effects in autoimmune nephritis models. In lupus-prone 
MRL/lpr mice, ω-3 PUFA intake significantly reduced circulating anti- 
dsDNA antibody levels, glomerular IgG deposition, and histological 
evidence of renal inflammation. These effects were associated with 
lowered IL-6 expression and inhibition of mesangial cell proliferation, 
indicating a protective role in modulating autoantibody-driven renal 
injury [82].

PPARγ agonists, particularly pioglitazone, have shown neph
roprotective properties in experimental models of lupus and diabetic 
nephropathy, where they reduce mesangial expansion, enhance podo
cyte survival, and inhibit SMAD (Small mothers against 
decapentaplegic)-mediated fibrogenesis [51]. Additionally, ω-3 PUFA 
derivatives such as 17-hydroxydocosahexaenoic acid (17-HDHA) can 
function as endogenous PPARγ ligands, further amplifying these anti- 
inflammatory and antifibrotic effects [83]. However, clinical evidence 
in LN remains limited, with small trials suggesting improvements in 

proteinuria but raising concerns regarding fluid retention, especially in 
patients with advanced renal impairment [51].

In autoimmune kidney diseases, targeting lipid mediator pathways 
may offer therapeutic benefits. Targeting these pathways through 
combined COX/LOX inhibition and ω-3 PUFA supplementation has 
shown promise in modulating systemic inflammation in autoimmune 
renal diseases [84]. Urinary lipidomic profiling may serve as a nonin
vasive tool for stratifying patients based on inflammatory mediator 
signatures. For instance, elevated urinary LTB4 is associated with 
heightened glomerular inflammation and may identify candidates for 5- 
LOX inhibitor therapy [66], whereas reduced urinary LXA4 levels in 
active autoimmune nephritis suggest a potential role for specialized pro- 
resolving mediators (SPMs)-based interventions in selected individuals 
[85].

3.6. PUFAs metabolism in kidney cancer

PUFAs, particularly ω-6 and ω-3, exhibit various anticancer proper
ties, including the ability to induce apoptosis and inhibit tumor growth 
[86]. These fatty acids influence cancer progression by modifying gene 
and protein expression, interfering with cell cycle regulation, and trig
gering apoptotic pathways. PUFAs facilitate the release of cytochrome C 
from mitochondria, which alters mitochondrial metabolism and en
hances Caspase 3 activity, a key enzyme in apoptosis [87]. For instance, 
gamma-linolenic acid (GLA), an ω-6 PUFA, has been shown to induce 
cytochrome C release in rat carcinosarcoma cells (LLC-WRC256), lead
ing to apoptosis [87]. LOXs, a crucial group of enzymes in PUFA meta
bolism, are involved in apoptosis, metastasis, and carcinogenesis [88]. 
These enzymes exhibit both tumor-promoting and tumor-suppressing 
functions, making their role in cancer complex [89]. Notably, 15-LOX- 
2 expression and activity are significantly elevated in macrophages 
infiltrating human renal cell carcinoma (RCC), where they enhance 
tumor-associated inflammation and immune suppression [90]. Tumor- 
associated macrophages (TAMs) expressing high levels of 15-LOX-2 
produce 15(S)-HETE, a lipid mediator that fosters an immunosuppres
sive tumor microenvironment by increasing CCL2 and IL-10 while 
downregulating IFN-γ and TNF-α [90]. This environment facilitates 
angiogenesis and tumor cell proliferation [91]. Targeting 15-LOX-2 may 
reduce these immunosuppressive effects, restore antitumor immunity, 
and enhance immunotherapeutic responses [91].

In RCC, 15-LOX-1 primarily functions as a tumor suppressor [92]. 
This isoform facilitates apoptosis through metabolites such as 13(S)- 
HpODE, derived from LA [93]. Additionally, epigenetic modifications, 
including DNA methylation and histone modifications, regulate 15-LOX- 
1 expression, and disruptions in these processes may impair its tumor- 
suppressive function [92]. Moreover, 15-LOX-1 plays a role in ferrop
tosis, a form of regulated cell death driven by iron-dependent lipid 
peroxidation, suggesting an additional mechanism by which it promotes 
tumor cell death [94]. However, immunohistochemical analyses of RCC 
and normal kidney tissues have revealed dynamic changes in LOX 
enzyme expression during cancer progression, highlighting a complex 
lipid metabolism landscape [89]. At early cancer stages, 15-LOX-1 
expression may increase, potentially influencing lipid signaling path
ways that support tumor adaptation [95]. In contrast, 5-LOX and 12- 
LOX expression initially decreases but rises as the disease advances, 
contributing to tumor progression [96]. This shifting pattern un
derscores the intricate role of LOX enzymes in RCC pathophysiology 
(Fig. 2) [89].

Additionally, 12-LOX can modulate the effects of tyrosine kinase 
inhibitors (TKIs), which target VEGF receptors to inhibit tumor angio
genesis [97]. While TKIs disrupt tumor blood supply, they may also 
induce hypertension by altering vascular tone. One mechanism involves 
increased 12-LOX activity and elevated levels of 12S-HETE following 
VEGF inhibition, which affects endothelial function and blood pressure 
regulation [98]. 5-HETE and 12-HETE contribute to intermediate-grade 
RCC progression by promoting angiogenesis and endothelial 
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proliferation, essential for tumor expansion and metastasis [99]. More
over, LTs derived from 5-LOX facilitate immune cell recruitment to the 
tumor microenvironment, further supporting tumor growth by modu
lating VEGF and PDGF signaling [96]. Similarly, 20-HETE, a CYP 
metabolite, enhances endothelial and tumor cell proliferation by inter
acting with vascular endothelial growth factor (VEGF), EGF, PDGF, and 
Fibroblast growth factor (FGF), which drive tumor progression [100]. 
Studies have shown that 20-HETE also stimulates angiogenesis, and its 
inhibition significantly reduces tumor growth, suggesting a potential 
therapeutic strategy in RCC.

The CYP4:20-HETE pathway has been identified as a key regulatory 
mechanism in cancer biology, with its modulation influencing tumor 
size in animal models of RCC and other malignancies [101]. Moreover, 
CYP epoxygenase-derived EETs have been implicated in tumor metas
tasis, independent of their effects on tumor growth [102]. Abnormal 
CYP activity enhances EET synthesis, leading to the suppression of c-Jun 
N-terminal kinase (JNK), which accelerates tumor cell proliferation 
[103]. Inactivation of JNK increases Cyclin D1 expression, driving 
tumor growth through mitogen-activated protein kinase phosphatase-1 
(MKP-1)-mediated signaling [104]. COX-2 has also been shown to 
play a significant role in RCC progression. Studies on RCC cell lines, such 
as OS-RC-2, indicate that COX-2 is overexpressed in malignant cells both 
in vitro and in vivo, where it enhances angiogenesis, proliferation, and 
invasion by upregulating VEGF [105]. This has led to the exploration of 
COX-2 inhibitors as potential therapeutic agents for RCC, particularly 
when combined with VEGF-targeting therapies [106].

PPARγ is highly expressed in RCC, and its ligands exhibit stronger 
anticancer effects compared to 5-LOX inhibitors [107]. PPARα, PPARδ, 
and PPARγ are found in RCC tissues, particularly in epithelial cells and 
blood vessels, but their expression does not significantly vary across 
different tumor grades [107,108]. While PPARγ activation has been 
linked to apoptosis and suppressed cell proliferation in RCC, its role in 

cancer remains multifaceted, depending on the tumor microenviron
ment [107,108]. The differential expression of PPARs in malignant 
versus normal tissues underscores their importance in RCC development 
and highlights the need for further research into their therapeutic po
tential [109].

4. Regulation of arachidonic acid metabolism in the kidney

AA (20:4 ω-6) and its precursor, LA (18:2 ω-6), are major ω-6 PUFAs 
in cellular membranes. During inflammatory responses, phospholipids 
undergo hydrolysis by phospholipase A2 (PLA2) and phospholipase C 
(PLC), leading to AA release [110]. AA is then metabolized into bioac
tive compounds that influence inflammatory cascades and renal 
function.

AA metabolism follows three primary enzymatic pathways: COXs 
(COX-1 and COX-2, also known as prostaglandin H synthase-1 and -2 
[PGHS-1 and PGHS-2]), LOXs (5-LOX, 15-LOX and 12-LOX), and CYP 
enzymes, including CYP2 epoxygenases and CYP4 ω-hydroxylases 
[111]. Each pathway produces distinct classes of oxylipins, collectively 
termed eicosanoids, which include prostanoids (PGs, prostacyclins, 
TXs), LTs, LXs, EETs, and HETEs [111]. These bioactive lipids play 
critical roles in modulating renal blood flow, inflammation, and fibrosis, 
thereby influencing kidney function and disease progression (Fig. 3).

4.1. COX pathway

COX-1 and COX-2 (PGHS-1 and PGHS-2) are critical enzymes in the 
metabolism of AA. These enzymes catalyze the conversion of AA into 
prostaglandin G2 (PGG2) and subsequently into prostaglandin H2 
(PGH2), which acts as a precursor for further metabolism by specific PGs 
and TX synthases [112]. COX-1 is constitutively expressed and regulates 
the production of prostaglandin E2 (PGE2), which plays a role in renal 

Fig. 2. Multiple roles of LOX enzymes in the process of tumor progression in the kidney. 
At any stage of kidney cancer, the different distribution of 5-LOX, 12-LOX, 15-LOX-1 and 15-LOX-2 triggers the expression and activation of various pathways, which 
contribute to tumor progression.
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perfusion and electrolyte balance [111]. In contrast, COX-2 is typically 
inducible and becomes activated during inflammation, kidney injury, 
and sodium depletion. Both PGHS-1 and PGHS-2 are enzymes that 
metabolize AA following its release [113]. They have complementary 
activities: the COX site converts AA to PGG2, while the peroxidase site 
reduces PGG2 to PGH2 [111]. This dual functionality highlights the 
crucial role of COXs in prostanoid biosynthesis, which mediates various 
physiological and pathological processes. PGH2, a reactive intermedi
ate, is converted into bioactive PGs like PGD2, PGE2, PGF2α, PGI2, and 
TXs by specific synthases [114]. Additionally, TX synthase can decom
pose PGH2 into malonaldehyde (MDA) and 12 L-hydroxy-5,8,10-hep
tadecatrienoic acid (HHT) [115]. TX synthase converts PGH2 into TXA2, 
a potent vasoconstrictor and platelet aggregator, which rapidly hydro
lyzes into TXB2 [116]. Conversely, PGI2, predominantly produced by 
endothelial cells, functions as a vasodilator and inhibits platelet aggre
gation [117]. Microsomal PGE2 synthase (mPGES) plays a critical role in 
PGH2 metabolism, influencing inflammation through E-type prostanoid 
(EP) receptors [118]. PGE2, abundantly synthesized in the renal cortex 
and medulla, modulates kidney function by affecting vasodilation, so
dium excretion, and immune responses. A distinct COX enzyme, COX-3, 
originates from the COX-1 gene but retains intron 1 in its mRNA. In 
humans, COX-3 is predominantly expressed in the brain’s cerebral cor
tex and the heart, and it is notably inhibited by specific NSAIDs [119]. 
Impaired regulation of COX pathways plays a crucial role in the devel
opment of renal inflammation and fibrosis, positioning them as key 
targets for therapeutic intervention in kidney disease management.

4.2. LOX pathway

The conversion of AA into hydroperoxyeicosatetraenoic acid 
(HpETE) occurs at the 5-, 12-, and 15-positions, mediated by 5-LOX, 12- 
LOX, and 15-LOX, respectively [120]. The process begins with the 
release of AA from membrane phospholipids, catalyzed by cytosolic 
phospholipase A2 (cPLA2), after which 5-LOX converts AA into 5- 
HpETE. Most 5-HpETE (95 %) is reduced 5-HETE, with the remainder 

(5 %) converted to 8-HETE [121]. These steps initiate the production of 
pro-inflammatory LTs. In human polymorphonuclear leukocytes 
(PMNLs), oxo-eicosatetraenoic acid (oxo-ETE) is formed from HETEs by 
microsomal dehydrogenase, acting as a secondary product of the 5-LOX 
pathway [122]. Oxo-ETEs are potent bioactive mediators in eosinophils. 
Metabolism continues through the 5-LOX activating protein (FLAP) and 
dehydrase, leading to leukotriene A4 (LTA4) and LXs [123]. 5-LOX 
catalyzes two major phases: incorporation of molecular oxygen and 
epoxide formation via LTA4 synthase [120]. LTA4, an unstable inter
mediate, can undergo hydrolysis, conjugation with glutathione, or 
transcellular transfer, yielding bioactive eicosanoids. In neutrophils and 
other inflammatory kidney cells, epoxide hydrolase converts LTA4 into 
LTB4 [124]. The production of cysteinyl LTs, such as LTC4, LTD4, and 
LTE4, from LTA4 is crucial in conditions like asthma and other inflam
matory disorders, as they promote bronchoconstriction and vascular 
permeability. LTC4 is synthesized through the action of glutathione S- 
transferase (GST) and γ-glutamyl transferase, which further converts it 
into LTD4 and LTE4. LTE4 can then be metabolized into leukotriene F4 
(LTF4) [125]. The 12-LOX pathway is responsible for producing 12- 
HETE and its precursor, 12-HpETE. Additionally, 12-LOX can metabo
lize 15(S)-HETE into 14(R),15(S)-dihydroxyeicosatetraenoic acid 
(diHETE) and 5(S)-HETE into 5(S),12(S)-diHETE, which contribute to 
the production of LTA4 outside the platelets [126,127]. A cooperative 
interaction between 5-LOX in neutrophils and 12-LOX in platelets fa
cilitates the synthesis of LXs, where LTA4 generated by neutrophils is 
transferred to platelets for conversion into LXA4 and LXB4 [128]. This 
transcellular biosynthesis demonstrates the complex interplay of lip
oxygenase enzymes in inflammatory processes [123]. The 15-LOX 
pathway, with its isoforms 15-LOX-1 and 15-LOX-2, plays a key role in 
AA metabolism. 15-LOX-1 converts AA into LXA4, LXB4, and 15-oxo- 
ETE, while 15-LOX-2 primarily generates 15-oxo-ETE and 8S-HETE 
[129,130]. Both 12-LOX and 15-LOX-1 produce LXB4 from 5,15-diH
pETE, with 15-LOX-1 being more efficient [123]. These enzymes, 
through their distinct metabolic roles, contribute to the synthesis of 
bioactive lipid mediators, including HETEs, LXs, and eicosatrienoic 

Fig. 3. Overview of eicosanoid biosynthesis pathways from PUFAs in mammals. This figure summarizes the three primary biosynthetic pathways associated with AA 
and its metabolites. Pro-inflammatory oxylipins are indicated in red, while anti-inflammatory oxylipins are denoted in blue. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
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acids (ETEs), which are critical regulators in kidney injury and other 
inflammatory conditions [131].

4.3. CYP pathway

The CYP pathway serves as a pivotal metabolic route for AA in the 
kidney, complementing the functions of COX and LOX pathways, with 
its highest enzyme expression observed in proximal tubules, glomeruli, 
and endothelial cells. These enzymes are distributed across cellular 
compartments, including the endoplasmic reticulum, mitochondria, and 
nuclear membrane [132]. Within the CYP pathway, AA is metabolized 
primarily through three mechanisms [133]. The kidney exhibits signif
icant epoxygenase activity, producing enantioselective EETs, with 
14,15-EET being the predominant product. The CYP2C and CYP2J 
families are the primary enzymes responsible for EET formation in 
human renal tissues, with CYP2C8 being the most notable isoform, 
particularly in the production of 14,15-EET [134,135]. After their syn
thesis, EETs can be metabolized by soluble epoxide hydrolase (sEH) to 
form dihydroxyeicosatrienoic acids (DHETs), which exhibit less bio
logical activity than their epoxide precursors. The sEH-mediated con
version of EETs to DHETs represents an important inactivation pathway, 
and sEH inhibition has been proposed as a strategy to increase EET levels 
and amplify their beneficial effects in vivo [136]. Furthermore, AA can 
be converted into HpETEs by LOX or COX, which are then metabolized 
by CYP isozymes to yield HETEs. The CYP4 family, including isoforms 
CYP4A11, CYP4F11, and CYP4F2, plays a central role in the production 
of HETEs in the kidney [10]. Additionally, studies on CYP2C epox
ygenases have identified isoforms responsible for generating specific 
EET regioisomers in the kidney. CYP2C29 and CYP2C39 are involved in 
the production of 14,15-EET, while CYP2C38 is linked to the formation 
of 11,12-EET [137]. Additionally, the CYP2J family plays a crucial role 
in EET production in both human and mouse kidneys [138]. Human 
CYP2J2 isoforms exhibit high efficiency in epoxidizing AA at the 14,15- 
position [139]. In the mouse kidney, CYP2J5, an epoxygenase enzyme 
localized in tubular cells, metabolizes AA to 8,9-EET, 11,12-EET, and 
14,15-EET.

4.4. Balancing ω-3 and ω-6 PUFA-derived mediators in renal 
inflammation

PUFA-mediated immunometabolism in renal diseases depends on the 
fine-tuned balance between pro-inflammatory and anti-inflammatory 
lipid mediators derived from both ω-6 (e.g., AA) and ω-3 (e.g., EPA, 
DHA) pathways. While AA can be metabolized into both pro- 
inflammatory (e.g., LTB4, PGE2) and pro-resolving mediators (e.g., 
LXA4), the balance of its metabolic fate is context-dependent and 
influenced by disease-specific enzymatic cascades. Under certain path
ological conditions, this balance shifts toward a pro-inflammatory 
dominance, contributing to immune cell recruitment and renal dam
age, whereas in resolution phases or under regulatory cues, AA-derived 
lipoxins may facilitate inflammation resolution and tissue repair [10]. In 
contrast, ω-3 PUFAs such as EPA and DHA are enzymatically converted 
to SPMs, including resolvins, protectins, and maresins [70]. These me
diators actively promote resolution of inflammation, enhance effer
ocytosis, and support tissue regeneration. Moreover, by influencing 
enzymatic substrate preference EPA and DHA ω-3 PUFAs, indirectly 
modulate the output of COX, LOX, and CYP450 pathways, shifting lipid 
mediator production away from AA-derived pro-inflammatory species. 
Differences in receptor affinities and downstream signaling pathways 
between n-3 and n-6–derived mediators further modulate the renal 
immune microenvironment [81,82,140].

Disturbances in the ω-3/ω-6 PUFA ratio have been correlated with 
distinct lipid mediator profiles in LN and IgA nephropathy, indicating 
that intrinsic metabolic dysregulation contributes to disease pathogen
esis independently of dietary influences [84]. Therapeutic restoration of 
PUFA balance has demonstrated efficacy in reducing proteinuria, 

attenuating glomerular structural damage, and ameliorating systemic 
inflammatory responses in these conditions [76,82,141]. It is important 
to recognize that the immunological effects of ω-3 and ω-6 PUFAs are 
complex and context-dependent, involving overlapping pro- 
inflammatory and pro-resolving pathways rather than a simple di
chotomy. Although ω-3–derived mediators predominantly favor reso
lution, AA also participates in anti-inflammatory processes via its 
conversion to SPMs such as LXA4 [80]. The emphasis on AA within this 
review reflects its dualistic and context-dependent role in renal immu
nopathology, rather than a hierarchical assumption regarding its ther
apeutic superiority over EPA or DHA. Collectively, these observations 
highlight the importance of lipid mediator balance and support further 
exploration of both n-3 and n-6–derived pathways as therapeutic targets 
in kidney diseases.

4.5. Strategies to restore PUFA metabolite balance in renal diseases

A central therapeutic objective in renal disease management is 
restoring the balance between pro-inflammatory and pro-resolving lipid 
mediators derived from PUFAs, particularly AA. Pathological conditions 
often skew AA metabolism toward excessive generation of LTs, PGs, and 
20-HETE, while suppressing the production of specialized SPMs such as 
lipoxins, resolvins, and protectins. This imbalance sustains chronic 
inflammation, promotes immune cell recruitment, and drives progres
sive tissue injury and fibrosis across multiple renal disease contexts 
[142].

One strategy to counteract this dysregulation involves the use of 
metabolically stable analogs of LXA4. Compounds such as 15-epi-LXA4 
methyl ester and benzo-LXA4 resist rapid enzymatic degradation and 
have demonstrated renoprotective efficacy in models of LN, ischemia- 
reperfusion injury, and adriamycin-induced nephropathy [143,144]. 
These analogs reduce neutrophil infiltration, suppress NF-κB activity, 
and enhance apoptotic cell clearance, collectively contributing to the 
resolution of renal inflammation and preservation of glomerular struc
ture [143,144].

A second approach focuses on inhibiting deleterious AA-derived 
metabolites. 20-HETE, a vasoconstrictive and pro-inflammatory eicos
anoid produced by CYP enzymes, has been implicated in oxidative 
stress, endothelial dysfunction, and tubulointerstitial fibrosis [145]. 
Selective inhibitors such as HET0016 and 20-SOLA have been shown to 
improve renal perfusion and reduce fibrogenic signaling in hypertensive 
and DN models [146,147].

Another promising axis of intervention involves modulating nuclear 
receptors responsive to PUFA-derived ligands, particularly PPARα and 
PPARγ. Agonists such as fenofibrate and pioglitazone have demon
strated anti-inflammatory and antifibrotic effects in models of chronic 
kidney disease, in part through modulation of COX-2 expression and 
attenuation of pro-inflammatory eicosanoid signaling [148]. Moreover, 
ω-3 PUFA metabolites such as 17-HDHA function as endogenous ligands 
of PPARγ, thereby potentially enhancing these renoprotective pathways 
[149].

Collectively, these strategies illustrate a shift away from non-specific 
lipid supplementation toward precision modulation of lipid mediator 
biosynthesis. Rather than administering AA, which may inadvertently 
exacerbate inflammation, therapeutic efforts now aim to selectively 
guide its metabolism using enzyme inhibitors or competitive substrate 
supplementation with EPA and DHA. Such metabolic reprogramming 
favors the endogenous production of anti-inflammatory and pro- 
resolving lipid mediators and may enhance the efficacy of standard 
immunosuppressive or antifibrotic therapies in patients with glomer
ulopathies or tubulointerstitial diseases marked by persistent inflam
mation [150].

Future clinical trials should prioritize defining optimal therapeutic 
combinations, assessing long-term safety, and identifying patient sub
groups based on lipidomic and immunologic profiling to tailor PUFA- 
based interventions more effectively.

M. Aghasizadeh et al.                                                                                                                                                                                                                          BBA - Molecular and Cell Biology of Lipids 1870 (2025) 159668 

8 



5. The role of HETEs in kidney inflammation

HETEs are key regulators of platelet function, acting through auto
crine and paracrine mechanisms, and play a crucial role in renal 
inflammation [151]. In renal vascular diseases, HETEs exhibit dual 
functionality, displaying both anti-thrombotic and pro-thrombotic 
properties, depending on the physiological context [152]. In type 2 
diabetes, the 12-LOX pathway is implicated in various complications, 
producing pro-inflammatory lipid mediators like 12-HpETE and 12(S)- 
hydroxyeicosatetraenoic acid (12(S)-HETE), which activate inflamma
tory cascades through P38 mitogen-activated protein kinase (P38- 
MAPK) and related pathways [153]. Exogenous administration of 12- 
HpETE stimulates P38-MAPK signaling, leading to enhanced platelet 
activation under oxidative stress. The reduction in glutathione peroxi
dase activity further aggravates this process, promoting 12-HpETE 
accumulation and intensifying platelet activation, contributing to 
renal damage and complications associated with diabetes [154].

These findings highlight the central role of the 12-LOX pathway in 
the interaction between inflammation, oxidative stress, and the pro
gression of both diabetic and renal pathologies. Studies also show that 5- 
HETE, 12-HETE, and 15-HETE inhibit PLA2 activity in platelets, 
potentially affecting their functional responses [151]. In addition, 
platelets with disrupted 12-LOX activity exhibit increased sensitivity to 
adenosine diphosphate (ADP)-induced aggregation, indicating the 
importance of 12-LOX in regulation of platelet function in renal diseases. 
These observations suggest that HETE-induced renal inflammation is 
significantly mediated by platelet activity, underlining the complex 
interplay between eicosanoid signaling and platelet function in renal 
disease pathophysiology [155]. 20-HETE, a potent vasoconstrictor, 
plays a vital role in regulating renal blood flow, GFR, and urinary so
dium excretion. Both 20-HETE and 20-carboxy-arachidonic acid (20- 
COOH-AA) mimic furosemide-like effects by reducing intracellular so
dium (Na+) and potassium (K+) levels in the medullary thick ascending 
limb of Henle (mTALH) cells, highlighting their role in renal function 
modulation [156]. Moreover, 20-HETE is essential in maintaining renal 
vascular tone, with its inhibition linked to salt-sensitive hypertension, 
emphasizing its role in blood pressure regulation. It suppresses Na+/K+- 
ATPase activity in renal microvessels, and its increased production in 
renal microcirculation correlates with reduced GFR and glomerular 
capillary pressure, contributing to the development of hypertension 
[157]. However, the rise in renal vascular resistance due to 20-HETE 
helps prevent hypertension-induced glomerular damage by reducing 
strain on the glomeruli during circulation [158]. The synthesis of 20- 
HETE is crucial for self-regulating renal blood flow and the tubuloglo
merular feedback mechanism. Disruption in 20-HETE synthesis leads to 
significant physiological consequences, such as impaired ion transport, 
altered blood pressure regulation, and worsening the renal pathologies 
like GN and renal tubulointerstitial nephritis [158]. Furthermore, the 
role of 20-HETE in IRI is evident, as its altered regulation leads to pro
longed vasoconstriction, intensifying injury severity. Renal ischemia, a 
major cause of AKI, increases 20-HETE production after IRI, reinforcing 
its critical role in maintaining renal function and blood pressure ho
meostasis [100]. The imbalance in 20-HETE synthesis contributes to 
hypertension and renal complications, emphasizing its importance in 
renal physiology. Additionally, 20-HETE is involved in AKI pathogenesis 
and is emerging as a therapeutic target. Studies have shown that 20- 
HETE analogs can lower elevated plasma creatinine levels after IRI 
with preconditioning, significantly reducing tubular epithelial necrosis 
[159]. The protective mechanisms of 20-HETE include enhanced med
ullary blood flow, inhibition of renal tubular sodium transport, and 
improved oxygen delivery. However, excessive 20-HETE expression can 
exacerbate cell damage during IRI by activating Caspase-3 and gener
ating free radicals via CYP4A pathway [145]. The link between 20-HETE 
and AKI is further elucidated through its role in apoptosis and renal 
inflammation. In diabetic models, such as OVE26 mice, increased 
CYP4A and nicotinamide adenine dinucleotide phosphate hydrogen 

(NADPH) oxidase activity correlates with elevated 20-HETE production 
[160]. Hyperglycemia exacerbates 20-HETE-dependent reactive oxygen 
species (ROS) production, contributing to podocyte and tubular 
epithelial cell apoptosis. Blocking 20-HETE reduces ROS, improves 
apoptosis, and alleviates albuminuria [161]. Additionally, 20-HETE 
enhances TRPC6 activity in podocytes, leading to foot process efface
ment and preventing podocyte detachment, highlighting its dual effects 
on podocyte integrity [162].

6. LTs/LXs and their cellular roles in renal inflammation

6.1. LTs/LXs: dual regulators of renal inflammation

Both LTs and LXs, principal metabolites of the LOX pathway, play 
essential but contrasting roles in the inflammatory landscape of the 
kidney. LTs, especially LTB4, act as potent chemotactic agents that 
promote the migration and activation of leukocytes toward inflamed 
renal tissue, exacerbating injury [163]. Renal epithelial and mesangial 
cells can produce LTs independently of infiltrating immune cells through 
the expression of enzymes such as 5-LOX and leukotriene C4 synthase 
(LTC4S) [164]. Following IRI, LTB4 is rapidly synthesized and recruits 
polymorphonuclear neutrophils (PMNs), which contribute to endothe
lial injury, impair vasodilation, and worsen tubulointerstitial damage 
[165]. This inhibition reduces albumin absorption, leading to tubulo 
interstitial damage in renal IRI models [166]. In these models, LTA4 is 
rapidly converted to LTB4 following the reperfusion phase, which co
incides with the recruitment of PMNs. LTB4 acts as a chemotactic agent, 
directing PMNs toward ischemic renal tissue. This accumulation exac
erbates immune-mediated renal damage and further impairs renal 
function, perpetuating a harmful cycle of tissue injury contributing to 
the pathophysiology of IRI [167].

The involvement of LTB4 in glomerular injury is well-documented, 
particularly in nephrotoxic serum-induced glomerular injury models. 
These studies show a marked increase in the recruitment and activation 
of PMNs, accompanied by elevated renal production of LTB4. This in
flammatory response is strongly associated with a significant decline in 
GFR [54]. Additionally, elevated levels of LTB4, along with other LTs 
such as LTC4, LTD4, and LTE4, have been found in patients with NS. 
These increased leukotriene concentrations are correlated with re
ductions in serum creatinine, diastolic blood pressure, and protein-to- 
creatinine ratios, highlighting their potential role in the clinical and 
pathological manifestations of the disease [168].

In contrast, LXs, particularly LXA4, are endogenous anti- 
inflammatory mediators that modulate immune responses in various 
cell types, including neutrophils, mononuclear macrophages, and 
mesangial cells [169]. LXs are essential in regulating inflammatory re
sponses and promoting tissue repair. LXA4, for example, has been shown 
to reduce leukocyte infiltration in GN, a kidney disorder marked by 
glomerular inflammation [11]. During the acute phase of post- 
streptococcal glomerulonephritis (APSGN), neutrophil and monocyte 
infiltration into the glomeruli exacerbates tissue damage [170]. In this 
context, LXA4 helps control the inflammatory response by inhibiting 
leukotriene production and reducing neutrophil recruitment, which is 
vital for limiting tissue damage and facilitating recovery [171].

LXA4 has been extensively studied for its ability to suppress pro- 
inflammatory cytokines such as TNF-α and IL-1β. It has been shown to 
downregulate these cytokines by targeting essential pathways involved 
in inflammation [172]. LXA4 inhibits TNF-α-induced expression of 
VCAM-1 in salivary epithelial cells, showcasing its ability to modulate 
inflammatory signaling and prevent cytokine-driven effects [173]. At 
nanomolar concentrations, LXA4 reduces NF-κB activation, a key regu
lator of inflammation. Furthermore, LXA4 suppresses IL-1β-induced 
ICAM-1 expression in human astrocytoma cells by interfering with NF- 
κB activation [174]. Experimental data also demonstrate that LXA4 and 
its stable analogs inhibit TNF-α-induced IL-1β production in neutrophils 
in a time- and dose-dependent manner, reinforcing its role as a potent 

M. Aghasizadeh et al.                                                                                                                                                                                                                          BBA - Molecular and Cell Biology of Lipids 1870 (2025) 159668 

9 



anti-inflammatory agent [175].
Emerging research has revealed the interaction between LXA4 and 

EGR-1, a transcription factor involved in inflammatory pathways in 
kidney diseases. TNF-α exposure increases EGR-1 expression in renal 
epithelial cells, intensifying the inflammatory response. However, LXA4 
treatment significantly attenuates this TNF-induced EGR-1 activation, 
suggesting that LXs protect against kidney inflammation [176]. EGR-1 
plays a critical role in kidney diseases, particularly through its 
involvement in TGF-β signaling, which regulates immune cell infiltra
tion and amplifies renal inflammation [177]. The modulation of EGR-1 
by LXs provides a potential mechanism for mitigating kidney injury, 
highlighting their therapeutic potential in inflammation-associated 
renal disorders.

While the precise mechanisms behind the renoprotective effects of 
LXs are not fully understood, they are believed to alleviate inflammation 
and oxidative stress, two central factors in the progression of diabetic 
nephropathy. By targeting these pathogenic processes, LXs could offer a 
therapeutic avenue to halt or even reverse renal damage in diabetic 
patients, underscoring their potential as promising candidates for 
managing kidney disorders related to inflammation.

While LXA4 is widely recognized for its anti-inflammatory and pro- 
resolving effects, its actions are not universally beneficial. In the early 
phases of infection, excessive or premature LXA4 signaling may suppress 
essential leukocyte recruitment, thereby impairing host defense and 
increasing susceptibility to secondary infections, as observed in sepsis 
and immunosuppression models [178]. Similarly, PGE2 exerts highly 
context-dependent effects. Depending on receptor subtype engagement 
(EP1–EP4) and cytokine milieu, PGE2 may amplify pro-inflammatory 
pathways, such as TH17 cell polarization via IL-23, or alternatively, 
promote anti-inflammatory responses by enhancing IL-10 production 
[179]. These dual roles underscore the importance of dosage, timing, 
and tissue-specific context in the potential therapeutic use of PUFA- 
derived lipid mediators.

6.2. Interactions of PUFA-derived lipid mediators with immune and 
inflammatory cells

PUFA-derived mediators, particularly those generated from AA, EPA, 
and DHA, play critical roles in regulating immune cell behavior in renal 
inflammation. These bioactive lipids, including eicosanoids, LXs, resol
vins, and HETEs, affect cytokine expression, immune cell recruitment, 
and resolution mechanisms across various kidney diseases [142]. LXA4, 
derived from AA via the 15-LOX pathway, attenuates inflammatory 
signaling by inhibiting NF-κB activation and downregulating TNF-α, IL- 
1β, and TGF-β expression in renal tissues [60,80]. In GN models, reduced 
neutrophil infiltration and lower expression of adhesion molecules such 
as ICAM-1 and VCAM-1 have been observed following LXA4 treatment 
[57].

Macrophage polarization is also influenced by PUFA metabolites. 
Both LXA4 and DHA can promote the transition from M1 to M2 phe
notypes, fostering tissue repair in conditions like LN and DN [60]. In 
contrast, LTB4, a potent pro-inflammatory product of the AA–5-LOX 
axis, facilitates neutrophil and monocyte recruitment, contributing to 
glomerular injury in IRI and autoimmune nephritis [57,66]. EPA- and 
DHA-derived resolvins and protectins mitigate this damage by limiting 
neutrophil transmigration and enhancing their clearance from inflamed 
sites [65,70,142]. HETE derivatives also modulate platelet behavior and 
redox signaling. In hyperglycemic states, 12-HETE and 20-HETE acti
vate P38-MAPK signaling, enhancing platelet aggregation and contrib
uting to microvascular injury in diabetic kidney disease. Moreover, they 
can influence TXA2 secretion and ADP responses, linking PUFA meta
bolism to thrombogenic processes in hypertensive nephropathy [180].

Beyond their effects on innate immunity, PUFA-derived lipid medi
ators, especially LXA4, resolvins, and PGE2, also exert regulatory 
functions in adaptive immune responses relevant to renal inflammation. 
LXA4, acting through the ALX/FPR2 receptor expressed on T cells, has 

been shown to inhibit differentiation and effector function of TH17 cells, 
reduce production of pro-inflammatory cytokines (e.g., IL-17, IFN-γ), 
and enhance Treg stability and activity in both murine models and 
human cell cultures [181,182]. D-series resolvins, including resolvin D1 
and D2, have been shown to suppress TH17 cell differentiation and IL-17 
production, while promoting regulatory T cell function, via pathways 
that converge on STAT3 signaling in both murine and human models 
[183]. While direct evidence in renal tissue remains limited, these 
findings support a nuanced role for SPMs in fine-tuning immune bal
ance, potentially influencing resolution pathways in chronic kidney 
disease and glomerulonephritis.

These findings highlight how PUFA-derived mediators differentially 
regulate leukocyte function, cytokine signaling, and vascular responses 
in kidney inflammation. Targeting these pathways could support the 
development of adjunctive therapies aimed at resolving chronic renal 
inflammation.

7. The interplay between PPARs, TGF-β, and PUFA metabolism

PPARs are nuclear receptors that regulate various physiological 
processes, including lipid metabolism, inflammation, and cellular 
development [184]. Among the three PPAR isotypes, PPARα, PPARδ, 
and PPARγ, research has highlighted their involvement in the patho
genesis of kidney diseases, as well as their regulatory role in lipid 
metabolism, including pathways associated with PUFAs and their 
bioactive derivatives [185]. PPARα, primarily expressed in the kidney, 
regulates genes involved in fatty acid oxidation and energy metabolism 
[185]. Activation of PPARα has been shown to reduce inflammation in 
mesangial cells and decrease inflammatory cytokine secretion in adi
pocytes [186]. PPARδ, also expressed in renal tissue, regulates the 
expression of CD36, which contributes to tubule-interstitial cell 
apoptosis and subsequent renal inflammation and fibrosis [187]. PPARγ 
plays a crucial role in kidney health by protecting podocytes from injury, 
with therapeutic potential in various kidney diseases, including AKI, 
diabetic nephropathy, obesity-induced nephropathy, hypertensive ne
phropathy, and IgA nephropathy [188]. It exerts protective effects 
through anti-inflammatory, antifibrotic, and antioxidant actions, as well 
as regulating lipid metabolism and apoptosis, making it a promising 
target for kidney disease treatment (Fig. 4).

PUFA-derived oxylipins, including PGs, LTs, LXs, and HETEs, can 
modulate renal inflammation and fibrosis through their interaction with 
PPARs. Notably, 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2), an 
endogenous ligand of PPARγ, induces apoptosis in renal proximal 
tubular and cancer cells, including renal cell carcinoma, through 
mechanisms involving covalent receptor binding, ROS generation, and 
NF-κB inhibition [189,190]. Other oxylipins, such as 13-HODE and 17- 
HDHA, have also been identified as natural PPAR ligands with anti- 
inflammatory and renoprotective properties in various pathological 
contexts [191,192].

Synthetic PPARγ agonists, particularly thiazolidinediones (TZDs), 
have demonstrated antifibrotic and anti-inflammatory effects in both 
diabetic and non-diabetic kidney disease models by enhancing PPARγ 
activity in podocytes and tubular epithelial cells [193]. However, their 
clinical application is limited by adverse metabolic effects [194]. Studies 
in leptin- and PPARγ-deficient mice have shown exacerbated renal hy
pertrophy, dyslipidemia, and increased TGF-β expression, underscoring 
the role of PPARγ in maintaining renal homeostasis [195]. Furthermore, 
PPARγ activation in tubular epithelial cells has been shown to preserve 
metabolic balance and prevent fibrogenesis, whereas pharmacological 
inhibition with antagonists like GW9662 leads to tubular dysfunction 
and progression of injury [196].

The impact of fatty acid treatment on PPARγ expression in podocytes 
is also significant in lipotoxicity research. Studies have shown that 
administering fatty acids to podocytes reduces PPARγ expression, 
resulting in inflammation and apoptosis [197]. PPARγ activation de
creases profibrotic TGF-β expression, inhibits apoptosis, and improves 
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podocyte foot process effacement, highlighting its role in protecting 
podocytes and reducing kidney injury. FGF-1 has also been shown to 
play a role in maintaining glomerular function and preventing fibrosis 
by lowering TGF-β expression through PPARγ induction [198]. FGF-1 
inhibits mesangial cell proliferation, a feature of glomerulosclerosis, 
by reducing transient receptor potential canonical (TRPC) channels. 
Additionally, PPARγ activation inhibits mesangial cell proliferation and 
prevents glomerulosclerosis by reducing calcium influx induced by Ang 
II [199].

PPARγ agonists, particularly thiazolidinediones, have shown thera
peutic efficacy in managing DN by decreasing albuminuria and renal 
inflammation [200]. Experimental models of aging with PPARγ deletion 
exhibit features of type 2 diabetes mellitus (T2DM) and progressive 
renal fibrosis, underscoring the role of receptor in maintaining renal 
metabolic homeostasis [201]. Mechanistically, PPARγ activation sup
presses TGF-β signaling and downregulates pro-fibrotic mediators such 
as STAT3 and EGR1, leading to attenuation of tubulointerstitial fibrosis 
[202]. Additionally, Ang II, a potent mediator of renal fibrosis, down
regulates PPARγ expression in the kidney, whereas treatment with the 
Ang II receptor blocker losartan restores PPARγ activity, highlighting a 
therapeutic interplay between renin- angiotensin system inhibition and 
PPARγ preservation in fibrotic kidney injury [203].

Renal IRI is a multifactorial pathophysiological condition charac
terized by overproduction of ROS during reperfusion, a major contrib
utor to AKI [204]. PPARγ activation has been shown to reduce ROS 
generation in renal epithelial cells under hypoxic condition and modu
late renal IRI [205]. Pretreatment with pioglitazone prior to renal 
ischemia-reperfusion reduces AKI, with PPARγ activation linked to 
increased uncoupling protein-1 (UCP1) expression in renal epithelium 
[206]. PPARγ also inhibits N-methyl-D-aspartate (NMDA) receptors 
during renal IRI, potentially mitigating excitotoxicity and apoptosis 
[207]. Autophagy, playing a dual role in renal IRI, can both protect cells 
from injury and contribute to cell death [208]. Understanding auto
phagy interaction with renal IRI is crucial for developing targeted 
interventions.

PPARγ has also been identified as essential for kidney function in 
transplant settings, particularly in chronic allograft nephropathy (CAN) 
[209]. CAN is characterized by fibrosis and loss of kidney function, with 
elevated PAI-1 expression correlating with fibrosis severity [209]. 
PPARγ activation reduces PAI-1 levels and improves kidney fibrosis in 
models of glomerulosclerosis [210]. Moreover, PPARγ activation 

inhibits fibroblast and macrophage migration, crucial drivers of fibrosis 
and inflammation in kidney diseases [211]. These findings underline the 
potential of PPARγ as a therapeutic target in the management of chronic 
kidney injury and fibrosis in renal transplants.

8. Utilizing PUFAs for treatment of kidney diseases

8.1. Clinical and pharmacological applications of PUFA pathway 
modulation in kidney diseases

Numerous treatments aimed at addressing kidney inflammation, 
which are based on the metabolic pathways of PUFAs, are currently in 
different stages of development for control of human kidney diseases. 
The complexity of treating renal diseases based on PUFAs, which en
compasses numerous variables, is the reason why we have only 
addressed a selection of methods applicable to humans in Table 1.

Research on PUFA metabolism in kidney disease suggests a complex 
interplay between therapeutic benefits and potential risks. While corti
costeroids, often combined with rituximab for PLA2R-targeted therapy, 
have shown efficacy in nephropathy [230], their use in acute interstitial 
nephritis (AIN) has been linked to worsening tubulointerstitial fibrosis 
[231]. Similarly, while PLA2R-Ab therapy is promising for idiopathic 
membranous nephropathy (IMN) [232], concerns persist regarding its 
potential to increase the recurrence of tubulointerstitial nephritis (TIN), 
necessitating further investigation into the interaction between corti
costeroids and PUFA metabolites in renal pathology [233].

The impact of acetylsalicylic acid (ASA; aspirin) on AKI remains 
controversial. Some studies indicate a protective effect [234], while 
others associate its use with an increased risk of hemorrhage-induced 
AKI due to its rapid conversion to salicylate, which has minimal COX 
inhibitory activity [235]. NSAIDs such as nimesulide and carprofen also 
exhibit mixed effects. Nimesulide, despite its COX-inhibitory properties, 
appears to have limited efficacy in preventing AKI at therapeutic doses. 
In contrast, carprofen modulates solute absorption in the thick 
ascending limb (TAL) of the loop of Henle, potentially improving GFR, 
though its clinical significance requires further validation [218]. Se
lective COX-2 inhibitors pose additional concerns. Rofecoxib has been 
linked to an increased risk of severe cardiovascular events, while nap
roxen and celecoxib have been associated with AKI, NS, and AIN 
[236,237]. Traditional NSAIDs, such as indomethacin, may further 
impair renal function by promoting sodium retention and reducing GFR, 

Fig. 4. The role of PUFAs and their metabolites in activating PPARγ pathways in kidney tissue. 
a. PUFAs and eicosanoids lead to the activation of PPARγ in podocytes, which ultimately play a protective role in kidney damage by affecting multiple signaling 
pathways. b. Activation of Ang II and PPARγ by PUFAs, with opposite effects on downstream signaling pathways, indirectly controls fibrosis and eventually kid
ney failure.
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particularly in individuals with preexisting kidney dysfunction [238]. 
Given the inconsistencies in current findings and the limited number of 
clinical trials, further research is essential to clarify the renal effects of 
PUFA-targeting therapies, NSAIDs, and corticosteroids. Understanding 
their precise mechanisms of action will be critical for optimizing treat
ment strategies while minimizing adverse outcomes.

8.2. Overcoming pharmacokinetic and biosynthetic challenges in PUFA- 
based therapies

Despite the therapeutic promise of PUFA-derived lipid mediators 
such as LXA4, their clinical translation faces major hurdles, particularly 
related to metabolic stability and targeted delivery. LXA4 has a plasma 
half-life of less than 4 min due to rapid enzymatic degradation, primarily 
related to enzymatic inactivation by 15-hydroxyprostaglandin dehy
drogenase and oxidation at its omega-end, which limits its therapeutic 
potential [239]. To address this limitation, researchers have developed 
synthetic and metabolically stable LXA4 analogs, such as 15-epi-LXA4 
methyl ester and benzo-LXA4, that preserve biological activity while 
resisting inactivation. These analogs have demonstrated renoprotective 
effects in preclinical models of LN and IRI [143,144]. Moreover, ad
vances in nanotechnology have enabled targeted renal delivery of LXA4 
through encapsulation in PEGylated nanoparticles or mesoporous silica- 

based carriers.
Another key consideration in PUFA-based therapy, particularly with 

AA, is its metabolic bifurcation into both pro-inflammatory and pro- 
resolving eicosanoids. While AA is classically associated with the gen
eration of inflammatory mediators such as PGE2 and LTB4, foundational 
studies have demonstrated that its metabolic fate is context-dependent. 
Under resolution-phase condition, characterized by upregulation of 15- 
LOX and a shift in enzymatic milieu, AA is increasingly converted to 
LXA4, rather than PGE2. This phenomenon, referred to as an “eicosa
noid class switch,” illustrates that AA metabolism can be therapeutically 
redirected toward resolution-promoting pathways rather than indis
criminately suppressed [240].

8.3. Risks and limitations of PUFA-derived therapeutics in renal diseases

While the therapeutic modulation of PUFA pathways offers prom
ising anti-inflammatory and antifibrotic effects in kidney diseases, 
several biological risks and translational challenges must be carefully 
addressed. These limitations arise from the pleiotropic nature of PUFA 
metabolites, their interactions with immune signaling, and pharmaco
logical unpredictability across diverse renal pathologies [241].

Table 1 
Therapeutic approaches targeting PUFA metabolism in kidney diseases.

Study Targets Kidney disease Outcome Reference

Examining the relationship between anti-PLA2R Abs and the 
effectiveness of combined cyclophosphamide and 
mycophenolate mofetil therapy

Glucocorticoid 
receptors

Idiopathic membranous 
nephropathy (IMN)/IgA 
nephritis

ALB ↑ 
GFR ↑ 
ICI ↓ 
PLA2R Ab ↓ 
Proteinuria ↓

[212]

Investigating the role of rituximab in relation to anti-PLA2R Ab 
levels in membranous nephropathy

Anti-CD20 
monoclonal Ab

Idiopathic membranous 
nephropathy (IMN)

ICI ↓ 
PLA2R Ab ↓ 
Proteinuria ↓

[213]

Studying the effect of ibuprofen and kidney inflammation in 
children

COX1/COX2/ 
CYP2C8

AKI Pain ↓ [214]

Investigating the anti-inflammatory effect of licofelone on 
human mesangial cells (HMC)

5-LOX/ 
COX2

Glomerulonephritis Proliferation of HMC ↓ 
IL-18 pro-inflammatory cytokine ↓

[215]

Assessing the impact of nimesulide on renal hemodynamics and 
electrolyte excretion

COX1/COX2 Acute renal failure Indices of renal hemodynamics ↓ 
Urinary excretion of PGE2 ↓ 
Aldosterone levels ↓

[216]

Examining the link between AKI and aspirin (ASA) use in 
patients undergoing cardiac surgery

COX1/COX2 AKI 74 % lower incidence of renal failure 
was observed with the use of 
preoperative ASA

[217]

The effect of ketorolac and diclofenac on metastasis risk of 
kidney cancer

COX mediated 
PGE2

Kidney cancer GFR ↑ 
Resorption of solute ↓ 
Sodium and chlorine excretion ↓

[218]

Anti-inflammatory effects of ω-6, and ω-3 FAs, AA and EETs on 
renal indices and inflammation

COX/ LOX/ PGs/ 
Ang II

Kidney inflammation ACE-2 ↑ 
Renal markers of inflammation ↓

[219]

Exploring the positive effects of RASI inhibitors and EPA on IgA 
nephropathy (IgAN)

– IgAN GFR ↑ 
Proteinuria ↓

[220]

The analysis of 15-LOX activity and eicosanoid production in 
the renal TME

15-LOX-2 RCC IL-10 and CCL2 ↑ 
IS in RCC TME

[221]

The role of ASA and NSAIDs on patients with metastatic RCC 
(mRCC)

COX1/COX2 mRCC No survival advantage was observed in 
mRCC patients after using ASA and 
NSAIDs

[222]

The combination therapy of interferon-α, cimetidine, 
candesartan and meloxicam in patients with advanced RCC

COX2/RAS mRCC Symptom relief [223]

Use of 5-LOX inhibitors as apoptosis inducers in RCC4 5-LOX VHL-negative RCC Apoptosis ↑ 
Proliferation ↓ 
LC3B and P62 ↑

[224]

Caffeic acid derivatives as potent 12-LOX inhibitors 12-LOX Renal cancer cells Apoptosis ↑ 
Proliferation ↓

[225]

Studying the impact of thiazolidinedione PPARγ ligands on 
proliferation and apoptosis in hRC cell lines

PPARγ Renal cancer cells Apoptosis ↑ 
Proliferation ↓

[226]

Examining the effect of baicalein as 12-LOX inhibitor on RCC 
cells

12-LOX Renal cell carcinoma Apoptosis ↑ [227]

The use of CYsLTR antagonists (LTRAs) and kidney cancer risk 
reduction in asthma patients

LTB4/LTC4/LTD4/ 
LTE4

– Risk of cancer ↓ [228]

Investigating the role of zafirlukast in cell death mechanisms in 
clear cell renal cell carcinoma (ccRCC)

CysLTR1 ccRCC Induction of oxidative cell death in 
ccRCC ↑

[229]
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8.3.1. Immunomodulatory risks of specialized pro-resolving mediators
SPMs, including LXA4, resolvins, and protectins, exert anti- 

inflammatory effects by suppressing leukocyte infiltration, cytokine 
production, and antigen-presenting cell activation. However, excessive 
or untargeted enhancement of these pathways may impair host defense 
mechanisms. Preclinical studies have shown that heightened LXA4 
signaling can suppress neutrophil recruitment and phagocytic activity, 
increasing susceptibility to opportunistic infections in immunocompro
mised settings, such as sepsis [11].

8.3.2. Pro-inflammatory potential of arachidonic acid, LTB4, and 20- 
HETE

Although AA is a substrate for both pro-resolving and pro- 
inflammatory eicosanoids, its administration may inadvertently pro
mote inflammatory cascades. LTB4 and 20-HETE have been implicated 
in glomerular leukocyte infiltration, oxidative stress, endothelial 
dysfunction, and tubulointerstitial fibrosis in LN, DN, and IRI 
[57,68,242]. These metabolites also influence vascular tone and platelet 
aggregation, further contributing to renal injury in patients with meta
bolic or hypertensive comorbidities [38].

8.3.3. Context-dependent effects of COX-derived mediators
Prostaglandins such as PGE2, PGI2, and TXA2 display dual roles in 

renal physiology. At physiological levels, PGE2 and PGI2 maintain 
glomerular filtration and mediate antifibrotic actions [53]. However, 
overexpression or receptor imbalance may result in mesangial prolifer
ation, enhanced angiogenesis, and accelerated progression of renal cell 
carcinoma [53,243]. TXA2 has been associated with glomerular vaso
constriction and thrombosis, particularly in diabetic and hypertensive 
nephropathy [243].

8.3.4. Translational barriers and off-target effects
Despite promising preclinical data, several PUFA-derived mediators 

face limitations in clinical translation. Many SPMs, such as resolvins and 
protectins, exhibit rapid metabolic degradation and poor receptor 
characterization in humans [70]. Systemic delivery may lead to unin
tended off-target effects, including hemodynamic instability or immu
nosuppression. Moreover, the lack of standardized formulations and 
validated biomarkers for therapeutic monitoring further complicates 
their use in nephrology trials [70,244].

8.3.5. Strategies to mitigate therapeutic risks
To enhance therapeutic precision while minimizing adverse effects, 

several forward-looking strategies can be considered. These include the 
design of structurally modified pro-resolving mediators with enhanced 
metabolic stability and receptor selectivity [245]; targeted renal de
livery approaches employing advanced carriers such as liposomes, 
nanoparticles, or biodegradable polymers [246]; and personalized 
treatment regimens guided by patient-specific variables, including im
mune profile, disease subtype, and eicosanoid signatures [247]. Addi
tionally, combination therapies may be developed to favorably shift 
arachidonic acid metabolism toward resolution-phase mediators, 
thereby limiting pro-inflammatory amplification [247].

Altogether, these approaches emphasize the importance of precision 
medicine in PUFA-based therapies. A thorough understanding of the 
metabolic, immunologic, and pharmacodynamic context is critical to 
harness the therapeutic benefits of these lipid mediators while mini
mizing unintended harm.

8.4. Route of administration, dosing, and formulation of PUFAs in renal 
therapy

The therapeutic efficacy of PUFAs in renal diseases is significantly 
influenced by their administration route, dosing regimen, and formu
lation. These factors affect bioavailability, tissue distribution, metabolic 
stability, and patient adherence, which are particularly critical in CKD 

due to altered pharmacokinetics and systemic inflammation.
Oral supplementation of ω-3 PUFAs, primarily in the form of fish oil 

containing EPA and DHA, remains the most common approach in clin
ical nephrology. Clinical trials involving patients with IgA nephropathy 
have utilized daily doses ranging from 1.8 g EPA and 1.2 g DHA to 
higher doses, with treatment durations varying from 12 months to 2 
years [248]. These studies have reported benefits including reductions 
in proteinuria, improvements in eGFR, and decreased systemic inflam
mation [248,249]. For diabetic nephropathy, studies have explored 
daily doses of ω-3 PUFAs up to 4 g/day over periods ranging from 6 to 
12 weeks. While some trials did not observe significant changes in uri
nary albumin excretion, others reported improvements in serum renal 
damage markers, suggesting potential benefits of ω-3 PUFA supple
mentation in renal function [250]. Moreover, findings from Guillot et al. 
demonstrated that daily DHA supplementation at 1.6 g over 6 weeks 
increased lipid peroxidation markers in healthy men, underscoring the 
need for cautious dose optimization, particularly in patients with 
impaired redox buffering capacity such as those with CKD [251].

Various formulations of PUFAs have been developed to enhance 
gastrointestinal tolerability and absorption efficiency. These include 
triglyceride forms, ethyl esters, and free fatty acid preparations. Studies 
indicate that re-esterified triglyceride forms exhibit superior bioavail
ability compared to ethyl esters, with free fatty acid forms demon
strating intermediate absorption efficiency. For instance, a study 
comparing these formulations found that the bioavailability of EPA and 
DHA from re-esterified triglycerides was approximately 124 % relative 
to natural fish oil, whereas ethyl esters exhibited about 73 % bioavail
ability, and free fatty acids showed around 91 % [252].

In critically ill or dialysis-dependent patients, where oral intake is 
limited, intravenous administration of ω-3-enriched lipid emulsions has 
been explored. A pilot study involving hemodialysis patients demon
strated that intradialytic intravenous administration of ω-3 PUFAs was 
safe and well-tolerated, with potential to attenuate the inflammatory 
response associated with hemodialysis sessions [253]. However, large- 
scale, nephrology-specific clinical trials are still lacking to conclu
sively determine the efficacy and safety of this intervention.

Emerging delivery platforms, including liposomes, polymeric nano
particles, and PUFA-loaded micelles, are being investigated in preclini
cal models to improve renal tissue targeting, reduce systemic exposure, 
and enable co-delivery with immunomodulatory agents. These tech
nologies have demonstrated improved pharmacokinetics in preclinical 
models, but translation into human trials is still in early stages [254]. 
Moreover, establishing reference concentration ranges for PUFA-derived 
lipid mediators and validating urinary assays of their stable metabolites 
could support the development of non-invasive biomarkers for renal 
inflammation, although these translational objectives remain largely 
unmet.

While oral PUFA therapy remains the prevailing approach in 
nephrology, future strategies are expected to shift toward precision- 
based interventions. These would optimize dosing, formulation, and 
delivery based on patient-specific variables such as renal function, 
comorbidities, and individual lipid mediator profiles [255]. The 
emerging field of lipidomics offers promising tools for monitoring 
therapeutic response and guiding personalized PUFA regimens. How
ever, significant gaps persist in the standardization of PUFA adminis
tration, including variability in EPA/DHA content, formulation type 
(triglyceride vs. ethyl ester), and dose-response relationships, hindering 
the integration of lipid-based therapies into routine nephrology practice.

9. Conclusion

The intricate interplay between PUFAs, their metabolizing enzymes, 
and kidney pathophysiology highlights a dynamic balance between 
protective and deleterious effects. The diverse roles of LOX, COX, and 
CYP pathways in renal inflammation and tumorigenesis underscore the 
complexity of lipid metabolism in kidney diseases. While inconsistencies 
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in current findings reflect the multifaceted nature of these bioactive 
lipids, accumulating evidence suggests that PUFAs profoundly influence 
renal function, warranting a more refined analysis of their metabolic 
impact. A fundamental challenge lies in deciphering whether PUFA 
metabolites serve as mediators of renal protection or contributors to 
disease progression. This ambiguity stems from the diverse nature of 
their derivatives, context-dependent enzyme activity, and the hetero
geneity of kidney disorders. Future research should shift from broad 
pathway analyses toward a mechanistic dissection of enzyme-specific 
actions, providing deeper insights into their role in kidney injury. As 
highlighted in this review, targeting PUFA metabolism offers a 
compelling therapeutic avenue for mitigating renal inflammation, pre
serving kidney function, and potentially transforming the management 
of kidney diseases.
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