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Simple Summary 

Kidney disease is becoming more common worldwide, driven largely by rising rates of 
obesity and type 2 diabetes. The kidney is one of the most energy-demanding organs in 
the body, and its cells rely on a careful balance between burning fat and burning sugar to 
function properly. When this balance is disturbed—as it is in obesity and diabetes—fat 
begins to accumulate inside and outside kidney cells, the small structures inside cells that 
produce energy, called mitochondria, stop working efficiently, and the kidney loses its 
capacity to produce energy. Over time, this energy failure triggers inflammation and re-
places healthy kidney tissue with scar tissue, a process that ultimately leads to kidney 
failure. This review brings together current knowledge of how the healthy kidney gener-
ates and uses energy, how that machinery breaks down in obesity, diabetes, and other 
forms of metabolic stress, and how this metabolic breakdown drives irreversible kidney 
scarring. We also discuss how the fat tissue surrounding the kidney contributes to injury, 
and we review emerging treatments designed to restore normal kidney energy use. A bet-
ter understanding of these pathways may help doctors detect kidney damage earlier and 
develop new therapies to slow or prevent kidney failure. 

Abstract 

Progression to fibrosis is a major complication of chronic kidney disease (CKD) in obesity, 
type 2 diabetes, hypertension, and metabolic syndrome, yet effective antifibrotic therapies 
remain limited. Here, we review how disordered renal energy metabolism—ectopic lipid 
accumulation, impaired fatty acid oxidation (FAO), and a compensatory shift toward gly-
colysis—drives tubulointerstitial fibrosis in fatty kidney disease. Lipid overload in tubular, 
glomerular, and vascular cells arises from increased uptake via scavenger and lipoprotein 
receptors, enhanced lipogenesis, and reduced lipid catabolism and clearance. Spatial lip-
idomic studies further reveal nephron-segment-specific lipid signatures and obesity-asso-
ciated oxidized phospholipids linked to glomerular inflammation. Lipotoxicity, mito-
chondrial damage, and associated innate-immune signaling, ferroptosis, cellular senes-
cence, and adipose-derived mediators (including leptin, adiponectin, and a locally active 
renin–angiotensin system) converge on myofibroblast activation from pericytes, fibro-
blasts, and other resident cells. We discuss established and emerging therapies targeting 
this metabolic axis—peroxisome proliferator-activated receptor-α (PPARα) modulators, 
sodium–glucose cotransporter-2 (SGLT2) inhibitors, glucagon-like peptide-1 (GLP-1) re-
ceptor agonists, and the mineralocorticoid receptor antagonist finerenone—and propose 
that restoring metabolic flexibility, by rescuing FAO while limiting maladaptive glycoly-
sis, offers a promising disease-modifying strategy for fatty kidney disease. 
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1. Introduction 
As the global prevalence of obesity continues to rise, so does the incidence of type 2 

diabetes mellitus. Diabetic nephropathy, one of the most clinically important diabetic 
complications, typically presents with persistent albuminuria; together with chronic hy-
perglycemia, sustained albuminuria progressively damages the kidney and ultimately 
leads to end-stage renal disease (ESRD). During this progression, renal fibrosis develops 
through excessive collagen deposition in the extracellular matrix (ECM), accompanied by 
chronic inflammation. A variety of insults—persistent proteinuria, uncontrolled hyper-
tension, metabolic stress, obesity, and chronic hypoxia—converge to drive this fibrotic 
process. Because these risk factors tend to cluster in the same individual, they are collec-
tively referred to as metabolic syndrome (historically termed the “deadly quartet”), which 
is characterized by visceral fat accumulation together with dyslipidemia, hypertension, 
and type 2 diabetes. 

Obesity itself constitutes an independent risk factor for ESRD [1]. In particular, the 
chronic excess of circulating lipids that accompanies obesity culminates in ectopic fat dep-
osition in the kidney, a hallmark of obesity-related renal disease [2]. Recent advances in 
imaging mass spectrometry have further revealed that the diabetic kidney exhibits pro-
nounced alterations in lipid distribution in both murine and human tissues [3]. In diabetic 
kidneys, lipid-uptake genes—including CD36, SR-A1, LOX-1, and LDLR—are highly in-
duced, whereas fatty-acid-oxidation genes, such as ACOX1 and CPT1, are markedly sup-
pressed [4]. More recent studies have uncovered additional layers of renal lipid dysregu-
lation: aberrant lipid synthesis through the SREBP-1/2 and SOAT1 (historically labeled 
“ACAT1” in the cholesterol literature, but distinct from HGNC ACAT1) axes [5], impaired 
lipid degradation [6], and endothelial VEGF-B signaling [7] each amplify renal lipid accu-
mulation and the ensuing cytotoxicity. 

Although the precise spatial pattern of renal lipid accumulation remains incom-
pletely defined, ectopic lipid deposition affects multiple kidney cell types, including prox-
imal tubular cells [8], podocytes [9], mesangial cells [10], and endothelial cells [7]. 

In this review, we integrate genetic, spatial, and cellular evidence to clarify how dis-
ordered renal lipid handling and mitochondrial–glycolytic rewiring drive fibrosis in fatty 
kidney disease, with attention to adipose tissue–derived signals that further amplify renal 
injury. We then survey emerging therapeutic strategies—including PPARα modulators, 
SGLT2 and GLP-1 receptor agonists, and mineralocorticoid receptor antagonists—aimed 
at restoring renal metabolic flexibility in obesity- and diabetes-associated kidney disease. 

1.1. The Concept of Fatty Kidney Disease 

Although no unified definition yet exists, fatty kidney disease has re-emerged over 
the past decade or so as an increasingly recognized clinical entity within CKD, driven by 
the obesity pandemic and by rising renal-biopsy detection of obesity-related glomeru-
lopathy (ORG) [11,12]. Paralleling the reframing of fatty liver disease as MASLD, neph-
rology has proposed metabolic dysfunction–associated kidney disease (MDAKD) as an 
umbrella term for CKD arising in the context of metabolic dysfunction—obesity, insulin 
resistance, diabetes, dyslipidemia, and hypertension—encompassing diabetic kidney dis-
ease and obesity-related kidney disease [13]. 

Within this landscape, fatty kidney disease and ORG are best understood as concepts 
defined along different axes. Fatty kidney disease is an organ-level, imaging-defined con-
cept centered specifically on ectopic lipid accumulation in and around the kidney, 
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quantified as renal fat fraction by MRI/CT; one proposed operational definition sets fatty 
kidney at a renal fat fraction ≥4% by MRI [14]. Rather than a discrete subcategory of 
MDAKD, it represents a mechanistic dimension that cuts across the MDAKD spectrum. 
ORG, by contrast, is a histologically defined entity: in the setting of obesity, and after ex-
clusion of diabetic nephropathy and hypertensive nephrosclerosis, it is characterized by 
glomerulomegaly with or without (perihilar) focal segmental glomerulosclerosis [12]. 

Two broad mechanisms link renal and perirenal fat to kidney injury. (1) Ectopic lipid 
deposition within the renal parenchyma produces lipotoxic injury to podocytes, tubular, 
and mesangial cells and contributes to acute kidney injury and CKD, including diabetic 
nephropathy, ORG, age-related kidney disease, and polycystic kidney disease [4,15]. (2) 
Accumulation as renal sinus and perirenal fat mechanically compresses the kidney, im-
pairs renal hemodynamics, and promotes inflammation, thereby compromising renal 
function [16,17]. 

In DKD, renal parenchymal fat is associated with CKD and increases across disease 
stages [18,19], and lipotoxicity-mediated tubular injury has been proposed as a primary 
event preceding glomerular dysfunction [15]. The close association of perirenal and renal 
sinus fat with increased CKD risk is well established [16,20], and perirenal adipose tissue 
(PRAT) has been reported to carry superior predictive value for DKD progression com-
pared with systemic/general adiposity measures such as BMI and total, subcutaneous, or 
visceral fat [19,20]. 

With respect to hypertensive nephrosclerosis, renal sinus fat excess (sinus lipomato-
sis) compresses the low-pressure veins and lymphatics within the renal sinus and raises 
intrarenal hydrostatic pressure. In obese rabbits, kidneys were ~20% larger because of re-
nal lymphatic compression, despite no detectable parenchymal fat accumulation [17]. 
Clinically, greater renal sinus fat is associated with hypertension and GFR decline inde-
pendently of other fat compartments [21,22] (PMID: 20837881; 38555192). Mechanistically, 
renal sinus fat raises intra-abdominal pressure and compresses low-pressure renal venous 
structures, leading to renal volume expansion, increased renal interstitial pressure, and 
RAAS activation, which in turn contributes to hypertension, atherosclerosis, and insulin 
resistance [17]. 

1.2. Pathogenesis of Fatty Kidney Disease and Implications for Fibrosis 

Building on this concept, it is worth clarifying how renal lipid dysregulation relates 
to the classical drivers of kidney injury. We position ectopic lipid accumulation primarily 
as a convergent amplifier that is engaged by—and in turn intensifies—hemodynamic and 
glycemic insults, rather than as a replacement for hypertension and hyperglycemia as the 
principal causes of functional decline. In defined settings, however, such as obesity and 
metabolic syndrome without overt diabetes, lipid overload can also act as a partially in-
dependent, initiating driver, with lipotoxic tubular injury preceding glomerular dysfunc-
tion. These roles are not mutually exclusive: both converge on shared effectors—mito-
chondrial dysfunction, oxidative stress, and pro-fibrotic signaling—that drive tubu-
lointerstitial fibrosis. 

Consistent with this view, hypertension and chronic hyperglycemia—rather than re-
nal lipid accumulation per se—remain the major drivers of declining kidney function: 
chronic hypertension causes nephrosclerosis, whereas diabetes leads to diabetic nephrop-
athy. Nevertheless, ectopic renal lipid accumulation is increasingly recognized as a path-
ogenic amplifier of these processes, arising from an imbalance between lipid influx and 
lipid catabolism in the kidney. 

Lipid influx is augmented by a range of metabolic stresses, including hyperglycemia, 
hyperlipidemia, and excessive fructose intake [23,24]; fructose, in particular, induces in-
trarenal lipid accumulation via ChREBPβ-mediated lipogenic transcription [25]. 
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Conversely, impaired lipid consumption—most notably through reduced fatty-acid oxi-
dation (FAO)—exacerbates renal lipid deposition. Kang et al. demonstrated that the ex-
pression of genes involved in FAO, including CPT1A, ACOX1, PPARA, and PPARGC1A, 
was reduced in human CKD kidneys and mouse models of renal fibrosis, accompanied 
by lipid accumulation in tubular epithelial cells. Furthermore, tubular epithelial cell–spe-
cific overexpression of PPARGC1A (Pax8rtTA/TRE-PPARGC1A mice) and treatment with 
the PPARα agonist fenofibrate restored FAO-related gene expression and attenuated renal 
fibrosis in unilateral ureteral obstruction and folic acid nephropathy mice models. In con-
trast, CD36 overexpression (Pax8rtTA/TRE-CD36 mice) induced lipid accumulation but 
was insufficient to cause substantial renal fibrosis. Collectively, these findings suggest that 
impaired FAO, rather than lipid accumulation per se, plays a critical role in the progres-
sion of tubular injury and tubulointerstitial fibrosis [26]. Consistently, restoring tubular 
Cpt1a expression protects from kidney fibrosis by improving mitochondrial homeostasis 
[27], whereas genetic loss of Ppara aggravates lipid deposition and accelerates fibrosis in 
multiple injury models [28–30]. More recently, impaired carnitine-dependent FAO—me-
diated through organic cation/carnitine transporter 2 (OCTN2) and the downstream mi-
tochondrial carnitine shuttle—has been demonstrated in experimental and human dia-
betic kidney disease, where it promotes renal lipid accumulation [31], underscoring car-
nitine-dependent FAO as a critical safeguard against renal lipotoxicity. 

1.3. Genetic Determinants and Molecular Basis of Fatty Kidney Disease 

Monogenic causes. Three single-gene defects show that disordered renal lipid han-
dling alone can drive kidney injury. Biallelic loss-of-function variants in SLC22A5 
(OCTN2) cause primary systemic carnitine deficiency, characterized by defective tubular 
carnitine reabsorption and multi-organ steatosis [32,33]; more recently, impaired car-
nitine-dependent FAO has been demonstrated in experimental and human diabetic kid-
ney disease, extending the relevance of OCTN2 biology beyond Mendelian carnitine de-
ficiency [31]. PPARA encodes the master regulator of proximal-tubule β-oxidation, and 
reduced renal PPARα expression in fibrotic human kidney correlates with CKD progres-
sion [26,34], with clinical meta-analysis supporting renoprotective effects of PPARα-acti-
vating fibrates [35]; Ppara-deficient mice show tubular lipid accumulation and exagger-
ated fibrosis after ischemic, septic, or proteinuric injury, which is reversed by pharmaco-
logical PPARα activation [28–30]. SOAT1 esterifies free cholesterol; SOAT1 dysregulation 
drives free-cholesterol accumulation in podocytes, mitochondrial dysfunction, and pro-
teinuria in obesity- and diabetes-associated kidney disease, although no Mendelian 
SOAT1 syndrome has been described [36,37] (Table 1). 

Table 1. Genetic and molecular landscape of fatty kidney disease. 

Category Gene Association with Fatty Kidney  

Monogenic SLC22A5 
(OCTN2) 

Primary systemic carnitine deficiency with tubular car-
nitine wasting and multi-organ steatosis; impaired car-
nitine-FAO is also seen in human/experimental DKD 

Human [31–33]; 
Mouse [31] 

Expression-
driven 

PPARA 

Master regulator of tubular β-oxidation; reduced renal ex-
pression in fibrotic kidney correlates with CKD; PPARα-
activating fibrates are renoprotective in meta-analysis. No 
Mendelian disease 

Human [26,34]; 
Mouse [28–30] 

Expression-
driven 

SOAT1 (≠ 
HGNC 
ACAT1) 

Cholesterol esterification; dysregulation drives free-cho-
lesterol accumulation in podocytes → mitochondrial dys-
function → proteinuria in obesity/DKD 

Human [37]; 
Mouse [36,37] 
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SNPs/polygenic PPARG 
Pro12Ala (rs1801282) Ala allele ↓ DN risk (meta-OR ≈ 
0.74); tubular Pparg maintains renal metabolic heteroge-
neity 

Human [38,39]; 
Mouse [40] 

Expression-
driven 

CD36, OLR1 
(LOX-1), EGR1 

Renal expression up-regulated in CKD/DKD biopsies 
with dyslipidemia; Cd36 KO restores FAO and attenuates 
lipotoxicity. Robust human variant evidence only for 
CD36 

Human [34]; 
Mouse [41] 

Emerging (GWAS 
→ mechanism) ACSS2 

Risk variants act as eQTLs lowering ACSS2 expression → 
protect from CKD; deletion/inhibition reduces DNL, 
NADPH/ROS, NLRP3 pyroptosis, and fibrosis 

Human [42]; 
Mouse [42–44] 

Emerging regula-
tor 

CCDC92 
Cardiometabolic-GWAS-derived; deficiency alleviates 
podocyte -specific lipotoxicity (not tubular) via 
PA28α/ABCA1 cholesterol-efflux axis in DKD 

Human [45,46]; 
Mouse [45,46] 

Lipid media-
tor/heme-binding 

mPGES2 
(PTGES2) 

Heme-binding (not canonical PGE2 synthase); sequesters 
heme from Rev-Erbα → derepresses FABP5 → renal lipid 
uptake. Pharmacologic blockade attenuates DKD 

Human [47]; 
Mouse [47,48] 

Autophagy/lyso-
somal program 

TFEB, autoph-
agy-lysosome 

Reduced renal autophagy → progressive tubular and po-
docyte injury in DKD; lysosomal restoration counters 
lipotoxicity; podocyte autophagy is essential in aging 

Human [49–51]; 
Mouse [50,52] 

Mitochondrial bi-
ogenesis/NAD+ 

PGC-1α 
(PPARGC1A) 
NAD+ 

PGC-1α–driven mitochondrial biogenesis and NAD+ me-
tabolism rescue tubular FAO and energy balance; tubular 
NAD+ activation prevents CKD progression 

Human [34]; 
Mouse [26,53,54] 

→, leads to; ↓ , decreased. Abbreviations: CKD, chronic kidney disease; DKD, diabetic kidney 
disease; DN/DKD, dia-betic nephropathy; DNL, de novo lipogenesis; eQTL, expression quanti-
tative trait locus; GWAS, genome-wide associa-tion study. 

Common variants and polygenic susceptibility. The PPARG Pro12Ala (rs1801282) 
Ala allele is associated with reduced diabetic nephropathy risk by meta-analysis (OR ≈ 
0.74) [38,39], and tubular Pparg signaling maintains renal metabolic heterogeneity and 
protects against tubular injury in mice [40]. In contrast, evidence linking the lipid-han-
dling genes CD36, OLR1 (LOX-1), and EGR1 to fatty kidney disease rests primarily on 
transcriptional rather than human genetic data: although robust polymorphism–CKD as-
sociations have not been established (emerging support exists only for CD36 variants), 
their renal transcript and protein levels are consistently up-regulated in CKD/DKD biop-
sies from dyslipidemic patients [34], and Cd36-knockout or pharmacological blockade at-
tenuates tubular and podocyte lipotoxicity by restoring FAO and mitochondrial function 
in diabetic rodents [41]. 

Emerging GWAS-to-mechanism loci. Common variants at ACSS2, encoding the cy-
tosolic acetyl-CoA synthetase driving de novo lipogenesis (DNL), act as eQTLs lowering 
ACSS2 expression and protecting from CKD; ACSS2 deletion or pharmacological inhibi-
tion reduces NADPH depletion, ROS, NLRP3-mediated pyroptosis, histone crotonylation, 
and fibrosis in multiple mouse models [42–44]. CCDC92, identified through cardiometa-
bolic GWAS, drives podocyte (rather than tubular) lipotoxicity in diabetic kidney disease 
through the PA28α/ABCA1 cholesterol-efflux axis [45,46]. Microsomal prostaglandin E 
synthase-2 (mPGES2/PTGES2) has been reframed as a heme-binding rather than canonical 
PGE2-synthesizing enzyme: it sequesters heme from Rev-Erbα to derepress FABP5 and 
promote lipid uptake, and genetic or pharmacological mPGES2 blockade attenuates renal 
lipotoxicity in diabetic mice [47,48]. 

Protective autophagic and mitochondrial programs. Autophagic-lysosomal flux 
and mitochondrial biogenesis cooperate to restrain renal lipotoxicity. Reduced renal 
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autophagy is associated with progressive tubular and podocyte injury in diabetic and in-
flammatory kidney disease [49–51], and podocyte autophagy is essential for glomerular 
homeostasis in aging mice [52]. Tubular lysosomal restoration counters lipotoxic podocyte 
injury in diabetic kidney disease [50], while PGC-1α–driven mitochondrial biogenesis and 
NAD+ metabolism rescue tubular FAO, energy balance, and structural recovery in is-
chemic, septic, and lipotoxic injury [26,53], and renal tubular NAD+ activation prevents 
CKD progression [54]. Several other proteins reinforce this protective network: AMPK 
with ULK1 helps kidney cells digest stored fat, NRF2 limits oxidative damage, FOXO3 
drives autophagy and antioxidant genes, and SIRT3 sustains mitochondrial fat burning. 

Together, these loci converge on five interlocking nodes—fatty-acid uptake 
(SLC22A5, CD36, OLR1), β-oxidation (PPARA, PGC-1α), de novo lipogenesis (ACSS2), 
cholesterol esterification and efflux (SOAT1, CCDC92), and autophagic/mitochondrial 
quality control (TFEB, AMPK, NRF2)—defining the genetic architecture of fatty kidney 
disease and delineating therapeutically tractable points of intervention [34]. 

2. Mechanisms Linking Lipid Dysmetabolism to Renal Fibrosis 
2.1. Mechanisms by Which Lipid Accumulation Drives Renal Fibrosis 

As is well recognized in hepatic steatosis, impaired fatty acid metabolism and lipid 
accumulation are also important contributors to fibrosis in the kidney. PCSK-9 overex-
pression-mediated dyslipidemia caused renal fat deposition accompanied by renal fibro-
sis, with increased ferroptosis and ER stress [55]. Deficiency of acyl-CoA thioesterase 12 
(Acot12), an enzyme that hydrolyzes acyl-CoA thioesters to free fatty acids (FA) [56], ex-
acerbates renal fibrosis independently of PPARα and is accompanied by reduced au-
tophagic degradation of peroxisomes (pexophagy). Observations in the lung help to clar-
ify the mechanisms of lipid-mediated fibrosis. In idiopathic pulmonary fibrosis (IPF), al-
tered TG and cholesterol metabolism [57], together with bioactive lipids, such as PGE2, 
ceramides, and sphingomyelins, promote myofibroblast activation and extracellular ma-
trix deposition via TGFβ [58]. Although changes in lipid-metabolism-related genes occur 
across many IPF cell types, they are most pronounced in macrophages [59]. The preva-
lence of metabolic dysfunction-associated steatotic liver disease (MASLD) is on the rise. 
In MASLD, progressive lipid accumulation drives lipotoxicity, which in turn triggers ER 
stress, oxidative stress, and ferroptosis. Lipotoxicity also up-regulates Fas and FasL, re-
cruiting caspase-8 to induce apoptosis [60]. Although the kidney, lung, and liver differ 
substantially in cellular composition and physiological function, these observations sug-
gest that lipotoxicity-induced ER stress, oxidative stress, and ferroptosis may represent 
conserved profibrotic pathways across organs. 

2.2. Spatial Distribution of Renal Lipid Species in Health and Disease 

Renal lipid metabolism is highly compartmentalized, matching each segment’s met-
abolic demand: cortical proximal tubules depend on fatty-acid oxidation (FAO) to power 
their high reabsorptive load [61,62], whereas medullary segments rely more on glycolysis 
under chronic hypoxia [63,64] (Table 2). A human spatial lipid atlas shows that each neph-
ron segment carries a distinct lipid signature [65]: sphingomyelins and GA1 gangliosides 
in the glomerulus; long-chain sphingomyelins and polyunsaturated phosphatidylethano-
lamines in the proximal tubule, with an apical-to-basolateral sphingomyelin gradient [66]; 
α-hydroxylated sulfatides in the thick ascending limb [67,68]; lysophospholipids in the 
distal tubule; and structural phospholipids forming “leak-proof but flexible” membranes 
in the collecting duct [65,68]. The healthy lipid map is thus a chemical readout of metabolic 
specialization, and it is already reshaped by adiposity—in individuals with BMI > 35, 
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oxidized phosphatidylcholines (PAz-PC) accumulate in the glomerulus and are linked to 
inflammation and incipient glomerular disease [65]. 

Disease rewrites this map. In diabetic kidney disease (DKD), the shift is consistently 
away from oxidation and toward lipogenic storage: in diabetic mouse glomeruli, SM 
(d18:1/16:0) accumulates and enhances mesangial-cell glycolysis [69], alongside increases 
in gangliosides, sulfatides, lysophospholipids, and PE that implicate oxidative-stress 
pathways in early disease [70]. In long-standing human DKD, spatial metabolomics com-
bined with single-cell RNA sequencing (KPMP cohort) shows injured thick ascending 
limb and proximal tubule cells adopting a lipogenic phenotype—increased lipid synthesis, 
suppressed β-oxidation, and triglyceride, glycerophospholipid, and sphingolipid enrich-
ment in the inner medulla [71]—so the very segments that define the healthy FAO-based 
map invert their program. Mirroring these tissue-level changes at the systemic level, cir-
culating ceramide profiles may provide a clinically accessible readout of renal lipotoxicity. 
In a prospective cohort of 1746 Southeast Asian patients with type 2 diabetes followed for 
a median of 7.7 years, higher Cer16:0/Cer24:0, Cer18:0/Cer24:0, and Cer24:1/Cer24:0 ratios 
independently predicted rapid kidney function decline and progression to end-stage kid-
ney disease [72]. Obesity-related kidney disease shows a partly overlapping signature—
glomerular SM (d18:1/16:0) and PAz-PC gain with loss of structural phospholipids [65]—
defining a shared “metabolic fatty-kidney” fingerprint that links systemic metabolic stress 
to a stereotyped renal lipid response. 

Other injuries remodel renal lipids through distinct, largely non-overlapping signa-
tures, underscoring the specificity of the metabolic pattern: ceramide accumulation with 
sphingomyelin and phosphatidylcholine loss in aging [73]; ether-lipid and membrane 
turnover in ischemic AKI [74], progressing to lysocardiolipin and lysophospholipid accu-
mulation in severely ischemic transplant kidneys [75]; a plasma oxylipin fingerprint in 
sepsis-associated AKI [76]; S3-segment phospholipid and sulfatide redistribution with 
cardiolipin loss in cisplatin nephrotoxicity [77,78]; and storage-type glycosphingolipid 
signatures in genetic and inflammatory disease—sulfatides in Alport syndrome [79], hex-
osylceramides and lactosylceramides in lupus nephritis [80], and Gb3/Ga2Cer in the Fabry 
kidney [81] (Table 2). 

Table 2. Spatial distribution of renal lipid species in physiological and pathological conditions. 

Condition Kidney Region/Cell Type Key Lipid Species (Change) Species Ref 

Physiological lipid distribution (healthy kidney) 

Healthy Glomerulus (GL) SM (18:1;2O/16:0); gangliosides (GA1 species) Human [65] 

Healthy Proximal tubule (PT) 
Long-chain sphingomyelins (C18–C26); PS (38:4); PE 
(38:4) polyunsaturated Human [65] 

Healthy Proximal tubule (PT) (api-
cal > basolateral gradient) 

SM d34:1, SM d34:2 enriched on luminal/apical 
membrane 

Human [66] 

Healthy Thick ascending limb 
(TAL)/medulla 

Sulfatides (SHexCer); AS-SM4s with C22/C24 α-hy-
droxy fatty-acyl chains 

Mouse [67,68] 

Healthy Distal tubule (DT) Lysophospholipids: LPC (16:0), LPE (18:0) Human [65] 

Healthy Collecting duct (CD) 
PC (32:1), PC (35:1) [exclusive markers]; PE (36:1), 
PE (38:1); SM (40:0;2O), SM (42:0;3O); SHexCer 
(t18:0/h24:0) 

Hu-
man/Mous

e 
[65,68] 

Pathological alterations 

Obesity 
(BMI > 35) 

Glomerulus ↑ Oxidized phosphatidylcholine (PAz-PC)—linked 
to chronic inflammation and glomerular disease 

Human [65] 
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Diabetic 
kidney 
disease 

Glomerulus (mesangial 
cells) 

↑ SM (d18:1/16:0)—promotes glycolysis and ↑ 
ATP/AMP ratio Mouse [69] 

Diabetic 
kidney 
disease 

Glomerulus + tubules ↑ GM3 gangliosides, sulfatides, LPC, LPE, PE—glu-
cose-independent oxidative stress 

Mouse [70] 

Obesity-
related 
kidney 
disease 

Glomerulus 
↑ SM (d18:1/16:0); ↑ oxidized PC (PAz-PC); ↓ struc-
tural phospholipids (LPE, PC, PS)—glomeruloscle-
rosis-associated membrane remodeling 

Human [65] 

Aging kid-
ney Cortex + medulla ↑ Ceramides (e.g., Cer d18:1/14:0, 20:0)—pro-apop-

totic, TGF-β signaling; ↓ SM, ↓ PC Mouse [73] 

Acute kid-
ney injury 
(AKI) 

Proximal tubule 
↑ Plasmanyl PC (PC O-38:1); transient ↑ then ↓ plas-
malogen PE (PE O-42:3)—antioxidant lipid con-
sumption 

Mouse [74] 

Severe re-
nal ische-
mia 

Whole tissue (transplant 
kidneys) 

↑ Lysocardiolipins, LPC, LPI—mitochondrial dys-
function and membrane breakdown Human [75] 

Cisplatin 
ne-
phrotoxi-
city 

Proximal tubule S3 seg-
ment 

Redistribution of PC, PE, PI, sulfatides; ↑ lysophos-
pholipids; ↑ PI (38:4); ↓ cardiolipin; ↑ cholesteryl es-
ters 

Mouse/Rat [77,78] 

Alport 
syndrome 

Renal tubules ↑ Sulfatides (SHexCer) Mouse [79] 

Lupus ne-
phritis 

Glomerulus + urine 
↑ Hexosylceramides (HexCer); ↑ lactosylceramides 
(LacCer); early urinary LacCer elevation as a bi-
omarker 

Mouse/Hu
man 

[80] 

Fabry dis-
ease 

Whole kidney (α-Gal A-
KO) 

Widespread ↑ globotriaosylceramide (Gb3); ↑ 
galabiosylceramide (Ga2Cer) Mouse [81] 

Long-
standing 
DKD (>10 
y) 

Injured TAL (iTAL); in-
jured PT (iPT); inner me-
dulla 

↑ Triglycerides, glycerophospholipids, sphin-
golipids in inner medulla; iTAL/iPT cells show in-
creased lipid biosynthesis and decreased β-oxida-
tion (KPMP scRNA-seq + spatial multi-omics) 

Human [71] 

T2DM → 
ESKD 

Plasma biomarker (n = 
1746; 7.7-y follow-up) 

Plasma ceramide ratios—Cer 16:0/Cer 24:0, Cer 
18:0/Cer 24:0, Cer 24:1/Cer 24:0—predict rapid kid-
ney function decline; Cer 16:0/Cer 24:0 and Cer 
24:1/Cer 24:0 also predict ESKD 

Human [72] 

Sepsis-as-
sociated 
AKI 

Plasma (n = 67 SA-AKI vs. 
20 controls) 

Differential oxylipins: 5(S),12(S)-DiHETE, 5-
isoPGF2VI, 5,6-DiHETrE, 11,12-EET, 9,10-Di-
HOME—discriminate SA-AKI stages 

Human [76] 

Legend: Yellow = Human; Green = Mouse/Rat; Pink = Both human and mouse evidence; GL = 
glomerulus, PT = proximal tubule, TAL = thick ascending limb, DT = distal tubule, CD = collecting 
duct. Symbols: ↑, increased; ↓, decreased. 

Across these conditions, lipid remodeling converges on three axes—deranged fatty-
acid and mitochondrial membrane metabolism, oxidative membrane damage, and 
ceramide- and glycosphingolipid-driven pro-fibrotic signaling—descriptive signatures 
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that mass-spectrometry imaging and single-cell lipidomics are poised to convert into di-
agnostic biomarkers and therapeutic targets for fatty kidney disease. 

2.3. Mitochondrial Dysfunction and Metabolic Reprogramming 

Mitochondrial dysfunction plays a central role in the pathogenesis of renal fibrosis, 
the common final pathway of chronic kidney disease (CKD). Under physiological condi-
tions, renal tubular epithelial cells rely predominantly on fatty acid oxidation (FAO) and 
mitochondrial oxidative phosphorylation (OXPHOS) to meet their high ATP demand. 
During fibrogenesis, however, tubular cells undergo profound metabolic reprogramming 
characterized by suppression of FAO, impaired mitochondrial bioenergetics, and a shift 
toward glycolysis [82,83]. 

Defective FAO has emerged as a key driver of renal fibrosis. Seminal studies by Kang 
et al. demonstrated that impaired FAO in tubular epithelial cells induces ATP depletion, 
dedifferentiation, lipid accumulation, and cell death, thereby promoting fibrotic progres-
sion. Transforming growth factor-β1 (TGF-β1) suppresses FAO through SMAD3-medi-
ated inhibition of PPARGC1A signaling [26]. Consistent with this concept, reduced ex-
pression of carnitine palmitoyltransferase 1 (CPT1) and PPARα has been associated with 
lipid accumulation and kidney injury, whereas tubular overexpression of CPT1A restores 
mitochondrial oxidative metabolism, increases ATP production, and attenuates fibrosis 
[27]. Peroxisomal FAO may also contribute to renal lipid homeostasis and fibrotic remod-
eling. ACOX1, the rate-limiting enzyme of peroxisomal β-oxidation, is reduced in fibrotic 
renal allografts, and ACOX1 deficiency promotes lipid accumulation, extracellular matrix 
remodeling, and fibrosis through PUFA depletion and ER stress activation [84]. These 
findings suggest that restoration of FAO represents a promising therapeutic strategy for 
CKD-associated fibrosis. 

Alterations in mitochondrial dynamics also contribute to fibrogenesis. Increased mi-
tochondrial fission mediated by dynamin-related protein 1 (DRP1) promotes mitochon-
drial fragmentation, mitochondrial reactive oxygen species (mtROS) generation, fibro-
blast activation, and proliferation. TGF-β1-induced mitochondrial dysfunction and glyco-
lytic reprogramming are partially reversed by DRP1 inhibition, indicating a mechanistic 
link between mitochondrial dynamics and metabolic remodeling [85]. Conversely, im-
paired mitochondrial fusion, particularly through reduced mitofusin 2 (MFN2), may dis-
rupt mitochondrial morphology, endoplasmic reticulum–mitochondria contact sites, cal-
cium homeostasis, and bioenergetic function, thereby aggravating podocyte injury, ische-
mia–reperfusion injury, and fibrotic remodeling [86–87]. 

In parallel, mitochondrial injury results in the release of mitochondrial DNA 
(mtDNA) into the cytosol, activating the cGAS–STING pathway and triggering inflamma-
tion and fibrosis [88]. Mitochondrial transcription factor A (TFAM), a key regulator of 
mtDNA replication, transcription, and maintenance, is therefore increasingly recognized 
as an important determinant of mitochondrial integrity in kidney disease. Loss or sup-
pression of TFAM impairs mtDNA replication, promotes mitochondrial depletion and 
dysfunction, and may facilitate mtDNA-mediated inflammatory signaling [89]. In diabetic 
kidney disease, AKAP1–PKC–Larp1-dependent suppression of TFAM has been impli-
cated in podocyte mitochondrial dysfunction [90], whereas SIRT3-dependent regulation 
of TFAM may promote mitochondrial quality control and protect against acute kidney 
injury [91]. 

Sirtuin 3 (SIRT3), a mitochondrial NAD+-dependent deacetylase, further links mito-
chondrial metabolism to renal fibrosis. SIRT3 regulates FAO, OXPHOS, antioxidant de-
fense, and mitochondrial dynamics through deacetylation of key mitochondrial proteins. 
In diabetic kidneys, SIRT3 deficiency promotes mitochondrial protein hyperacetylation, 
TGF-β/SMAD activation, hypoxia-inducible factor-1α (HIF-1α) accumulation, PKM2 
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dimerization, abnormal glycolysis, and fibrotic programming [92]. Thus, SIRT3 loss may 
couple impaired mitochondrial metabolism to glycolytic reprogramming and profibrotic 
signaling, whereas restoration of SIRT3 activity may represent a potential therapeutic 
strategy. 

Another hallmark of renal fibrosis is the metabolic shift from OXPHOS toward aero-
bic glycolysis. Fibrotic kidneys and TGF-β1-treated fibroblasts showed upregulation of 
glycolytic enzymes, increased glucose uptake, and increased lactate production, demon-
strating that aerobic glycolysis is a key feature of renal fibroblast activation. This metabolic 
shift from oxidative phosphorylation to aerobic glycolysis is associated with myofibro-
blast activation, and inhibition of aerobic glycolysis, particularly PKM2, has been shown 
to suppress renal fibrosis [93]. During the transition from acute kidney injury (AKI) to 
CKD, persistent suppression of FAO and enhanced glycolysis are driven in part by HIF-
1α and TGF-β signaling [94,95]. In AKI, increased lactate promotes degradation of Pro-
hibitin 2 (PHB2) through lactylation of ALDH2, thereby impairing mitophagy and induc-
ing mitochondrial structural damage [96]. This metabolic switch limits pyruvate entry into 
the tricarboxylic acid cycle and favors lactate production, thereby exacerbating mitochon-
drial dysfunction and fibrosis. 

Collectively, these findings indicate that mitochondrial dysfunction, metabolic repro-
gramming, impaired mitochondrial quality control, mtDNA-mediated innate immune ac-
tivation, and lipid peroxidation form an integrated network that drives renal fibrogenesis 
(Figure 1). 

 

Figure 1. Integrated metabolic and cellular alterations underlying lipotoxic injury in fatty kidney 
disease. In renal parenchymal cells—most notably proximal tubular cells, podocytes, mesangial cells, 
and endothelial cells—chronic metabolic stress drives a coordinated rewiring of lipid handling and 
energy metabolism that converges on tubulointerstitial fibrosis. Lipid influx is augmented by up-
regulation of the scavenger and lipoprotein receptors CD36, SR-A1, LOX-1, and LDLR, while loss 
of AMPK activity derepresses SREBP1/2-driven de novo lipogenesis. AMPK inactivation concomi-
tantly downregulates PGC-1α and PPARα, leading to transcriptional repression of fatty acid oxida-
tion (FAO)-related genes, including the rate-limiting mitochondrial fatty acid importer CPT1A. 
Combined with reduced peroxisomal β-oxidation, these changes culminate in intracellular lipid ac-
cumulation. The resulting metabolic imbalance precipitates mitochondrial dysfunction, character-
ized by suppressed FAO, depletion of the NAD+ pool, downregulation of SIRT3, attenuated TCA 
cycle flux, and reduced oxidative phosphorylation (OXPHOS). In parallel, stabilization of HIF-1α 
drives a maladaptive shift toward aerobic glycolysis: PKM2 dimerization and PDK upregulation 
divert pyruvate away from mitochondrial oxidation, while elevated LDHA activity sustains lactate 
production, reinforcing aerobic glycolytic reprogramming that further compromises oxidative me-
tabolism and impairs mitophagy. This metabolic failure activates a network of cellular injury pro-
grams (bottom panel) mechanistically implicated in renal fibrogenesis: (i) ferroptosis, marked by 
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ACSL4 upregulation, GPX4 downregulation, and accumulation of lipid peroxides; (ii) cGAS–STING 
pathway activation triggered by cytosolic leakage of mitochondrial DNA (mtDNA) from damaged 
mitochondria; (iii) cellular senescence, indicated by induction of p16 and p21 together with a senes-
cence-associated secretory phenotype (SASP) enriched in MCP-1, IL-6, and TGF-β; and (iv) endo-
plasmic reticulum (ER) stress. Collectively, these injury programs amplify tubular damage, sustain 
a proinflammatory and profibrotic microenvironment, and drive resident fibroblast and pericyte 
activation into myofibroblasts, ultimately producing the tubulointerstitial fibrosis that defines fatty 
kidney disease. Arrows (↑) and (↓) denote upregulation/activation and downregulation/inhibition, 
respectively. Solid arrows indicate direct activating relationships or metabolic flux, whereas dashed 
arrows indicate inhibitory or attenuated regulatory relationships. Illustration created using ele-
ments from NIAID NIH BIOART Source (bioart.niaid.nih.gov/bioart/352, 422, 523, 651). 

2.4. Senescence, Ferroptosis, and Dysregulated Autophagy 

Cellular senescence in the kidney is a critical driver of CKD progression and fibrosis 
[97]. Multiple murine kidney injury models demonstrated that G2/M-arrested tubular ep-
ithelial cells promote renal fibrosis through JNK-dependent profibrotic signaling, whereas 
inhibition of JNK or p53 attenuated G2/M arrest and ameliorated fibrosis [98]. In naturally 
aged and irradiation-induced senescent mouse models subjected to ischemia–reperfusion 
injury, senescent cells promoted renal fibrosis and impaired tubular regenerative capacity, 
partly through the production of SASP factors including TGF-β1, IL-6, and TNF-α. Fur-
thermore, depletion of senescent cells with the senolytic agent ABT-263 suppressed SASP 
expression and fibrosis, resulting in improved structural and functional renal recovery 
after injury [99]. These findings suggest that targeting dysregulated cell cycle control and 
senescent cells may represent an effective therapeutic strategy to prevent the progression 
from AKI to CKD. 

Autophagy plays a paradoxical role in renal senescence. The proximal tubular S3 
segment is the most susceptible to I/R injury and shows rapid autophagy activation after 
I/R. In GGT-CreERT2/Atg5-flox/flox mice, S3-segment-specific deletion of Atg5 increased 
early tubular cell death (2 h after I/R injury) but attenuated tubular injury, inflammation, 
cellular senescence, and fibrosis in the long term [100]. Using an inducible, Pax8-mediated 
tubule-specific Atg7 knockout model (Pax8-rtTA/LC1/Atg7flox/flox mice), this study demon-
strated that deleting Atg7 after ischemia–reperfusion injury attenuated chronic tubular 
injury, senescence, G2/M arrest, and interstitial fibrosis [101]. These results indicate that 
persistent tubular autophagy drives maladaptive repair and profibrotic transformation. 
Notably, among several cytokines, only FGF2 was selectively suppressed by autophagy 
deficiency, suggesting the Atg7–FGF2 axis as a critical paracrine mechanism for fibroblast 
activation [101]. In addition to this tubule-driven mechanism, recent evidence suggests 
that the cell cycle regulator Plk1, a key regulator of G2/M progression, may also contribute 
to fibroblast activation and fibrotic progression through regulation of the autophagy-ly-
sosome axis. Analyses using renal fibroblasts (NRK49F cells) suggested that Plk1 may 
contribute to the maintenance of lysosomal acidification and autophagic flux through reg-
ulation of ATP6V1A phosphorylation. Furthermore, in a UUO model using systemic het-
erozygous Plk1 knockout mice, Plk1 deficiency was associated with suppression of the 
autophagy-lysosome axis, accompanied by attenuation of renal interstitial fibrosis and in-
flammatory cell infiltration [102]. In contrast to the maladaptive effects of persistent au-
tophagy in injured tubular epithelial cells, autophagy in renal fibroblasts appears to exert 
antifibrotic functions. Recent studies demonstrated that Smoothened (Smo) signaling is 
upregulated in fibroblasts in multiple CKD models and promotes myofibroblast activa-
tion and extracellular matrix production by suppressing autophagic flux through the β-
arrestin1/Src/β-catenin/mTOR pathway, whereas genetic deletion or pharmacologic inhi-
bition of Smo restored fibroblast autophagy and attenuated renal fibrosis [103]. Therefore, 
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precise therapeutic strategies that take into account the cell type-specific dynamics of au-
tophagy may be required for the effective control of renal fibrosis. 

Beyond cellular senescence, ferroptosis, an iron-dependent form of regulated cell 
death, has emerged as a potential contributor to maladaptive repair and kidney fibrosis. 
Acyl-CoA synthetase long-chain family member 4 (ACSL4) promotes the incorporation of 
polyunsaturated fatty acids into phospholipids, thereby increasing susceptibility to lipid 
peroxidation and ferroptotic injury [104]. ACSL4 upregulation has been implicated in kid-
ney injury and fibrosis, and genetic or pharmacological inhibition of ACSL4 can attenuate 
lipid peroxidation, ferroptosis, and renal fibrotic injury in experimental models [105]. Alt-
hough the direct connection between ACSL4 and mitochondrial energy metabolism re-
mains incompletely defined, ACSL4 may provide a mechanistic link between lipid remod-
eling, oxidative stress, and fibrotic kidney injury. In a 5/6 nephrectomy-induced CKD rat 
model, ferroptotic cells were identified in the remnant kidney in association with disor-
dered iron metabolism, characterized by decreased FPN expression and increased 
NCOA4 expression. Treatment with the iron chelator deferoxamine was associated with 
reduced TGF-β1/Smad3 signaling activation and attenuation of renal fibrosis [106]. Fur-
thermore, ferroptotic tubular epithelial cells (NRK52E cells) secrete MCP-1, thereby pro-
moting macrophage recruitment and accumulation, which may contribute to interstitial 
inflammation and subsequent fibrotic progression [107]. Interestingly, the effects of fer-
roptosis may differ depending on the cell type within the fibrotic kidney. Because TGF-β-
activated myofibroblasts exhibit greater sensitivity to ferroptosis than tubular epithelial 
cells, low-dose administration of the GPX4 inhibitor RSL3 selectively induced myofibro-
blast ferroptosis and attenuated renal fibrosis in I/R injury mice, albeit accompanied by 
increased interstitial cell death [108]. Such differential ferroptosis vulnerability may pro-
vide a therapeutic window for the selective depletion of profibrotic myofibroblasts while 
preserving functional renal parenchyma. 

Collectively, these findings suggest that senescence, ferroptosis, and dysregulated 
autophagy constitute interconnected maladaptive repair programs in the injured kidney. 
Therefore, therapeutic strategies targeting these pathways will likely require precise cell 
type-specific modulation to suppress fibrosis while preserving adaptive regenerative re-
sponses. 

2.5. Renal–Adipose Crosstalk 

Adipose tissue exerts profound regulatory control over renal energy metabolism 
through secreted adipokines, extracellular vesicles, and anatomically proximate fat depots. 

Classical adipokines exert diverse effects on renal structure and function. Leptin, el-
evated in chronic kidney disease (CKD) as hyperleptinemia, promotes pro-fibrotic re-
sponses by functioning as a coactivator of transforming growth factor-β (TGF-β) signaling 
[109]. Leptin deficiency reduces TGF-β mRNA, Smad2/3 activation, and downstream pro-
fibrotic gene induction in a unilateral ureteral obstruction model [109]. In obese mice, lep-
tin treatment of mesangial cells induces thrombospondin-1 (TSP1), TGF-β1, fibronectin, 
and collagen IV expression [110]. Conversely, adiponectin demonstrates renal-protective 
properties through activation of AMP-activated protein kinase (AMPK), suppression of 
oxidative stress, and attenuation of kidney injury [111–113]. Adiponectin demonstrates 
potent renoprotective effects: its receptor agonism activates AMPK and reduces renal in-
jury in contrast-induced nephropathy models [111]; its overexpression attenuates kidney 
fibrosis in deoxycorticosterone acetate-salt and angiotensin II-induced CKD mice [112]; 
and it protects renal tubular cells from angiotensin II-induced oxidative stress through 
AMPK and cAMP-Epac pathways [113]. Adiponectin levels are characteristically reduced 
in obesity and CKD, contributing to loss of anti-inflammatory and anti-fibrotic protection. 
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The anatomical relationship between the kidney and adipose tissue assumes partic-
ular importance in obesity-related renal disease. Perinephric and renal sinus fat accumu-
lation correlates strongly with metabolic syndrome, hypertension, and chronic kidney dis-
ease progression [16,20,114]. In community cohorts, higher renal sinus fat is associated 
with higher blood pressure and lower estimated glomerular filtration rate [16]. In type 2 
diabetes patients, computed tomography-measured perirenal fat thickness independently 
predicts lower baseline eGFR and higher incidence of CKD after adjustment for visceral 
adiposity [20], and higher renal sinus fat volume is independently correlated with lower 
measured GFR, lower effective renal plasma flow, and higher renal vascular resistance 
[114]. Perinephric adipose tissue undergoes hypoxia in obesity, triggering macrophage 
infiltration and local inflammatory cytokine production that establishes paracrine gradi-
ents affecting adjacent renal parenchyma. The renin-angiotensin system (RAS) represents 
an additional nexus linking adipose tissue to the kidney. Circulating Angiotensin II (Ang 
II) levels correlate with body weight, visceral adiposity, and insulin resistance in obese 
individuals with type 2 diabetes [115]. Human adipose tissue expresses key components 
of a local renin–angiotensin system, including angiotensinogen, renin, and ACE, support-
ing local Ang II generation [116], and adipose-specific overexpression of angiotensinogen 
elevates systemic blood pressure and suppresses renal renin expression through negative 
feedback [117]. Perirenal fat accumulation is associated with poor antihypertensive re-
sponse to mineralocorticoid receptor antagonist (MRA) treatment, including smaller re-
ductions in blood pressure and greater initial eGFR decline, in patients with primary al-
dosteronism. In db/db mice, MRA treatment reduced macrophage infiltration and fibrosis 
marker expression in perirenal fat [118]. These findings suggest that perirenal fat accumu-
lation may contribute to the association between MRA activation and renal dysfunction 
in patients with primary aldosteronism. Along with Ang II, leptin, which is elevated in 
obese patients, further amplifies intrarenal RAS; hyperleptinemia raises plasma Ang II 
and produces glomerular hypertrophy, inflammation, and proteinuria via AT1 receptor 
signaling [119]. 

In addition to adipokine and RAS-mediated signaling, obesity-associated perirenal 
adipose tissue forms an inflammatory niche containing infiltrating macrophages and se-
nescent cells that secrete TNF-α, IL-6, MCP-1/CCL2, and Oncostatin M (OSM). OSM is an 
IL-6 family cytokine that is produced in inflammatory settings, promotes fibroblast acti-
vation and ECM accumulation, and is deeply involved in fibrosis of various organs [120]. 
Functional genomics analysis integrating diabetic nephropathy GWAS data with perire-
nal adipose tissue epigenomic (H3K27ac), transcriptomic, and peak-to-gene regulatory 
network datasets identified an SVF-specific enhancer harboring the DN-associated variant 
rs2412980. Regulatory network analysis linked this enhancer to OSM, and enhancer activ-
ity was strongly correlated with OSM expression (r = 0.77), suggesting that rs2412980 may 
influence OSM expression in perirenal adipose tissue. Subsequent transcriptomic and im-
munostaining analyses showed OSM expression in perirenal adipose tissue and OSMR 
expression in renal fibroblast-rich compartments, supporting a potential adipose–kidney 
profibrotic signaling axis mediated through OSM–OSMR signaling. However, direct func-
tional validation of enhancer activity and allele-specific effects remains to be established 
[121]. 

Beyond classical endocrine signaling, adipocytes release extracellular vesicles 
(AdEVs) that directly modulate renal cellular phenotypes. AdEVs isolated from obese in-
dividuals promote proinflammatory and profibrotic profiles in human renal tubular epi-
thelial cells and endothelial cells in vitro, inducing expression of inflammatory cytokines 
(IL-6, IL-1β), extracellular matrix proteins (CTGF, FN1), and altering markers of renal in-
jury (NGAL) and vascular dysfunction (eNOS) [122]. Obesity alters the microRNA (8 up-
regulated and 75 downregulated, including NF-κB/MAPK- and Wnt-related miRNAs) 
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cargo of adipose-derived stromal cell extracellular vesicles, impairing their capacity to re-
duce inflammation in injured proximal tubular cells and compromising renal repair mech-
anisms [123]. These vesicles carry bioactive lipids, microRNAs, and proteins that repro-
gram recipient cell metabolism, establishing a paracrine mechanism of adipose-kidney 
communication independent of circulating adipokine concentrations. 

Collectively, adipose-kidney crosstalk through endocrine, paracrine, and anatomical 
mechanisms—mediated by adipokines, extracellular vesicles, ectopic fat depots, and local 
RAS activation—profoundly disrupts renal energy metabolism and drives tubular dys-
function central to obesity-related kidney disease and diabetic nephropathy. 

2.6. Cellular Origin of Myofibroblasts in Kidney Fibrosis 

Renal fibrosis progresses through the activation and accumulation of myofibroblasts 
within a proinflammatory microenvironment formed by injured tubular epithelial cells 
and infiltrating immune cells. Injured tubular epithelial cells release DAMPs and generate 
reactive oxygen species (ROS), which activate pattern-recognition receptor (PRR)–de-
pendent NF-κB signaling and induce proinflammatory cytokines and chemokines—par-
ticularly NF-κB–dependent CCL2 in tubular cells, together with TNF-α and IL-1β from 
tubular and infiltrating immune cells—thereby promoting recruitment of CCR2+ mono-
cytes. These monocyte-derived macrophages further orchestrate the recruitment and ac-
tivation of additional immune populations, including Th17 cells and neutrophils, and am-
plify the inflammatory and profibrotic niche through the production of TGF-β1, PDGF, 
CTGF, and related mediators [124,125]. In vitro, hypoxia-induced renal tubular epithelial 
cells exhibited impaired PPARα-mediated fatty acid oxidation, activation of the NF-
κB/NLRP3 pathway, and increased secretion of IL-18, VEGF, and MCP-1. Conditioned-
medium experiments further suggested that these mediators promote activation of inter-
stitial fibroblasts through paracrine signaling [126]. In primary mouse pericytes subjected 
to hypoxia/reoxygenation, CD36 overexpression increased the expression of PDGFRβ, α-
SMA, collagen I, and fibronectin, suggesting the promotion of pericyte-to-myofibroblast 
transition. Furthermore, CD36 overexpression was associated with mitochondrial dys-
function and enhanced mitochondria-dependent apoptosis [127]. Although lipid meta-
bolic flux was not directly assessed in this study, CD36 is a key lipid-sensing receptor, and 
these findings raise the possibility that lipid-associated signaling pathways may contrib-
ute to pericyte activation and myofibroblast expansion during renal fibrosis. 

Traditionally, multiple cellular sources of myofibroblasts have been proposed, in-
cluding proliferation of resident fibroblasts, epithelial–mesenchymal transition (EMT) 
[128], endothelial–mesenchymal transition (EndMT) [129], and macrophage-to-myofibro-
blast transition [130]. However, accumulating evidence from genetic fate-mapping and 
lineage-tracing studies has suggested that the direct contribution of EMT, EndMT, and 
MMT to the mature myofibroblast pool may be smaller than previously estimated. Instead, 
these studies increasingly support interstitial mesenchymal cells—particularly resident fi-
broblasts and pericytes—as the major source of matrix-producing myofibroblasts in mu-
rine experimental renal fibrosis models. Genetic fate-mapping studies have demonstrated 
that the principal source of myofibroblasts responsible for pathological extracellular ma-
trix deposition in renal fibrosis is interstitial mesenchymal cells derived from FoxD1-pos-
itive progenitors [131]. In the unilateral ureteral obstruction (UUO) model in mice, trans-
forming growth factor-β1 (TGF-β1) induces G2/M cell cycle arrest in tubular epithelial 
cells via upregulation of p21. Concurrently, TGF-β1 activates the JNK pathway, promot-
ing the release of platelet-derived growth factor-B (PDGF-B) as well as TGF-β1 itself. 
These factors, in turn, stimulate phosphorylation of Smad2 and upregulation of α-smooth 
muscle actin (α-SMA) in pericytes, thereby driving their transition into myofibroblasts 
and accelerating fibrotic progression [132]. Furthermore, in mouse models with 
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constitutive activation of PDGFRβ, FoxD1-lineage mesenchymal cells expressing PDGFRβ 
undergo differentiation and proliferation into myofibroblasts, leading to excessive depo-
sition of pathological extracellular matrix and suggesting that fibrosis per se can directly 
contribute to renal failure [133]. In addition, recent studies employing dual recombinase-
based lineage tracing systems that combine Cre–loxP and Dre–rox technologies 
(XMTracer) have revealed that the contribution of previously proposed sources—such as 
tubular epithelial cells, endothelial cells, and macrophages—is limited, at least in the mod-
els examined. Instead, the majority of detected myofibroblasts are derived from resident 
fibroblasts/pericytes [134]. 

Collectively, current lineage-tracing and single-cell datasets support resident fibro-
blasts and pericytes as the major direct precursors of renal myofibroblasts in several ex-
perimental fibrosis models, although the relative contribution of other cellular sources 
may vary according to disease context, injury type, and stage of fibrosis. These mesenchy-
mal populations may be activated through paracrine signals released from tubular epi-
thelial cells with impaired FAO. 

3. Therapeutic Strategies for Fatty Kidney Disease 
3.1. Established Renoprotective Agents 

Fatty kidney disease should be regarded as a disorder of renal lipid handling, mito-
chondrial dysfunction, and maladaptive metabolic rewiring rather than simply as sys-
temic dyslipidemia. Accordingly, current therapeutic approaches increasingly aim to re-
store renal metabolic homeostasis in addition to suppressing fibrosis and inflammation. 

SGLT2 inhibitors are now firmly established as disease-modifying therapies for CKD. 
In the DAPA-CKD and EMPA-KIDNEY trials, dapagliflozin and empagliflozin reduced 
the risk of kidney disease progression or cardiovascular events by 39% and 28%, respec-
tively, across a broad spectrum of CKD, including patients without diabetes [135,136]. 
Although SGLT2 inhibitors improve glycemic control and body weight, their effects on 
systemic lipid profiles are modest [137]. Importantly, their efficacy in non-diabetic CKD 
suggests that mechanisms beyond systemic glucose and lipid metabolism contribute sub-
stantially to renoprotection. Experimental studies demonstrate that empagliflozin reduces 
proximal tubular lipid accumulation through suppression of PPARγ-CD36 signaling [138]. 
Dapagliflozin increases glucose oxidation and activates AMPK while suppressing 
mTORC1 signaling in diabetic mice [139]. In addition, dapagliflozin suppresses the HIF-
1α-mediated metabolic switch from fatty acid oxidation to glycolysis, thereby ameliorat-
ing lipid accumulation and tubulointerstitial fibrosis in streptozotocin-induced diabetic 
mice [140]. Consistent with these findings, a randomized controlled trial in patients with 
newly diagnosed type 2 diabetes demonstrated that canagliflozin reduced intrarenal lipid 
content together with alterations in renal oxygenation assessed by functional MRI [141]. 
In parallel, single-cell transcriptomic analysis of kidney biopsies from patients with type 
2 diabetes demonstrated that SGLT2 inhibitor treatment normalized diabetes-associated 
metabolic reprogramming in proximal tubular cells, including suppression of glycolytic, 
gluconeogenic, and tricarboxylic acid cycle pathways together with restoration of 
mTORC1 signaling toward healthy control levels [142]. 

GLP-1 receptor agonists have been shown in patients with type 2 diabetes to improve 
glycemic control, decrease body weight, reduce cardiovascular events, and, for some 
agents such as semaglutide, slow chronic kidney disease progression. The FLOW trial 
demonstrated that once-weekly semaglutide significantly reduced the risk of major kid-
ney outcomes, cardiovascular death, and all-cause mortality by 24% in patients with type 
2 diabetes and chronic kidney disease [143]. However, mediation analyses of the cardio-
vascular outcome trials with liraglutide (LEADER) and semaglutide (SUSTAIN 6) sug-
gested that improvements in HbA1c, systolic blood pressure, and body weight accounted 
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for only a portion of the renoprotective effects of GLP-1 receptor agonists, indicating the 
involvement of additional kidney-protective mechanisms beyond improvements in tradi-
tional cardiometabolic risk factors [144]. GLP-1 receptor expression in the kidney appears 
to be relatively limited, yet the mechanisms underlying the renoprotective effects of GLP-
1 receptor agonists remain incompletely understood [145]. Although human data remain 
limited, in a small exploratory study, liraglutide was associated with reductions in renal 
triglyceride content and albuminuria [146]. Preclinical studies in diabetic kidney disease 
mouse models suggest that one potential mechanism involves intrarenal metabolic repro-
gramming through activation of AMPK signaling. Exendin-4 is taken up by kidney tubu-
lar cells via non-selective macropinocytosis, thereby activating the AMPK-mediated fatty 
acid metabolism pathway, suppressing glycolysis and lipid synthesis, and attenuating li-
pid peroxidation and ferroptosis in diabetic tubular cells, accompanied by reduced ACSL4 
expression [147]. Semaglutide has also been reported to increase β-Klotho, an essential co-
receptor for FGF19/21 signaling, and to be associated with AMPK activation, reduced fer-
roptosis, and improved renal injury [148]. 

Finerenone, a selective nonsteroidal mineralocorticoid receptor antagonist, has been 
shown to reduce the risk of kidney disease progression and adverse cardiovascular out-
comes in patients with CKD and type 2 diabetes [149–151]. More recently, the FIND-CKD 
trial extended these benefits to non-diabetic CKD, demonstrating a slower annual decline 
in eGFR and a 23% reduction in the risk of a composite kidney or cardiovascular outcome 
[152]. Unlike SGLT2 inhibitors and GLP-1 receptor agonists, finerenone exerts minimal 
effects on glycemic control, body weight, or systemic lipid metabolism. In FIDELIO-DKD, 
reductions in systolic blood pressure accounted for only 13.8% of the observed kidney 
benefit [153], suggesting that mechanisms beyond hemodynamic effects contribute sub-
stantially to renoprotection. Consistent with this concept, a biomarker substudy of 
FIGARO-DKD demonstrated modulation of fibrosis-related and metabolic protein signa-
tures during finerenone treatment [154]. However, direct evidence defining the intrarenal 
mechanisms of finerenone in humans remains limited. Experimental studies suggest that 
finerenone suppresses inflammation, oxidative stress, and tubular injury through restora-
tion of PI3K/Akt/eNOS signaling and reduction in mitochondrial ROS production [155]. 
In Western diet-induced kidney disease, finerenone restored ERRγ-dependent mitochon-
drial homeostasis, improving oxidative phosphorylation, reducing renal cholesterol accu-
mulation, and attenuating innate immune and profibrotic signaling pathways [156]. 

Thus, among currently available therapies, improvement in ectopic renal lipid accu-
mulation and tubular transcriptional programs has been demonstrated in humans. How-
ever, direct evidence for restoration of fatty acid oxidation flux, mitochondrial respiration, 
mitophagy, or quantitative metabolic flux reprogramming remains unavailable. These ob-
servations highlight a persistent gap between mechanistic insights from experimental 
models and currently measurable metabolic endpoints in clinical studies. 

Although direct evidence remains limited, combination therapy may be particularly 
attractive in fatty kidney disease because currently available agents target distinct but 
complementary pathways. SGLT2 inhibitors are thought to primarily improve tubular en-
ergetics and metabolic flexibility, GLP-1 receptor agonists may modulate nutrient sensing 
and ferroptosis-related pathways, whereas finerenone appears to suppress mitochondrial 
stress, inflammation, and fibrosis, at least based on preclinical studies. 

Among currently available studies, the most informative clinical data concern com-
bination therapy with an SGLT2 inhibitor and finerenone. In the CONFIDENCE trial, dual 
treatment with empagliflozin and finerenone reduced UACR by approximately 30% more 
than either monotherapy at 180 days, consistent with additive effects on kidney injury 
pathways [157]. Preclinical studies further suggest that finerenone may suppress residual 
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inflammatory and profibrotic pathways that remain active despite RAS/SGLT2 blockade, 
providing a mechanistic rationale for combination therapy [158]. 

Evidence for GLP-1 receptor agonist and SGLT2 inhibitor combinations is less devel-
oped. In FLOW, the kidney benefits of semaglutide appeared generally preserved among 
participants receiving background SGLT2 inhibitors, although the trial was not powered 
to assess additive effects [159]. Consistent with this observation, a large target-trial emu-
lation study reported a lower risk of kidney disease progression following initiation of 
GLP-1 receptor agonists in patients already receiving SGLT2 inhibitors [160]. 

However, whether multidrug therapy produces additive improvements in renal li-
pid handling, mitochondrial function, or metabolic flexibility remains unknown because 
these endpoints have not been systematically assessed in clinical trials. Future studies in-
tegrating kidney outcomes with metabolic phenotyping will be required to determine 
whether combination therapy can more effectively reverse the metabolic abnormalities 
underlying fatty kidney disease. 

3.2. Emerging Therapeutic Targets 

Beyond currently approved therapies, emerging interventions for fatty kidney dis-
ease increasingly focus on restoring renal metabolic homeostasis in addition to suppress-
ing inflammation and extracellular matrix accumulation. These approaches target multi-
ple aspects of maladaptive metabolic rewiring in tubular cells, including impaired FAO, 
lipid handling, and mitochondrial dysfunction. 

Restoration of FAO remains a central therapeutic concept in kidney disease, and 
PPARα activation represents one clinically relevant approach to correcting this metabolic 
defect. Pemafibrate is a selective PPARα modulator (SPPARMα) developed to enhance 
receptor selectivity while minimizing off-target effects observed with conventional fi-
brates. In experimental models of fatty acid overload nephropathy, pemafibrate restored 
renal fatty acid metabolic programs and reduced tubular injury markers [161], supporting 
the concept that enhancement of FAO may confer renoprotective effects. However, trans-
lation of these findings into clinical benefit has proven challenging. In the PROMINENT 
trial, pemafibrate substantially improved triglyceride-rich lipoprotein profiles but failed 
to reduce cardiovascular events, and a reversible decline in eGFR was observed during 
treatment [162]. Despite a strong mechanistic rationale, clinical evidence supporting kid-
ney protection with selective PPARα modulation remains limited. Beyond PPARα activa-
tion, several complementary metabolic pathways have emerged as potential therapeutic 
targets for restoring renal lipid homeostasis. Experimental studies have shown that im-
paired tubular FAO induces ATP depletion, epithelial dedifferentiation, lipid accumula-
tion, and fibrosis, whereas restoration of CPT1A-mediated mitochondrial FAO attenuates 
kidney injury [163,164]. Peroxisomal FAO has also emerged as an important contributor 
to renal metabolic homeostasis, as loss of the rate-limiting peroxisomal β-oxidation en-
zyme ACOX1 promotes lipid accumulation, ER stress activation, and fibrotic remodeling 
[84]. In parallel, NAD+ replenishment has been identified as a drug-responsive lever to 
normalize tubular fuel utilization: a recent study demonstrated that nicotinamide riboside 
increased renal NAD+ levels, activated PPARα signaling, restored proximal tubular FAO, 
and prevented chronic kidney disease progression in Alport syndrome models, with sin-
gle-nucleus RNA sequencing localizing these effects to proximal tubules [54]. Additional 
strategies targeting renal lipid accumulation have also been proposed. For example, acti-
vation of oxysterol-binding protein-like 7 (OSBPL7) enhanced ABCA1-mediated choles-
terol efflux and prevented renal functional decline in experimental models [165]. 

Mitochondrial quality control, particularly mitophagy, represents a major therapeu-
tic frontier. PHB2 overexpression restores mitochondrial homeostasis and attenuates in-
flammation, highlighting PHB2-mediated mitophagy as a renoprotective arm of 
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mitochondrial quality control and a potential therapeutic target in CKD [166]. Additional 
work indicates that targeting nuclear receptors such as ESRRA with mitochondria-di-
rected small molecules can induce ATG5-dependent mitophagy and ameliorate diabetic 
kidney injury, positioning mitophagy as a mechanistically distinct axis that likely needs 
to be combined with FAO restoration for durable benefit [167]. 

In parallel with strategies that restore FAO and mitochondrial quality control, in-
creasing attention has focused on correcting maladaptive metabolic reprogramming char-
acterized by a shift from oxidative metabolism toward glycolysis. PKM2 exists in two 
functional states: an enzymatically active tetramer that catalyzes phosphoenolpyruvate to 
pyruvate and a low activity dimer that translocates to the nucleus, where it acts as a coac-
tivator of HIF-1α [168]. TEPP-46 is a small-molecule PKM2 activator that induces PKM2 
tetramerization by stabilizing PKM2 subunit interactions [169]. TEPP-46 attenuated renal 
apoptosis and fibrosis and reduced senescence-associated markers in db/db mice [170]. 
LDHA inhibition is also a promising therapeutic option. The antiepileptic drug stiripentol 
inhibits LDHA but is limited by off-target effects, poor aqueous solubility, and instability 
in acidic environments. In UUO mice, kidney-targeted delivery of stiripentol via a 
nanoliposomal system reduced lactate accumulation, suppressed TGF-β signaling, and 
attenuated renal fibrosis [171]. 

Targeting the TGF-β/Smad axis has long been pursued as a core antifibrotic strategy. 
However, direct systemic blockade of TGF-β has proven challenging in clinical translation. 
The phase 2 clinical trial of fresolimumab, a monoclonal anti-TGF-β antibody, for patients 
with steroid-resistant primary focal segmental glomerulosclerosis did not meet its pri-
mary efficacy endpoint of proteinuria reduction [172]. In mouse UUO models, selective 
downstream inhibition with the specific Smad3 inhibitor SIS3 attenuated fibrosis, inflam-
mation, and apoptosis [173]. Epigenetic and post-transcriptional regulators of the same 
pathway have begun to emerge as complementary modulators of TGF-β/Smad activity. 
The kidney-enriched long noncoding RNA lnc-TSI binds to the Mad Homology 2 domain 
of Smad3 and blocks the TGF-β/Smad3 signaling pathway. Ectopic expression of human 
lnc-TSI inhibited renal fibrosis and protected renal function in mouse models of both UUO 
and IRI [174]. MicroRNA-10a/b directly targets TGF-β receptor 1 through a post-transcrip-
tional mechanism, thereby suppressing TGF-β/Smad signaling. Restoration of renal miR-
10a/b expression via lentiviral delivery attenuated collagen deposition and podocyte foot 
process effacement in streptozotocin-induced DKD mice [175]. 

These findings support a therapeutic shift from fibrosis-centered approaches toward 
restoration of adaptive renal metabolic programs through coordinated regulation of FAO, 
mitochondrial homeostasis, metabolic flexibility, and profibrotic signaling (Figure 2). 

 

Figure 2. Therapeutic strategies for fatty kidney disease. Pharmacological intervention in fatty kid-
ney disease can be organized along four interconnected axes addressing distinct nodes of the mala-
daptive metabolic program that drives tubulointerstitial fibrosis. Established renoprotective agents 
(red boxes) act largely indirectly on renal lipid metabolism, whereas emerging strategies (colored 
panels) are designed to engage these pathways more directly. (i) FAO restoration and mitochondrial 
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quality control (green panel) is achieved by CPT1A upregulation (IL-37, baicalin), PPARα agonism 
by pemafibrate, NAD+ replenishment with nicotinamide riboside, and mitophagy enhancement via 
PHB2 and the ESRRA–ATG5 axis. ABCA1-mediated cholesterol efflux through OSBPL7 modulation 
prevents free-cholesterol accumulation at the plasma membrane. (ii) Glycolysis modulation (blue 
panel) counters the HIF-1α–driven shift toward aerobic glycolysis through PKM2 tetramer stabili-
zation, PDK inhibition, and LDHA inhibition, thereby restoring pyruvate flux into the TCA cycle 
and attenuating myofibroblast activation. (iii) Antifibrotic signaling (orange panel) targets the TGF-
β/Smad3 axis through Smad3 inhibition and the kidney-enriched long noncoding RNA lnc-TSI, 
while miR-10a/b post-transcriptionally suppresses TGFβR1 to attenuate collagen deposition and po-
docyte injury. (iv) Established renoprotective agents (red boxes). SGLT2 inhibitors suppress the 
PPARγ–CD36 axis and the HIF-1α–driven glycolytic switch; GLP-1 receptor agonists activate 
AMPK to restore FAO and suppress ACSL4-mediated ferroptosis; finerenone restores 
PI3K/Akt/eNOS signaling and ERRγ-dependent mitochondrial biogenesis. The renoprotective ben-
efits demonstrated in DAPA-CKD, EMPA-KIDNEY, FLOW, and FIDELITY are mechanistically ex-
plained in part by restoration of renal bioenergetic and metabolic homeostasis, with post hoc anal-
yses supporting additive benefit from combination therapy. Arrows (↑/↓) denote up/downregula-
tion; flat-headed lines (⊣) denote inhibition. Red boxes = approved agents; colored panels = mecha-
nistic strategies. Illustration created using elements from NIAID NIH BIOART Source (bio-
art.niaid.nih.gov/bioart/352, 422, 439, 523, 651). 

4. Conclusions 
Disordered renal lipid metabolism and pathological lipid accumulation are emerging 

as upstream drivers of cellular senescence, kidney aging, and tubulointerstitial fibrosis, 
thereby accelerating chronic kidney disease progression. Across obesity, type 2 diabetes, 
and aging, increased lipid influx and impaired fatty acid oxidation promote ectopic lipid 
deposition, mitochondrial dysfunction, ferroptosis, cGAS–STING activation, and profi-
brotic senescence signaling, ultimately converging on myofibroblast activation. Although 
SGLT2 inhibitors and GLP-1 receptor agonists confer renoprotection partly by improving 
metabolic stress and modulating lipid handling, current evidence for direct correction of 
intrinsic renal lipid metabolic defects in humans remains limited. Therefore, therapeutic 
strategies specifically aimed at restoring renal lipid homeostasis may provide additional 
benefit beyond currently available treatments. Thus, therapies that restore fatty acid oxi-
dation, replenish NAD+, enhance mitophagy, or suppress ferroptosis may complement 
current treatments by targeting lipid-driven kidney aging and fibrosis. Renal lipid metab-
olism, therefore, represents both a central pathogenic hub and a promising therapeutic 
vulnerability in chronic kidney disease. 

Author Contributions: Conceptualization T.O; writing-original draft preparation, N.M. and T.O.; 
writing-review and editing Y.O. and I.S. T.O.: Conceptualization, writing (original draft and major 
revision), critical interpretation, supervision N.M.: Literature search and curation, writing (contrib-
uted sections), figure preparation. All authors have read and agreed to the published version of the 
manuscript. 

Funding: This study was supported by JSPS KAKENHI (Grant Number 25K11785), the Kowa Life 
Science Foundation Research Grant, Suzuken Memorial Foundation Research Grant, the Nakatomi 
Foundation Research Grant, the Manpei Suzuki Diabetes Foundation Research Grant for Young In-
vestigators, the Takeda Science Foundation Research Grant, the Mochida Memorial Foundation for 
Medical and Pharmaceutical Research Grant, the Ichiro Kanehara Foundation for the Promotion of 
Medical Sciences and Medical Care Research Grant, the Daiwa Securities Foundation Research 
Grant, and the Kao Health Science Research Society Research Grant to T.O. 

Institutional Review Statement: Not applicable. 



Biology 2026, 15, 1021 20 of 29 
 

https://doi.org/10.3390/biology15131021 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Hsu, C.; McCulloch, C.E.; Iribarren, C.; Darbinian, J.; Go, A.S. Body Mass Index and Risk for End-Stage Renal Disease. Ann. 

Intern. Med. 2006, 144, 21–28. https://doi.org/10.7326/0003-4819-144-1-200601030-00006. 
2. Pinto, K.R.D.; Feckinghaus, C.M.; Hirakata, V.N. Obesity as a Predictive Factor for Chronic Kidney Disease in Adults: System-

atic Review and Meta-Analysis. Braz. J. Med. Biol. Res. 2021, 54, e10022. https://doi.org/10.1590/1414-431X202010022. 
3. Gorman, B.L.; Shafer, C.C.; Ragi, N.; Sharma, K.; Neumann, E.K.; Anderton, C.R. Imaging and Spatially Resolved Mass Spec-

trometry Applications in Nephrology. Nat. Rev. Nephrol. 2025, 21, 399–416. https://doi.org/10.1038/s41581-025-00946-1. 
4. Herman-Edelstein, M.; Scherzer, P.; Tobar, A.; Levi, M.; Gafter, U. Altered Renal Lipid Metabolism and Renal Lipid Accumu-

lation in Human Diabetic Nephropathy. J. Lipid Res. 2014, 55, 561–572. https://doi.org/10.1194/jlr.P040501. 
5. Schelling, J.R. The Contribution of Lipotoxicity to Diabetic Kidney Disease. Cells 2022, 11, 3236. 

https://doi.org/10.3390/cells11203236. 
6. Fan, X.; Yang, M.; Lang, Y.; Lu, S.; Kong, Z.; Gao, Y.; Shen, N.; Zhang, D.; Lv, Z. Mitochondrial Metabolic Reprogramming in 

Diabetic Kidney Disease. Cell Death Dis. 2024, 15, 442. https://doi.org/10.1038/s41419-024-06833-0. 
7. Falkevall, A.; Mehlem, A.; Palombo, I.; Heller Sahlgren, B.; Ebarasi, L.; He, L.; Ytterberg, A.J.; Olauson, H.; Axelsson, J.; Sundelin, 

B.; et al. Reducing VEGF-B Signaling Ameliorates Renal Lipotoxicity and Protects against Diabetic Kidney Disease. Cell Metab. 
2017, 25, 713–726. https://doi.org/10.1016/j.cmet.2017.01.004. 

8. Iwao, Y.; Nakajou, K.; Nagai, R.; Kitamura, K.; Anraku, M.; Maruyama, T.; Otagiri, M. CD36 Is One of Important Receptors 
Promoting Renal Tubular Injury by Advanced Oxidation Protein Products. Am. J. Physiol. Ren. Physiol. 2008, 295, F1871–F1880. 
https://doi.org/10.1152/ajprenal.00013.2008. 

9. Szeto, H.H.; Liu, S.; Soong, Y.; Alam, N.; Prusky, G.T.; Seshan, S.V. Protection of Mitochondria Prevents High-Fat Diet–Induced 
Glomerulopathy and Proximal Tubular Injury. Kidney Int. 2016, 90, 997–1011. https://doi.org/10.1016/j.kint.2016.06.013. 

10. Feng, L.; Feng, Y.; Ren, Q.; Fu, P.; Ma, L. Mesangial Cells in Diabetic Kidney Disease: From Mechanisms to Therapeutic Impli-
cations. Int. J. Biol. Sci. 2025, 21, 4762–4781. https://doi.org/10.7150/ijbs.114907. 

11. Mende, C.W.; Einhorn, D. Fatty Kidney Disease: A New Renal And Endocrine Clinical Entity? Describing the Role of the Kidney 
in Obesity, Metabolic Syndrome, and Type 2 Diabetes. Endocr. Pract. 2019, 25, 854–858. https://doi.org/10.4158/EP-2018-0568. 

12. Kambham, N.; Markowitz, G.S.; Valeri, A.M.; Lin, J.; D’Agati, V.D. Obesity-Related Glomerulopathy: An Emerging Epidemic. 
Kidney Int. 2001, 59, 1498–1509. https://doi.org/10.1046/j.1523-1755.2001.0590041498.x. 

13. Bansal, A.; Chonchol, M. Metabolic Dysfunction–Associated Kidney Disease: Pathogenesis and Clinical Manifestations. Kidney 
Int. 2025, 108, 194–200. https://doi.org/10.1016/j.kint.2025.01.044. 

14. Raphael, H.; Klang, E.; Konen, E.; Inbar, Y.; Leibowitz, A.; Frenkel-Nir, Y.; Apter, S.; Grossman, E. Obesity Is Associated with 
Fatty Liver and Fat Changes in the Kidneys in Humans as Assessed by MRI. Nutrients 2024, 16, 1387. 
https://doi.org/10.3390/nu16091387. 

15. Opazo-Ríos, L.; Mas, S.; Marín-Royo, G.; Mezzano, S.; Gómez-Guerrero, C.; Moreno, J.A.; Egido, J. Lipotoxicity and Diabetic 
Nephropathy: Novel Mechanistic Insights and Therapeutic Opportunities. Int. J. Mol. Sci. 2020, 21, 2632. 
https://doi.org/10.3390/ijms21072632. 

16. Foster, M.C.; Hwang, S.-J.; Porter, S.A.; Massaro, J.M.; Hoffmann, U.; Fox, C.S. Fatty Kidney, Hypertension, and Chronic Kidney 
Disease: The Framingham Heart Study. Hypertension 2011, 58, 784–790. https://doi.org/10.1161/HYPERTEN-
SIONAHA.111.175315. 

17. Mazairac, A.H.A.; Joles, J.A. Renal Sinus Adiposity and Hypertension. Hypertension 2010, 56, 814–815. 
https://doi.org/10.1161/HYPERTENSIONAHA.110.158535. 

18. Shen, Y.; Xie, L.; Chen, X.; Mao, L.; Qin, Y.; Lan, R.; Yang, S.; Hu, J.; Li, X.; Ye, H.; et al. Renal Fat Fraction Is Significantly 
Associated with the Risk of Chronic Kidney Disease in Patients with Type 2 Diabetes. Front. Endocrinol. 2022, 13, 995028. 
https://doi.org/10.3389/fendo.2022.995028. 

19. Peng, X.-G.; Cui, Y.; Sun, J.; Chen, X.; Chen, Z.; Tian, W.; Jiang, Y.; Zhang, J.; Na, D.; Dai, J.; et al. Stratified CT Analysis of Renal, 
Perirenal and Renal Sinus Fat in Type 2 Diabetes Mellitus and Diabetic Kidney Disease. Nutr. Metab. Cardiovasc. Dis. 2026, 36, 
104367. https://doi.org/10.1016/j.numecd.2025.104367. 



Biology 2026, 15, 1021 21 of 29 
 

https://doi.org/10.3390/biology15131021 

20. Chen, X.; Mao, Y.; Hu, J.; Han, S.; Gong, L.; Luo, T.; Yang, S.; Qing, H.; Wang, Y.; Du, Z.; et al. Perirenal Fat Thickness Is Signif-
icantly Associated with the Risk for Development of Chronic Kidney Disease in Patients with Diabetes. Diabetes 2021, 70, 2322–
2332. https://doi.org/10.2337/db20-1031. 

21. Chughtai, H.L.; Morgan, T.M.; Rocco, M.; Stacey, B.; Brinkley, T.E.; Ding, J.; Nicklas, B.; Hamilton, C.; Hundley, W.G. Renal 
Sinus Fat and Poor Blood Pressure Control in Middle-Aged and Elderly Individuals at Risk for Cardiovascular Events. Hyper-
tension 2010, 56, 901–906. https://doi.org/10.1161/HYPERTENSIONAHA.110.157370. 

22. Kaneko, K.; Mitsuno, R.; Kojima, D.; Azegami, T.; Kosugi, S.; Nakamura, T.; Hashiguchi, A.; Yamada, Y.; Jinzaki, M.; Yamaguchi, 
S.; et al. Renal Sinus Fat Is Associated with Intrarenal Hemodynamic Abnormalities Independent of Visceral Fat in Patients with 
Chronic Kidney Disease. Obes. Res. Clin. Pract. 2024, 18, 118–123. https://doi.org/10.1016/j.orcp.2024.03.005. 

23. Nakagawa, T.; Kang, D.-H. Fructose in the Kidney: From Physiology to Pathology. Kidney Res. Clin. Pract. 2021, 40, 527–541. 
https://doi.org/10.23876/j.krcp.21.138. 

24. Tsuruta, H.; Yasuda-Yamahara, M.; Yoshibayashi, M.; Kuwagata, S.; Yamahara, K.; Tanaka-Sasaki, Y.; Chin-Kanasaki, M.; 
Matsumoto, S.; Ema, M.; Kume, S. Fructose Overconsumption Accelerates Renal Dysfunction with Aberrant Glomerular Endo-
thelial-Mesangial Cell Interactions in Db/Db Mice. Biochim. Biophys. Acta (BBA)—Mol. Basis Dis. 2024, 1870, 167074. 
https://doi.org/10.1016/j.bbadis.2024.167074. 

25. Bier, A.; Shapira, E.; Khasbab, R.; Sharabi, Y.; Grossman, E.; Leibowitz, A. High-Fructose Diet Increases Renal ChREBPβ Ex-
pression, Leading to Intrarenal Fat Accumulation in a Rat Model with Metabolic Syndrome. Biology 2022, 11, 618. 
https://doi.org/10.3390/biology11040618. 

26. Kang, H.M.; Ahn, S.H.; Choi, P.; Ko, Y.A.; Han, S.H.; Chinga, F.; Park, A.S.D.; Tao, J.; Sharma, K.; Pullman, J.; et al. Defective 
Fatty Acid Oxidation in Renal Tubular Epithelial Cells Has a Key Role in Kidney Fibrosis Development. Nat. Med. 2015, 21, 37–
46. https://doi.org/10.1038/nm.3762. 

27. Miguel, V.; Tituaña, J.; Herrero, J.I.; Herrero, L.; Serra, D.; Cuevas, P.; Barbas, C.; Puyol, D.R.; Márquez-Expósito, L.; Ruiz-Ortega, 
M.; et al. Renal Tubule Cpt1a Overexpression Protects from Kidney Fibrosis by Restoring Mitochondrial Homeostasis. J. Clin. 
Investig. 2021, 131, e140695. https://doi.org/10.1172/JCI140695. 

28. Chung, K.W.; Lee, E.K.; Lee, M.K.; Oh, G.T.; Yu, B.P.; Chung, H.Y. Impairment of PPARα and the Fatty Acid Oxidation Pathway 
Aggravates Renal Fibrosis during Aging. J. Am. Soc. Nephrol. 2018, 29, 1223–1237. https://doi.org/10.1681/ASN.2017070802. 

29. Li, S.; Mariappan, N.; Megyesi, J.; Shank, B.; Kannan, K.; Theus, S.; Price, P.M.; Duffield, J.S.; Portilla, D. Proximal Tubule PPARα 
Attenuates Renal Fibrosis and Inflammation Caused by Unilateral Ureteral Obstruction. Am. J. Physiol. Ren. Physiol. 2013, 305, 
F618–F627. https://doi.org/10.1152/ajprenal.00309.2013. 

30. Li, J.; Yang, Y.; Li, Q.; Wei, S.; Zhou, Y.; Yu, W.; Xue, L.; Zhou, L.; Shen, L.; Lu, G.; et al. STAT6 Contributes to Renal Fibrosis by 
Modulating PPARα-Mediated Tubular Fatty Acid Oxidation. Cell Death Dis. 2022, 13, 66. https://doi.org/10.1038/s41419-022-
04515-3. 

31. Ito, S.; Taguchi, K.; Kodama, G.; Kubo, S.; Moriyama, T.; Yamashita, Y.; Yokota, Y.; Nakayama, Y.; Kaida, Y.; Shinohara, M.; et 
al. Involvement of Impaired Carnitine-Induced Fatty Acid Oxidation in Experimental and Human Diabetic Kidney Disease. JCI 
Insight 2025, 10, e179362. https://doi.org/10.1172/jci.insight.179362. 

32. Nezu, J.; Tamai, I.; Oku, A.; Ohashi, R.; Yabuuchi, H.; Hashimoto, N.; Nikaido, H.; Sai, Y.; Koizumi, A.; Shoji, Y.; et al. Primary 
Systemic Carnitine Deficiency Is Caused by Mutations in a Gene Encoding Sodium Ion-Dependent Carnitine Transporter. Nat. 
Genet. 1999, 21, 91–94. https://doi.org/10.1038/5030. 

33. Koizumi, A.; Nozaki, J.; Ohura, T.; Kayo, T.; Wada, Y.; Nezu, J.; Ohashi, R.; Tamai, I.; Shoji, Y.; Takada, G.; et al. Genetic Epide-
miology of the Carnitine Transporter OCTN2 Gene in a Japanese Population and Phenotypic Characterization in Japanese Ped-
igrees with Primary Systemic Carnitine Deficiency. Hum. Mol. Genet. 1999, 8, 2247–2254. https://doi.org/10.1093/hmg/8.12.2247. 

34. Lee, L.E.; Doke, T.; Mukhi, D.; Susztak, K. The Key Role of Altered Tubule Cell Lipid Metabolism in Kidney Disease Develop-
ment. Kidney Int. 2024, 106, 24–34. https://doi.org/10.1016/j.kint.2024.02.025. 

35. Hadjivasilis, A.; Kouis, P.; Kousios, A.; Panayiotou, A. The Effect of Fibrates on Kidney Function and Chronic Kidney Disease 
Progression: A Systematic Review and Meta-Analysis of Randomised Studies. J. Clin. Med. 2022, 11, 768. 
https://doi.org/10.3390/jcm11030768. 

36. Oh, S.-H.; Kim, Y.-J.; Bae, S.; Jung, H.-Y.; Park, S.-Y.; Lim, J.-H.; Cho, J.-H.; Kim, C.-D.; Park, S.-H.; Kwon, T.-H.; et al. High-Fat 
Diet Promotes Lipotoxicity in the Podocytes of Uninephrectomized Mice: A Targeted Lipidomics and Kidney Podocyte-Specific 
Analysis. Cell Death Discov. 2025, 11, 193. https://doi.org/10.1038/s41420-025-02419-7. 



Biology 2026, 15, 1021 22 of 29 
 

https://doi.org/10.3390/biology15131021 

37. Liu, X.; Ducasa, G.M.; Mallela, S.K.; Kim, J.-J.; Molina, J.; Mitrofanova, A.; Wilbon, S.S.; Ge, M.; Fontanella, A.; Pedigo, C.; et al. 
Sterol-O-Acyltransferase-1 Has a Role in Kidney Disease Associated with Diabetes and Alport Syndrome. Kidney Int. 2020, 98, 
1275–1285. https://doi.org/10.1016/j.kint.2020.06.040. 

38. Lapice, E.; Pinelli, M.; Riccardi, G.; Vaccaro, O. Pro12Ala Polymorphism in the PPARG Gene Contributes to the Development 
of Diabetic Nephropathy in Chinese Type 2 Diabetic Patients: Comment on the Study by Liu et al. Diabetes Care 2010, 33, e114. 
https://doi.org/10.2337/dc10-0596. 

39. De Cosmo, S.; Prudente, S.; Lamacchia, O.; Lapice, E.; Morini, E.; Di Paola, R.; Copetti, M.; Ruggenenti, P.; Remuzzi, G.; Vaccaro, 
O.; et al. PPARγ2 P12A Polymorphism and Albuminuria in Patients with Type 2 Diabetes: A Meta-Analysis of Case–Control 
Studies. Nephrol. Dial. Transplant. 2011, 26, 4011–4016. https://doi.org/10.1093/ndt/gfr187. 

40. Lyu, Z.; Mao, Z.; Li, Q.; Xia, Y.; Liu, Y.; He, Q.; Wang, Y.; Zhao, H.; Lu, Z.; Zhou, Q. PPARγ Maintains the Metabolic Heteroge-
neity and Homeostasis of Renal Tubules. eBioMedicine 2018, 38, 178–190. https://doi.org/10.1016/j.ebiom.2018.10.072. 

41. Niu, H.; Ren, X.; Tan, E.; Wan, X.; Wang, Y.; Shi, H.; Hou, Y.; Wang, L. CD36 Deletion Ameliorates Diabetic Kidney Disease by 
Restoring Fatty Acid Oxidation and Improving Mitochondrial Function. Ren. Fail. 2023, 45, 2292753. 
https://doi.org/10.1080/0886022X.2023.2292753. 

42. Mukhi, D.; Li, L.; Liu, H.; Doke, T.; Kolligundla, L.P.; Ha, E.; Kloetzer, K.; Abedini, A.; Mukherjee, S.; Wu, J.; et al. ACSS2 Gene 
Variants Determine Kidney Disease Risk by Controlling de Novo Lipogenesis in Kidney Tubules. J. Clin. Investig. 2024, 134, 
e172963. https://doi.org/10.1172/JCI172963. 

43. Li, L.; Xiang, T.; Guo, J.; Guo, F.; Wu, Y.; Feng, H.; Liu, J.; Tao, S.; Fu, P.; Ma, L. Inhibition of ACSS2-Mediated Histone Crotonyl-
ation Alleviates Kidney Fibrosis via IL-1β-Dependent Macrophage Activation and Tubular Cell Senescence. Nat. Commun. 2024, 
15, 3200. https://doi.org/10.1038/s41467-024-47315-3. 

44. Lu, J.; Li, X.Q.; Chen, P.P.; Zhang, J.X.; Liu, L.; Wang, G.H.; Liu, X.Q.; Jiang, T.T.; Wang, M.Y.; Liu, W.T.; et al. Activation of 
Acetyl-CoA Synthetase 2 Mediates Kidney Injury in Diabetic Nephropathy. JCI Insight 2023, 8, e165817. 
https://doi.org/10.1172/jci.insight.165817. 

45. Zuo, F.; Wang, Y.; Xu, X.; Ding, R.; Tang, W.; Sun, Y.; Wang, X.; Zhang, Y.; Wu, J.; Xie, Y.; et al. CCDC92 Deficiency Ameliorates 
Podocyte Lipotoxicity in Diabetic Kidney Disease. Metabolism 2024, 150, 155724. https://doi.org/10.1016/j.metabol.2023.155724. 

46. Zuo, F.; Liu, Z.; Wang, M.; Du, J.; Ding, P.; Zhang, H.; Tang, W.; Sun, Y.; Wang, X.; Zhang, Y.; et al. CCDC92 Promotes Podocyte 
Injury by Regulating PA28α/ABCA1/Cholesterol Efflux Axis in Type 2 Diabetic Mice. Acta Pharmacol. Sin. 2024, 45, 1019–1031. 
https://doi.org/10.1038/s41401-023-01213-4. 

47. Zhong, D.; Chen, J.; Qiao, R.; Song, C.; Hao, C.; Zou, Y.; Bai, M.; Su, W.; Yang, B.; Sun, D.; et al. Genetic or Pharmacologic 
Blockade of mPGES-2 Attenuates Renal Lipotoxicity and Diabetic Kidney Disease by Targeting Rev-Erbα/FABP5 Signaling. Cell 
Rep. 2024, 43, 114075. https://doi.org/10.1016/j.celrep.2024.114075. 

48. Zhong, D.; Quan, L.; Hao, C.; Chen, J.; Qiao, R.; Lin, T.; Ying, C.; Sun, D.; Jia, Z.; Sun, Y. Targeting mPGES-2 to Protect against 
Acute Kidney Injury via Inhibition of Ferroptosis Dependent on P53. Cell Death Dis. 2023, 14, 710. https://doi.org/10.1038/s41419-
023-06236-7. 

49. Tang, C.; Livingston, M.J.; Liu, Z.; Dong, Z. Autophagy in Kidney Homeostasis and Disease. Nat. Rev. Nephrol. 2020, 16, 489–
508. https://doi.org/10.1038/s41581-020-0309-2. 

50. Liu, W.J.; Gan, Y.; Huang, W.F.; Wu, H.; Zhang, X.; Zheng, H.J.; Liu, H. Lysosome Restoration to Activate Podocyte Autophagy: 
A New Therapeutic Strategy for Diabetic Kidney Disease. Cell Death Dis. 2019, 10, 806. https://doi.org/10.1038/s41419-019-2002-
6. 

51. Liu, W.J.; Li, Z.; Chen, X.; Zhao, X.; Zhong, Z.; Yang, C.; Wu, H.; An, N.; Li, W.; Liu, H. Blockage of the Lysosome-Dependent 
Autophagic Pathway Contributes to Complement Membrane Attack Complex-Induced Podocyte Injury in Idiopathic Membra-
nous Nephropathy. Sci. Rep. 2017, 7, 8643. https://doi.org/10.1038/s41598-017-07889-z. 

52. Hartleben, B.; Gödel, M.; Meyer-Schwesinger, C.; Liu, S.; Ulrich, T.; Köbler, S.; Wiech, T.; Grahammer, F.; Arnold, S.J.; Linden-
meyer, M.T.; et al. Autophagy Influences Glomerular Disease Susceptibility and Maintains Podocyte Homeostasis in Aging 
Mice. J. Clin. Investig. 2010, 120, 1084–1096. https://doi.org/10.1172/JCI39492. 

53. Tran, M.T.; Zsengeller, Z.K.; Berg, A.H.; Khankin, E.V.; Bhasin, M.K.; Kim, W.; Clish, C.B.; Stillman, I.E.; Karumanchi, S.A.; Rhee, 
E.P.; et al. PGC1α Drives NAD Biosynthesis Linking Oxidative Metabolism to Renal Protection. Nature 2016, 531, 528–532. 
https://doi.org/10.1038/nature17184. 

54. Jones, B.A.; Gisch, D.L.; Myakala, K.; Sadiq, A.; Cheng, Y.-H.; Taranenko, E.; Panov, J.; Korolowicz, K.; Melo Ferreira, R.; Yang, 
X.; et al. NAD+ Prevents Chronic Kidney Disease by Activating Renal Tubular Metabolism. JCI Insight 2025, 10, e181443. 
https://doi.org/10.1172/jci.insight.181443. 



Biology 2026, 15, 1021 23 of 29 
 

https://doi.org/10.3390/biology15131021 

55. Jiang, Y.; Zhu, X.; Jordan, K.; Li, Y.; Conley, S.; Tang, H.; Lerman, A.; Eirin, A.; Ou, T.; Lerman, L.O. Dyslipidemia-Induced 
Renal Fibrosis Related to Ferroptosis and Endoplasmic Reticulum Stress. J. Lipid Res. 2024, 65, 100610. 
https://doi.org/10.1016/j.jlr.2024.100610. 

56. Kim, E.H.; Kim, M.K.; Choe, M.; Ryu, J.H.; Pak, E.S.; Ha, H.; Jin, E.-J. ACOT12, a Novel Factor in the Pathogenesis of Kidney 
Fibrosis, Modulates ACBD5. Exp. Mol. Med. 2025, 57, 478–488. https://doi.org/10.1038/s12276-025-01406-3. 

57. Burgy, O.; Loriod, S.; Beltramo, G.; Bonniaud, P. Extracellular Lipids in the Lung and Their Role in Pulmonary Fibrosis. Cells 
2022, 11, 1209. https://doi.org/10.3390/cells11071209. 

58. Suryadevara, V.; Ramchandran, R.; Kamp, D.W.; Natarajan, V. Lipid Mediators Regulate Pulmonary Fibrosis: Potential Mech-
anisms and Signaling Pathways. Int. J. Mol. Sci. 2020, 21, 4257. https://doi.org/10.3390/ijms21124257. 

59. Shi, X.; Chen, Y.; Shi, M.; Gao, F.; Huang, L.; Wang, W.; Wei, D.; Shi, C.; Yu, Y.; Xia, X.; et al. The Novel Molecular Mechanism 
of Pulmonary Fibrosis: Insight into Lipid Metabolism from Reanalysis of Single-Cell RNA-Seq Databases. Lipids Health Dis. 2024, 
23, 98. https://doi.org/10.1186/s12944-024-02062-8. 

60. Li, Y.; Yang, P.; Ye, J.; Xu, Q.; Wu, J.; Wang, Y. Updated Mechanisms of MASLD Pathogenesis. Lipids Health Dis. 2024, 23, 117. 
https://doi.org/10.1186/s12944-024-02108-x. 

61. Kruger, C.; Nguyen, T.-T.; Breaux, C.; Guillory, A.; Mangelli, M.; Fridianto, K.T.; Kovalik, J.-P.; Burk, D.H.; Noland, R.C.; Mynatt, 
R.; et al. Proximal Tubular Cell–Specific Ablation of Carnitine Acetyltransferase Causes Tubular Disease and Secondary Glo-
merulosclerosis. Diabetes 2019, 68, 819–831. https://doi.org/10.2337/db18-0090. 

62. Schaub, J.A.; Venkatachalam, M.A.; Weinberg, J.M. Proximal Tubular Oxidative Metabolism in Acute Kidney Injury and the 
Transition to CKD. Kidney360 2021, 2, 355–364. https://doi.org/10.34067/KID.0004772020. 

63. Bessho, R.; Davidoff, O.; Kobayashi, H.; Haase, V.H. Regional Metabolic Analysis of Structurally Preserved Kidney Slices by Ex 
Vivo Respirometry. Am. J. Physiol.-Ren. Physiol. 2025, 329, F796–F808. https://doi.org/10.1152/ajprenal.00157.2025. 

64. Roegner, K.; Kulow, V.A.; Mrowka, R.; Engel, K.; Edemir, B.; Kasim, M.; Erdogan, C.; Malotka, L.; Fähling, M.; Labes, R. BPGM 
Shapes NFAT5-Driven Cellular Responses. Cell. Mol. Life Sci. 2026, 83, 138. https://doi.org/10.1007/s00018-026-06143-y. 

65. Farrow, M.A.; Tideman, L.E.M.; Neumann, E.K.; Migas, L.G.; Patterson, N.H.; Colley, M.E.; Allen, J.L.; Pingry, E.L.; Dufresne, 
M.; Yang, H.; et al. A Lipid Atlas of the Human Kidney. Sci. Adv. 2025, 11, eadu3730. https://doi.org/10.1126/sciadv.adu3730. 

66. Martín-Saiz, L.; Mosteiro, L.; Solano-Iturri, J.D.; Rueda, Y.; Martín-Allende, J.; Imaz, I.; Olano, I.; Ochoa, B.; Fresnedo, O.; Fer-
nández, J.A.; et al. High-Resolution Human Kidney Molecular Histology by Imaging Mass Spectrometry of Lipids. Anal. Chem. 
2021, 93, 9364–9372. https://doi.org/10.1021/acs.analchem.1c00649. 

67. Marsching, C.; Eckhardt, M.; Gröne, H.-J.; Sandhoff, R.; Hopf, C. Imaging of Complex Sulfatides SM3 and SB1a in Mouse Kidney 
Using MALDI-TOF/TOF Mass Spectrometry. Anal. Bioanal. Chem. 2011, 401, 53–64. https://doi.org/10.1007/s00216-011-4802-0. 

68. Marsching, C.; Jennemann, R.; Heilig, R.; Gröne, H.-J.; Hopf, C.; Sandhoff, R. Quantitative Imaging Mass Spectrometry of Renal 
Sulfatides: Validation by Classical Mass Spectrometric Methods1. J. Lipid Res. 2014, 55, 2343–2353. 
https://doi.org/10.1194/jlr.M051821. 

69. Miyamoto, S.; Hsu, C.-C.; Hamm, G.; Darshi, M.; Diamond-Stanic, M.; Declèves, A.-E.; Slater, L.; Pennathur, S.; Stauber, J.; 
Dorrestein, P.C.; et al. Mass Spectrometry Imaging Reveals Elevated Glomerular ATP/AMP in Diabetes/Obesity and Identifies 
Sphingomyelin as a Possible Mediator. eBioMedicine 2016, 7, 121–134. https://doi.org/10.1016/j.ebiom.2016.03.033. 

70. Grove, K.J.; Voziyan, P.A.; Spraggins, J.M.; Wang, S.; Paueksakon, P.; Harris, R.C.; Hudson, B.G.; Caprioli, R.M. Diabetic 
Nephropathy Induces Alterations in the Glomerular and Tubule Lipid Profiles. J. Lipid Res. 2014, 55, 1375–1385. 
https://doi.org/10.1194/jlr.M049189. 

71. Zhang, Y.; Piao, H.-L.; Chen, D. Identification of Spatial Specific Lipid Metabolic Signatures in Long-Standing Diabetic Kidney 
Disease. Metabolites 2024, 14, 641. https://doi.org/10.3390/metabo14110641. 

72. Gurung, R.L.; Yiamunaa, M.; Tham, W.K.; Liu, S.; Zheng, H.; Lee, J.; Ang, K.; Wenk, M.; Subramaniam, T.; Sum, C.F.; et al. 
Association of Plasma Ceramide with Decline in Kidney Function in Patients with Type 2 Diabetes. J. Lipid Res. 2024, 65, 100552. 
https://doi.org/10.1016/j.jlr.2024.100552. 

73. Noh, S.A.; Kim, S.-M.; Park, S.H.; Kim, D.-J.; Lee, J.W.; Kim, Y.G.; Moon, J.-Y.; Lim, S.-J.; Lee, S.-H.; Kim, K.P. Alterations in 
Lipid Profile of the Aging Kidney Identified by MALDI Imaging Mass Spectrometry. J. Proteome Res. 2019, 18, 2803–2812. 
https://doi.org/10.1021/acs.jproteome.9b00108. 

74. Rao, S.; Walters, K.B.; Wilson, L.; Chen, B.; Bolisetty, S.; Graves, D.; Barnes, S.; Agarwal, A.; Kabarowski, J.H. Early Lipid 
Changes in Acute Kidney Injury Using SWATH Lipidomics Coupled with MALDI Tissue Imaging. Am. J. Physiol.-Ren. Physiol. 
2016, 310, F1136–F1147. https://doi.org/10.1152/ajprenal.00100.2016. 



Biology 2026, 15, 1021 24 of 29 
 

https://doi.org/10.3390/biology15131021 

75. Van Smaalen, T.C.; Ellis, S.R.; Mascini, N.E.; Siegel, T.P.; Cillero-Pastor, B.; Hillen, L.M.; Van Heurn, L.W.E.; Peutz-Kootstra, 
C.J.; Heeren, R.M.A. Rapid Identification of Ischemic Injury in Renal Tissue by Mass-Spectrometry Imaging. Anal. Chem. 2019, 
91, 3575–3581. https://doi.org/10.1021/acs.analchem.8b05521. 

76. Zhou, L.; Li, H.; Hu, J.; Meng, J.; Lv, H.; Yang, F.; Wang, M.; Liu, R.; Wu, W.; Hou, D.; et al. Plasma Oxidative Lipidomics Reveals 
Signatures for Sepsis-Associated Acute Kidney Injury. Clin. Chim. Acta 2023, 551, 117616. 
https://doi.org/10.1016/j.cca.2023.117616. 

77. Moreno-Gordaliza, E.; Esteban-Fernández, D.; Lázaro, A.; Humanes, B.; Aboulmagd, S.; Tejedor, A.; Linscheid, M.W.; Gómez-
Gómez, M.M. MALDI-LTQ-Orbitrap Mass Spectrometry Imaging for Lipidomic Analysis in Kidney under Cisplatin Chemo-
therapy. Talanta 2017, 164, 16–26. https://doi.org/10.1016/j.talanta.2016.11.026. 

78. Moreno-Gordaliza, E.; Esteban-Fernández, D.; Lázaro, A.; Aboulmagd, S.; Humanes, B.; Tejedor, A.; Linscheid, M.W.; Gómez-
Gómez, M.M. Lipid Imaging for Visualizing Cilastatin Amelioration of Cisplatin-Induced Nephrotoxicity. J. Lipid Res. 2018, 59, 
1561–1574. https://doi.org/10.1194/jlr.M080465. 

79. Gessel, M.M.; Spraggins, J.M.; Voziyan, P.A.; Abrahamson, D.R.; Caprioli, R.M.; Hudson, B.G. Two Specific Sulfatide Species 
Are Dysregulated during Renal Development in a Mouse Model of Alport Syndrome. Lipids 2019, 54, 411–418. 
https://doi.org/10.1002/lipd.12171. 

80. Nowling, T.K.; Mather, A.R.; Thiyagarajan, T.; Hernández-Corbacho, M.J.; Powers, T.W.; Jones, E.E.; Snider, A.J.; Oates, J.C.; 
Drake, R.R.; Siskind, L.J. Renal Glycosphingolipid Metabolism Is Dysfunctional in Lupus Nephritis. J. Am. Soc. Nephrol. 2015, 
26, 1402–1413. https://doi.org/10.1681/ASN.2014050508. 

81. Kuchar, L.; Faltyskova, H.; Krasny, L.; Dobrovolny, R.; Hulkova, H.; Ledvinova, J.; Volny, M.; Strohalm, M.; Lemr, K.; Kryspi-
nova, L.; et al. Fabry Disease: Renal Sphingolipid Distribution in the α-Gal A Knockout Mouse Model by Mass Spectrometric 
and Immunohistochemical Imaging. Anal. Bioanal. Chem. 2015, 407, 2283–2291. https://doi.org/10.1007/s00216-014-8402-7. 

82. Zhu, X.; Jiang, L.; Long, M.; Wei, X.; Hou, Y.; Du, Y. Metabolic Reprogramming and Renal Fibrosis. Front. Med. 2021, 8, 746920. 
https://doi.org/10.3389/fmed.2021.746920. 

83. Bhargava, P.; Schnellmann, R.G. Mitochondrial Energetics in the Kidney. Nat. Rev. Nephrol. 2017, 13, 629–646. 
https://doi.org/10.1038/nrneph.2017.107. 

84. Zhang, Y.-H.; Liu, B.; Meng, Q.; Zhang, D.; Yang, H.; Li, G.; Wang, Y.; Liu, M.; Liu, N.; Yu, J.; et al. ACOX1 Deficiency-Induced 
Lipid Metabolic Disorder Facilitates Chronic Interstitial Fibrosis Development in Renal Allografts. Pharmacol. Res. 2024, 201, 
107105. https://doi.org/10.1016/j.phrs.2024.107105. Corrigendum in: Pharmacol. Res. 2024, 203, 107166. 
https://doi.org/10.1016/j.phrs.2024.107166. 

85. Wang, Y.; Lu, M.; Xiong, L.; Fan, J.; Zhou, Y.; Li, H.; Peng, X.; Zhong, Z.; Wang, Y.; Huang, F.; et al. Drp1-Mediated Mitochon-
drial Fission Promotes Renal Fibroblast Activation and Fibrogenesis. Cell Death Dis. 2020, 11, 29. https://doi.org/10.1038/s41419-
019-2218-5. 

86. Cao, Y.; Chen, Z.; Hu, J.; Feng, J.; Zhu, Z.; Fan, Y.; Lin, Q.; Ding, G. Mfn2 Regulates High Glucose-Induced MAMs Dysfunction 
and Apoptosis in Podocytes via PERK Pathway. Front. Cell Dev. Biol. 2021, 9, 769213. https://doi.org/10.3389/fcell.2021.769213. 

87. Wang, S.; Sang, X.; Li, S.; Yang, W.; Wang, S.; Chen, H.; Lu, C. Increased Ca2+ Transport across the Mitochondria-Associated 
Membranes by Mfn2 Inhibiting Endoplasmic Reticulum Stress in Ischemia/Reperfusion Kidney Injury. Sci. Rep. 2023, 13, 17257. 
https://doi.org/10.1038/s41598-023-44538-0. Corrigendum in: Sci. Rep. 2024, 14, 2478. https://doi.org/10.1038/s41598-024-52771-4. 

88. Chung, K.W.; Dhillon, P.; Huang, S.; Sheng, X.; Shrestha, R.; Qiu, C.; Kaufman, B.A.; Park, J.; Pei, L.; Baur, J.; et al. Mitochondrial 
Damage and Activation of the STING Pathway Lead to Renal Inflammation and Fibrosis. Cell Metab. 2019, 30, 784–799. 
https://doi.org/10.1016/j.cmet.2019.08.003. 

89. Ishii, K.; Kobayashi, H.; Taguchi, K.; Guan, N.; Li, A.; Tong, C.; Davidoff, O.; Tran, P.V.; Sharma, M.; Chandel, N.S.; et al. Kidney 
Epithelial Targeted Mitochondrial Transcription Factor A Deficiency Results in Progressive Mitochondrial Depletion Associ-
ated with Severe Cystic Disease. Kidney Int. 2021, 99, 657–670. https://doi.org/10.1016/j.kint.2020.10.013. 

90. Feng, J.; Chen, Z.; Ma, Y.; Yang, X.; Zhu, Z.; Zhang, Z.; Hu, J.; Liang, W.; Ding, G. AKAP1 Contributes to Impaired mtDNA 
Replication and Mitochondrial Dysfunction in Podocytes of Diabetic Kidney Disease. Int. J. Biol. Sci. 2022, 18, 4026–4042. 
https://doi.org/10.7150/ijbs.73493. 

91. Juszczak, F.; Arnould, T.; Declèves, A.-E. The Role of Mitochondrial Sirtuins (SIRT3, SIRT4 and SIRT5) in Renal Cell Metabolism: 
Implication for Kidney Diseases. Int. J. Mol. Sci. 2024, 25, 6936. https://doi.org/10.3390/ijms25136936. 

92. Srivastava, S.P.; Li, J.; Kitada, M.; Fujita, H.; Yamada, Y.; Goodwin, J.E.; Kanasaki, K.; Koya, D. SIRT3 Deficiency Leads to In-
duction of Abnormal Glycolysis in Diabetic Kidney with Fibrosis. Cell Death Dis. 2018, 9, 997. https://doi.org/10.1038/s41419-
018-1057-0. 



Biology 2026, 15, 1021 25 of 29 
 

https://doi.org/10.3390/biology15131021 

93. Ding, H.; Jiang, L.; Xu, J.; Bai, F.; Zhou, Y.; Yuan, Q.; Luo, J.; Zen, K.; Yang, J. Inhibiting Aerobic Glycolysis Suppresses Renal 
Interstitial Fibroblast Activation and Renal Fibrosis. Am. J. Physiol.-Ren. Physiol. 2017, 313, F561–F575. https://doi.org/10.1152/aj-
prenal.00036.2017. 

94. Schley, G.; Klanke, B.; Schödel, J.; Forstreuter, F.; Shukla, D.; Kurtz, A.; Amann, K.; Wiesener, M.S.; Rosen, S.; Eckardt, K.-U.; et 
al. Hypoxia-Inducible Transcription Factors Stabilization in the Thick Ascending Limb Protects against Ischemic Acute Kidney 
Injury. J. Am. Soc. Nephrol. 2011, 22, 2004–2015. https://doi.org/10.1681/ASN.2010121249. 

95. Lan, R.; Geng, H.; Singha, P.K.; Saikumar, P.; Bottinger, E.P.; Weinberg, J.M.; Venkatachalam, M.A. Mitochondrial Pathology 
and Glycolytic Shift during Proximal Tubule Atrophy after Ischemic AKI. J. Am. Soc. Nephrol. 2016, 27, 3356–3367. 
https://doi.org/10.1681/ASN.2015020177. 

96. Li, J.; Shi, X.; Xu, J.; Wang, K.; Hou, F.; Luan, X.; Chen, L. Aldehyde Dehydrogenase 2 Lactylation Aggravates Mitochondrial 
Dysfunction by Disrupting PHB2 Mediated Mitophagy in Acute Kidney Injury. Adv. Sci. 2025, 12, 2411943. 
https://doi.org/10.1002/advs.202411943. 

97. Xu, J.; Zhou, L.; Liu, Y. Cellular Senescence in Kidney Fibrosis: Pathologic Significance and Therapeutic Strategies. Front. Phar-
macol. 2020, 11, 601325. https://doi.org/10.3389/fphar.2020.601325. 

98. Yang, L. Epithelial Cell Cycle Arrest in G2/M Mediates Kidney Fibrosis after Injury. Nat. Med. 2010, 16, 535–543. 
https://doi.org/10.1038/nm.2144. 

99. Mylonas, K.J.; O’Sullivan, E.D.; Humphries, D.; Baird, D.P.; Docherty, M.H.; Neely, S.A.; Krimpenfort, P.J.; Melk, A.; Schmitt, 
R.; Ferreira-Gonzalez, S.; et al. Cellular Senescence Inhibits Renal Regeneration after Injury in Mice, with Senolytic Treatment 
Promoting Repair. Sci. Transl. Med. 2021, 13, eabb0203. https://doi.org/10.1126/scitranslmed.abb0203. Corrigendum in: Sci. 
Transl. Med. 2026, 18, eaee4960. https://doi.org/10.1126/scitranslmed.aee4960. 

100. Baisantry, A. Autophagy Induces Prosenescent Changes in Proximal Tubular S3 Segments. J. Am. Soc. Nephrol. 2016, 27, 1609–
1616. https://doi.org/10.1681/ASN.2014111059. 

101. Livingston, M.J. Tubular Cells Produce FGF2 via Autophagy after Acute Kidney Injury Leading to Fibroblast Activation and 
Renal Fibrosis. Autophagy 2023, 19, 256–277. https://doi.org/10.1080/15548627.2022.2072054. 

102. Du, Y.; Shang, Y.; Qian, Y.; Guo, Y.; Chen, S.; Lin, X.; Cao, W.; Tang, X.; Zhou, A.; Huang, S.; et al. Plk1 Promotes Renal Tubu-
lointerstitial Fibrosis by Targeting Autophagy/Lysosome Axis. Cell Death Dis. 2023, 14, 571. https://doi.org/10.1038/s41419-023-
06093-4. 

103. Wang, X.; Liang, Y.; Li, J.; Wang, X.; Zhong, W.; Xiong, Y.; Ye, W.; Liu, C.; Ling, X.; Miao, J.; et al. Increased Smoothened Signal-
ing Promotes Kidney Fibrosis through Inhibiting Autophagy in Fibroblasts. Kidney Int. 2026, 109, 1221–1238. 
https://doi.org/10.1016/j.kint.2026.01.028. 

104. Li, L.; Ye, Z.; Xia, Y.; Li, B.; Chen, L.; Yan, X.; Yuan, T.; Song, B.; Yu, W.; Rao, T.; et al. YAP/ACSL4 Pathway-Mediated Ferroptosis 
Promotes Renal Fibrosis in the Presence of Kidney Stones. Biomedicines 2023, 11, 2692. https://doi.org/10.3390/biomedi-
cines11102692. 

105. Wang, Y.; Zhang, M.; Bi, R.; Su, Y.; Quan, F.; Lin, Y.; Yue, C.; Cui, X.; Zhao, Q.; Liu, S.; et al. ACSL4 Deficiency Confers Protection 
against Ferroptosis-Mediated Acute Kidney Injury. Redox Biol. 2022, 51, 102262. https://doi.org/10.1016/j.redox.2022.102262. 

106. Wang, J.; Wang, Y.; Liu, Y.; Cai, X.; Huang, X.; Fu, W.; Wang, L.; Qiu, L.; Li, J.; Sun, L. Ferroptosis, a New Target for Treatment 
of Renal Injury and Fibrosis in a 5/6 Nephrectomy-Induced CKD Rat Model. Cell Death Discov. 2022, 8, 127. 
https://doi.org/10.1038/s41420-022-00931-8. 

107. Zhou, L.; Xue, X.; Hou, Q.; Dai, C. Targeting Ferroptosis Attenuates Interstitial Inflammation and Kidney Fibrosis. Kidney Dis. 
2022, 8, 57–71. https://doi.org/10.1159/000517723. 

108. Sörensen-Zender, I.; Song, R.; Sinning, J.; Kapanadze, T.; Schmidt-Ott, K.M.; Melk, A.; Schmitt, R. Targeting Activated Kidney 
Fibroblasts via Ferroptosis: A Potential Antifibrotic Strategy. Am. J. Physiol.-Cell Physiol. 2026, 330, C619–C627. 
https://doi.org/10.1152/ajpcell.00660.2025. 

109. Kümpers, P.; Gueler, F.; Rong, S.; Mengel, M.; Tossidou, I.; Peters, I.; Haller, H.; Schiffer, M. Leptin Is a Coactivator of TGF-β in 
Unilateral Ureteral Obstructive Kidney Disease. Am. J. Physiol.—Ren. Physiol. 2007, 293, F1355-1362. https://doi.org/10.1152/aj-
prenal.00003.2007. 

110. Cui, W.; Maimaitiyiming, H.; Qi, X.; Norman, H.; Wang, S. Thrombospondin 1 Mediates Renal Dysfunction in a Mouse Model 
of High-Fat Diet-Induced Obesity. Am. J. Physiol.-Ren. Physiol. 2013, 305, F871–F880. https://doi.org/10.1152/ajprenal.00209.2013. 

111. Gu, D.; Shi, Y.; Gong, Z.; Xia, T.; Ren, H.; He, D.; Yang, J.; Han, Y.; Zeng, C. AdipoRon, an Adiponectin Receptor Agonist, 
Protects Contrast-Induced Nephropathy by Suppressing Oxidative Stress and Inflammation via Activation of the AMPK Path-
way. Clin. Exp. Nephrol. 2020, 24, 989–998. https://doi.org/10.1007/s10157-020-01944-2. 



Biology 2026, 15, 1021 26 of 29 
 

https://doi.org/10.3390/biology15131021 

112. Tian, M.; Tang, L.; Wu, Y.; Beddhu, S.; Huang, Y. Adiponectin Attenuates Kidney Injury and Fibrosis in Deoxycorticosterone 
Acetate-Salt and Angiotensin II-Induced CKD Mice. Am. J. Physiol.-Ren. Physiol. 2018, 315, F558–F571. https://doi.org/10.1152/aj-
prenal.00137.2018. 

113. Fang, F.; Liu, G.C.; Kim, C.; Yassa, R.; Zhou, J.; Scholey, J.W. Adiponectin Attenuates Angiotensin II-Induced Oxidative Stress 
in Renal Tubular Cells through AMPK and cAMP-Epac Signal Transduction Pathways. Am. J. Physiol.-Ren. Physiol. 2013, 304, 
F1366–F1374. https://doi.org/10.1152/ajprenal.00137.2012. 

114. Spit, K.A.; Muskiet, M.H.A.; Tonneijck, L.; Smits, M.M.; Kramer, M.H.H.; Joles, J.A.; De Boer, A.; Van Raalte, D.H. Renal Sinus 
Fat and Renal Hemodynamics: A Cross-Sectional Analysis. Magn. Reson. Mater. Phy. 2020, 33, 73–80. 
https://doi.org/10.1007/s10334-019-00773-z. 

115. Saiki, A.; Ohira, M.; Endo, K.; Koide, N.; Oyama, T.; Murano, T.; Watanabe, H.; Miyashita, Y.; Shirai, K. Circulating Angiotensin 
II Is Associated with Body Fat Accumulation and Insulin Resistance in Obese Subjects with Type 2 Diabetes Mellitus. Metabolism 
2009, 58, 708–713. https://doi.org/10.1016/j.metabol.2009.01.013. 

116. Karlsson, C.; Lindell, K.; Ottosson, M.; Sjöström, L.; Carlsson, B.; Carlsson, L.M.S. Human Adipose Tissue Expresses Angioten-
sinogen and Enzymes Required for Its Conversion to Angiotensin II. J. Clin. Endocrinol. Metab. 1998, 83, 3925–3929. 
https://doi.org/10.1210/jcem.83.11.5276. 

117. Yvan-Charvet, L.; Massiéra, F.; Lamandé, N.; Ailhaud, G.; Teboul, M.; Moustaid-Moussa, N.; Gasc, J.-M.; Quignard-Boulangé, 
A. Deficiency of Angiotensin Type 2 Receptor Rescues Obesity But Not Hypertension Induced by Overexpression of Angioten-
sinogen in Adipose Tissue. Endocrinology 2009, 150, 1421–1428. https://doi.org/10.1210/en.2008-1120. 

118. Mitsuno, R.; Nakamura, T.; Nakamura, K.; Kaneko, K.; Kojima, D.; Mizutani, Y.; Yamada, Y.; Jinzaki, M.; Azegami, T.; Kanda, 
T.; et al. Effects of Perirenal Fat Accumulation on Cardiometabolic and Renal Functions and Mineralocorticoid Receptor Acti-
vation in Primary Aldosteronism. Hypertens. Res. 2025, 48, 3244–3256. https://doi.org/10.1038/s41440-025-02401-x. 

119. Thieme, K.; Oliveira-Souza, M. Renal Hemodynamic and Morphological Changes after 7 and 28 Days of Leptin Treatment: The 
Participation of Angiotensin II via the AT1 Receptor. PLoS ONE 2015, 10, e0122265. https://doi.org/10.1371/journal.pone.0122265. 

120. Stawski, L.; Trojanowska, M. Oncostatin M and Its Role in Fibrosis. Connect. Tissue Res. 2019, 60, 40–49. 
https://doi.org/10.1080/03008207.2018.1500558. 

121. Zhang, J.; Liu, Z.; Dong, S.; Xu, K.; Wang, K.; Gong, L.; Liu, Q.; Guo, Y.; Zhu, Y.; She, J.; et al. Functional Genomics Reveals 
Adipose-Kidney Crosstalk as a Contributor to Kidney Fibrosis via the OSM-OSMR Pathway. Funct. Integr. Genom. 2025, 25, 114. 
https://doi.org/10.1007/s10142-025-01624-y. 

122. Carrión, P.; Hernández, M.P.; Pérez, J.A.; Tapia-Castillo, A.; Vecchiola, A.; Sandoval-Bórquez, A.; Baudrand, R.F.; Fardella, C.E.; 
Carvajal, C.A. Adipocyte Extracellular Vesicles (AdEVs) Promote a Proinflammatory and Profibrotic Profile in Human Renal 
and Endothelial Cells In Vitro. Int. J. Obes. 2026,50, 1046–1051. https://doi.org/10.1038/s41366-026-02033-2. 

123. Eirin, A.; Meng, Y.; Zhu, X.-Y.; Li, Y.; Saadiq, I.M.; Jordan, K.L.; Tang, H.; Lerman, A.; Van Wijnen, A.J.; Lerman, L.O. The Micro-
RNA Cargo of Extracellular Vesicles Released by Human Adipose Tissue-Derived Mesenchymal Stem Cells Is Modified by 
Obesity. Front. Cell Dev. Biol. 2021, 9, 660851. https://doi.org/10.3389/fcell.2021.660851. 

124. Lv, W.; Booz, G.W.; Wang, Y.; Fan, F.; Roman, R.J. Inflammation and Renal Fibrosis: Recent Developments on Key Signaling 
Molecules as Potential Therapeutic Targets. Eur. J. Pharmacol. 2018, 820, 65–76. https://doi.org/10.1016/j.ejphar.2017.12.016. 

125. Huang, R.; Fu, P.; Ma, L. Kidney Fibrosis: From Mechanisms to Therapeutic Medicines. Sig. Transduct. Target. Ther. 2023, 8, 129. 
https://doi.org/10.1038/s41392-023-01379-7. 

126. Wang, M.; Wang, L.; Zhou, L.; Xu, Y.; Wang, C. Shen-Shuai-II-Recipe Inhibits Tubular Inflammation by PPARα-Mediated Fatty 
Acid Oxidation to Attenuate Fibroblast Activation in Fibrotic Kidneys. Phytomedicine 2024, 126, 155450. 
https://doi.org/10.1016/j.phymed.2024.155450. 

127. Shang, Y.; Wang, Z.; Yang, F.; Wang, W.; Tang, Q.; Guo, X.; Du, X.; Zhang, X.; Hao, J.; Lin, H. FUT8 Upregulates CD36 and Its 
Core Fucosylation to Accelerate Pericyte-Myofibroblast Transition through the Mitochondrial-Dependent Apoptosis Pathway 
during AKI-CKD. Mol. Med. 2024, 30, 222. https://doi.org/10.1186/s10020-024-00994-6. 

128. LeBleu, V.S.; Taduri, G.; O’Connell, J.; Teng, Y.; Cooke, V.G.; Woda, C.; Sugimoto, H.; Kalluri, R. Origin and Function of Myo-
fibroblasts in Kidney Fibrosis. Nat. Med. 2013, 19, 1047–1053. https://doi.org/10.1038/nm.3218. 

129. Zeisberg, E.M.; Potenta, S.E.; Sugimoto, H.; Zeisberg, M.; Kalluri, R. Fibroblasts in Kidney Fibrosis Emerge via Endothelial-to-
Mesenchymal Transition. J. Am. Soc. Nephrol. 2008, 19, 2282–2287. https://doi.org/10.1681/ASN.2008050513. 

130. Meng, X.-M.; Wang, S.; Huang, X.-R.; Yang, C.; Xiao, J.; Zhang, Y.; To, K.-F.; Nikolic-Paterson, D.J.; Lan, H.-Y. Inflammatory 
Macrophages Can Transdifferentiate into Myofibroblasts during Renal Fibrosis. Cell Death Dis. 2016, 7, e2495. 
https://doi.org/10.1038/cddis.2016.402. 



Biology 2026, 15, 1021 27 of 29 
 

https://doi.org/10.3390/biology15131021 

131. Humphreys, B.D.; Lin, S.-L.; Kobayashi, A.; Hudson, T.E.; Nowlin, B.T.; Bonventre, J.V.; Valerius, M.T.; McMahon, A.P.; Duf-
field, J.S. Fate Tracing Reveals the Pericyte and Not Epithelial Origin of Myofibroblasts in Kidney Fibrosis. Am. J. Pathol. 2010, 
176, 85–97. https://doi.org/10.2353/ajpath.2010.090517. 

132. Wu, C.-F.; Chiang, W.-C.; Lai, C.-F.; Chang, F.-C.; Chen, Y.-T.; Chou, Y.-H.; Wu, T.-H.; Linn, G.R.; Ling, H.; Wu, K.-D.; et al. 
Transforming Growth Factor β-1 Stimulates Profibrotic Epithelial Signaling to Activate Pericyte-Myofibroblast Transition in 
Obstructive Kidney Fibrosis. Am. J. Pathol. 2013, 182, 118–131. https://doi.org/10.1016/j.ajpath.2012.09.009. 

133. Buhl, E.M.; Djudjaj, S.; Klinkhammer, B.M.; Ermert, K.; Puelles, V.G.; Lindenmeyer, M.T.; Cohen, C.D.; He, C.; Borkham-Kam-
phorst, E.; Weiskirchen, R.; et al. Dysregulated Mesenchymal PDGFR-β Drives Kidney Fibrosis. EMBO Mol. Med. 2020, 12, 
e11021. https://doi.org/10.15252/emmm.201911021. 

134. He, S.; Xia, T.; Guo, Z.; Song, X.; Wang, H.; He, H.; Jia, K.; Chen, R.; Zhou, B.; He, L. Tracing the Origin of Myofibroblasts in 
Kidney Fibrosis. Nat. Commun. 2025, 17, 653. https://doi.org/10.1038/s41467-025-67373-5. 

135. Heerspink, H.J.L.; Stefánsson, B.V.; Correa-Rotter, R.; Chertow, G.M.; Greene, T.; Hou, F.-F.; Mann, J.F.E.; McMurray, J.J.V.; 
Lindberg, M.; Rossing, P.; et al. Dapagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2020, 383, 1436–1446. 
https://doi.org/10.1056/NEJMoa2024816. 

136. The EMPA-KIDNEY Collaborative Group. Empagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2023, 388, 
117–127. https://doi.org/10.1056/NEJMoa2204233. 

137. Osto, E.; Bonacina, F.; Pirillo, A.; Norata, G.D. Neutral Effect of SGLT2 Inhibitors on Lipoprotein Metabolism: From Clinical 
Evidence to Molecular Mechanisms. Pharmacol. Res. 2023, 188, 106667. https://doi.org/10.1016/j.phrs.2023.106667. 

138. Huang, C.-C.; Chou, C.-A.; Chen, W.-Y.; Yang, J.-L.; Lee, W.-C.; Chen, J.-B.; Lee, C.-T.; Li, L.-C. Empagliflozin Ameliorates Free 
Fatty Acid–Induced Lipotoxicity in Renal Proximal Tubular Cells via the PPARγ/CD36 Pathway in Obese Mice. Int. J. Mol. Sci. 
2021, 22, 12408. https://doi.org/10.3390/ijms222212408. 

139. Kogot-Levin, A.; Riahi, Y.; Abramovich, I.; Mosenzon, O.; Agranovich, B.; Kadosh, L.; Ben-Haroush Schyr, R.; Kleiman, D.; 
Hinden, L.; Cerasi, E.; et al. Mapping the Metabolic Reprogramming Induced by Sodium-Glucose Cotransporter 2 Inhibition. 
JCI Insight 2023, 8, e164296. https://doi.org/10.1172/jci.insight.164296. 

140. Cai, T.; Ke, Q.; Fang, Y.; Wen, P.; Chen, H.; Yuan, Q.; Luo, J.; Zhang, Y.; Sun, Q.; Lv, Y.; et al. Sodium–Glucose Cotransporter 2 
Inhibition Suppresses HIF-1α-Mediated Metabolic Switch from Lipid Oxidation to Glycolysis in Kidney Tubule Cells of Diabetic 
Mice. Cell Death Dis. 2020, 11, 390. https://doi.org/10.1038/s41419-020-2544-7. 

141. Zhang, L.; Wang, T.; Kong, Y.; Sun, H.; Zhang, Y.; Wang, J.; Wang, Z.; Lu, S.; Yu, P.; Zhou, S. Sodium-Dependent Glucose 
Transporter 2 Inhibitor Alleviates Renal Lipid Deposition and Improves Renal Oxygenation Levels in Newly Diagnosed Type 
2 Diabetes Mellitus Patients: A Randomized Controlled Trial. Diabetol. Metab. Syndr. 2023, 15, 256. 
https://doi.org/10.1186/s13098-023-01236-1. 

142. Schaub, J.A.; AlAkwaa, F.M.; McCown, P.J.; Naik, A.S.; Nair, V.; Eddy, S.; Menon, R.; Otto, E.A.; Demeke, D.; Hartman, J.; et al. 
SGLT2 Inhibitors Mitigate Kidney Tubular Metabolic and mTORC1 Perturbations in Youth-Onset Type 2 Diabetes. J. Clin. In-
vestig. 2023, 133, e164486. https://doi.org/10.1172/JCI164486. 

143. Perkovic, V.; Tuttle, K.R.; Rossing, P.; Mahaffey, K.W.; Mann, J.F.E.; Bakris, G.; Baeres, F.M.M.; Idorn, T.; Bosch-Traberg, H.; 
Lausvig, N.L.; et al. Effects of Semaglutide on Chronic Kidney Disease in Patients with Type 2 Diabetes. N. Engl. J. Med. 2024, 
391, 109–121. https://doi.org/10.1056/NEJMoa2403347. 

144. Mann, J.F.E.; Buse, J.B.; Idorn, T.; Leiter, L.A.; Pratley, R.E.; Rasmussen, S.; Vilsbøll, T.; Wolthers, B.; Perkovic, V. Potential 
Kidney Protection with Liraglutide and Semaglutide: Exploratory Mediation Analysis. Diabetes Obes. Metab. 2021, 23, 2058–2066. 
https://doi.org/10.1111/dom.14443. 

145. Cooper, M.E.; Van Raalte, D.H. GLP-1 Agonists in the Treatment of Chronic Kidney Disease in Type 2 Diabetes and Obesity. J. 
Clin. Investig. 2025, 135, e194749. https://doi.org/10.1172/JCI194749. 

146. Dekkers, I.A.; Bizino, M.B.; Paiman, E.H.M.; Smit, J.W.; Jazet, I.M.; de Vries, A.P.J.; Lamb, H.J. The Effect of Glycemic Control 
on Renal Triglyceride Content Assessed by Proton Spectroscopy in Patients With Type 2 Diabetes Mellitus: A Single-Center 
Parallel-Group Trial. J. Ren. Nutr. 2021, 31, 611–619. https://doi.org/10.1053/j.jrn.2020.09.006. 

147. Shen, R.; Qin, S.; Lv, Y.; Liu, D.; Ke, Q.; Shi, C.; Jiang, L.; Yang, J.; Zhou, Y. GLP-1 Receptor Agonist Attenuates Tubular Cell 
Ferroptosis in Diabetes via Enhancing AMPK-Fatty Acid Metabolism Pathway through Macropinocytosis. Biochim. Biophys. 
Acta (BBA)—Mol. Basis Dis. 2024, 1870, 167060. https://doi.org/10.1016/j.bbadis.2024.167060. 

148. Tian, S.; Zhou, S.; Wu, W.; Lin, Y.; Wang, T.; Sun, H.; A-Ni-Wan, A.; Li, Y.; Wang, C.; Li, X.; et al. GLP-1 Receptor Agonists 
Alleviate Diabetic Kidney Injury via β-Klotho-Mediated Ferroptosis Inhibition. Adv. Sci. 2025, 12, 2409781. 
https://doi.org/10.1002/advs.202409781. 



Biology 2026, 15, 1021 28 of 29 
 

https://doi.org/10.3390/biology15131021 

149. Bakris, G.L.; Agarwal, R.; Anker, S.D.; Pitt, B.; Ruilope, L.M.; Rossing, P.; Kolkhof, P.; Nowack, C.; Schloemer, P.; Joseph, A.; et 
al. Effect of Finerenone on Chronic Kidney Disease Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2020, 383, 2219–2229. 
https://doi.org/10.1056/NEJMoa2025845. 

150. Pitt, B.; Filippatos, G.; Agarwal, R.; Anker, S.D.; Bakris, G.L.; Rossing, P.; Joseph, A.; Kolkhof, P.; Nowack, C.; Schloemer, P.; et 
al. Cardiovascular Events with Finerenone in Kidney Disease and Type 2 Diabetes. N. Engl. J. Med. 2021, 385, 2252–2263. 
https://doi.org/10.1056/NEJMoa2110956. 

151. Agarwal, R.; Filippatos, G.; Pitt, B.; Anker, S.D.; Rossing, P.; Joseph, A.; Kolkhof, P.; Nowack, C.; Gebel, M.; Ruilope, L.M.; et al. 
Cardiovascular and Kidney Outcomes with Finerenone in Patients with Type 2 Diabetes and Chronic Kidney Disease: The 
FIDELITY Pooled Analysis. Eur. Heart J. 2022, 43, 474–484. https://doi.org/10.1093/eurheartj/ehab777. Corrigendum in: Eur. 
Heart J. 2022, 43, 1989. https://doi.org/10.1093/eurheartj/ehab886. 

152. Heerspink, H.J.L.; Neuen, B.L.; Agarwal, R.; Cherney, D.Z.I.; Lam, C.S.P.; Tuttle, K.R.; Wanner, C.; Sarafidis, P.; Jongs, N.; Smei-
jer, J.D.; et al. Finerenone in Persons with Chronic Kidney Disease without Diabetes. N. Engl. J. Med. 2026, NEJMoa2604625. 
https://doi.org/10.1056/NEJMoa2604625. 

153. Ruilope, L.M.; Agarwal, R.; Anker, S.D.; Filippatos, G.; Pitt, B.; Rossing, P.; Sarafidis, P.; Schmieder, R.E.; Joseph, A.; Rethemeier, 
N.; et al. Blood Pressure and Cardiorenal Outcomes with Finerenone in Chronic Kidney Disease in Type 2 Diabetes. Hypertension 
2022, 79, 2685–2695. https://doi.org/10.1161/HYPERTENSIONAHA.122.19744. 

154. Berger, M.; MacNamara, A.; Ferreira, J.P.; Kolkhof, P.; Voss, S.; Skubala, A.; Scalise, A.; Goea, L.; Nkulikiyinka, R.; Pitt, B.; et al. 
Finerenone Effects on Biomarkers: An Analysis from the FIGARO-DKD Trial. Eur. Heart J. 2025, 46, 3382–3386. 
https://doi.org/10.1093/eurheartj/ehaf316. 

155. Zhai, S.; Ma, B.; Chen, W.; Zhao, Q. A Comprehensive Review of Finerenone—A Third-Generation Non-Steroidal Mineralocor-
ticoid Receptor Antagonist. Front. Cardiovasc. Med. 2024, 11, 1476029. https://doi.org/10.3389/fcvm.2024.1476029. 

156. Myakala, K.; Wang, X.X.; Shults, N.; Hughes, E.P.; De Carvalho Ribeiro, P.; Penjweini, R.; Link, K.; Barton, K.; Krawczyk, E.; 
Clarkson Paredes, C.; et al. The Nonsteroidal MR Antagonist Finerenone Reverses Western Diet-Induced Kidney Disease by 
Regulating Mitochondrial and Lipid Metabolism and Inflammation. Am. J. Physiol.-Ren. Physiol. 2025, 329, F724–F743. 
https://doi.org/10.1152/ajprenal.00136.2025. 

157. Agarwal, R.; Green, J.B.; Heerspink, H.J.L.; Mann, J.F.E.; McGill, J.B.; Mottl, A.K.; Rosenstock, J.; Rossing, P.; Vaduganathan, M.; 
Brinker, M.; et al. Finerenone with Empagliflozin in Chronic Kidney Disease and Type 2 Diabetes. N. Engl. J. Med. 2025, 393, 
533–543. https://doi.org/10.1056/NEJMoa2410659. 

158. Zhu, Z.; Rosenkranz, K.A.T.; Kusunoki, Y.; Li, C.; Klaus, M.; Gross, O.; Angelotti, M.-L.; Antonelli, G.; Cirillo, L.; Romagnani, 
P.; et al. Finerenone Added to RAS/SGLT2 Blockade for CKD in Alport Syndrome. Results of a Randomized Controlled Trial 
with Col4a3−/− Mice. J. Am. Soc. Nephrol. 2023, 34, 1513–1520. https://doi.org/10.1681/ASN.0000000000000186. 

159. Mann, J.F.E.; Rossing, P.; Bakris, G.; Belmar, N.; Bosch-Traberg, H.; Busch, R.; Charytan, D.M.; Hadjadj, S.; Gillard, P.; Górriz, 
J.L.; et al. Effects of Semaglutide with and without Concomitant SGLT2 Inhibitor Use in Participants with Type 2 Diabetes and 
Chronic Kidney Disease in the FLOW Trial. Nat. Med. 2024, 30, 2849–2856. https://doi.org/10.1038/s41591-024-03133-0. 

160. Jansz, T.T.; McGovern, A.P.; Young, K.G.; Dinsdale, M.M.; Cardoso, P.; Shields, B.M.; Hattersley, A.T.; Jones, A.G.; Pearson, 
E.R.; Bingham, C.; et al. Kidney Outcomes with GLP-1 Receptor Agonists in People with Type 2 Diabetes Already Receiving 
SGLT2 Inhibitors: A Target Trial Emulation Study Using UK Primary Care Data. Lancet Prim. Care 2026, 2, 100139. 
https://doi.org/10.1016/j.lanprc.2026.100139. 

161. Aomura, D.; Harada, M.; Yamada, Y.; Nakajima, T.; Hashimoto, K.; Tanaka, N.; Kamijo, Y. Pemafibrate Protects against Fatty 
Acid-Induced Nephropathy by Maintaining Renal Fatty Acid Metabolism. Metabolites 2021, 11, 372. 
https://doi.org/10.3390/metabo11060372. 

162. Das Pradhan, A.; Glynn, R.J.; Fruchart, J.-C.; MacFadyen, J.G.; Zaharris, E.S.; Everett, B.M.; Campbell, S.E.; Oshima, R.; Ama-
renco, P.; Blom, D.J.; et al. Triglyceride Lowering with Pemafibrate to Reduce Cardiovascular Risk. N. Engl. J. Med. 2022, 387, 
1923–1934. https://doi.org/10.1056/NEJMoa2210645. 

163. Xiong, L.; He, T.; Liu, C.; Qin, S.; Xiao, T.; Xin, W.; Wang, Y.; Ran, L.; Zhang, B.; Zhao, J. IL-37 Ameliorates Renal Fibrosis by 
Restoring CPT1A-Mediated Fatty Acid Oxidation in Diabetic Kidney Disease. Kidney Dis. 2023, 9, 104–117. 
https://doi.org/10.1159/000529460. 

164. Hu, H.; Li, W.; Hao, Y.; Peng, Z.; Zou, Z.; Liang, W. Baicalin Ameliorates Renal Fibrosis by Upregulating CPT1α-Mediated Fatty 
Acid Oxidation in Diabetic Kidney Disease. Phytomedicine 2024, 122, 155162. https://doi.org/10.1016/j.phymed.2023.155162. 



Biology 2026, 15, 1021 29 of 29 
 

https://doi.org/10.3390/biology15131021 

165. Wright, M.B.; Varona Santos, J.; Kemmer, C.; Maugeais, C.; Carralot, J.-P.; Roever, S.; Molina, J.; Ducasa, G.M.; Mitrofanova, A.; 
Sloan, A.; et al. Compounds Targeting OSBPL7 Increase ABCA1-Dependent Cholesterol Efflux Preserving Kidney Function in 
Two Models of Kidney Disease. Nat. Commun. 2021, 12, 4662. https://doi.org/10.1038/s41467-021-24890-3. 

166. Xu, Y.; Wang, J.; Xu, W.; Ding, F.; Ding, W. Prohibitin 2-Mediated Mitophagy Attenuates Renal Tubular Epithelial Cells Injury 
by Regulating Mitochondrial Dysfunction and NLRP3 Inflammasome Activation. Am. J. Physiol.-Ren. Physiol. 2019, 316, F396–
F407. https://doi.org/10.1152/ajprenal.00420.2018. 

167. Hu, H.; Yang, Q.; Hu, J.; Fan, Y.; Zhang, Z.; Yang, K.; Li, W.; Peng, Z.; Chen, Z.; Ding, G.; et al. ESRRA-ATG5-Mediated Mitoph-
agy Enhances Arginine Metabolism to Alleviate Diabetic Kidney Disease. Autophagy 2026, 22, 666–690. 
https://doi.org/10.1080/15548627.2025.2601874. 

168. Luo, W.; Hu, H.; Chang, R.; Zhong, J.; Knabel, M.; O’Meally, R.; Cole, R.N.; Pandey, A.; Semenza, G.L. Pyruvate Kinase M2 Is a 
PHD3-Stimulated Coactivator for Hypoxia-Inducible Factor 1. Cell 2011, 145, 732–744. https://doi.org/10.1016/j.cell.2011.03.054. 

169. Anastasiou, D.; Yu, Y.; Israelsen, W.J.; Jiang, J.-K.; Boxer, M.B.; Hong, B.S.; Tempel, W.; Dimov, S.; Shen, M.; Jha, A.; et al. Py-
ruvate Kinase M2 Activators Promote Tetramer Formation and Suppress Tumorigenesis. Nat. Chem. Biol. 2012, 8, 839–847. 
https://doi.org/10.1038/nchembio.1060. 

170. Liu, H.; Takagaki, Y.; Kumagai, A.; Kanasaki, K.; Koya, D. The PKM2 Activator TEPP-46 Suppresses Kidney Fibrosis via Inhi-
bition of the EMT Program and Aberrant Glycolysis Associated with Suppression of HIF-1α Accumulation. J. Diabetes Investig. 
2021, 12, 697–709. https://doi.org/10.1111/jdi.13478. 

171. Zhao, P.; Hu, X.; Liu, Q.; Wang, Y.; Sun, J.; Li, S.; Sun, D. Inhibiting Lactylation for Efficient Treatment of Renal Fibrosis through 
Targeting Nanomedicine of Renal Lactate Accumulation in Obstructed Kidney. J. Nanobiotechnol. 2026, 24, 572. 
https://doi.org/10.1186/s12951-026-04370-w. 

172. Vincenti, F.; Fervenza, F.C.; Campbell, K.N.; Diaz, M.; Gesualdo, L.; Nelson, P.; Praga, M.; Radhakrishnan, J.; Sellin, L.; Singh, 
A.; et al. A Phase 2, Double-Blind, Placebo-Controlled, Randomized Study of Fresolimumab in Patients With Steroid-Resistant 
Primary Focal Segmental Glomerulosclerosis. Kidney Int. Rep. 2017, 2, 800–810. https://doi.org/10.1016/j.ekir.2017.03.011. 

173. Ji, X.; Wang, H.; Wu, Z.; Zhong, X.; Zhu, M.; Zhang, Y.; Tan, R.; Liu, Y.; Li, J.; Wang, L. Specific Inhibitor of Smad3 (SIS3) 
Attenuates Fibrosis, Apoptosis, and Inflammation in Unilateral Ureteral Obstruction Kidneys by Inhibition of Transforming 
Growth Factor β (TGF-β)/Smad3 Signaling. Med. Sci. Monit. 2018, 24, 1633–1641. https://doi.org/10.12659/MSM.909236. 

174. Wang, P.; Luo, M.-L.; Song, E.; Zhou, Z.; Ma, T.; Wang, J.; Jia, N.; Wang, G.; Nie, S.; Liu, Y.; et al. Long Noncoding RNA Lnc-TSI 
Inhibits Renal Fibrogenesis by Negatively Regulating the TGF-β/Smad3 Pathway. Sci. Transl. Med. 2018, 10, eaat2039. 
https://doi.org/10.1126/scitranslmed.aat2039. 

175. Li, J.; Yue, S.; Fang, J.; Zeng, J.; Chen, S.; Tian, J.; Nie, S.; Liu, X.; Ding, H. MicroRNA-10a/b Inhibit TGF-β/Smad-Induced Renal 
Fibrosis by Targeting TGF-β Receptor 1 in Diabetic Kidney Disease. Mol. Ther.—Nucleic Acids 2022, 28, 488–499. 
https://doi.org/10.1016/j.omtn.2022.04.002. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


