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Abstract: Diabetic kidney disease (DKD), a well-characterized microvascular complication
associated with the progression of diabetes mellitus, has been identified as the leading
etiological factor contributing to the global burden of end-stage kidney disease (ESKD).
Historically, DKD research has predominantly centered on glomerular mechanisms; how-
ever, recent studies have increasingly emphasized the critical role of tubular dysfunction.
Extensive evidence has elucidated the key pathological drivers of tubular injury in DKD,
encompassing metabolic dysregulation, pro-inflammatory signaling pathways, diverse cel-
lular stress responses, and epithelial-mesenchymal transition (EMT). Furthermore, emerg-
ing mechanistic studies reveal that autophagic flux impairment and epigenetic memory
formation collaboratively drive cellular senescence in DKD. Regarding the treatment of
DKD, various hypoglycemic drugs, as well as hypotensive drugs, and microcirculatory
improvers have garnered significant attention. Recently, stem cell-based interventions and
precision gene editing techniques have unveiled novel therapeutic paradigms for DKD,
fundamentally expanding the treatment arsenal beyond conventional pharmacotherapy.
This review synthesizes updated insights into the pathogenesis of tubular injury in DKD
and highlights promising therapeutic strategies for managing this condition.
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1. Introduction

Diabetic kidney disease (DKD), a debilitating microvascular complication of diabetes
mellitus (DM), represents a leading cause of chronic kidney disease (CKD) and imposes
a substantial burden on global healthcare systems [1,2]. Epidemiological data indicate
that approximately 40% of type 2 diabetes mellitus (T2DM) patients and 30% of type 1
diabetes mellitus (T1DM) individuals develop DKD, with the condition accounting for
over one-third of end-stage kidney disease (ESKD) cases worldwide [3,4]. Characterized
by progressive renal functional decline, DKD severely compromises patient survival and
quality of life, underscoring the urgent need for advanced therapeutic interventions.

The pathogenesis of DKD involves multifactorial mechanisms, including glomerular
hemodynamic dysregulation, chronic inflammation, fibrotic remodeling, gut microbiome
perturbations, and genetic predisposition [5-7]. While historical research predominantly
emphasized glomerular pathology, marked by hyperfiltration, basement membrane thick-
ening, and podocyte loss [8,9], contemporary studies have identified tubular injury as a
critical early event in DKD progression. Emerging evidence suggests that tubular epithelial
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cell (TEC) dysfunction precedes detectable glomerular damage, manifesting as impaired
proliferation, tubular atrophy, interstitial fibrosis, and peritubular capillary loss [10]. Mech-
anistically, injured TECs drive disease progression through aberrant secretion of reactive
oxygen species, profibrotic cytokines, chemokines, and extracellular matrix (ECM) compo-
nents, creating a self-perpetuating cycle of inflammation and fibrosis [11]. Concurrently,
lipid metabolism dysregulation, endoplasmic reticulum stress (ERS), and cellular senes-
cence further exacerbate tubular damage, accelerating the transition to ESKD.

This paradigm shift toward tubular-centric pathogenesis has catalyzed the develop-
ment of novel therapeutic strategies. Beyond conventional approaches targeting glycemic
control, including sodium-glucose transporter 2 (SGLT2) inhibitors and glucagon-like
peptide-1 receptor agonists (GLP-1RAs) and blood pressure management like renin—
angiotensin system (RAS) inhibitors, emerging interventions address tubular-specific
pathways, including redox balance restoration, senescence modulation, and metabolic
reprogramming [12]. Current research endeavors focus on dissecting the interplay be-
tween tubular injury mechanisms and systemic metabolic derangements, aiming to identify
druggable targets for halting DKD progression.

This review synthesizes recent advances in understanding tubular pathophysiology in
DKD and evaluates promising therapeutic strategies targeting tubular repair, metabolic
homeostasis, and inflammatory—fibrotic cascades. By bridging mechanistic insights with
clinical translation, we aim to illuminate pathways for developing precision medicine
approaches in DKD management. A systematic search in the electronic databases of
PubMed and Google Scholar was made from inception until 31 May 2025, using several
MeSH keywords related to DKD, renal tubular injury, etc. Related trials were additionally
searched from ClinicalTrials.gov.

2. Pathogenesis of Tubular Injury in DKD
2.1. Metabolic Dysregulation

As the principal metabolic substrate for biological systems, glucose plays a dual role
in the pathogenesis of DKD. Sustained hyperglycemia, a hallmark clinical manifestation
of DKD, drives persistent metabolic disturbances through multiple molecular pathways.
Pathologically elevated glucose concentrations catalyze the non-enzymatic formation of
advanced glycation end products (AGEs) while facilitating intracellular lipid deposition
through dysregulated fatty acid (FA) metabolism. These synergistic mechanisms like
glycation stress and lipotoxic effects, act as pivotal mediators in the development and
progression of renal TEC injury, ultimately driving the progression of DKD [13,14]. The
main mechanisms of renal tubular injury are shown in Figure 1.

2.1.1. Hyperglycemia and Advanced Glycation End Products (AGEs)

Hyperglycemia represents the central pathophysiological axis in DKD, functioning as
the primordial etiological factor that orchestrates the pathological cascade of tubular injury.
Under normal homeostatic conditions, glomerular filtration achieves nearly complete
proximal tubular glucose reabsorption via SGLT2 localized on the luminal membrane of
early proximal convoluted tubule epithelial cells [15,16]. The residual filtered glucose
undergoes secondary reabsorption through SGLT1 transporters predominantly expressed
in distal proximal tubular segments, ensuring complete glucose retrieval before the tubular
fluid enters the loop of Henle [17].
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Figure 1. The multifaceted pathophysiological mechanisms of tubular injury in DKD.

In diabetic pathophysiology, tubular glucose accumulation arises from mechanisms
including glomerular hyperfiltration-driven elevation in filtered glucose load and patho-
logically augmented reabsorptive capacity mediated by SGLT upregulation. Experimental
evidence demonstrates significant membrane density increases in both SGLT isoforms in
diabetic rodent models [18,19], a finding corroborated in human studies showing elevated
SGLT2 mRNA /protein expression in urinary tubular cells from T2DM patients [20]. This
compensatory transporter overexpression establishes a maladaptive positive feedback loop,
progressively exacerbating intratubular glucose overload.

Accumulating evidence has established hyperglycemia as the fundamental patholog-
ical trigger implicated in the initiation of renal tubular injury in DKD. The pathogenic
mechanisms primarily involve two interconnected pathways. Firstly, sustained hyper-
glycemia coupled with elevated glucose reabsorption induces metabolic dysregulation
through mitochondrial dysfunction, as evidenced by diminished mitochondrial reserve
capacity in both mesangial and TECs [21]. Furthermore, this energy-intensive reabsorption
process exacerbates hypoxia in renal tubules by creating an imbalance between cellular
energy demand and oxygen supply [22]. Notably, recent mechanistic studies have revealed
that hyperglycemia orchestrates multiple pathological processes, including programmed
cell death pathways, activation of stress response systems (ERS/oxidative stress), EMT,
and accelerated cellular senescence. Collectively, these findings position hyperglycemia as
the central etiological factor driving the progression of tubular injury in DKD.

AGEs, formed through non-enzymatic Maillard reactions between amino groups
of proteins/lipids and reducing sugars (glucose, fructose) or reactive carbonyl species
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(glyoxal) [23,24], constitute critical mediators in DKD pathogenesis. Persistent hyper-
glycemia in diabetes drives AGE accumulation through dual mechanisms: intracellular
overproduction via enhanced glucose reabsorption that elevates substrate availability for
endogenous AGE synthesis [25], and impaired renal clearance due to proximal tubular
reabsorption of filtered AGEs [26,27]. These accumulated AGEs exert nephrotoxic effects
through three principal pathways. Firstly, they induce mitochondrial oxidative stress and
pro-inflammatory cytokine activation, initiating tubular epithelial injury [24]. Secondly,
AGEs directly stimulate transforming growth factor-f3 (TGF-f3) overexpression in proximal
tubular cells through receptor for AGE (RAGE)-dependent signaling [28,29]. Notably, this
AGE-TGF-3 axis orchestrates pathological ECM deposition by upregulating fibrogenic
mediators while downregulating matrix degradation systems. Thirdly, sustained TGF-f3
activation propels EMT, culminating in progressive tubulointerstitial fibrosis, a hallmark of
DKD progression [29].

While AGEs exhibit pleiotropic receptor interactions, their principal pathogenic effects
in DKD are mediated through ligand-specific engagement with the RAGE [26,30]. This
ligand-receptor axis activates three-tiered signaling cascades, including MAP kinase path-
ways, Ras-mediated ERK phosphorylation, and JAK/STAT transduction systems [31-33].
These convergent pathways drive sustained nuclear translocation of redox-sensitive tran-
scription factors, notably nuclear factor-«B (NF-«B), signal transducer and activator of
transcription 3 (STAT3), hypoxia inducible factor-1x (HIF-1c), and activator protein-1
(AP-1), establishing a pro-fibrotic transcriptional landscape.

Mechanistically, the AGE-RAGE interaction executes renal damage through three
interconnected mechanisms. Firstly, reactive oxygen species (ROS)-mediated fibrogenesis
via nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidase activation
generates oxidative stress that perpetuates TGF-f3/Smad3 signaling and collagen overpro-
duction [34-36]. Secondly, cell cycle subversion through p53/p21-dependent apoptotic
pathways induces tubular epithelial loss. Thirdly, senescence programming, evidenced
by -galactosidase activation and telomere attrition, is triggered in proximal tubules both
in vivo and in vitro [37].

Notably, these processes synergistically promote tubulointerstitial matrix remodeling
characterized by fibrillar collagen (I/III) deposition, basement membrane thickening, and
loss of tubular polarity.

2.1.2. Disorders of Lipid Metabolism

Proximal tubular epithelial cells (PTECs) exhibit high energy demands to maintain
normal physiological functions, with adenosine triphosphate (ATP) production primarily
sustained through mitochondrial free FA p-oxidation [38]. Cellular FA uptake in PTECs
is mediated by specialized transport proteins, particularly FA transport protein 2 (FATP2)
and CD36 [39-41]. Notably, clinical evidence has revealed significant lipid accumulation
within PTECs of patients with DKD, a phenomenon strongly associated with disease
progression [42]. Advanced lipidomic analyses using desorption electrospray ionization
mass spectrometry imaging (DESI-MSI) have identified extensive deposition of diverse
lipid species, including free FAs, glycerolipids (GLs), glycerophospholipids (GPs), and
sphingolipids (SLs) within cortical proximal tubules of DKD patients [43]. This pathological
lipid accumulation induces lipotoxicity through multiple detrimental cellular pathways.

Emerging research delineates several molecular mechanisms underlying lipid
metabolism dysregulation in renal tubular injury. Sterol regulatory element-binding pro-
teins (SREBPs), particularly the SREBP-1 isoform, have been identified as master regulators
of cellular lipid synthesis and cholesterol metabolism during ectopic lipid deposition
(ELD) [44,45]. A novel regulatory axis involving molecular chaperone HSPAS has been
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characterized. Genetic ablation of HSPAS8 in TECs activates SREBP signaling pathways,
while hyperglycemic conditions mimicking DKD pathophysiology reduce HSPA8 expres-
sion through NF-kB-mediated transcriptional repression [14]. Concurrently, functional
impairment of FATP2 exacerbates PTEC injury by disrupting lipid homeostasis. During fi-
brotic progression, FATP2 overexpression in PTECs drives pathological remodeling through
metabolic reprogramming of lipid pathways, upregulation of pro-fibrotic cytokines, and
induction of ERS-mediated apoptosis [46].

The metabolic consequences of incomplete FA oxidation and lipid peroxidation cas-
cade into cellular stress responses. Mitochondrial FA overload induces incomplete f3-
oxidation, generating excessive ROS that trigger oxidative damage, mitochondrial dys-
function, and subsequent PTEC apoptosis [47,48]. Furthermore, FA metabolites activate
inflammatory pathways in TECs, mainly through NF-kB and NOD-like receptor thermal
protein domain associated protein 3 (NLRP3) inflammasome signaling, leading to elevated
secretion of pro-inflammatory cytokines and amplification of tubular injury [44]. Clinical—-
pathological correlations demonstrate that lipid deposition intensity positively correlates
with necroptosis activation in DKD renal tubules [49].

Lipophagy, a selective autophagic process regulating lipid droplet (LD) turnover,
emerges as a critical protective mechanism [50-52]. Impaired lipophagic flux in DKD
patients results in pathological lipid retention, establishing a direct association between
reduced lipophagy, ELD, and lipotoxicity-mediated tubular damage [51]. This deficiency
in lipid clearance mechanisms exacerbates the cytotoxic effects of lipid overload.

The pathogenesis of DKD-related renal tubular injury involves multifaceted lipid
metabolism dysregulation, encompassing transport abnormalities via FATP2/CD36 dys-
function, synthesis dysregulation through SREBP-1 activation, mitochondrial oxidation
defects generating ROS, and impaired catabolic clearance via lipophagy deficiency. These
interconnected pathways collectively drive lipotoxic injury, suggesting potential therapeutic
targets for mitigating DKD progression.

2.2. Inflammation

Emerging evidence substantiates the critical role of inflammatory mechanisms in the
pathogenesis and progression of DKD [53]. Hyperglycemic conditions activate several
transcription factors regulating pro-inflammatory gene expression, including NF-«B, up-
stream stimulatory factors (USF1/2), and nuclear factor of activated T-cells (NFAT) [54].
Notably, proteinuria and sustained hyperglycemia synergistically activate NF-«B in TECs,
establishing a pro-inflammatory microenvironment that facilitates disease progression
through upregulation of inflammatory cytokines [55].

Multiple pathological pathways mediate renal tubular inflammation in DKD. The
toll-like receptor (TLR) family, particularly TLR4, functions as a molecular nexus connect-
ing metabolic dysregulation (hyperglycemia/dyslipidemia) with innate immune activa-
tion [56,57]. Elevated TLR4 expression in diabetic renal tubules demonstrates a positive
correlation with glycated hemoglobin levels and interstitial macrophage infiltration [58].
Mechanistic studies have revealed that miR-630 overexpression in diabetic rodent models
significantly downregulates TLR4 expression and reduces pro-inflammatory cytokine lev-
els [59]. Sirtuin 2 (SIRT2), a NAD*-dependent deacetylase involved in cellular metabolism,
promotes inflammatory responses in diabetic TECs through c-Jun/c-Fos deacetylation.
This post-translational modification enhances the transcriptional activity of these AP-1
components, driving downstream pro-inflammatory factor production [60-62]. The re-
sult indicated the involvement of SIRT2 in the progression of DKD as well as a novel
potential therapeutic target. Accumulating studies have demonstrated that proteinuria
can stimulate PTECs to produce a series of inflammatory molecules and chemokines [63].
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Albumin overload activates Wnt/ 3-catenin signaling in PTECs, triggering TLR4/NLRP3
inflammasome activation and subsequent chemokine/cytokine production that exacerbate
tubulointerstitial inflammation [64]. This pathway establishes a self-perpetuating cycle
between glomerular protein leakage and tubular inflammatory responses.

These findings collectively demonstrate that metabolic disturbances, pattern recogni-
tion receptor activation, and epigenetic modifications converge to create a pro-inflammatory
milieu in renal tubular cells. The resultant cytokine storm and chemokine secretion not only
directly damage tubular architecture but also recruit inflammatory infiltrates, ultimately
leading to progressive renal fibrosis and functional decline.

2.3. Cellular Stress Responses

The adaptive mechanisms of cellular stress responses play a pivotal role in maintaining
organismal homeostasis, conferring remarkable resilience against pathological processes
and disease progression [65]. In the context of DKD, three primary forms of stress response
mechanisms have been implicated in disease pathogenesis and clinical progression. These
maladaptive responses manifest as oxidative stress-mediated cellular damage, ERS-induced
protein homeostasis disruption, and mitochondrial dysfunction-related metabolic distur-
bances. Each pathway contributes distinctively to the complex pathophysiology of DKD
through interconnected mechanisms of cellular injury and aberrant signaling cascades.

2.3.1. Oxidative Stress

Oxidative stress arises from a pathological imbalance between antioxidant defense
mechanisms and ROS production, characterized by excessive accumulation of superoxide
anion, hydrogen peroxide, and hydroxyl radicals [66]. These redox-active molecules selec-
tively modify protein function through post-translational alterations in enzymatic activity,
subcellular localization, and structural integrity [67]. Under diabetic conditions, chronic
hyperglycemia, AGEs, and metabolic dysregulation synergistically drive ROS overpro-
duction that overwhelms endogenous antioxidant systems such as superoxide dismutase
and glutathione peroxidase, thereby establishing a self-perpetuating cycle of oxidative
damage [68]. This oxidative imbalance accelerates DKD progression by promoting renal
tubular injury through inflammation, fibrosis, and apoptosis. Hyperglycemia directly in-
duces mitochondrial ROS (mtROS) overproduction, triggering TEC dysfunction [69], while
AGE accumulation in proximal tubules exacerbates oxidative stress via RAGE-mediated
NADPH oxidase activation, further amplifying inflammatory cascades [70,71].

Emerging evidence further elucidates the interplay between oxidative stress and sig-
naling pathway dysregulation in DKD pathogenesis. Reduced expression of growth arrest
and DNA damage-inducible 450 (GADDA45¢) in diabetic HK-2 cells disrupts the GADD45«-
R-loop axis, exacerbating mitochondrial dysfunction, lipid metabolism impairment, and
oxidative injury [72]. Concurrently, hyperactivation of the NF-«xB pathway serves as a
central mediator of oxidative stress in DKD, with its inhibition demonstrating therapeu-
tic potential to mitigate renal damage [73]. Notably, high glucose-induced upregulation
of follistatin-like protein 1 (FSTL1) in HK-2 cells promotes oxidative stress via NF-«B
activation, identifying FSTL1 as a novel therapeutic target [74]. Additionally, metabolic
reprogramming driven by scavenger receptor CD36 suppresses fatty acid oxidation (FAO)
in TECs, inducing a glycolytic shift that enhances mtROS production. This metabolic per-
turbation activates pro-inflammatory pathways, forming a vicious cycle that perpetuates
tubular injury in DKD [75,76].

2.3.2. Endoplasmic Reticulum Stress (ERS)

ERS arises from the accumulation of misfolded proteins within the ER lumen, trig-
gering the unfolded protein response (UPR) to restore proteostasis through coordinated
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activation of molecular chaperones and degradation pathways [77,78]. In DKD, dysreg-
ulated signaling through UPR sensors (IRE1lx, PERK, and ATF6) and ER chaperones like
GRP78/BiP exacerbates tubular injury by disrupting the autophagy—-apoptosis balance
and amplifying inflammatory responses [79]. Hyperglycemia-driven activation of the
IRE1a/sXBP1 axis mediates NLRP3 inflammasome activation and pyroptosis in renal
tubules, while AGEs induce premature senescence of proximal TECs via ERS-dependent
signaling cascades [34,80,81]. These pathological processes establish an intricate inter-
play between ERS and tubular injury mechanisms, including ferroptosis, EMT, and lipid
peroxidation [82]. Notably, high glucose conditions activate the XBP1-Hrd1-Nrf2 axis in
renal TECs, driving ferroptosis-associated EMT progression through iron-dependent lipid
peroxidation [83].

The spatial regulation of ER-mitochondrial crosstalk further modulates DKD patho-
physiology, as mitochondria-associated ER membranes (MAMs) coordinate mitochondrial
dynamics, autophagic flux, and stress responses [84]. Key regulatory proteins such as pro-
tein canopy homolog 2 (CNPY2), an ER-resident UPR promoter, exacerbate tubular damage
by disrupting MAM integrity and amplifying ferroptotic cell death [85,86]. Concurrently,
defects in protein quality control mechanisms, particularly N-glycosylation processes me-
diated by enzymes like ectonucleoside triphosphate diphosphohydrolase 5 (ENTPD5),
induce UPR activation through impaired folding of N-glycoproteins, culminating in ERS-
associated apoptosis [87-89]. Intriguingly, compensatory mechanisms emerge during
early-stage DKD, where ENTPD5 overexpression alleviates ERS but paradoxically induces
pathological cellular hypertrophy through excessive proliferative responses [89]. This
delicate balance becomes disrupted in advanced disease stages as chronic hyperglycemia
activates the hexosamine biosynthesis pathway (HBP), resulting in elevated UDP-GIcNAc
levels that subsequently suppress ENTPD5 expression, thereby creating a maladaptive
feedback loop [89].

Emerging therapeutic strategies targeting ERS components, including pharmacologi-
cal modulators of UPR signaling and glycosylation regulators, demonstrate potential in
ameliorating tubular injury [90-92]. However, comprehensive elucidation of spatiotempo-
ral ERS regulation in diabetic tubulopathy remains imperative for developing precision
interventions against DKD progression.

2.3.3. Mitochondrial Dysfunction

Mitochondrial dysfunction constitutes a central pathogenic mechanism in DKD, par-
ticularly within energy-intensive renal tubular cells that exhibit exceptionally high mi-
tochondrial density. These organelles not only serve as central hubs for cellular energy
metabolism but also maintain renal tubular homeostasis through dynamic quality control
mechanisms. Emerging evidence demonstrates that persistent mitochondrial impairment
disrupts both the structural integrity and functional capacity of nephrons, driving DKD
progression through multifaceted pathways [38].

Notably, the estrogen-related receptor alpha (ERRx), a nuclear receptor abundantly
expressed in proximal tubular cells, emerges as a critical regulator of mitochondrial archi-
tecture and bioenergetics [93]. The pathogenic downregulation of ERRx in DKD results
from ubiquitin-proteasome-mediated degradation orchestrated by the E3 ligase RBBP6,
leading to compromised mitochondrial function in PTECs [94]. Concurrently, mitochon-
drial quality control (MQC) systems undergo progressive deterioration, exemplified by
YAP1 inactivation in renal tubules [95]. This impairment disrupts MQC surveillance mech-
anisms, triggering aberrant CXCL1 secretion that promotes macrophage polarization, a key
inflammatory driver in DKD pathogenesis [96]. Furthermore, the degradation of CaMKKf3
via tubular-enriched ligase NEDDA4L suppresses adenosine monophosphate-activated pro-
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tein kinase (AMPK) signaling, effectively disabling a crucial pathway for mitochondrial
homeostasis maintenance [97,98].

The metabolic consequences of mitochondrial failure create a vicious cycle through
three interrelated mechanisms. First, hyperglycemia-induced tricarboxylic acid cycle over-
activation generates excessive reducing equivalents (NADH), culminating in ROS overpro-
duction that preferentially damages mtDNA, particularly vulnerable due to its proximity
to the electron transport chain [99,100]. Second, impaired (-oxidation capacity causes
toxic lipid accumulation, propagating lipotoxicity-induced cell death and fibrotic remod-
eling [39,100]. Third, the downregulation of thiosulfate sulfurtransferase (TST) disrupts
mitochondrial sulfur metabolism, exacerbating long-chain fatty acid oxidation defects
that amplify tubular injury [101]. These intersecting pathways collectively establish the
self-perpetuating cascade of oxidative stress, metabolic reprogramming, and inflammatory
signaling that characterizes DKD progression.

2.4. Epithelial-Mesenchymal Transition (EMT)

EMT represents a fundamental pathological process in DKD, characterized by the
dissolution of epithelial cell junctions via E-cadherin suppression and concomitant ac-
quisition of mesenchymal markers such as x-smooth muscle actin (x-SMA), fibroblast-
specific protein 1 (FSP1), fibronectin, and vimentin. This phenotypic reprogramming
transforms renal TECs into matrix-producing myofibroblasts, driving progressive renal
fibrosis through parenchymal architecture destruction and functional decline in tubular
reabsorption/secretion [102-104].

In DKD, EMT activation is orchestrated by a signaling network involving hyperglycemia-
induced metabolic perturbations, inflammatory cascades, and epigenetic dysregula-
tion. Canonical profibrotic pathways, including TGF-f/Smad, MAPK, Wnt/ 3-catenin,
PI3K/Akt, and JAK/STAT, are synergistically activated by cytokines secreted from injured
renal cells and infiltrating immune mediators [105-107]. Notably, hyperglycemia exacer-
bates EMT via dual mechanisms, including upregulating tubular basement membrane IgG
to amplify TGF-B1-dependent ECM deposition [102,108] and inducing lactate accumulation
through metabolic reprogramming. Elevated lactate fuels histone H3K14 lactylation, which
recruits the Kriippel-like factor KLF5 to repress CDH1 (E-cadherin) transcription, thereby
dismantling epithelial integrity [109,110]. Furthermore, metabolic stress in DKD elevates
histone deacetylase 5 (HDACS5), which cooperates with TGF-f3 signaling to suppress E-
cadherin while promoting «-SMA expression. This process is potentiated by m6A RNA
hypomethylation due to methyltransferase-like 14 (METTL14) downregulation, which acti-
vates PI3K/ Akt signaling to sustain HDACS5 overexpression [111]. Furthermore, emerging
evidence suggests that EMT can be regulated through multiple signaling pathways beyond
conventional mechanisms. Notably, CREB-regulated transcription coactivator 2 (CRTC2),
a novel coactivator of cAMP response element-binding protein, has been implicated in
glucose metabolism and recently shown to exacerbate EMT progression in diabetic re-
nal tubules through the CREB-Smad2/3 signaling axis [107]. This finding establishes a
metabolic—epithelial plasticity link in DKD pathogenesis. Additionally, other pathological
contributors to DKD progression have been associated with EMT modulation. Recent in-
vestigations reveal that ERS promotes ferroptosis-associated EMT via the XBP1-Hrd1-Nrf2
regulatory cascade in the renal tubular epithelium [83]. These mechanistic insights collec-
tively demonstrate that EMT represents a convergent pathological process that interacts
with diverse cellular stress responses, including metabolic dysregulation and organelle
stress, ultimately contributing to renal fibrosis in DKD.

The convergence of these pathways culminates in irreversible myofibroblast differ-
entiation, excessive collagen synthesis, and pathological ECM remodeling, hallmarks of
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tubulointerstitial fibrosis. While emerging therapeutic strategies targeting EMT-related
pathways show promise in mitigating fibrosis [112,113], the complexity of crosstalk be-
tween metabolic, epigenetic, and signaling networks necessitates further exploration of
context-specific molecular hubs for precise intervention in DKD progression.

2.5. Cellular Senescence

Cellular senescence, a state of irreversible cell cycle arrest, emerges as a critical
pathogenic mechanism in DKD progression. [114,115]. Renal TECs exhibit accelerated
senescence under DKD conditions, driven by converging insults including AGEs, oxidative
stress, ERS, mitochondrial dysfunction, and chronic inflammation [116]. This senescence
program is orchestrated through interconnected molecular cascades [116].

The coagulation-inflammatory axis, mediated by factor XII (FXII), propagates senes-
cence via dual receptor engagement. FXII binding to urokinase-type plasminogen activator
receptor (uUPAR) activates integrin 31 signaling in TECs, triggering ROS overproduction,
DNA damage response, and ultimately senescence-associated secretory phenotype (SASP)
activation [117]. Concurrently, metabolic derangements in DKD create a pro-senescence
microenvironment. AGEs upregulate the ERS marker GRP78 in renal TECs, which coor-
dinates with p16/p21 signaling to induce premature senescence [81,118]. Lipid overload
further exacerbates this process through retinoid X receptor a (RXRo)-mineralocorticoid
receptor complexes that directly promote cell cycle arrest [118].

Epigenetic reprogramming adds another layer of regulation. Histone lactylation, a
metabolic—epigenetic crosstalk mechanism, drives senescence under hyperglycemic condi-
tions. Counteracting this, the Kruppel-like transcription factor Glis1 binds lactyltransferase
KATS5 to suppress histone lactylation, revealing a compensatory anti-senescence path-
way [119]. Intriguingly, partial EMT states in TECs establish a senescence-primed niche,
where Hedgehog signaling antagonist HHIP amplifies 3-galactosidase activity and SASP
markers, creating a feedforward loop of fibrotic signaling [120].

These multilayered mechanisms, spanning coagulation signaling, metabolic stress,
epigenetic modulation, and partial EMT, converge to sustain SASP-driven inflammation
and tissue remodeling. While therapeutic targeting of FXII-uPAR interactions or Glis1-
KATS5 epigenetic axes shows potential [119,121,122], the interdependence of senescence
drivers in DKD necessitates systems-level approaches to identify nodal regulators for
effective intervention.

2.6. Gut—Kidney Axis

The Gut-Kidney Axis has emerged as a significant area of research. Recent studies
have increasingly focused on alterations in the intestinal environment to elucidate the
pathogenesis of various diseases, including kidney diseases [123]. This recognition of
crosstalk between the gut environment and the kidney has led to the formulation of the
gut-kidney axis hypothesis. Differences in the richness and composition of the gut mi-
crobiota have been observed among patients with DKD, patients with DM, and healthy
controls [124]. Several studies have identified significant associations between gut micro-
biota dysbiosis and DKD [125,126]. Furthermore, toxins produced by the gut microbiota
can directly damage the kidney and accelerate the progression of kidney disease.

Indoxyl sulfate, a uremic toxin derived from microbial metabolism, contributes to
CKD progression by inducing renal tubular injury. It directly promotes apoptotic and
necrotic cell death in tubular cells and causes tubulointerstitial injury via oxidative stress,
thereby participating in CKD progression [127]. Studies in animal models of diabetic CKD
have verified that targeting indoxyl sulfate reduces total cholesterol levels and improves
renal function [128]. Similarly, p-cresol, another uremic toxin, can increase renal burden
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through inflammatory pathways [129]. Research indicates that therapeutic interventions
targeting the gut-kidney axis may alleviate DKD progression [130,131]. However, as
the existing evidence remains insufficient, the precise mechanisms by which these gut-
derived nitrogenous waste products contribute to renal tubular injury in DKD warrant
further exploration.

3. Therapeutic Perspectives

The management of DKD, a progressive diabetic complication, necessitates sustained
pharmacotherapy targeting both metabolic derangements and tubulopathy. Building upon
the mechanistic foundation of renal tubular injury outlined in preceding sections, current
therapeutic paradigms synergistically address hyperglycemia, hypertension, and specific
molecular drivers (Table 1). Conventional glucose-lowering agents and antihypertensive
therapies demonstrate nephroprotective efficacy by preserving tubular architecture and
mitigating oxidative/inflammatory stress. Emerging frontiers extend beyond metabolic
control to innovative modalities. Stem cell-derived extracellular vesicles show potential in
tubular regeneration through mitochondrial biogenesis, while CRISPR-based gene editing
targets epigenetic regulators like METTL14 to restore m6A homeostasis. These advance-
ments underscore the transition from symptomatic management to mechanism-driven
precision medicine in DKD therapeutics.

Table 1. Therapies targeting renal tubule injury in the management of DKD.

irbesartan, losartan,
valsartan, olmesartan)

mitochondria, and modulate
AGE-RAGE-TGEF-PI3K pathways

Therapeutic Class Drug Example Protective Mechanisms References
Activate mitophagy, reduce
mitochondrial damage and ROS
. eneration (AMPK-PINK1-Parkin
Metformin gathway), and inhibit oxidative stress [132-134]
and apoptosis (AMPK and
mTOR pathway)
Reduce glucose reabsorption, suppress
inflammation (TNFR1/IL-6/MMP7),
SGLT2 Inhibitors inhibit oxidative stress
(e.g., empagliflozin, (AGE-RAGE-ROS), modulate 135-141
. dapagliflozin, metabolism (PKM2), protect [135-141]
Hypoglycemic Agents canagliflozin) mitochondria (Prdx3), inhibit ferroptosis
(AMPK/NRF2), and counteract
senescence (HHIP suppression)
Inhibit DPP-4 activity, suppress
DPP-4 Inhibitors inflammation (AGE-DPP4 axis), inhibit
(e.g., sitagliptin, EMT (TGFBR), attenuate fibrosis [142-145]
vildagliptin, alogliptin) (TGF-f1 signaling), and reduce
apoptosis (PI3K/AKT, NF-«B)
GLP-IR Agonists En.lglan.ce insulin secretiqn, finhibi’c .
(e.g., exenatide, 9x1 ative s’Fress, redu'ce in: arpma‘tlor.l, .
. improve mitochondrial function, inhibit [146-151]
semaglutide, P s (AMPK path d
liraglutide) erroptosis ( pat way), an
regulate lipid metabolism
RAS Inhibitors thibi't NF—|'<B, reduce inflammation and
. (e.z, ACEi, ARBs like f1br051s,.actlvate Nrf2 /Keap1, suppress
Hypotensive Drugs & ! NLRP3 inflammasome, remodel [152-156]
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Table 1. Cont.
Therapeutic Class Drug Example Protective Mechanisms References
Block ET-1 signaling, reduce oxidative
Endothelin Receptor stress (NADPH oxidase inhibition),
Antagonists suppress EMT (TGF-3-SMAD), and [157-159]

Hypotensive Drugs

(e.g., atrasentan)

protect mitochondria (UCP2,
SOD2 upregulation)

Mineralocorticoid Receptor
Antagonists
(e.g., finerenone)

Inhibit mTOR/S6K1, activate
PI3K/Akt/eNOS, improve mitophagy,
reduce oxidative stress and fibrosis, and

counteract senescence
(RXRa/MR pathway)

[118,160-163]

Statins Reduce oxidative stress, inflammation,

g . (e.g., simvastatin, and ferroptosis; modulate lipid B
Lipid-Modulating Drugs atorvastatin), metabolism via AMPK/FOXA2/ [164-167]
Fenofibrate MCAD pathways

Reduce inflammation, fibrosis, and
Mesenchymal Stem Cells  apoptosis, transfer mitochondria, restore
Stem Cell Therapy (MSCs) autophagy, and modulate KLF3/ [168-174]
STAT3 pathways
METTL Inhibitors, L T Fbrosie
Gene Therapy miRNAs (e.g., miR-30c, y d ! [175-181]

restore SMAD7, and suppress

miR-141, miR-122-5p) TGF-B1 pathways

SGLT2, sodium-glucose transporter 2; DPP-4, dipeptidyl peptidase-4; GLP-1R, glucagon-like peptide-1 receptor;
RAS, renin-angiotensin system; METTL3, methyltransferase-like 3.

3.1. Hypoglycemic Agents

Hypoglycemic agents exert nephroprotective effects by ameliorating both direct gluco-
toxic insults and indirect tubular injury through dual mechanisms, including neutralizing
primary glucose-mediated cellular damage and intercepting downstream molecular cas-
cades triggered by sustained hyperglycemia.

3.1.1. Metformin

Metformin, a biguanide derivative synthesized from guanidines found in Galega offic-
inalis, is a conventional hypoglycemic agent and a first-line treatment for T2DM [182,183].
Its protective effects against DKD have also been increasingly recognized. One study
demonstrated that metformin administration in T2DM patients is associated with a lower
risk of overt DKD [184]. Furthermore, patients receiving a combination of metformin and
SGLT2 inhibitors exhibit significantly reduced risks of kidney disease progression and
mortality compared to those treated with SGLT2 inhibitors alone [185].

Several trials have indicated that metformin can attenuate DKD progression by in-
hibiting inflammation, oxidative stress, and fibrosis [132]. This protection may be partly
achieved by alleviating renal tubular injury. AMPK plays a crucial regulatory role in mito-
chondrial homeostasis and DKD pathogenesis. As an AMPK agonist, metformin alleviates
renal tubulointerstitial fibrosis by activating mitophagy via the AMPK-PINK1-Parkin
pathway, thereby reducing mitochondrial damage and ROS generation [133]. Another
study confirmed that metformin attenuates renal tubulointerstitial fibrosis by promoting
AMPK-induced autophagy and suppressing partial EMT in RTECs, particularly in early-
stage DKD [134]. The mammalian target of rapamycin (mTOR), a highly conserved kinase,
is implicated in DM, with its overactivation being a critical factor [186]. Existing studies
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demonstrate that metformin inhibits oxidative stress and apoptosis in DKD by modulat-
ing both AMPK and mTOR pathways [132]. Further research is warranted to elucidate
metformin’s specific role via the mTOR pathway in protecting renal tubules.

However, the adverse effects of metformin warrant attention. Events such as diarrhea
and nausea occur at a higher risk in patients treated with metformin plus lifestyle inter-
vention compared to lifestyle intervention alone [187]. Lactic acidosis, a rare but serious
complication, has an incidence of approximately 4.3 cases per 100,000 person-years among
metformin users [188]. Future studies should focus on optimizing metformin’s safety
profile in DKD treatment, particularly through combination therapies with other agents.

3.1.2. Sodium—-Glucose Cotransporter 2 Inhibitors (SGLT2i)

SGLT2i have emerged as multifaceted nephroprotectants in DKD, targeting both
systemic hyperglycemia and tubular-specific injury pathways. By inhibiting glucose reab-
sorption in PTECs, these agents, including dapagliflozin, empagliflozin, and canagliflozin,
induce glucosuria while concurrently modulating critical pathomechanisms. SGLT2i have
been identified to be beneficial in the treatment of diabetes. Some clinical trials illustrate
that the mortality, adverse cardiovascular complications, and acute kidney disease in
patients with diabetes are reduced with the utilization of SGLT2i [189-191]. The EMPA-
KIDNEY trial demonstrated that empagliflozin therapy reduces the risk of kidney disease
progression or cardiovascular death in patients with CKD [192]. Similarly, dapagliflozin
reduces the risk of a composite outcome comprising a sustained >50% decline in estimated
glomerular filtration rate (eGFR), end-stage kidney disease, or death from renal or cardio-
vascular causes in CKD patients, irrespective of DM status [193]. These trials’ results are

shown in Table 2.

Table 2. Recent clinical trials related to DKD or DM.

Clinical . Number of Primary Secondary
Drugs Trials Study Design Patients Outcomes Outcomes Reference
Randomized,
double-blind, .. Lower all-cause
. 28% reduction in o
placebo-controlled trial progression of hospitalization;
e EMPA- in CKD patients with . . no significant
Empagliflozin KIDNEY study  or without diabetes; 6609 lggréeéf}:s(ﬁ;e OF  effect on CV [192]
empagliflozin 10 mg 0.72, p < 0.001) death or HF
daily; median St ’ hospitalization.
follow-up 2.0 years.
Randomized, 39% reduction in 999% reduction in
placebo-controlled trial sustained GFR CVO death or HF
in CKD patients with decline, kidney N
. . DAPA-CKD . ;i hospitalization;
Dapagliflozin or without T2D; 4304 failure, or . [193]
pag study 31% reduction in
dapagliflozin 10 mg renal/CV death all-cause
daily; median (HR 0.61, mortalit
follow-up 2.4 years. p <0.001). Y
Randomized, o L
double-blind trial in 13% reduction in éZV/o ;:i;;c’tllg; m
T2D with high CV risk; CV death, roduction in ’
Liraglutide LEADER study liraglutide 1.8 mg (or 9340 nonfatal MI, or all-cause [194]
the maximum tolerated stroke (HR 0.87, mortalitv: fewer
dose) daily; median p =0.01). Y
MI and stroke.

follow-up 3.8 years.
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Table 2. Cont.
Clinical . Number of Primary Secondary
Drugs Trials Study Design Patients Outcomes Outcomes Reference
Multicenter, Sloner eGljR
. decline; 18%
randomized, . Lo
. 24% reduction in  reduction in
double-blind, . . hro
lacebo-controlled trial major kidney MACE; 20%
Semaglutide FLOW study P . . 3533 disease events reduction in [195]
in patients with T2D
. (HR 0.76, all-cause
and CKD; semaglutide .
. - p =0.0003). mortality; fewer
1.0 mg weekly; median .
serious adverse
follow-up 3.4 years.
events.
Double-blind, 35% reduction in
placebo-controlled trial doubling serum No significant
in CKD with T2D; creatinine or difference in CV
Atrasentan SONAR study atrasentan 0.75 mg 2648 kidney failure death or HF [19]
daily; median (HR 0.65, hospitalization.
follow-up 2.2 years. p = 0.0047).
Randomized, 14% reduction in
double-blind trial in 18% reductionin  CV events (HR
CKD with T2D; kidney failure, 0.86, p = 0.03);
Finerenone FIDE];IC;_DKD maximum dose on the 5734 GEFR decline, or higher [197]
study manufacturer’s label; renal death (HR discontinuation
median follow-up 0.82, p = 0.001). due to
2.6 years. hyperkalemia.

CV death, cardiovascular death.

The role of SGLT2i in metabolism regulation and weight control in diabetes can also
lead to the improvement of kidney functions [198]. Animal experiments have demonstrated
that treatment with SGLT2i had beneficial effects on lipid metabolism, blood pressure, renal
tubular fibrosis, apoptosis, oxidative stress, and inflammation [199]. Several studies also
provide evidence of SGLT?2i in the protection of DKD, including improvement of kidney
functions and inhibition of disease progression [200,201]. Their renoprotective effects
stem from coordinated suppression of inflammatory cascades like TNFR1/IL-6/MMP7
downregulation, oxidative stress via AGE-RAGE-ROS axis interruption, and metabolic
reprogramming through PKM2-mediated glycolytic flux reduction, collectively attenuating
EMT and tubulointerstitial fibrosis [135-137].

Mitochondrial protection constitutes another therapeutic axis, where SGLT2i restores
MQC by upregulating peroxiredoxin 3 (Prdx3), thereby neutralizing mtROS and preserving
tubular bioenergetics [138]. Notably, these agents counteract cellular senescence through
HHIP suppression in PTECs and combat novel cell death modalities. Empagliflozin activates
AMPK/NRF2 signaling to inhibit ferroptosis, while dapagliflozin reverses lipid peroxidation
and mitochondrial dysfunction characteristic of ferroptotic cell death [139-141].

The clinical application of SGLT2i continues to be actively investigated. Concurrently,
research is exploring the functions of SGLT1, which also mediates glucose and galactose
reabsorption. Unlike SGLT2, SGLT1 exhibits a broader tissue distribution, predominantly
located in the small intestine but also expressed in the kidney, heart, and brain [202].
SGLT1 is responsible for reabsorbing the majority of dietary glucose in the intestine and
the residual filtered glucose in the renal tubule. Interest in SGLT1 inhibitors (SGLT1i) is
growing, with some studies suggesting potential benefits for cardiovascular diseases and
other conditions [203]. Recent evidence indicates that inhibition of SGLT1 and SGLT2 may
offer therapeutic advantages over existing treatments for patients with T2DM, potentially
attributable to the renal and cardiovascular protective effects associated with SGLT1 inhibi-
tion [204]. To date, SGLT2i remains the primary choice for clinical management of DKD.
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However, the efficacy of emerging SGLT1/2 inhibitors, which target both transporters
with near-equal potency, requires further evaluation. It is noteworthy that adverse events,
such as genitourinary infections, have been associated with SGLT2i therapy, necessitating
additional research to clarify their associated risks.

Despite these advances, the pleiotropic mechanisms of SGLT2i remain partially deci-
phered. Current evidence suggests a hierarchical action profile. Primary metabolic effects
(glucose-lowering) initiate secondary cellular responses (oxidative stress mitigation), which
subsequently modulate tertiary pathophysiological endpoints (fibrosis/senescence). Eluci-
dating spatiotemporal dynamics of these interactions and identifying dominant molecular
nodes will be crucial for developing next-generation SGLT2i with enhanced renal tropism
and mechanistic precision.

3.1.3. Dipeptidyl Peptidase 4 Inhibitors (DPP-4i)

Glucagon-like peptide-1 (GLP-1), an incretin hormone secreted by intestinal L-cells,
plays a pivotal role in glucose homeostasis through potentiation of glucose-dependent
insulin secretion from pancreatic 3-cells. The biological activity of GLP-1 and gastric
inhibitory polypeptide (GIP) is regulated by dipeptidyl peptidase-4 (DPP-4), a membrane-
associated protease that rapidly cleaves these incretins [205]. DPP-4i, such as sitagliptin,
vildagliptin, and alogliptin, exert therapeutic effects by prolonging the half-life of endoge-
nous incretins, with emerging evidence suggesting additional renoprotective benefits in
DKD. Clinical studies have demonstrated that DPP-4i administration improves glycemic
control and reduces albuminuria in DKD patients [206]. Vildagliptin has been found to
delay the progression of DKD due to the observed renal tissue improvements, and the
combination with SGLT2i may have a more therapeutic effect [207].

The effectiveness of DPP-4i in DKD treatment may potentially work through multi-
modal mechanisms involving anti-inflammatory, antioxidant, and antifibrotic actions [206].
Mechanistically, AGEs induce DPP-4 overexpression in PTECs, creating a pro-inflammatory
autocrine loop that can be disrupted by DPP-4 inhibition [142]. Emerging evidence impli-
cates DPP-4 in EMT pathogenesis, with soluble DPP-4 (sDPP-4) shown to activate TGF-f3
receptor (TGFBR)-dependent EMT signaling in TECs, an effect abrogated by linagliptin
treatment [143]. The antifibrotic properties of DPP-4i are further demonstrated through
their ability to attenuate TGF-31-mediated fibrogenesis in PTECs. Specifically, linagliptin
disrupts the high glucose-induced interaction between DPP-4 and cation-independent
mannose-6-phosphate receptor (CIM6PR) in HK-2 cells, thereby inhibiting TGF-f1 activa-
tion and subsequent profibrotic signaling [144]. Furthermore, gemigliptin can downregu-
late fibrotic gene expression through the inhibition of TGF-3 /NF-«kB-induced NLRP3 in-
flammasome activation [145]. DPP-4i also suppress apoptosis by regulating the PI3K/AKT
and NF-kB signaling pathways.

In conclusion, DPP-4i play a therapeutic role in renal tubular injury with DKD through
the suppression of inflammation, oxidative stress, fibrosis, apoptosis, and so on. However,
DPP-4i seem to have a weaker effect compared to other hypoglycemic agents, perhaps due
to the fewer studies that focus on DPP-4i. And existing evidence mostly concentrates on
combinations with other drugs; thus, further studies are needed to illustrate more functions
of DPP-4i.

3.1.4. Glucagon-like Peptide-1 Receptor Agonists (GLP-1RA)

Glucagon-like peptide-1 receptor (GLP-1R) can regulate blood glucose levels and lipid
metabolism through specifically binding to the key hormone glucagon-like peptide-1 (GLP-
1) [208]. GLP-1RA can imitate the action of endogenous GLP-1 to stimulate GLP-1R, thereby
enhancing insulin secretion, inhibiting glucagon release during hyperglycemia, slowing
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gastric emptying, preventing substantial increases in postprandial glucose, and reducing
caloric intake and body weight to achieve glycemic control [146]. Given its functions,
GLP-1R and its agonists hold significant therapeutic potential in the treatment of many
diseases related to metabolism, such as diabetes.

A study involving 15 kinds of GLP-1RA verified that GLP-1RA can effectively lower
hemoglobin Alc (HbAlc) and fasting plasma glucose concentrations, with benefits for
weight control in patients with diabetes [209]. GLP-1RA has been demonstrated to re-
duce the risk of major adverse cardiovascular events (MACEs), all-cause mortality, and
worsening kidney function in patients with diabetes [210]. In a major double-blind trial,
liraglutide reduced the rate of the first occurrence of death from cardiovascular causes, non-
fatal myocardial infarction, or nonfatal stroke among patients with T2DM [194]. Similarly,
compared to placebo, semaglutide treatment significantly lowered the risk of a composite
of clinically important kidney outcomes and death from cardiovascular causes in patients
with T2DM and CKD, further verifying the therapeutic effect of GLP-1RAs in DKD [195].

The protection of GLP-1RA in renal tubules with DKD can be attributed to its inhibition
of oxidative stress, inflammation, enhancing renal mitochondrial function, cell death and so
on. Given that the dysfunction of mitochondria can induce renal tubular injury, exenatide
has been used as a treatment in ameliorating mitochondrial dysfunction, reducing ROS
production and apoptosis in renal tubules [147]. Semaglutide can promote the expression
of B-klotho (KLB) to mediate ferroptosis inhibition under DKD through the activation of
the AMPK signaling pathway, subsequently reducing inflammation and fibrosis as well as
alleviation of renal tubular injury [148]. A study verified that liraglutide can suppress lipid
synthesis and promote lipolysis to provoke ELD in renal tubules with DKD by promoting
AMPK phosphorylation [149]. Similarly, another study found that liraglutide improves
renal tubular ELD through modulating gut microbiota composition and increasing serum
metabolite 5-OP [150]. GLP-1RA can also enhance AMPK-fatty acid metabolic signaling
via macropinocytosis to suppress ferroptosis, contributing to tubular protection [151].

Currently, in the management of diabetes mellitus, the primary deployment of GLP-
1RA continues to predominantly involve combination therapy with other pharmacological
agents. In a cohort study, the combination of GLP-1RA and SGLT2i was related to a lower
risk of MACEs and serious renal events compared to either drug class alone [211]. However,
the adverse events associated with GLP-1RAs warrant consideration, as gastrointestinal
effects including diarrhea and nausea have been reported during therapy for T2DM [210].
More studies are needed to reveal other mechanisms and functions of GLP-1RA in the
treatment of DKD.

3.2. Hypotensive Drags

Emerging evidence highlights the therapeutic benefits of hypotensive drugs, demon-
strating their efficacy not only in blood pressure regulation but also as critical agents in
diabetes management, particularly in addressing the pathophysiological interplay between
hypertension and hyperglycemia, two key components of metabolic dysregulation.

3.2.1. Renin-Angiotensin System Inhibitors (RASi)

The renin-angiotensin system (RAS) serves as a cornerstone in preserving renal physi-
ological homeostasis, with accumulating evidence establishing RASi as pivotal therapeutic
interventions for DKD.

As pharmacologic agents encompassing angiotensin-converting enzyme inhibitors
(ACEi) and angiotensin receptor blockers (ARBs), RASi exhibit the clinically validated
capacity to decelerate CKD progression. Their therapeutic efficacy extends beyond hemo-
dynamic modulation through pleiotropic mechanisms involving coordinated suppression
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of inflammatory cascades, oxidative damage, fibrotic transformation, and programmed cell
death pathways. Preclinical investigations revealed that RASi ameliorate proteinuria and
tubulointerstitial fibrosis not merely through blood pressure reduction but via molecular
interventions such as NF-«B pathway inhibition and attenuation of macrophage infiltration,
effectively counteracting inflammatory and fibrotic processes in DKD [152].

Emerging evidence further delineates novel pharmacodynamic mechanisms. Irbesar-
tan demonstrates renal protection through Nrf2 /Keap1 pathway activation coupled with
NLRP3 inflammasome suppression [153], while losartan exhibits mitochondrial remodeling
capabilities in renal proximal tubules, enhancing mitophagy, shifting mitochondrial dynam-
ics toward fusion equilibrium, restoring respiratory competence, and reducing oxidative
stress-mediated apoptosis [154]. Concurrently, valsartan orchestrates multi-pathway regula-
tion by targeting genetic networks involved in RAS hyperactivation, AGE-RAGE crosstalk,
TGF-f signaling, and PI3K-Akt axis dysregulation, thereby mitigating renal fibrosis and
tubular injury [155]. The therapeutic spectrum expands further with olmesartan medoxomil
demonstrating autophagy modulation through concurrent inhibition of the AGE/PKC,
TLR4/p38-MAPK, and SIRT-1 signaling cascades [156].

This paradigm shift in understanding RASi pharmacology, from traditional antihyper-
tensives to multi-target modulators of cellular degradation, redox balance, and inflammatory
signaling, unveils unprecedented therapeutic avenues for DKD management, fundamentally
reshaping treatment strategies through molecular precision medicine approaches.

3.2.2. Endothelin Receptor Antagonists (ERAs)

The endothelin (ET) system has emerged as a critical mediator in the pathogene-
sis of DKD, with endothelin-1 (ET-1) and its receptors (ETA /ETB) exerting multifaceted
pathogenic influences through hemodynamic, pro-fibrotic, and inflammatory mecha-
nisms [212]. This complex signaling axis has positioned ERAs as promising therapeutic
agents, demonstrating significant nephroprotective potential through antiproteinuric and
disease-modifying effects in both preclinical models and clinical trials [213]. Accumulating
evidence from randomized controlled studies confirms that ERA monotherapy or combina-
tion regimens can substantially reduce albuminuria (38-52% reduction versus placebo) and
improve composite renal outcomes in DKD populations, with particular efficacy observed
in patients with residual proteinuria despite standard care [214]. The SONAR trial demon-
strated that atrasentan reduces the risk of primary composite renal outcomes, including
the doubling of serum creatinine and ESKD in patients with DM and CKD, confirming the
therapeutic promise of ERAs in DKD [196].

The therapeutic potential of ERA intervention stems from ET-1’s pleiotropic renal
actions. Beyond its established role as the most potent endogenous vasoconstrictor, ET-1
activates mitogenic pathways through ETA receptor-mediated stimulation of MAPK and
PI3K/ Akt cascades, promotes tubular EMT via SMAD-dependent TGF- signaling, and
induces oxidative stress through NADPH oxidase activation [157]. Crucially, ET-1 exerts
direct tubular toxicity by disrupting mitochondrial bioenergetics, depressing membrane
potential, impairing electron transport chain function, and triggering caspase-dependent
apoptosis through ERS pathways [158]. Pharmacological ERA intervention counteracts
these pathological processes through targeted receptor blockades. The selective ETA an-
tagonist atrasentan demonstrates mitochondrial protective effects via upregulation of
uncoupling protein-2 (UCP2) and superoxide dismutase (SOD2), restoring redox homeosta-
sis while attenuating biomarkers of proximal tubular injury (KIM-1, NGAL) and reducing
TEC apoptosis by 67% in diabetic models [159]. Novel ERA derivatives exhibit enhanced
therapeutic profiles, with recent in vitro studies showing that ETA/ETB inhibition in
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high-glucose environments suppresses superoxide overproduction through Nrf2 pathway
activation while modulating Bcl-2/Bax balance to prevent HK-2 cell apoptosis [215].

Although ERAs show benefits for DKD treatment, their associated adverse events,
particularly fluid retention and anemia, warrant clinical attention [196]. Current therapeutic
strategies increasingly employ ERA combination therapies to amplify renoprotection. Syner-
gistic effects have been documented when co-administered with RASi through complemen-
tary inhibition of angiotensin II and ET-1 crosstalk while emerging data suggest enhanced
glomerular hemodynamic regulation when combined with SGLT2i [216-218]. Ongoing
phase III trials like SONAR follow-up studies are investigating long-term cardiovascular—
renal outcomes of ERA add-on therapy in DKD populations. Future research will focus on
developing tissue-specific ERA delivery systems and elucidating the ET system’s role in
podocyte—endothelial crosstalk, establishing ET pathway modulation as a cornerstone of
emerging precision nephrology approaches for diabetes management.

3.2.3. Mineralocorticoid Receptor Antagonists (MRAs)

The mineralocorticoid receptor (MR), a critical regulator of human physiological
processes, demonstrates significant pathophysiological implications when overactivated
in diabetes mellitus. Emerging evidence indicates that MR hyperactivation serves as a
key driver of oxidative stress, renal inflammation, and fibrotic progression in DKD [219].
Extensive clinical investigations have established that MRAs consistently attenuate albu-
minuria, slow CKD progression, and inhibit pro-fibrotic/inflammatory pathways in DKD
patients [220]. Modern pharmacological classifications distinguish MRAs into steroidal
and non-steroidal subtypes, with the latter demonstrating superior therapeutic efficacy
through enhanced receptor selectivity and reduced risk of hyperkalemia [221].

Mechanistic studies have revealed that MRAs exert renoprotective effects through
multi-target modulation of tubular pathophysiology. These agents preserve proximal
tubular integrity by modulation of the mTOR/S6K1 signaling axis, a critical mediator of
fibrogenesis, and cellular redox homeostasis [160]. Finerenone, a next-generation non-
steroidal MRA, has emerged as a breakthrough therapeutic, demonstrating significant
reductions in both renal and cardiovascular morbidity /mortality across diverse DKD pop-
ulations [161]. Recent molecular investigations elucidate finerenone’s capacity to mitigate
oxidative damage, prevent mitochondrial fragmentation, and restore mitophagy through
PI3K/Akt/eNOS pathway activation in renal tubular cells [162]. Advanced multi-omics
approaches have further identified finerenone-mediated downregulation of ECM produc-
tion genes and suppression of profibrotic signaling in proximal tubules [163]. Notably,
MRAs exhibit novel anti-senescence properties through RXRa/MR pathway inhibition,
effectively reducing renal lipid accumulation and interstitial fibrosis in experimental DKD
models [118].

MRAs demonstrate therapeutic benefits in DKD. In the FIDELIO-DKD trial, patients
with CKD and T2DM receiving finerenone showed reduced risk of both primary outcomes,
consisting of kidney failure, a sustained decrease in eGFR, and death from renal causes, and
key secondary outcome events compared to the placebo group [197]. Therapeutic optimiza-
tion strategies emphasize combination therapies, with recent meta-analyses demonstrating
enhanced albuminuria reduction and blood pressure control when combining MRAs with
SGLT?2i [222,223]. This synergistic approach, particularly when employing non-steroidal
MRAs, represents a paradigm shift in DKD management by addressing multiple pathogenic
pathways simultaneously. The evolving understanding of MRA mechanisms, spanning
cellular senescence regulation, metabolic reprogramming, and MQC, continues to expand
their therapeutic potential beyond traditional mineralocorticoid antagonism, offering novel
avenues for precision medicine in DKD.
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3.3. Lipid-Modulating Drugs

Emerging evidence underscores the critical role of lipid metabolism dysregulation in
the pathogenesis of DKD, with pathological alterations involving triglycerides, cholesterol
homeostasis, and lipid droplet dynamics [224]. The underlying mechanisms encompass multi-
faceted processes, including metabolic reprogramming, ferroptosis, lipophagy dysregulation,
and gut microbiota-mediated immunomodulation [225]. These pathophysiological alterations
highlight the therapeutic potential of lipid-modulating agents in DKD management.

Clinical investigations have established statins’ significant association with reduced all-
cause mortality in CKD populations [164]. Beyond their lipid-lowering properties, statins
exhibit pleiotropic renoprotective effects through antioxidant, anti-inflammatory, and anti-
fibrotic mechanisms. Experimental studies have revealed that simvastatin ameliorates
renal pathology by activating the farnesoid X receptor and Nrf2/HO-1 signaling axis,
thereby attenuating oxidative damage, inflammatory responses, and apoptotic pathways in
DKD [165]. Similarly, atorvastatin demonstrates renal protective efficacy via suppression
of ROS and inhibition of ferroptosis signaling in TECs [166].

Novel therapeutic strategies targeting lipid metabolism show promising results.
Fenofibrate administration improves renal function through AMPK/FOXA2/MCAD path-
way activation, effectively reducing triglyceride accumulation and tubular apoptosis [167].
GLP-1RAs like liraglutide exhibit dual metabolic benefits by decreasing ELD through mod-
ulation of lipogenesis-lipolysis balance in renal tubules [149]. The ANXA1 mimetic peptide
Ac2-26 emerges as a potential therapeutic agent, demonstrating improved mitochondrial
fatty acid oxidation and reduced lipotoxicity in PTECs, with experimental models showing
significant attenuation of tubular injury biomarkers [226]. Furthermore, phytochemical
derivatives exhibit renal protective effects through lipid metabolism regulation, suggesting
promising avenues for natural product-based interventions [227-229].

Notwithstanding these therapeutic advances, emerging evidence cautions against
prolonged statin therapy in diabetic models, with studies demonstrating paradoxical
exacerbation of insulin resistance, dyslipidemia, and ectopic fat deposition culminating in
aggravated renal inflammation and fibrosis [230]. This therapeutic paradox underscores
the necessity for rigorous pharmacokinetic studies and large-scale clinical trials to establish
optimal dosing regimens and evaluate long-term safety profiles.

The evolving landscape of lipid-targeted therapies presents opportunities and chal-
lenges in DKD management. Future research should prioritize defining tissue-specific ac-
tions of lipid modulators, developing combination therapies targeting multiple pathogenic
pathways, and establishing personalized treatment algorithms grounded in individual
metabolic profiles.

3.4. Stem Cell Therapy

Emerging as a groundbreaking therapeutic frontier in DKD management, stem cell
therapy demonstrates multifaceted renoprotective effects through diverse cellular mecha-
nisms. Current translational approaches utilize stem cells derived from bone marrow (BM),
umbilical cord /amniotic fluid (UC/AF), urinary sources, and adipose tissue, all showing
efficacy in ameliorating renal dysfunction by reducing proteinuria, oxidative stress, EMT,
and fibroinflammatory processes [231]. Among various stem cell types, mesenchymal
stem cells (MSCs) have emerged as the most clinically promising modality, exerting ther-
apeutic effects through immunomodulation, MQC enhancement, autophagy restoration,
and anti-fibrotic mechanisms [232]. Clinical validation comes from a randomized trial
demonstrating the acceptable safety profile of bone marrow-derived ORBCEL-M cells in
DKD patients, despite observed transient adverse effects [233].
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Mechanistically, MSCs mediate renal protection through sophisticated cellular
crosstalk. Human MSCs engage in paracrine interactions with PTECs, effectively suppress-
ing chronic inflammatory signaling cascades [168]. These effects are partially mediated
by MSC-derived small extracellular vesicles (sEVs) carrying regulatory microRNAs, no-
tably miR-23a-3p, which attenuates renal fibrosis and inflammation through KLF3/STAT3
pathway modulation in hyperglycemic HK-2 cells [169]. Bone marrow MSCs (BMSCs)
demonstrate therapeutic actions in hyperglycemic environments by mitigating renal in-
flammation/fibrosis while inhibiting ferroptosis via MAPK signaling suppression [170].
Complementary mechanisms include mitochondrial transfer to PTECs, which reduces
apoptosis and ROS production through MQC restoration [171,172]. Umbilical cord-derived
MSCs (UC-MSCs) exhibit distinct anti-fibrotic properties via exosome-mediated Hedge-
hog/SMO pathway inhibition, effectively blocking EMT progression [173]. Furthermore,
MSC-derived exosomes counteract autophagy impairment in DKD by modulating mTOR-
dependent signaling pathways [174].

The therapeutic landscape extends to induced pluripotent stem cells (iPSCs), re-
programmed somatic cells with multilineage differentiation capacity. Their potential to
generate renal tubular progenitor cells offers novel opportunities for targeted tubular regen-
eration in DKD [234]. While autologous stem cell sources theoretically mitigate immuno-
logical rejection risks, current clinical translation remains constrained by methodological
challenges. Most evidence remains predominantly confined to preclinical investigations,
necessitating rigorous clinical trials to establish standardized protocols, optimize delivery
methods, and validate long-term therapeutic outcomes across diverse DKD populations.

3.5. Gene Therapy

Accumulating evidence highlights the pivotal role of genetic and epigenetic dysreg-
ulation in the pathogenesis of DKD, with disease progression driven by aberrant gene
expression mediated through canonical signaling pathways, transcription factors, and epi-
genetic modifications. Notably, chromatin remodeling, DNA methylation, and non-coding
RNA (ncRNA)-mediated regulation have emerged as critical mechanisms underlying re-
nal pathology [235]. These discoveries position gene therapy as a promising strategy for
targeting disease-specific molecular alterations in DKD.

Epigenetic reprogramming has been implicated in renal fibrosis, a hallmark of DKD
progression. Meta-analyses reveal distinct epigenetic signatures in renal tubular cells
during fibrotic transformation, including dysregulated DNA methylation patterns and
histone modifications [236]. The RN A methyltransferase METTL3, a key regulator of N6-
methyladenosine (m6A) modification, promotes EMT in TECs by enhancing mRNA stability
and the translational efficiency of ZEB2, a master EMT inducer. Pharmacological inhibition
of METTLS3 or targeted m6A demethylation of ZEB2 mRNA significantly attenuates EMT
and fibrosis in experimental models [175,176]. Concurrently, histone methylation dynamics
regulate fibrogenic gene expression, with therapeutic modulation of histone-modifying
enzymes demonstrating efficacy in reducing tubular injury and ECM deposition [177].

The regulatory potential of ncRNAs in DKD pathophysiology has garnered substantial
attention. Multiple microRNAs (miRNAs) function as endogenous suppressors of the
TGF-31/SMAD pathway, a central driver of renal inflammation and fibrosis. For instance,
miR-30c and miR-141 mitigate EMT in TECs by antagonizing TGF-{31 signaling, while miR-
122-5p supplementation alleviates tubular injury and interstitial fibrosis in preclinical DKD
models [178-180]. Mechanistically, these miRNAs directly target SMAD?, a negative regu-
lator of TGF-f31 signaling, restoring its expression to counteract fibrotic progression [181].
Emerging therapeutic strategies leverage miRNA mimics or nanoparticle-based deliv-
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ery systems to enhance endogenous miRNA activity, offering precision in modulating
pathogenic pathways.

While gene therapy holds transformative potential through its capacity for precise
molecular targeting and upstream pathway modulation, the inherent complexity of genetic
networks presents significant challenges. The pleiotropic effects of epigenetic modifiers
and ncRNAs necessitate meticulous identification of nodal regulatory points within inter-
connected signaling cascades. Current research priorities include optimizing tissue-specific
delivery systems, resolving off-target effects of epigenetic interventions, and elucidat-
ing crosstalk between genetic and metabolic pathways in DKD. This evolving paradigm
underscores the necessity for multidimensional approaches integrating gene editing tech-
nologies, epigenetic modulators, and ncRNA-based therapeutics. Future advancements in
single-cell sequencing and CRISPR-based screening platforms may enable the development
of personalized gene therapy regimens tailored to individual epigenetic landscapes in
DKD progression.

4. Conclusions

Given the critical involvement of renal tubular injury in exacerbating DKD, this review
synthesizes key mechanistic pathways, including metabolic dysregulation, inflammatory
activation, cellular stress responses, EMT, and senescence pathways, collectively forming
an interconnected pathological network driving disease progression. Current therapeutic
advancements targeting tubular pathophysiology span multiple modalities, exhibiting
renoprotective efficacy. Emerging strategies, including regenerative medicine approaches
like mesenchymal stem cell therapy and CRISPR-based gene editing, further underscore the
expanding therapeutic armamentarium. Despite these advances, unresolved mechanistic
complexities necessitate future investigations to delineate novel molecular drivers of tubu-
lar injury and validate targeted interventions through translational studies. Integrating
multi-omics profiling, advanced disease modeling, and clinical trials will be pivotal in
advancing precision therapeutics for DKD.

Author Contributions: Conceptualization, H.T. and C.Z.; writing—original draft preparation, J.G.
and S.M.; writing—review and editing, S.M., H.T. and C.Z.; validation, J.G.; supervision, H.T. and
C.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work is funded by the National Key Research and Development Program of China
(2024YFC3044900), Key Research and Development Program of Hubei Province (2023BCB034), and
the National Natural Science Foundation of China (82100794, 82200841, 82170773, 82300786, 81700603,
82370728, 82470771, 82400807, and 81974097).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

1. Yao, L.; Liang, X.; Qiao, Y.; Chen, B.; Wang, P,; Liu, Z. Mitochondrial dysfunction in diabetic tubulopathy. Metabolism 2022,
131, 155195. [CrossRef] [PubMed]

Golestaneh, L.; Alvarez, PJ.; Reaven, N.L.; Funk, S.E.; McGaughey, K.J.; Romero, A.; Brenner, M.S.; Onuigbo, M. All-cause costs

increase exponentially with increased chronic kidney disease stage. Am. J. Manag. Care 2017, 23, S163-5172. [PubMed]

3.  GBD Chronic Kidney Disease Collaboration. Global, regional, and national burden of chronic kidney disease, 1990-2017:
A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2020, 395, 709-733. [CrossRef] [PubMed]

Yuan, C.M.; Nee, R.; Ceckowski, K.A.; Knight, K.R.; Abbott, K.C. Diabetic nephropathy as the cause of end-stage kidney disease

reported on the medical evidence form CMS2728 at a single center. Clin. Kidney J. 2017, 10, 257-262. [CrossRef]


https://doi.org/10.1016/j.metabol.2022.155195
https://www.ncbi.nlm.nih.gov/pubmed/35358497
https://www.ncbi.nlm.nih.gov/pubmed/28978205
https://doi.org/10.1016/S0140-6736(20)30045-3
https://www.ncbi.nlm.nih.gov/pubmed/32061315
https://doi.org/10.1093/ckj/sfw112

Biomedicines 2025, 13, 1424 21 of 30

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.
27.

28.

29.

30.

31.

Tuttle, K.R.; Agarwal, R.; Alpers, C.E.; Bakris, G.L.; Brosius, F.C.; Kolkhof, P.; Uribarri, J]. Molecular mechanisms and therapeutic
targets for diabetic kidney disease. Kidney Int. 2022, 102, 248-260. [CrossRef]

Linh, H.T.; Iwata, Y.; Senda, Y.; Sakai-Takemori, Y.; Nakade, Y.; Oshima, M.; Nakagawa-Yoneda, S.; Ogura, H.; Sato, K,;
Minami, T,; et al. Intestinal Bacterial Translocation Contributes to Diabetic Kidney Disease. J. Am. Soc. Nephrol. 2022, 33,
1105-1119. [CrossRef]

Rico-Fontalvo, J.; Aroca, G.; Cabrales, J.; Daza-Arnedo, R.; Yanez-Rodriguez, T.; Martinez-Avila, M.C.; Uparella-Gulfo, I;
Raad-Sarabia, M. Molecular Mechanisms of Diabetic Kidney Disease. Int. J. Mol. Sci. 2022, 23, 8668. [CrossRef]

Nakagawa, T.; Tanabe, K.; Croker, B.P,; Johnson, R.J.; Grant, M.B.; Kosugi, T.; Li, Q. Endothelial dysfunction as a potential
con-tributor in diabetic nephropathy. Nat. Rev. Nephrol. 2011, 7, 36-44. [CrossRef]

Shahzad, K.; Fatima, S.; Khawaja, H.; Elwakiel, A.; Gadi, I.; Ambreen, S.; Zimmermann, S.; Mertens, PR.; Biemann, R.; Isermann,
B. Podocyte-specific NIrp3 inflammasome activation promotes diabetic kidney disease. Kidney Int. 2022, 102, 766-779. [CrossRef]
Jefferson, J.; Shankland, S.; Pichler, R. Proteinuria in diabetic kidney disease: A mechanistic viewpoint. Kidney Int. 2008, 74, 22-36.
[CrossRef]

He, X.; Cheng, R.; Huang, C.; Takahashi, Y.; Yang, Y.; Benyajati, S.; Chen, Y.; Zhang, X.A.; Ma, ].X. A novel role of LRP5 in
tubu-lointerstitial fibrosis through activating TGF-f/Smad signaling. Signal Transduct. Target. Ther. 2020, 5, 45. [CrossRef]
[PubMed]

Lytvyn, Y.; Bjornstad, P.; van Raalte, D.H.; Heerspink, H.L.; Cherney, D.Z.1. The New Biology of Diabetic Kidney Disease—
Mechanisms and Therapeutic Implications. Endocr. Rev. 2020, 41, 202-231. [CrossRef] [PubMed]

Folz, R.; Laiteerapong, N. The legacy effect in diabetes: Are there long-term benefits? Diabetologia 2021, 64, 2131-2137. [CrossRef]
[PubMed]

Yang, G.; Ma, C.; Chen, Y,; Xiang, J.; Li, L.; Li, Y;; Kang, L.; Liang, Z.; Yang, S. HSPA8 dampens SCAP /INSIG split and SREBP
activation by reducing PKR-mediated INSIG phosphorylation. Cell Rep. 2025, 44, 115339. [CrossRef]

Alicic, R.Z.; Neumiller, ].].; Johnson, E.J.; Dieter, B.; Tuttle, K.R. Sodium-Glucose Cotransporter 2 Inhibition and Diabetic Kidney
Disease. Diabetes 2019, 68, 248-257. [CrossRef]

Vieira, A.B.; Cavanaugh, S.M.; Ciambarella, B.T.; Machado, M.V. Sodium-glucose co-transporter 2 inhibitors: A pleiotropic drug
in humans with promising results in cats. Front. Vet. Sci. 2025, 12, 1480977. [CrossRef]

Ghezzi, C.; Loo, D.D.E; Wright, E.M. Physiology of renal glucose handling via SGLT1, SGLT2 and GLUT?2. Diabetologia 2018, 61,
2087-2097. [CrossRef]

Tabatabai, N.M.; Sharma, M.; Blumenthal, S.S.; Petering, D.H. Enhanced expressions of sodium—glucose cotransporters in the
kidneys of diabetic Zucker rats. Diabetes Res. Clin. Pract. 2009, 83, e27-e30. [CrossRef]

Marks, J.; Carvou, N.J.C.; Debnam, E.S.; Srai, S.K.; Unwin, R.J. Diabetes increases facilitative glucose uptake and GLUT2
expression at the rat proximal tubule brush border membrane. J. Physiol. 2003, 553 Pt 1, 137-145. [CrossRef]

Rahmoune, H.; Thompson, PW.; Ward, ].M.; Smith, C.D.; Hong, G.; Brown, J. Glucose transporters in human renal proximal
tubular cells isolated from the urine of patients with non-insulin-dependent diabetes. Diabetes 2005, 54, 3427-3434. [CrossRef]
Czajka, A.; Malik, A.N. Hyperglycemia induced damage to mitochondrial respiration in renal mesangial and tubular cells:
Implications for diabetic nephropathy. Redox Biol. 2016, 10, 100-107. [CrossRef] [PubMed]

Geis, L.; Kurtz, A. Oxygen sensing in the kidney. Nephrol. Dial. Transplant. 2025, 40, 446-454. [CrossRef] [PubMed]

Tian, Z.; Chen, S.; Shi, Y.; Wang, P.; Wu, Y,; Li, G. Dietary advanced glycation end products (dAGEs): An insight between modern
diet and health. Food Chem. 2023, 415, 135735. [CrossRef]

Dozio, E.; Caldiroli, L.; Molinari, P.; Castellano, G.; Delfrate, N.W.; Romanelli, M.M.C.; Vettoretti, S. Accelerated AGEing: The
Impact of Advanced Glycation End Products on the Prognosis of Chronic Kidney Disease. Antioxidants 2023, 12, 584. [CrossRef]
Schalkwijk, C.; Stehouwer, C.D.A. Methylglyoxal, a Highly Reactive Dicarbonyl Compound, in Diabetes, Its Vascular Complica-
tions, and Other Age-Related Diseases. Physiol. Rev. 2020, 100, 407-461. [CrossRef]

Vlassara, H.; Striker, G.E. AGE restriction in diabetes mellitus: A paradigm shift. Nat. Rev. Endocrinol. 2011, 7, 526-539. [CrossRef]
Sanajou, D.; Haghjo, A.G.; Argani, H.; Aslani, S. AGE-RAGE axis blockade in diabetic nephropathy: Current status and future
directions. Eur. |. Pharmacol. 2018, 833, 158-164. [CrossRef]

Yamagishi, S.-1.; Inagaki, Y.; Okamoto, T.; Amano, S.; Koga, K.; Takeuchi, M. Advanced glycation end products inhibit de novo
protein synthesis and induce TGF-3 overexpression in proximal tubular cells. Kidney Int. 2003, 63, 464—473. [CrossRef]

Wang, S.-N.; Lapage, ].; Hirschberg, R. Role of glomerular ultrafiltration of growth factors in progressive interstitial fibrosis in
diabetic nephropathy. Kidney Int. 2000, 57, 1002-1014. [CrossRef]

Teissier, T.; Boulanger, E. The receptor for advanced glycation end-products (RAGE) is an important pattern recognition receptor
(PRR) for inflammaging. Biogerontology 2019, 20, 279-301. [CrossRef]

Sergi, D.; Boulestin, H.; Campbell, EM.; Williams, L.M. The Role of Dietary Advanced Glycation End Products in Metabolic
Dysfunction. Mol. Nutr. Food Res. 2021, 65, €1900934. [CrossRef] [PubMed]


https://doi.org/10.1016/j.kint.2022.05.012
https://doi.org/10.1681/ASN.2021060843
https://doi.org/10.3390/ijms23158668
https://doi.org/10.1038/nrneph.2010.152
https://doi.org/10.1016/j.kint.2022.06.010
https://doi.org/10.1038/ki.2008.128
https://doi.org/10.1038/s41392-020-0142-x
https://www.ncbi.nlm.nih.gov/pubmed/32345960
https://doi.org/10.1210/endrev/bnz010
https://www.ncbi.nlm.nih.gov/pubmed/31633153
https://doi.org/10.1007/s00125-021-05539-8
https://www.ncbi.nlm.nih.gov/pubmed/34392398
https://doi.org/10.1016/j.celrep.2025.115339
https://doi.org/10.2337/dbi18-0007
https://doi.org/10.3389/fvets.2025.1480977
https://doi.org/10.1007/s00125-018-4656-5
https://doi.org/10.1016/j.diabres.2008.11.003
https://doi.org/10.1113/jphysiol.2003.046268
https://doi.org/10.2337/diabetes.54.12.3427
https://doi.org/10.1016/j.redox.2016.09.007
https://www.ncbi.nlm.nih.gov/pubmed/27710853
https://doi.org/10.1093/ndt/gfae225
https://www.ncbi.nlm.nih.gov/pubmed/39496526
https://doi.org/10.1016/j.foodchem.2023.135735
https://doi.org/10.3390/antiox12030584
https://doi.org/10.1152/physrev.00001.2019
https://doi.org/10.1038/nrendo.2011.74
https://doi.org/10.1016/j.ejphar.2018.06.001
https://doi.org/10.1046/j.1523-1755.2003.00752.x
https://doi.org/10.1046/j.1523-1755.2000.00928.x
https://doi.org/10.1007/s10522-019-09808-3
https://doi.org/10.1002/mnfr.201900934
https://www.ncbi.nlm.nih.gov/pubmed/32246887

Biomedicines 2025, 13, 1424 22 of 30

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

Yan, S.F; Ramasamy, R.; Naka, Y.; Schmidt, A.M. Glycation, inflammation, and RAGE: A scaffold for the macrovascular
complications of diabetes and beyond. Circ. Res. 2003, 93, 1159-1169. [CrossRef] [PubMed]

Shimizu, F; Sano, Y.; Haruki, H.; Kanda, T. Advanced glycation end-products induce basement membrane hypertrophy in
endoneurial microvessels and disrupt the blood—nerve barrier by stimulating the release of TGF- and vascular endothelial
growth factor (VEGF) by pericytes. Diabetologia 2011, 54, 1517-1526. [CrossRef] [PubMed]

Liu, J.; Huang, K.; Cai, G.Y.; Chen, X.M.; Yang, J.R,; Lin, L.R.; Yang, J.; Huo, B.G.; Zhan, J.; He, Y.N. Receptor for advanced
glycation end-products promotes premature senescence of proximal tubular epithelial cells via activation of endoplasmic
reticulum stress-dependent p21 signaling. Cell. Signal. 2014, 26, 110-121. [CrossRef]

Gonzélez, P.; Lozano, P; Ros, G.; Solano, F. Hyperglycemia and Oxidative Stress: An Integral, Updated and Critical Overview of
Their Metabolic Interconnections. Int. J. Mol. Sci. 2023, 24, 9352. [CrossRef]

Yamagishi, S.-I.; Nakamura, K.; Matsui, T.; Ueda, S.; Fukami, K.; Okuda, S. Agents that block advanced glycation end product
(AGE)-RAGE (receptor for AGEs)-oxidative stress system: A novel therapeutic strategy for diabetic vascular complications.
Expert Opin. Investig. Drugs 2008, 17, 983-996. [CrossRef]

Wan, L.; Bai, X.; Zhou, Q.; Chen, C.; Wang, H.; Liu, T.; Xue, J.; Wei, C.; Xie, L. The advanced glycation end-products
(AGEs)/ROS/NLRP3 inflammasome axis contributes to delayed diabetic corneal wound healing and nerve regeneration.
Int. |. Biol. Sci. 2022, 18, 809-825. [CrossRef]

Bhargava, P.; Schnellmann, R.G. Mitochondrial energetics in the kidney. Nat. Rev. Nephrol. 2017, 13, 629-646. [CrossRef]

Kang, HM.; 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. [CrossRef]
Yang, X.; Okamura, D.M,; Lu, X.; Chen, Y.; Moorhead, ].; Varghese, Z.; Ruan, X.Z. CD36 in chronic kidney disease: Novel insights
and therapeutic opportunities. Nat. Rev. Nephrol. 2017, 13, 769-781. [CrossRef]

Khan, S.; Cabral, P.D.; Schilling, W.P.; Schmidt, Z.W.; Uddin, A.N.; Gingras, A.; Madhavan, S.M.; Garvin, ].L.; Schelling, J.R.
Kidney Proximal Tubule Lipoapoptosis Is Regulated by Fatty Acid Transporter-2 (FATP2). . Am. Soc. Nephrol. 2018, 29, 81-91.
[CrossRef] [PubMed]

Zhou, Y.; Liu, L.; Jin, B.; Wu, Y,; Xu, L.; Chang, X.; Hu, L.; Wang, G.; Huang, Y.; Song, L.; et al. Metrnl Alleviates Lipid
Accumulation by Modulating Mitochondrial Homeostasis in Diabetic Nephropathy. Diabetes 2023, 72, 611-626. [CrossRef]
[PubMed]

Zhang, G.; Zhang, J.; DeHoog, R.J.; Pennathur, S.; Anderton, C.R.; Venkatachalam, M.A.; Alexandrov, T.; Eberlin, L.S.; Sharma, K.
DESI-MSI and METASPACE indicates lipid abnormalities and altered mitochondrial membrane components in diabetic renal
proximal tubules. Metabolomics 2020, 16, 11. [CrossRef]

Yang, W.; Luo, Y;; Yang, S.; Zeng, M.; Zhang, S.; Liu, J.; Han, Y.; Liu, Y.; Zhu, X.; Wu, H.; et al. Ectopic lipid accumulation: Potential
role in tubular injury and inflammation in diabetic kidney disease. Clin. Sci. 2018, 132, 2407-2422. [CrossRef]

Shao, W.; Espenshade, PJ. Expanding Roles for SREBP in Metabolism. Cell Metab. 2012, 16, 414—419. [CrossRef]

Chen, Y.; Yan, Q.; Lv, M,; Song, K.; Dai, Y.; Huang, Y.; Zhang, L.; Zhang, C.; Gao, H. Involvement of FATP2-mediated tubular lipid
metabolic reprogramming in renal fibrogenesis. Cell Death Dis. 2020, 11, 994. [CrossRef]

Sakashita, M.; Tanaka, T.; Inagi, R. Metabolic Changes and Oxidative Stress in Diabetic Kidney Disease. Antioxidants 2021, 10, 1143.
[CrossRef]

Kishi, S.; Nagasu, H.; Kidokoro, K.; Kashihara, N. Oxidative stress and the role of redox signalling in chronic kidney disease. Nat.
Rev. Nephrol. 2024, 20, 101-119. [CrossRef]

Yu, Q.; Chen, Y.; Zhao, Y.; Huang, S.; Xin, X,; Jiang, L.; Wang, H.; Wu, W.; Qu, L.; Xiang, C.; et al. Nephropathy Is Aggravated by
Fatty Acids in Diabetic Kidney Disease through Tubular Epithelial Cell Necroptosis and Is Alleviated by an RIPK-1 Inhibitor.
Kidney Dis. 2023, 9, 408-423. [CrossRef]

Zhou, K.; Yao, P; He, ]J.; Zhao, H. Lipophagy in nonliver tissues and some related diseases: Pathogenic and therapeutic
im-plications. J. Cell. Physiol. 2019, 234, 7938-7947. [CrossRef]

Han, Y.; Xiong, S.; Zhao, H.; Yang, S.; Yang, M.; Zhu, X.; Jiang, N.; Xiong, X.; Gao, P.; Wei, L.; et al. Lipophagy deficiency
exacerbates ectopic lipid accumulation and tubular cells injury in diabetic nephropathy. Cell Death Dis. 2021, 12, 1031. [CrossRef]
[PubMed]

Kaur, J.; Debnath, J. Autophagy at the crossroads of catabolism and anabolism. Nat. Rev. Mol. Cell Biol. 2015, 16, 461-472.
[CrossRef] [PubMed]

Tang, S.C.W.; Yiu, W.H. Innate immunity in diabetic kidney disease. Nat. Rev. Nephrol. 2020, 16, 206-222. [CrossRef]

Sanchez, A.P.; Sharma, K. Transcription factors in the pathogenesis of diabetic nephropathy. Expert Rev. Mol. Med. 2009, 11, e13.
[CrossRef] [PubMed]

Navarro-Gonzélez, ].F.; Mora-Fernandez, C.; de Fuentes, M.M.; Garcia-Pérez, J. Inflammatory molecules and pathways in the
pathogenesis of diabetic nephropathy. Nat. Rev. Nephrol. 2011, 7, 327-340. [CrossRef]


https://doi.org/10.1161/01.RES.0000103862.26506.3D
https://www.ncbi.nlm.nih.gov/pubmed/14670831
https://doi.org/10.1007/s00125-011-2107-7
https://www.ncbi.nlm.nih.gov/pubmed/21409414
https://doi.org/10.1016/j.cellsig.2013.10.002
https://doi.org/10.3390/ijms24119352
https://doi.org/10.1517/13543784.17.7.983
https://doi.org/10.7150/ijbs.63219
https://doi.org/10.1038/nrneph.2017.107
https://doi.org/10.1038/nm.3762
https://doi.org/10.1038/nrneph.2017.126
https://doi.org/10.1681/ASN.2017030314
https://www.ncbi.nlm.nih.gov/pubmed/28993506
https://doi.org/10.2337/db22-0680
https://www.ncbi.nlm.nih.gov/pubmed/36812572
https://doi.org/10.1007/s11306-020-1637-8
https://doi.org/10.1042/CS20180702
https://doi.org/10.1016/j.cmet.2012.09.002
https://doi.org/10.1038/s41419-020-03199-x
https://doi.org/10.3390/antiox10071143
https://doi.org/10.1038/s41581-023-00775-0
https://doi.org/10.1159/000529995
https://doi.org/10.1002/jcp.27988
https://doi.org/10.1038/s41419-021-04326-y
https://www.ncbi.nlm.nih.gov/pubmed/34718329
https://doi.org/10.1038/nrm4024
https://www.ncbi.nlm.nih.gov/pubmed/26177004
https://doi.org/10.1038/s41581-019-0234-4
https://doi.org/10.1017/S1462399409001057
https://www.ncbi.nlm.nih.gov/pubmed/19397838
https://doi.org/10.1038/nrneph.2011.51

Biomedicines 2025, 13, 1424 23 of 30

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Dasu, M.R,; Devaraj, S.; Zhao, L.; Hwang, D.H.; Jialal, I. High glucose induces toll-like receptor expression in human monocytes:
Mechanism of activation. Diabetes 2008, 57, 3090-3098. [CrossRef]

Fessler, M.B.; Rudel, L.L.; Brown, ].M. Toll-like receptor signaling links dietary fatty acids to the metabolic syndrome. Curr. Opin.
Lipidol. 2009, 20, 379-385. [CrossRef]

Dasu, M.R;; Devaraj, S.; Park, S.; Jialal, I. Increased toll-like receptor (TLR) activation and TLR ligands in recently diagnosed type
2 diabetic subjects. Diabetes Care 2010, 33, 861-868. [CrossRef]

Wu, Q.-S.; Zheng, D.-N.; Ji, C.; Qian, H.; Jin, J.; He, Q. MicroRNA-630 alleviates inflammatory reactions in rats with diabetic
kidney disease by targeting toll-like receptor 4. World . Diabetes 2024, 15, 488-501. [CrossRef]

Chen, L.; Li, D.; Zhan, Z.; Quan, J.; Peng, J.; Huang, Z.; Yi, B. Sirtuin 2 exacerbates renal tubule injury and inflammation in diabetic
mice via deacetylation of c-Jun/c-Fos. Cell. Mol. Life Sci. 2025, 82, 45. [CrossRef]

Huang, Y.; He, W.; Zhang, Y.; Zou, Z.; Han, L.; Luo, J.; Wang, Y.; Tang, X; Li, Y.; Bao, Y.; et al. Targeting SIRT2 in Aging-Associated
Fibrosis Pathophysiology. Aging Dis. 2024. Online ahead of print. [CrossRef] [PubMed]

Yin, H; Li, X.; Wang, X.; Zhang, C.; Gao, J.; Yu, G.; He, Q.; Yang, J.; Liu, X.; Wei, Y,; et al. Insights into the modulation of bacterial
NADease activity by phage proteins. Nat. Commun. 2024, 15, 2692. [CrossRef] [PubMed]

Tang, S.C.; Lai, K.N. The pathogenic role of the renal proximal tubular cell in diabetic nephropathy. Nephrol. Dial. Transplant. 2012,
27,3049-3056. [CrossRef] [PubMed]

Wong, D.W,; Yiu, W.H.; Chan, KW.,; Li, Y,; Li, B.; Lok, S.W.; Taketo, M.M.; Igarashi, P.; Chan, L.Y; Leung, ].C.; et al. Activated
renal tubular Wnt/ 3-catenin signaling triggers renal inflammation during overload proteinuria. Kidney Int. 2018, 93, 1367-1383.
[CrossRef]

Galluzzi, L.; Yamazaki, T.; Kroemer, G. Linking cellular stress responses to systemic homeostasis. Nat. Rev. Mol. Cell Biol. 2018, 19,
731-745. [CrossRef]

Murphy, M.P,; Bayir, H.; Belousov, V.; Chang, C.J.; Davies, K.J.A.; Davies, M.].; Dick, T.P; Finkel, T.; Forman, H.J.; Janssen-
Heininger, Y.; et al. Guidelines for measuring reactive oxygen species and oxidative damage in cells and in vivo. Nat. Metab. 2022,
4,651-662. [CrossRef]

Lennicke, C.; Cochemé, H.M. Redox metabolism: ROS as specific molecular regulators of cell signaling and function. Mol. Cell
2021, 81, 3691-3707. [CrossRef]

Jomova, K.; Raptova, R.; Alomar, S.Y.; Alwasel, S.H.; Nepovimova, E.; Kuca, K.; Valko, M. Reactive oxygen species, toxicity,
oxidative stress, and antioxidants: Chronic diseases and aging. Arch. Toxicol. 2023, 97, 2499-2574.

Yaribeygi, H.; Atkin, S.L.; Sahebkar, A. A review of the molecular mechanisms of hyperglycemia-induced free radical generation
leading to oxidative stress. J. Cell. Physiol. 2019, 234, 1300-1312. [CrossRef]

Ma, Y.,; Wang, X,; Lin, S.; King, L.; Liu, L. The Potential Role of Advanced Glycation End Products in the Development of Kidney
Disease. Nutrients 2025, 17, 758. [CrossRef]

Beisswenger, PJ.; Howell, S.K.; Russell, G.B.; Miller, M.E.; Rich, S.S.; Mauer, M. Early progression of diabetic nephropathy
correlates with methylglyoxal-derived advanced glycation end products. Diabetes Care 2013, 36, 3234-3239. [CrossRef] [PubMed]
Li, X.Q.; Zhang, ].X,; Li, L.; Wu, Q.Y.; Ruan, X.Z.; Chen, PP; Ma, K.L. Deficiency of GADD45x-R-Loop Pathway and Kidney
Injury in Diabetic Nephropathy. J. Am. Soc. Nephrol. 2025. Online ahead of print. [CrossRef] [PubMed]

Yuan, B.; Jia, D.; Gao, B. Preventive treatment of tripdiolide ameliorates kidney injury in diabetic mice by modulating the
Nrf2/NF-«B pathway. Front. Pharmacol. 2025, 16, 1492834. [CrossRef]

Zhang, B.; Geng, H.; Zhao, K.; Omorou, M,; Liu, S.; Ye, Z.; Zhang, F; Luan, H.; Zhang, X. FSTL1 aggravates high glucose-induced
oxidative stress and transdifferentiation in HK-2 cells. Sci. Rep. 2025, 15, 434. [CrossRef]

Hou, Y.; Tan, E; Shi, H.; Ren, X.; Wan, X.; Wu, W.; Chen, Y,; Niu, H.; Zhu, G,; Li, J.; et al. Mitochondrial oxidative damage
reprograms lipid metabolism of renal tubular epithelial cells in the diabetic kidney. Cell. Mol. Life Sci. 2024, 81, 23. [CrossRef]
Swanson, K.V.; Deng, M.; Ting, ].P.-Y. The NLRP3 inflammasome: Molecular activation and regulation to therapeutics. Nat. Rev.
Immunol. 2019, 19, 477-489. [CrossRef]

Chen, X.; Shi, C.; He, M; Xiong, S.; Xia, X. Endoplasmic reticulum stress: Molecular mechanism and therapeutic targets. Signal
Transduct. Target. Ther. 2023, 8, 352. [CrossRef]

Marciniak, S.J.; Chambers, ].E.; Ron, D. Pharmacological targeting of endoplasmic reticulum stress in disease. Nat. Rev. Drug
Discov. 2022, 21, 115-140. [CrossRef]

Xie, Y;; E, J.; Cai, H.; Zhong, F.; Xiao, W.; Gordon, R.E.; Wang, L.; Zheng, Y.-L.; Zhang, A.; Lee, K ; et al. Reticulon-1A mediates
diabetic kidney disease progression through endoplasmic reticulum-mitochondrial contacts in tubular epithelial cells. Kidney Int.
2022, 102, 293-306. [CrossRef]

Liu, X.; Zhou, D.; Su, Y,; Liu, H,; Su, Q.; Shen, T.; Zhang, M.; Mi, X,; Zhang, Y.; Yue, S.; et al. PDIA4 targets IREl1o/sXBP1 to
alleviate NLRP3 inflammasome activation and renal tubular injury in diabetic kidney disease. Biochim. Biophys. Acta (BBA)—Mol.
Basis Dis. 2025, 1871, 167645. [CrossRef]


https://doi.org/10.2337/db08-0564
https://doi.org/10.1097/MOL.0b013e32832fa5c4
https://doi.org/10.2337/dc09-1799
https://doi.org/10.4239/wjd.v15.i3.488
https://doi.org/10.1007/s00018-024-05567-8
https://doi.org/10.14336/AD.202.0513
https://www.ncbi.nlm.nih.gov/pubmed/39226168
https://doi.org/10.1038/s41467-024-47030-z
https://www.ncbi.nlm.nih.gov/pubmed/38538592
https://doi.org/10.1093/ndt/gfs260
https://www.ncbi.nlm.nih.gov/pubmed/22734110
https://doi.org/10.1016/j.kint.2017.12.017
https://doi.org/10.1038/s41580-018-0068-0
https://doi.org/10.1038/s42255-022-00591-z
https://doi.org/10.1016/j.molcel.2021.08.018
https://doi.org/10.1002/jcp.27164
https://doi.org/10.3390/nu17050758
https://doi.org/10.2337/dc12-2689
https://www.ncbi.nlm.nih.gov/pubmed/23780945
https://doi.org/10.1681/ASN.0000000681
https://www.ncbi.nlm.nih.gov/pubmed/40100277
https://doi.org/10.3389/fphar.2025.1492834
https://doi.org/10.1038/s41598-024-84462-5
https://doi.org/10.1007/s00018-023-05078-y
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/s41392-023-01570-w
https://doi.org/10.1038/s41573-021-00320-3
https://doi.org/10.1016/j.kint.2022.02.038
https://doi.org/10.1016/j.bbadis.2024.167645

Biomedicines 2025, 13, 1424 24 of 30

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Liu, J; Yang, ].R.; Chen, X.M,; Cai, G.Y,; Lin, L.R.; He, Y.N. Impact of ER stress-regulated ATF4/p16 signaling on the premature
senescence of renal tubular epithelial cells in diabetic nephropathy. Am. J. Physiol. Cell Physiol. 2015, 308, C621-C630. [CrossRef]
[PubMed]

Zhang, R.; Bian, C.; Gao, J.; Ren, H. Endoplasmic reticulum stress in diabetic kidney disease: Adaptation and apoptosis after
three UPR pathways. Apoptosis 2023, 28, 977-996. [CrossRef] [PubMed]

Liu, Z.; Nan, P; Gong, Y,; Tian, L.; Zheng, Y.; Wu, Z. Endoplasmic reticulum stress-triggered ferroptosis via the XBP1-Hrd1-Nrf2
pathway induces EMT progression in diabetic nephropathy. Biomed. Pharmacother. 2023, 164, 114897. [CrossRef] [PubMed]
Elwakiel, A.; Mathew, A.; Isermann, B. The role of endoplasmic reticulum—mitochondria-associated membranes in diabetic
kidney disease. Cardiovasc. Res. 2024, 119, 2875-2883. [CrossRef]

Chen, J.; Liu, D,; Lei, L.; Liu, T; Pan, S.; Wang, H.; Liu, Y.; Qiao, Y.; Liu, Z.; Feng, Q. CNPY2 Aggravates Renal Tubular Cell
Ferroptosis in Diabetic Nephropathy by Regulating PERK/ATF4/CHAC1 Pathway and MAM Integrity. Adv. Sci. 2025, Online
ahead of print. [CrossRef]

Hong, E; Liu, B.; Wu, B.X.; Morreall, J.; Roth, B.; Davies, C.; Sun, S.; Diehl, J.A.; Li, Z. CNPY2 is a key initiator of the PERK-CHOP
pathway of the unfolded protein response. Nat. Struct. Mol. Biol. 2017, 24, 834-839. [CrossRef]

Amen, O.M,; Sarker, S.D.; Ghildyal, R.; Arya, A. Endoplasmic Reticulum Stress Activates Unfolded Protein Response Signaling
and Mediates Inflammation, Obesity, and Cardiac Dysfunction: Therapeutic and Molecular Approach. Front. Pharmacol. 2019,
10, 977. [CrossRef]

Fang, M; Shen, Z.; Huang, S.; Zhao, L.; Chen, S.; Mak, TW.; Wang, X. The ER UDPase ENTPD5 promotes protein N-glycosylation,
the Warburg effect, and proliferation in the PTEN pathway. Cell 2010, 143, 711-724. [CrossRef]

Xu, L.; Zhou, Y.;; Wang, G.; Bo, L; Jin, B,; Dai, L.; Lu, Q.; Cai, X,; Hu, L.; Liu, L.; et al. The UDPase ENTPD5 regulates ER
stress-associated renal injury by mediating protein N-glycosylation. Cell Death Dis. 2023, 14, 166. [CrossRef]

Gao, G;; Su, X,; Liu, S.; Wang, P; Chen, ].].; Liu, T,; Xu, J.; Zhang, Z.; Zhang, X.; Xie, Z. Cornuside as a promising therapeutic
agent for diabetic kidney disease: Targeting regulation of Ca2+ disorder-mediated renal tubular epithelial cells apoptosis. Int.
Immunopharmacol. 2025, 149, 114190. [CrossRef]

Zhang, X.; Huo, Z; Jia, X,; Xiong, Y.; Li, B.; Zhang, L.; Li, X,; Li, X.; Fang, Y.; Dong, X,; et al. (+)-Catechin ameliorates diabetic
nephropathy injury by inhibiting endoplasmic reticulum stress-related NLRP3-mediated inflammation. Food Funct. 2024, 15,
5450-5465. [CrossRef] [PubMed]

Liu, B.; Zhang, L.; Yang, H.; Chen, X.; Zheng, H.; Liao, X. SIK2 protects against renal tubular injury and the progression of diabetic
kidney disease. Transl. Res. 2023, 253, 16-30. [CrossRef] [PubMed]

Dhillon, P; Park, J.; del Pozo, C.H.; Li, L.; Doke, T.; Huang, S.; Zhao, J.; Kang, H.M.; Shrestra, R.; Balzer, M.S; et al. The Nuclear
Receptor ESRRA Protects from Kidney Disease by Coupling Metabolism and Differentiation. Cell Metab. 2021, 33, 379-394.e8.
[CrossRef] [PubMed]

Hu, H.; Hu, J.; Chen, Z,; Yang, K.; Zhu, Z.; Hao, Y.; Zhang, Z.; Li, W.; Peng, Z.; Cao, Y.; et al. RBBP6-Mediated ERRx Degradation
Contributes to Mitochondrial Injury in Renal Tubular Cells in Diabetic Kidney Disease. Adv. Sci. 2024, 11, e2405153. [CrossRef]
Li, H; Leung, ].C.K; Yiu, WH.; Chan, L.Y.Y,; Li, B,; Lok, SSW.Y,; Xue, R.; Zou, Y,; Lai, K.N.; Tang, S.C.W. Tubular (3-catenin
alleviates mitochondrial dysfunction and cell death in acute kidney injury. Cell Death Dis. 2022, 13, 1061. [CrossRef]

Ye, S.; Zhang, M.; Zheng, X; Li, S.; Fan, Y.; Wang, Y.; Peng, H.; Chen, S.; Yang, J.; Tan, L.; et al. YAP1 preserves tubular
mitochondrial quality control to mitigate diabetic kidney disease. Redox Biol. 2024, 78, 103435. [CrossRef]

Souza, C.S.; Deluque, A.L.; Oliveira, B.M.; Maciel, A.L.D.; Giovanini, C.; Boer, P.A.; de Paula, FJ.A.; Costa, R.S.; Franscecato,
H.D.C.; de Almeida, L.F; et al. Vitamin D deficiency contributes to the diabetic kidney disease progression via increase
ZEB1/ZEB2 expressions. Nutr. Diabetes 2023, 13, 9. [CrossRef]

Han, E; Wu, S.; Dong, Y.; Liu, Y.; Sun, B.; Chen, L. Aberrant expression of NEDD4L disrupts mitochondrial homeostasis by
downregulating CaMKKJ in diabetic kidney disease. J. Transl. Med. 2024, 22, 465. [CrossRef]

Friedman, J.R.; Nunnari, J. Mitochondrial form and function. Nature 2014, 505, 335-343. [CrossRef]

Takasu, M.; Kishi, S.; Nagasu, H.; Kidokoro, K.; Brooks, C.R.; Kashihara, N. The Role of Mitochondria in Diabetic Kidney Disease
and Potential Therapeutic Targets. Kidney Int. Rep. 2024, 10, 328-342. [CrossRef]

Zhang, ].X.; Chen, PP; Li, X.Q.; Li, L.; Wu, Q.Y.; Wang, G.H.; Ruan, X.Z.; Ma, K.L. Deficiency of thiosulfate sulfurtransferase
mediates the dysfunction of renal tubular mitochondrial fatty acid oxidation in diabetic kidney disease. Cell Death Differ. 2024, 31,
1636-1649. [CrossRef] [PubMed]

Zhang, Y.; Jin, D.; Kang, X.; Zhou, R.; Sun, Y,; Lian, F; Tong, X. Signaling Pathways Involved in Diabetic Renal Fibrosis. Front. Cell
Dev. Biol. 2021, 9, 696542. [CrossRef] [PubMed]

Li, Y; Hu, Q.; Li, C,; Liang, K.; Xiang, Y.; Hsiao, H.; Nguyen, T.K,; Park, P.K,; Egranov, S.D.; Ambati, C.R.; et al. PTEN-induced
partial epithelial-mesenchymal transition drives diabetic kidney disease. J. Clin. Investig. 2019, 129, 1129-1151. [CrossRef]
Zhou, D.; Liu, Y. Renal fibrosis in 2015: Understanding the mechanisms of kidney fibrosis. Nat. Rev. Nephrol. 2016, 12, 68-70.
[CrossRef]


https://doi.org/10.1152/ajpcell.00096.2014
https://www.ncbi.nlm.nih.gov/pubmed/25567807
https://doi.org/10.1007/s10495-023-01858-w
https://www.ncbi.nlm.nih.gov/pubmed/37285056
https://doi.org/10.1016/j.biopha.2023.114897
https://www.ncbi.nlm.nih.gov/pubmed/37224754
https://doi.org/10.1093/cvr/cvad190
https://doi.org/10.1002/advs.202416441
https://doi.org/10.1038/nsmb.3458
https://doi.org/10.3389/fphar.2019.00977
https://doi.org/10.1016/j.cell.2010.10.010
https://doi.org/10.1038/s41419-023-05685-4
https://doi.org/10.1016/j.intimp.2025.114190
https://doi.org/10.1039/D3FO05400D
https://www.ncbi.nlm.nih.gov/pubmed/38687305
https://doi.org/10.1016/j.trsl.2022.08.012
https://www.ncbi.nlm.nih.gov/pubmed/36075517
https://doi.org/10.1016/j.cmet.2020.11.011
https://www.ncbi.nlm.nih.gov/pubmed/33301705
https://doi.org/10.1002/advs.202405153
https://doi.org/10.1038/s41419-022-05395-3
https://doi.org/10.1016/j.redox.2024.103435
https://doi.org/10.1038/s41387-023-00238-2
https://doi.org/10.1186/s12967-024-05207-6
https://doi.org/10.1038/nature12985
https://doi.org/10.1016/j.ekir.2024.10.035
https://doi.org/10.1038/s41418-024-01365-8
https://www.ncbi.nlm.nih.gov/pubmed/39169174
https://doi.org/10.3389/fcell.2021.696542
https://www.ncbi.nlm.nih.gov/pubmed/34327204
https://doi.org/10.1172/JCI121987
https://doi.org/10.1038/nrneph.2015.215

Biomedicines 2025, 13, 1424 25 of 30

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.
115.

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Chiu, I.-].; Ajay, A.K.; Chen, C.-H,; Jadhav, S.; Zhao, L.; Cao, M.; Ding, Y.; Shah, K.M.; Shah, S.I.; Hsiao, L.-L. Suppression of
aldehyde dehydrogenase 2 in kidney proximal tubules contributes to kidney fibrosis through Transforming Growth Factor-
signaling. Kidney Int. 2025, 107, 84-98. [CrossRef]

Yu, T.; Mai, Z.; Zhang, S.; Wang, S.; Yang, W.; Ruan, Z.; Li, P; Guo, E; Zhang, Y.; Li, J.; et al. ACVR1 mediates renal tubular EMT
in kidney fibrosis via AKT activation. Cell Signal. 2025, 125, 111521. [CrossRef]

Li, Y,; Zhang, Y.; Shi, H.; Liu, X,; Li, Z.; Zhang, J.; Wang, X.; Wang, W.; Tong, X. CRTC2 activates the epithelial-mesenchymal
transition of diabetic kidney disease through the CREB-Smad2/3 pathway. Mol. Med. 2023, 29, 146. [CrossRef]

Zhang, |.; Zhang, ].; Zhang, R.; Wang, Y.; Liang, Y.; Yang, Z.; Wang, T.; Xu, X.; Liu, F. Implications of immunoglobulin G deposit in
glomeruli in Chinese patients with diabetic nephropathy. J. Diabetes 2020, 12, 521-531. [CrossRef]

Azushima, K.; Kovalik, J.-P.; Yamaji, T.; Ching, J.; Chng, T.W.; Guo, J.; Liu, J.-J.; Nguyen, M.; Sakban, R.B.; George, S.E.; et al.
Abnormal lactate metabolism is linked to albuminuria and kidney injury in diabetic nephropathy. Kidney Int. 2023, 104, 1135-1149.
[CrossRef]

Zhang, X.; Chen, J.; Lin, R.; Huang, Y.; Wang, Z.; Xu, S.; Wang, L.; Chen, E; Zhang, J.; Pan, K,; et al. Lactate drives epitheli-al-
mesenchymal transition in diabetic kidney disease via the H3K14la/KLF5 pathway. Redox Biol. 2024, 75, 103246. [CrossRef]

Xu, Z.; Jia, K.; Wang, H.; Gao, F; Zhao, S.; Li, F; Hao, J. METTL14-regulated PI3K/Akt signaling pathway via PTEN affects
HDACS5-mediated epithelial-mesenchymal transition of renal tubular cells in diabetic kidney disease. Cell Death Dis. 2021, 12, 32.
[CrossRef] [PubMed]

Xie, J.; Lin, H.; Jin, E; Luo, Y.; Yang, P; Song, J.; Yao, W.; Lin, W.; Yuan, D.; Zuo, A,; et al. Jia Wei Qingxin Lotus Seed Drink
ameliorates epithelial mesenchymal transition injury in diabetic kidney disease via inhibition of JMJD1C/SP1/ZEB1 signaling
pathway. Phytomedicine 2024, 135, 156142. [CrossRef] [PubMed]

Zhao, X.; Wang, S.; He, X.; Wei, W.; Huang, K. Quercetin prevents the USP22-5Snaill signaling pathway to ameliorate diabetic
tubulointerstitial fibrosis. Food Funct. 2024, 15, 11990-12006. [CrossRef]

de Magalhaes, J.P. Cellular senescence in normal physiology. Science 2024, 384, 1300-1301. [CrossRef]

de Magalhaes, J.P.; Passos, J.F. Stress, cell senescence and organismal ageing. Mech. Ageing Dev. 2018, 170, 2-9. [CrossRef]

Lans, H.; Hoeijmakers, ].H.J. Genome stability, progressive kidney failure and aging. Nat. Genet. 2012, 44, 836-838. [CrossRef]
Elwakiel, A.; Gupta, D.; Rana, R.; Manoharan, J.; Al-Dabet, M.M.; Ambreen, S.; Fatima, S.; Zimmermann, S.; Mathew, A;
Li, Z.; et al. Factor XII signaling via uPAR-integrin 31 axis promotes tubular senescence in diabetic kidney disease. Nat. Commun.
2024, 15, 7963. [CrossRef]

Feng, Q.; Su, C,; Yang, C.; Wu, M,; Li, X,; Lin, X.; Zeng, Y.; He, J.; Wang, Y.; Guo, L.; et al. RXR«/MR signaling promotes diabetic
kidney disease by facilitating renal tubular epithelial cells senescence and metabolic reprogramming. Transl. Res. 2024, 274,
101-117. [CrossRef]

Chen, J.; He, J.; Wang, X.; Bai, L.; Yang, X.; Chen, J.; He, Y.; Chen, K. Glis1 inhibits RTEC cellular senescence and renal fibrosis by
downregulating histone lactylation in DKD. Life Sci. 2025, 361, 123293. [CrossRef]

Zhao, X.-P; Chang, S.-Y.; Pang, Y.; Liao, M.-C.; Peng, J.; Ingelfinger, ].R.; Chan, ].S.D.; Zhang, S.-L. Hedgehog interacting protein
activates sodium-glucose cotransporter 2 expression and promotes renal tubular epithelial cell senescence in a mouse model of
type 1 diabetes. Diabetologia 2023, 66, 223-240. [CrossRef]

Maas, C.; Renné, T. Coagulation factor XII in thrombosis and inflammation. Blood 2018, 131, 1903-1909. [CrossRef] [PubMed]
Amor, C.; Feucht, J.; Leibold, J.; Ho, Y.-J.; Zhu, C.; Alonso-Curbelo, D.; Mansilla-Soto, J.; Boyer, J.A.; Li, X.; Giavridis, T.; et al.
Senolytic CAR T cells reverse senescence-associated pathologies. Nature 2020, 583, 127-132. [CrossRef] [PubMed]

Yang, T.; Richards, E.M.; Pepine, C.J.; Raizada, M.K. The gut microbiota and the brain—gut-kidney axis in hypertension and
chronic kidney disease. Nat. Rev. Nephrol. 2018, 14, 442-456. [CrossRef] [PubMed]

Lu, X.; Ma, J.; Li, R. Alterations of gut microbiota in biopsy-proven diabetic nephropathy and a long history of diabetes without
kidney damage. Sci. Rep. 2023, 13, 12150. [CrossRef]

Yan, S.; Wang, H.; Feng, B.; Ye, L.; Chen, A. Causal relationship between gut microbiota and diabetic nephropathy: A two-sample
Mendelian randomization study. Front. Immunol. 2024, 15, 1332757. [CrossRef]

Wu, 1.-W,; Liao, Y.-C,; Tsai, T.-H.; Lin, C.-H.; Shen, Z.-Q.; Chan, Y.-H.; Tu, C.-W.; Chou, Y.-].; Lo, C.-].; Yeh, C.-H.; et al. Machine-
learning assisted discovery unveils novel interplay between gut microbiota and host metabolic disturbance in diabetic kidney
disease. Gut Microbes 2025, 17, 2473506. [CrossRef]

Cheng, T.-H.; Ma, M.-C,; Liao, M.-T.; Zheng, C.-M.; Lu, K.-C,; Liao, C.-H.; Hou, Y.-C; Liu, W.-C,; Lu, C.-L. Indoxyl Sulfate, a
Tubular Toxin, Contributes to the Development of Chronic Kidney Disease. Toxins 2020, 12, 684. [CrossRef]

Altunkaynak, H.O.; Karaismailoglu, E.; Massy, Z.A. The Ability of AST-120 to Lower the Serum Indoxyl Sulfate Level Improves
Renal Outcomes and the Lipid Profile in Diabetic and Nondiabetic Animal Models of Chronic Kidney Disease: A Meta-Analysis.
Toxins 2024, 16, 544. [CrossRef]


https://doi.org/10.1016/j.kint.2024.09.010
https://doi.org/10.1016/j.cellsig.2024.111521
https://doi.org/10.1186/s10020-023-00744-0
https://doi.org/10.1111/1753-0407.13024
https://doi.org/10.1016/j.kint.2023.08.006
https://doi.org/10.1016/j.redox.2024.103246
https://doi.org/10.1038/s41419-020-03312-0
https://www.ncbi.nlm.nih.gov/pubmed/33414476
https://doi.org/10.1016/j.phymed.2024.156142
https://www.ncbi.nlm.nih.gov/pubmed/39541663
https://doi.org/10.1039/D4FO03564J
https://doi.org/10.1126/science.adj7050
https://doi.org/10.1016/j.mad.2017.07.001
https://doi.org/10.1038/ng.2363
https://doi.org/10.1038/s41467-024-52214-8
https://doi.org/10.1016/j.trsl.2024.10.001
https://doi.org/10.1016/j.lfs.2024.123293
https://doi.org/10.1007/s00125-022-05810-6
https://doi.org/10.1182/blood-2017-04-569111
https://www.ncbi.nlm.nih.gov/pubmed/29483100
https://doi.org/10.1038/s41586-020-2403-9
https://www.ncbi.nlm.nih.gov/pubmed/32555459
https://doi.org/10.1038/s41581-018-0018-2
https://www.ncbi.nlm.nih.gov/pubmed/29760448
https://doi.org/10.1038/s41598-023-39444-4
https://doi.org/10.3389/fimmu.2024.1332757
https://doi.org/10.1080/19490976.2025.2473506
https://doi.org/10.3390/toxins12110684
https://doi.org/10.3390/toxins16120544

Biomedicines 2025, 13, 1424 26 of 30

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Heianza, Y.; Ma, W.; Manson, J.E.; Rexrode, K.M.; Qi, L. Gut Microbiota Metabolites and Risk of Major Adverse Cardiovascular
Disease Events and Death: A Systematic Review and Meta-Analysis of Prospective Studies. J. Am. Heart Assoc. 2017, 6, e004947.
[CrossRef]

Si, H.; Chen, Y;; Hu, D,; Yao, S.; Yang, ].; Wen, X. Agraminan type fructan from Achyranthes bidentata prevents the kidney injury
in diabetic mice by regulating gut microbiota. Carbohydr. Polym. 2024, 339, 122275. [CrossRef]

Shen, Z.; Cui, T,; Liu, Y.; Wu, S.; Han, C.; Li, J. Astragalus membranaceus and Salvia miltiorrhiza ameliorate diabetic kidney disease
via the “gut-kidney axis”. Phytomedicine 2023, 121, 155129. [CrossRef] [PubMed]

Song, A.; Zhang, C.; Meng, X. Mechanism and application of metformin in kidney diseases: An update. Biomed. Pharmacother.
2021, 138, 111454. [CrossRef] [PubMed]

Han, Y.-C,; Tang, 5.-Q.; Liu, Y.-T,; Li, A.-M.; Zhan, M.; Yang, M.; Song, N.; Zhang, W.; Wu, X.-Q.; Peng, C.-H.; et al. AMPK agonist
alleviate renal tubulointerstitial fibrosis via activating mitophagy in high fat and streptozotocin induced diabetic mice. Cell Death
Dis. 2021, 12, 925. [CrossRef] [PubMed]

Wang, F; Sun, H.; Zuo, B.; Shi, K.; Zhang, X.; Zhang, C.; Sun, D. Metformin attenuates renal tubulointerstitial fibrosis via
upgrading autophagy in the early stage of diabetic nephropathy. Sci. Rep. 2021, 11, 16362. [CrossRef]

Matsui, T.; Sotokawauchi, A.; Nishino, Y.; Koga, Y.; Yamagishi, S.-I. Empagliflozin ameliorates renal and metabolic derangements
in obese type 2 diabetic mice by blocking advanced glycation end product-receptor axis. Mol. Med. 2025, 31, 88. [CrossRef]

Cai, X.; Cao, H.; Wang, M,; Yu, P; Liang, X.; Liang, H.; Xu, F.,; Cai, M. SGLT2 inhibitor empagliflozin ameliorates tubulointerstitial
fibrosis in DKD by downregulating renal tubular PKM2. Cell. Mol. Life Sci. 2025, 82, 159. [CrossRef]

Heerspink, H.].L.; Perco, P.; Mulder, S.; Leierer, J.; Hansen, M.K.; Heinzel, A.; Mayer, G. Canagliflozin reduces inflammation
and fibrosis biomarkers: A potential mechanism of action for beneficial effects of SGLT2 inhibitors in diabetic kidney disease.
Diabetologia 2019, 62, 1154-1166. [CrossRef]

Guo, C,; Zhang, T,; Du, L.; Yu, K; Zeng, S.; Li, M.; Chi, Y.; Li, Y. Empagliflozin attenuates renal damage in diabetic nephropathy
by modulating mitochondrial quality control via Prdx3-PINK1 pathway. Biochem. Pharmacol. 2025, 235, 116821. [CrossRef]
Chang, S.-Y.; Liao, M.-C.; Miyata, K.N.; Pang, Y.; Zhao, X.-P.; Peng, J.; Rivard, A.; Ingelfinger, J.R.; Chan, J.S.; Zhang, S.-L.
Canagliflozin inhibits hedgehog interacting protein (Hhip) induction of tubulopathy in diabetic Akita mice. Transl. Res. 2025, 277,
13-26. [CrossRef]

Lu, Q.; Yang, L.; Xiao, J.-J.; Liu, Q.; Ni, L.; Hu, ].-W.; Yu, H.; Wu, X.; Zhang, B.-F. Empagliflozin attenuates the renal tubular
ferroptosis in diabetic kidney disease through AMPK/NRF2 pathway. Free Radic. Biol. Med. 2023, 195, 89-102. [CrossRef]

Tian, Y.; Zhou, C,; Yan, Q.; Li, Z,; Chen, D.; Feng, B.; Song, J. Dapagliflozin improves diabetic kidney disease by inhibiting
ferroptosis through p-hydroxybutyrate production. Ren. Fail. 2025, 47, 2438857. [CrossRef] [PubMed]

Kaifu, K.; Ueda, S.; Nakamura, N.; Matsui, T.; Yamada-Obara, N.; Ando, R.; Kaida, Y.; Nakata, M.; Matsukuma-Toyonaga, M.;
Higashimoto, Y.; et al. Advanced glycation end products evoke inflammatory reactions in proximal tubular cells via autocrine
production of dipeptidyl peptidase-4. Microvasc. Res. 2018, 120, 90-93. [CrossRef] [PubMed]

Huang, C.-W.; Lee, S.-Y.; Du, C.-X.; Ku, H.-C. Soluble dipeptidyl peptidase-4 induces epithelial-mesenchymal transition through
tumor growth factor-p receptor. Pharmacol. Rep. 2023, 75, 1005-1016. [CrossRef] [PubMed]

Daza-Arnedo, R.; Rico-Fontalvo, J.-E.; P4jaro-Galvis, N.; Leal-Martinez, V.; Abuabara-Franco, E.; Raad-Sarabia, M.; Montejo-
Hernéndez, J.; Cardona-Blanco, M.; Cabrales-Juan, ].; Uparella-Gulfo, I.; et al. Dipeptidyl Peptidase-4 Inhibitors and Diabetic
Kidney Disease: A Narrative Review. Kidney Med. 2021, 3, 1065-1073. [CrossRef]

Seo, ].B.; Choi, Y.-K.; Woo, H.-I; Jung, Y.-A,; Lee, S.; Lee, S.; Park, M,; Lee, 1.-K,; Jung, G.-S.; Park, K.-G. Gemigliptin Attenuates
Renal Fibrosis Through Down-Regulation of the NLRP3 Inflammasome. Diabetes Metab. ]. 2019, 43, 830-839. [CrossRef]

Zheng, Z.; Zong, Y.; Ma, Y,; Tian, Y.; Pang, Y.; Zhang, C.; Gao, J. Glucagon-like peptide-1 receptor: Mechanisms and advances in
therapy. Signal Transduct. Target. Ther. 2024, 9, 234. [CrossRef]

Wang, Y.; He, W.; Wei, W.; Mei, X.; Yang, M.; Wang, Y. Exenatide Attenuates Obesity-Induced Mitochondrial Dysfunction by
Activating SIRT1 in Renal Tubular Cells. Front. Endocrinol. 2021, 12, 622737. [CrossRef]

Tian, S.; Zhou, S.; Wu, W,; Lin, Y.; Wang, T.; Sun, H.; A-Ni-Wan, A.S,; Li, Y.; Wang, C.; Li, X,; et al. GLP-1 Receptor Agonists
Alleviate Diabetic Kidney Injury via 3-Klotho-Mediated Ferroptosis Inhibition. Adv. Sci. 2025, 12, 2409781. [CrossRef]

Su, K.; Yi, B.; Yao, B.-Q.; Xia, T,; Yang, Y.-F.; Zhang, Z.-H.; Chen, C. Liraglutide attenuates renal tubular ectopic lipid deposition in
rats with diabetic nephropathy by inhibiting lipid synthesis and promoting lipolysis. Pharmacol. Res. 2020, 156, 104778. [CrossRef]
Yi, B;; Su, K,; Cai, Y.-L.; Chen, X.-L.; Bao, Y.; Wen, Z.-Y. Liraglutide ameliorates diabetic kidney disease by modulating gut
microbiota and L-5-Oxoproline. Eur. J. Pharmacol. 2024, 983, 176905. [CrossRef]

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. [CrossRef] [PubMed]


https://doi.org/10.1161/JAHA.116.004947
https://doi.org/10.1016/j.carbpol.2024.122275
https://doi.org/10.1016/j.phymed.2023.155129
https://www.ncbi.nlm.nih.gov/pubmed/37804821
https://doi.org/10.1016/j.biopha.2021.111454
https://www.ncbi.nlm.nih.gov/pubmed/33714781
https://doi.org/10.1038/s41419-021-04184-8
https://www.ncbi.nlm.nih.gov/pubmed/34628484
https://doi.org/10.1038/s41598-021-95827-5
https://doi.org/10.1186/s10020-025-01138-0
https://doi.org/10.1007/s00018-025-05688-8
https://doi.org/10.1007/s00125-019-4859-4
https://doi.org/10.1016/j.bcp.2025.116821
https://doi.org/10.1016/j.trsl.2024.12.005
https://doi.org/10.1016/j.freeradbiomed.2022.12.088
https://doi.org/10.1080/0886022X.2024.2438857
https://www.ncbi.nlm.nih.gov/pubmed/39746795
https://doi.org/10.1016/j.mvr.2018.07.004
https://www.ncbi.nlm.nih.gov/pubmed/30056058
https://doi.org/10.1007/s43440-023-00496-y
https://www.ncbi.nlm.nih.gov/pubmed/37233949
https://doi.org/10.1016/j.xkme.2021.07.007
https://doi.org/10.4093/dmj.2018.0181
https://doi.org/10.1038/s41392-024-01931-z
https://doi.org/10.3389/fendo.2021.622737
https://doi.org/10.1002/advs.202409781
https://doi.org/10.1016/j.phrs.2020.104778
https://doi.org/10.1016/j.ejphar.2024.176905
https://doi.org/10.1016/j.bbadis.2024.167060
https://www.ncbi.nlm.nih.gov/pubmed/38354757

Biomedicines 2025, 13, 1424 27 of 30

152.

153.

154.

155.

156.

157.
158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Lee, ET.; Cao, Z.; Long, D.M.; Panagiotopoulos, S.; Jerums, G.; Cooper, M.E.; Forbes, ].M. Interactions between angiotensin II and
NF-kB-dependent pathways in modulating macrophage infiltration in experimental diabetic nephropathy. J. Am. Soc. Nephrol.
2004, 15, 2139-2151. [CrossRef] [PubMed]

Li, Y;; Long, W.; Zhang, H.; Zhao, M.; Gao, M.; Guo, W.; Yu, L. Irbesartan ameliorates diabetic nephropathy by activating the
Nrf2/Keap1 pathway and suppressing NLRP3 inflammasomes in vivo and in vitro. Int. Immunopharmacol. 2024, 131, 111844.
[CrossRef] [PubMed]

Zhu, Z.; Luan, G.; Wu, S.; Song, Y.; Shen, S.; Wu, K; Qian, S.; Jia, W.; Yin, J.; Ren, T.; et al. Single-cell atlas reveals multi-faced
responses of losartan on tubular mitochondria in diabetic kidney disease. J. Transl. Med. 2025, 23, 90. [CrossRef]

Wang, Z.; Yuan, A.; Liu, C.; Liu, Y;; Qiao, L.; Xu, Z,; Bi, S.; Tian, J.; Yu, B.; Lin, Z.; et al. Identification of key antifibrotic targets
FPR1, TAS2R5, and LRP2BP of valsartan in diabetic nephropathy: A transcriptomics-driven study integrating machine learning,
molecular docking, and dynamics simulations. Int. |. Biol. Macromol. 2025, 297, 139842. [CrossRef]

Nasr, N.\M.A.E,; Saleh, D.O.; Hashad, .M. Role of olmesartan in ameliorating diabetic nephropathy in rats by targeting the
AGE/PKC, TLR4/P38-MAPK and SIRT-1 autophagic signaling pathways. Eur. ]. Pharmacol. 2022, 928, 175117. [CrossRef]
Barton, M.; Sorokin, A. Endothelin and the Glomerulus in Chronic Kidney Disease. Semin. Nephrol. 2015, 35, 156-167. [CrossRef]
Raina, R.; Chauvin, A.; Chakraborty, R.; Nair, N.; Shah, H.; Krishnappa, V.; Kusumi, K. The Role of Endothelin and Endothelin
Antagonists in Chronic Kidney Disease. Kidney Dis. 2020, 6, 22-34. [CrossRef]

Kang, W.-L.; Xu, G.-S. Atrasentan increased the expression of klotho by mediating miR-199b-5p and prevented renal tubular
injury in diabetic nephropathy. Sci. Rep. 2016, 6, 19979. [CrossRef]

Whaley-Connell, A.T.; Habibij, J.; Nistala, R.; DeMarco, V.G.; Pulakat, L.; Hayden, M.R.; Joginpally, T.; Ferrario, C.M.; Parrish,
A.R.; Sowers, J.R. Mineralocorticoid receptor-dependent proximal tubule injury is mediated by a redox-sensitive mTOR/S6K1
pathway. Am. J. Nephrol. 2012, 35, 90-100. [CrossRef]

Ostrominski, ].W.; Claggett, B.L.; Miao, Z.M.; Filippatos, G.; Desai, A.S.; Jhund, P.S.; Henderson, A.; Brinker, M.; Schloemer, P;
Viswanathan, P; et al. Efficacy and Safety of Finerenone in Type 2 Diabetes: A Pooled Analysis of Trials of Heart Failure and
Chronic Kidney Disease. Diabetes Care 2025, 48, 745-755. [CrossRef] [PubMed]

Yao, L.; Liang, X.; Liu, Y.; Li, B.; Hong, M.; Wang, X.; Chen, B.; Liu, Z.; Wang, P. Non-steroidal mineralocorticoid receptor
antagonist finerenone ameliorates mitochondrial dysfunction via PI3K/Akt/eNOS signaling pathway in diabetic tubulopathy.
Redox Biol. 2023, 68, 102946. [CrossRef] [PubMed]

Abedini, A.; Sdnchez-Navaro, A.; Wu, J.; Klotzer, K.A.; Ma, Z.; Poudel, B.; Doke, T.; Balzer, M.S.; Frederick, J.; Cernecka, H.; et al.
Single-cell transcriptomics and chromatin accessibility profiling elucidate the kidney-protective mechanism of mineralocorticoid
receptor antagonists. J. Clin. Investig. 2024, 134, €157165. [CrossRef]

Barayev, O.; Hawley, C.E.; Wellman, H.; Gerlovin, H.; Hsu, W.; Paik, ].M.; Mandel, EL; Liu, CK,; Djoussé, L.; Gaziano, ].M.; et al.
Statins, Mortality, and Major Adverse Cardiovascular Events Among US Veterans With Chronic Kidney Disease. JAMA Netw.
Open 2023, 6, €2346373. [CrossRef]

Hasan, I.H.; Shaheen, S.Y.; Alhusaini, A.M.; Mahmoud, A.M. Simvastatin mitigates diabetic nephropathy by upregulating
farnesoid X receptor and Nrf2/HO-1 signaling and attenuating oxidative stress and inflammation in rats. Life Sci. 2024,
340, 122445. [CrossRef]

Zhang, Y,; Qu, Y.; Cai, R;; Gao, J.; Xu, Q.; Zhang, L.; Kang, M.; Jia, H.; Chen, Q.; Liu, Y.; et al. Atorvastatin ameliorates diabetic
nephropathy through inhibiting oxidative stress and ferroptosis signaling. Eur. J. Pharmacol. 2024, 976, 176699. [CrossRef]
Tang, C.; Deng, X.; Qu, J.; Miao, Y.; Tian, L.; Zhang, M.; Li, X.; Sun, B.; Chen, L. Fenofibrate Attenuates Renal Tubular Cell
Apoptosis by Up-Regulating MCAD in Diabetic Kidney Disease. Drug Des. Dev. Ther. 2023, ume 17, 1503-1514. [CrossRef]
Islam, N.; Griffin, T.P,; Sander, E.; Rocks, S.; Qazi, J.; Cabral, J.; McCaul, J.; McMorrow, T.; Griffin, M.D. Human mesenchymal
stromal cells broadly modulate high glucose-induced inflammatory responses of renal proximal tubular cell monolayers. Stem
Cell Res. Ther. 2019, 10, 329. [CrossRef]

Li, Q; Liu, J.; Su, R.; Zhen, ]J.; Liu, X.; Liu, G. Small extracellular vesicles-shuttled miR-23a-3p from mesenchymal stem cells
alleviate renal fibrosis and inflammation by inhibiting KLF3/STAT3 axis in diabetic kidney disease. Int. Immunopharmacol. 2024,
139, 112667. [CrossRef]

Fan, Y; Li, Y.-L.; Huang, L.-L.; Yang, J.; Hou, Y.-Y.; Bai, Y.-H. Inhibition of SLC3A2 Deletion-Mediated Ferroptosis by Bone
Marrow Stromal Cells to Alleviate Inflammation and Fibrosis in Diabetic Kidney Disease. Inflammation 2025. Online ahead of print.
[CrossRef]

Lee, S.E.; Jang, ].E.; Kim, H.S,; Jung, M.K,; Ko, M.S.; Kim, M.-O.; Park, H.S.; Oh, W.; Choi, S.J.; Jin, H.].; et al. Mesenchymal stem
cells prevent the progression of diabetic nephropathy by improving mitochondrial function in tubular epithelial cells. Exp. Mol.
Med. 2019, 51, 1-14. [CrossRef] [PubMed]

Konari, N.; Nagaishi, K.; Kikuchi, S.; Fujimiya, M. Mitochondria transfer from mesenchymal stem cells structurally and
functionally repairs renal proximal tubular epithelial cells in diabetic nephropathy in vivo. Sci. Rep. 2019, 9, 5184. [CrossRef]
[PubMed]


https://doi.org/10.1097/01.ASN.0000135055.61833.A8
https://www.ncbi.nlm.nih.gov/pubmed/15284299
https://doi.org/10.1016/j.intimp.2024.111844
https://www.ncbi.nlm.nih.gov/pubmed/38503013
https://doi.org/10.1186/s12967-025-06074-5
https://doi.org/10.1016/j.ijbiomac.2025.139842
https://doi.org/10.1016/j.ejphar.2022.175117
https://doi.org/10.1016/j.semnephrol.2015.02.005
https://doi.org/10.1159/000504623
https://doi.org/10.1038/srep19979
https://doi.org/10.1159/000335079
https://doi.org/10.2337/dc24-1873
https://www.ncbi.nlm.nih.gov/pubmed/40019856
https://doi.org/10.1016/j.redox.2023.102946
https://www.ncbi.nlm.nih.gov/pubmed/37924663
https://doi.org/10.1172/JCI157165
https://doi.org/10.1001/jamanetworkopen.2023.46373
https://doi.org/10.1016/j.lfs.2024.122445
https://doi.org/10.1016/j.ejphar.2024.176699
https://doi.org/10.2147/DDDT.S405266
https://doi.org/10.1186/s13287-019-1424-5
https://doi.org/10.1016/j.intimp.2024.112667
https://doi.org/10.1007/s10753-025-02261-0
https://doi.org/10.1038/s12276-019-0268-5
https://www.ncbi.nlm.nih.gov/pubmed/31827068
https://doi.org/10.1038/s41598-019-40163-y
https://www.ncbi.nlm.nih.gov/pubmed/30914727

Biomedicines 2025, 13, 1424 28 of 30

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Zhang, K.; Zheng, S.; Wu, J.; He, J.; Ouyang, Y.; Ao, C.; Lang, R;; Jiang, Y.; Yang, Y.; Xiao, H.; et al. Human umbilical cord
mesenchymal stem cell-derived exosomes ameliorate renal fibrosis in diabetic nephropathy by targeting Hedgehog/SMO
signaling. FASEB ]. 2024, 38, €23599. [CrossRef] [PubMed]

Jin, J.; Shi, Y.; Gong, J.; Zhao, L.; Li, Y.; He, Q.; Huang, H. Exosome secreted from adipose-derived stem cells attenuates diabetic
nephropathy by promoting autophagy flux and inhibiting apoptosis in podocyte. Stem Cell Res. Ther. 2019, 10, 95. [CrossRef]
Jung, H.R,; Lee, J.; Hong, S.P,; Shin, N.; Cho, A.; Shin, D.J.; Choi, ]JW.; Kim, J.I; Lee, ].P; Cho, S.Y. Targeting the m6A RNA
methyltransferase METTL3 attenuates the development of kidney fibrosis. Exp. Mol. Med. 2024, 56, 355-369. [CrossRef]

Cai, Y.; Zhou, J.; Xu, A.; Huang, ].; Zhang, H.; Xie, G.; Zhong, K.; Wu, Y.; Ye, P.; Wang, H.; et al. N6-methyladenosine triggers renal
fibrosis via enhancing translation and stability of ZEB2 mRNA. |. Biol. Chem. 2024, 300, 107598. [CrossRef]

Qu, P; Li, L; Jin, Q.; Liu, D.; Qiao, Y.; Zhang, Y.; Sun, Q.; Ran, S.; Li, Z.; Liu, T,; et al. Histone methylation modification and
diabetic kidney disease: Potential molecular mechanisms and therapeutic approaches (Review). Int. |. Mol. Med. 2024, 54, 104.
[CrossRef]

Zhao, Y.; Yin, Z.; Li, H.; Fan, ].; Yang, S.; Chen, C.; Wang, D.W. MiR-30c protects diabetic nephropathy by suppressing epithelial-
to-mesenchymal transition in db/db mice. Aging Cell 2017, 16, 387-400. [CrossRef]

Huang, Y;; Tong, ].; He, F; Yu, X,; Fan, L.; Hu, J.; Tan, J.; Chen, Z. miR-141 regulates TGF-f1-induced epithelial-mesenchymal
transition through repression of HIPK2 expression in renal tubular epithelial cells. Int. J. Mol. Med. 2015, 35, 311-318. [CrossRef]
Cheng, L.; Qiu, X.; He, L.; Liu, L. MicroRNA-122-5p ameliorates tubular injury in diabetic nephropathy via FIH-1/HIF-1o
pathway. Ren. Fail. 2022, 44, 293-303. [CrossRef]

Rathan, V.P; Bhuvaneshwari, K.; Adit, G.N.; Kavyashree, S.; Thulasi, N.; Geetha, A.; Milan, K.; Ramkumar, K. Therapeutic
potential of SMAD? targeting miRNA in the pathogenesis of diabetic nephropathy. Arch. Biochem. Biophys. 2025, 764, 110265.
[CrossRef]

Chaudhary, S.; Kulkarni, A. Metformin: Past, Present, and Future. Curr. Diab. Rep. 2024, 24, 119-130. [CrossRef] [PubMed]
Graham, G.G.; Punt, J.; Arora, M.; Day, R.O.; Doogue, M.P,; Duong, ].K.; Furlong, T.].; Greenfield, J.R.; Greenup, L.C.; Kirkpatrick,
C.M.; et al. Clinical pharmacokinetics of metformin. Clin. Pharmacokinet. 2011, 50, 81-98. [CrossRef]

Yi, Y.; Kwon, E.J.; Yun, G; Park, S.; Jeong, J.C.; Na, K.Y,; Chin, H.J.; Yoo, S.; Kim, S.; Oh, T.].; et al. Impact of metformin on
cardiovascular and kidney outcome based on kidney function status in type 2 diabetic patients: A multicentric, retrospective
cohort study. Sci. Rep. 2024, 14, 2081. [CrossRef]

Agur, T,; Steinmetz, T.; Goldman, S.; Zingerman, B.; Bielopolski, D.; Nesher, E.; Fattal, I.; Meisel, E.; Rozen-Zvi, B. The impact of
metformin on kidney disease progression and mortality in diabetic patients using SGLT2 inhibitors: A real-world cohort study.
Cardiovasc. Diabetol. 2025, 24, 97. [CrossRef]

Zoncu, R; Efeyan, A.; Sabatini, D.M. mTOR: From growth signal integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell
Biol. 2011, 12, 21-35. [CrossRef]

Zhang, L.; Zhang, Y.; Shen, S.; Wang, X.; Dong, L.; Li, Q.; Ren, W,; Li, Y.; Bai, J.; Gong, Q.; et al. Safety and effectiveness of
metformin plus lifestyle intervention compared with lifestyle intervention alone in preventing progression to diabetes in a
Chinese population with impaired glucose regulation: A multicentre, open-label, randomised controlled trial. Lancet Diabetes
Endocrinol. 2023, 11, 567-577. [CrossRef]

Richy, EE,; Sabid6-Espin, M.; Guedes, S.; Corvino, F.A.; Gottwald-Hostalek, U. Incidence of lactic acidosis in patients with type
2 diabetes with and without renal impairment treated with metformin: A retrospective cohort study. Diabetes Care 2014, 37,
2291-2295. [CrossRef]

Yen, F.-S.; Hwu, C.-M,; Liu, J.-S.; Wu, Y.-L.; Chong, K; Hsu, C.-C. Sodium-Glucose Cotransporter-2 Inhibitors and the Risk for
Dialysis and Cardiovascular Disease in Patients With Stage 5 Chronic Kidney Disease. Ann. Intern. Med. 2024, 177, 693-700.
[CrossRef]

Pan, H.C; Chen, ].Y,; Chen, H.Y,; Yeh, EY,; Huang, T.T,; Sun, C.Y.; Wang, S.I.; Wei, ].C.; Wu, V.C. Sodium-Glucose Cotransport
Protein 2 Inhibitors in Patients With Type 2 Diabetes and Acute Kidney Disease. JAMA Netw. Open 2024, 7, €2350050. [CrossRef]
Nuffield Department of Population Health Renal Studies Group. SGLT2 Inhibitor Meta-Analysis Cardio-Renal Trialists” Con-
sortium. Impact of diabetes on the effects of sodium glucose co-transporter-2 inhibitors on kidney outcomes: Collaborative
meta-analysis of large placebo-controlled trials. Lancet 2022, 400, 1788-1801. [CrossRef] [PubMed]

The EMPA-KIDNEY Collaborative Group. Empagliflozin in Patients with Chronic Kidney Disease. N. Engl. ]. Med. 2023, 388,
117-127. [CrossRef] [PubMed]

Heerspink, H.J.L.; Stefansson, B.V.; Correa-Rotter, R.; Chertow, G.M.; Greene, T.; Hou, EF; Mann, ].EE.; McMurray, ].J.V.; Lindberg,
M.; Rossing, P; et al. Dapagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2020, 383, 1436-1446. [CrossRef]
Marso, S.P,; Daniels, G.H.; Brown-Frandsen, K.; Kristensen, P.; Mann, J.F.; Nauck, M.A.; Nissen, S.E.; Pocock, S.; Poulter, N.R.;
Ravn, L.S,; et al. Liraglutide and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. . Med. 2016, 375, 311-322. [CrossRef]


https://doi.org/10.1096/fj.202302324R
https://www.ncbi.nlm.nih.gov/pubmed/38572590
https://doi.org/10.1186/s13287-019-1177-1
https://doi.org/10.1038/s12276-024-01159-5
https://doi.org/10.1016/j.jbc.2024.107598
https://doi.org/10.3892/ijmm.2024.5428
https://doi.org/10.1111/acel.12563
https://doi.org/10.3892/ijmm.2014.2008
https://doi.org/10.1080/0886022X.2022.2039194
https://doi.org/10.1016/j.abb.2024.110265
https://doi.org/10.1007/s11892-024-01539-1
https://www.ncbi.nlm.nih.gov/pubmed/38568468
https://doi.org/10.2165/11534750-000000000-00000
https://doi.org/10.1038/s41598-024-62989-x
https://doi.org/10.1186/s12933-025-02643-6
https://doi.org/10.1038/nrm3025
https://doi.org/10.1016/s2213-8587(23)00132-8
https://doi.org/10.2337/dc14-0464
https://doi.org/10.7326/M23-1874
https://doi.org/10.1001/jamanetworkopen.2023.50050
https://doi.org/10.1016/S0140-6736(22)02074-8
https://www.ncbi.nlm.nih.gov/pubmed/36351458
https://doi.org/10.1056/NEJMoa2204233
https://www.ncbi.nlm.nih.gov/pubmed/36331190
https://doi.org/10.1056/NEJMoa2024816
https://doi.org/10.1056/NEJMoa1603827

Biomedicines 2025, 13, 1424 29 of 30

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Perkovic, V.; Tuttle, K.R.; Rossing, P.; Mahaffey, KW.; Mann, ].F; Bakris, G.; Baeres, EM.; 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. ]. Med.
2024, 391, 109-121. [CrossRef]

Heerspink, H.J.L.; Parving, H.-H.; Andress, D.L.; Correa-Rotter, R.; Hou, E-F,; Kitzman, D.W.; Kohan, D.; Makino, H.; McMurray,
J.J.V.; Melnick, ].Z.; et al. Atrasentan and renal events in patients with type 2 diabetes and chronic kidney disease (SONAR): A
double-blind, randomised, placebo-controlled trial. Lancet 2019, 393, 1937-1947. [CrossRef]

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. . Med. 2020, 383, 2219-2229. [CrossRef]
Igbal, N.; Ambery, P.; Logue, J.; Mallappa, A.; Sjostrom, C.D. Perspectives in weight control in diabetes—SGLT2 inhibitors and
GLP-1-glucagon dual agonism. Diabetes Res. Clin. Pract. 2023, 199, 110669. [CrossRef]

Ashfaq, A.; Meineck, M.; Pautz, A.; Arioglu-Inan, E.; Weinmann-Menke, J.; Michel, M.C. A systematic review on renal effects of
SGLT2 inhibitors in rodent models of diabetic nephropathy. Pharmacol. Ther. 2023, 249, 108503. [CrossRef]

Huang, B.; Yen, C.L.; Wu, C.Y,; Tsai, C.Y.; Chen, ].].; Hsiao, C.C.; Chen, Y.C.; Hsieh, I.C.; Yang, H.Y. SGLT2 inhibitors reduce the
risk of renal failure in CKD stage 5 patients with Type 2 DM. Sci. Rep. 2025, 15, 5872.

Maigret, L.; Basle, L.; Chatelet, V.; Ecotiere, L.; Perrin, P.; Golbin, L.; Bertrand, D.; Anglicheau, D.; Poulain, C.; Garrouste, C.; et al.
Sodium-Glucose Cotransporter-2 Inhibitor in Diabetic and Nondiabetic Renal Transplant Recipients. Kidney Int. Rep. 2024, 10,
816-827. [CrossRef] [PubMed]

Niu, Y,; Cui, W,; Liu, R;; Wang, S.; Ke, H.; Lei, X.; Chen, L. Structural mechanism of SGLT1 inhibitors. Nat. Commun. 2022, 13, 6440.
[CrossRef] [PubMed]

Zhao, M,; Li, N.; Zhou, H. SGLT1: A Potential Drug Target for Cardiovascular Disease. Drug Des. Dev. Ther. 2023, ume 17,
2011-2023. [CrossRef]

Pitt, B.; Bhatt, D.L. Does SGLT1 Inhibition Add Benefit to SGLT2 Inhibition in Type 2 Diabetes? Circulation 2021, 144, 4-6.
[CrossRef] [PubMed]

Shao, D.-W.; Zhao, L.-J.; Sun, J.-E. Synthesis and clinical application of representative small-molecule dipeptidyl Peptidase-4
(DPP-4) inhibitors for the treatment of type 2 diabetes mellitus (T2DM). Eur. J. Med. Chem. 2024, 272, 116464. [CrossRef]

Kim, Y.-G.; Byun, J.; Yoon, D.; Jeon, J.Y.; Han, S.J.; Kim, D.J.; Lee, K.-W.; Park, R W.; Kim, H.]J. Renal Protective Effect of DPP-4
Inhibitors in Type 2 Diabetes Mellitus Patients: A Cohort Study. . Diabetes Res. 2016, 2016, 1423191. [CrossRef]

Samaan, E.; Ramadan, N.M.; Abdulaziz, HM.M.; Ibrahim, D.; El-Sherbiny, M.; ElBayar, R.; Ghattas, Y.; Abdlmalek, J.; Bayali, O.;
Elhusseini, Y.; et al. DPP-4i versus SGLT2i as modulators of PHD3/HIF-2« pathway in the diabetic kidney. Biomed. Pharmacother.
2023, 167, 115629. [CrossRef]

Bu, T; Sun, Z; Pan, Y.; Deng, X.; Yuan, G. Glucagon-Like Peptide-1: New Regulator in Lipid Metabolism. Diabetes Metab. |. 2024,
48,354-372. [CrossRef]

Yao, H.; Zhang, A.; Li, D.; Wu, Y.; Wang, C.-Z.; Wan, ].-Y; Yuan, C.-S. Comparative effectiveness of GLP-1 receptor agonists on
glycaemic control, body weight, and lipid profile for type 2 diabetes: Systematic review and network meta-analysis. BM] 2024,
384, e076410. [CrossRef]

Sattar, N.; Lee, M.M.Y,; Kristensen, S.L.; Branch, K.R.H.; Del Prato, S.; Khurmi, N.S.; Lam, C.S.P; Lopes, R.D.; McMurray, J.J.V,;
Pratley, R.E.; et al. Cardiovascular, mortality, and kidney outcomes with GLP-1 receptor agonists in patients with type 2 diabetes:
A systematic review and meta-analysis of randomised trials. Lancet Diabetes Endocrinol. 2021, 9, 653-662. [CrossRef]
Simms-Williams, N.; Treves, N.; Yin, H.; Lu, S.; Yu, O.; Pradhan, R.; Renoux, C.; Suissa, S.; Azoulay, L. Effect of combina-
tion treatment with glucagon-like peptide-1 receptor agonists and sodium-glucose cotransporter-2 inhibitors on incidence of
cardiovascular and serious renal events: Population based cohort study. BMJ 2024, 385, e078242. [CrossRef] [PubMed]
Schiffrin, E.L.; Pollock, D.M. Endothelin System in Hypertension and Chronic Kidney Disease. Hypertension 2024, 81, 691-701.
[CrossRef] [PubMed]

Kohan, D.E.; Barton, M. Endothelin and endothelin antagonists in chronic kidney disease. Kidney Int. 2014, 86, 896-904. [CrossRef]
[PubMed]

Chung, E.Y.M.; Badve, S.V.; Heerspink, H.].L.; Wong, M.G. Endothelin receptor antagonists in kidney protection for diabetic
kidney disease and beyond? Nephrology 2023, 28, 97-108. [CrossRef]

Li, Q.; Li, J.; Shao, H.; Li, X.-X,; Yu, F,; Xu, M. Inhibition of CPU0213, a Dual Endothelin Receptor Antagonist, on Apoptosis via
Nox4-Dependent ROS in HK-2 Cells. Cell. Physiol. Biochem. 2016, 39, 183-192. [CrossRef]

Rovin, B.H.; Barratt, J.; Heerspink, H.].L.; Alpers, C.E.; Bieler, S.; Chae, D.-W.; Diva, U.A_; Floege, J.; Gesualdo, L.; Inrig, ] K,;
et al. Efficacy and safety of sparsentan versus irbesartan in patients with IgA nephropathy (PROTECT): 2-year results from a
randomised, active-controlled, phase 3 trial. Lancet 2023, 402, 2077-2090. [CrossRef]

Moedt, E.; Wasehuus, V.S.; Heerspink, H.J.L. Selective endothelin A receptor antagonism in chronic kidney disease: Improving
clinical application. Nephrol. Dial. Transplant. 2025, 40 (Suppl. S1), i37-i46. [CrossRef]


https://doi.org/10.1056/NEJMoa2403347
https://doi.org/10.1016/S0140-6736(19)30772-X
https://doi.org/10.1056/NEJMoa2025845
https://doi.org/10.1016/j.diabres.2023.110669
https://doi.org/10.1016/j.pharmthera.2023.108503
https://doi.org/10.1016/j.ekir.2024.11.033
https://www.ncbi.nlm.nih.gov/pubmed/40225369
https://doi.org/10.1038/s41467-022-33421-7
https://www.ncbi.nlm.nih.gov/pubmed/36307403
https://doi.org/10.2147/DDDT.S418321
https://doi.org/10.1161/CIRCULATIONAHA.121.054442
https://www.ncbi.nlm.nih.gov/pubmed/33887961
https://doi.org/10.1016/j.ejmech.2024.116464
https://doi.org/10.1155/2016/1423191
https://doi.org/10.1016/j.biopha.2023.115629
https://doi.org/10.4093/dmj.2023.0277
https://doi.org/10.1136/bmj-2023-076410
https://doi.org/10.1016/S2213-8587(21)00203-5
https://doi.org/10.1136/bmj-2023-078242
https://www.ncbi.nlm.nih.gov/pubmed/38663919
https://doi.org/10.1161/HYPERTENSIONAHA.123.21716
https://www.ncbi.nlm.nih.gov/pubmed/38059359
https://doi.org/10.1038/ki.2014.143
https://www.ncbi.nlm.nih.gov/pubmed/24805108
https://doi.org/10.1111/nep.14130
https://doi.org/10.1159/000445615
https://doi.org/10.1016/S0140-6736(23)02302-4
https://doi.org/10.1093/ndt/gfae214

Biomedicines 2025, 13, 1424 30 of 30

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Zhang, L.; Xue, S.; Hou, J.; Chen, G.; Xu, Z.-G. Endothelin receptor antagonists for the treatment of diabetic nephropathy: A
meta-analysis and systematic review. World |. Diabetes 2020, 11, 553-566. [CrossRef]

Savarese, G.; Lindberg, F,; Filippatos, G.; Butler, J.; Anker, S.D. Mineralocorticoid receptor overactivation: Targeting systemic
impact with non-steroidal mineralocorticoid receptor antagonists. Diabetologia 2024, 67, 246-262. [CrossRef]

Barrera-Chimal, J.; Lima-Posada, L.; Bakris, G.L.; Jaisser, F. Mineralocorticoid receptor antagonists in diabetic kidney disease—
Mechanistic and therapeutic effects. Nat. Rev. Nephrol. 2022, 18, 56-70. [CrossRef]

Pandey, A K.; Bhatt, D.L.; Cosentino, F.; Marx, N.; Rotstein, O.; Pitt, B.; Pandey, A.; Butler, J.; Verma, S. Non-steroidal mineralocor-
ticoid receptor antagonists in cardiorenal disease. Eur. Heart J. 2022, 43, 2931-2945. [CrossRef] [PubMed]

Hanouneh, M.; Le, D.; Jaar, B.G.; Tamargo, C.; Cervantes, C.E. Real-Life Experience on the Effect of SGLT2 Inhibitors vs.
Finerenone vs. Combination on Albuminuria in Chronic Kidney Disease. Diagnostics 2024, 14, 1357. [CrossRef] [PubMed]
Ferreira, J.P; Oliveira, A.C.; Vasques-Novoa, E; Leite, A.R.; Mendonga, L.; Zannad, F,; Butler, J.; Leite-Moreira, A.; Saraiva, E;
Neves, ].S. Mineralocorticoid Receptor Antagonist Combined with SGLT2 Inhibitor versus SGLT2 Inhibitor Alone in Chronic
Kidney Disease: A Meta-Analysis of Randomized Trials. Am. . Nephrol. 2025, 56, 236-242. [CrossRef] [PubMed]

Chen, X.; Yin, Q.; Ma, L.; Fu, P. The Role of Cholesterol Homeostasis in Diabetic Kidney Disease. Curr. Med. Chem. 2021, 28,
7413-7426. [CrossRef]

Han, Y.-Z.; Du, B.-X,; Zhu, X.-Y.; Wang, Y.-Z.; Zheng, H.-].; Liu, W.-]. Lipid metabolism disorder in diabetic kidney disease. Front.
Endocrinol. 2024, 15, 1336402. [CrossRef]

Wu, L,; Liu, C,; Chang, D.-Y.; Zhan, R.; Zhao, M.; Lam, S.M.; Shui, G.; Zhao, M.-H.; Zheng, L.; Chen, M. The Attenuation of
Diabetic Nephropathy by Annexin Al via Regulation of Lipid Metabolism through AMPK/PPARx/CPT1b Pathway. Diabetes
2021, 70, 2192-2203. [CrossRef]

Gu, W,; Wang, X.; Zhao, H.; Geng, J.; Li, X.; Zheng, K.; Guan, Y,; Hou, X.; Wang, C.; Song, G. Resveratrol ameliorates diabetic
kidney injury by reducing lipotoxicity and modulates expression of components of the junctional adhesion molecule-like/sirtuin
1 lipid metabolism pathway. Eur. |. Pharmacol. 2022, 918, 174776. [CrossRef]

Li, M.; Zhu, H.-Y.; Zhao, S.-Y;; Li, X.-D.; Tong, S.-M.; Ma, J.; Xu, A.-].; Zhang, ]. Baicalin alleviates lipid metabolism disorders in
diabetic kidney disease via targeting FKBP51. Phytomedicine 2025, 139, 156473. [CrossRef]

Luo, M.; Hu, Z.; Yang, J.; Yang, J.; Sheng, W.; Lin, C.; Li, D.; He, Q. Diosgenin Improves Lipid Metabolism in Diabetic Nephropathy
via Regulation of miR-148b-3p/DNMT1/FOXO1 Axis. Nephron 2025, 149, 226-239. [CrossRef]

Huang, T.-S.; Wu, T.; Wu, Y.-D.; Li, X.-H,; Tan, J.; Shen, C.-H.; Xiong, S.-J.; Feng, Z.-Q.; Gao, S.-F,; Li, H.; et al. Long-term
statins administration exacerbates diabetic nephropathy via ectopic fat deposition in diabetic mice. Nat. Commun. 2023, 14, 390.
[CrossRef]

Hickson, L.J.; Abedalqader, T.; Ben-Bernard, G.; Mondy, ].M.; Bian, X.; Conley, S.M.; Zhu, X.; Herrmann, S.M.; Kukla, A;
Lorenz, E.C; et al. A systematic review and meta-analysis of cell-based interventions in experimental diabetic kidney disease.
STEM CELLS Transl. Med. 2021, 10, 1304-1319. [CrossRef] [PubMed]

Cheng, J.; Zhang, C. Mesenchymal Stem Cell Therapy: Therapeutic Opportunities and Challenges for Diabetic Kidney Disease.
Int. J. Mol. Sci. 2024, 25, 10540. [CrossRef] [PubMed]

Perico, N.; Remuzzi, G.; Griffin, M.D.; Cockwell, P; Maxwell, A.P; Casiraghi, F; Rubis, N.; Peracchi, T.; Villa, A,
Todeschini, M.; et al. Safety and Preliminary Efficacy of Mesenchymal Stromal Cell (ORBCEL-M) Therapy in Diabetic Kid-
ney Disease: A Randomized Clinical Trial NEPHSTROM). J. Am. Soc. Nephrol. 2023, 34, 1733-1751. [CrossRef] [PubMed]
Chandrasekaran, V,; Carta, G.; Pereira, D.d.C.; Gupta, R.; Murphy, C.; Feifel, E.; Kern, G.; Lechner, J.; Cavallo, A.L.; Gupta, S.; et al.
Generation and characterization of iPSC-derived renal proximal tubule-like cells with extended stability. Sci. Rep. 2021, 11, 11575.
[CrossRef]

Kato, M.; Natarajan, R. Epigenetics and epigenomics in diabetic kidney disease and metabolic memory. Nat. Rev. Nephrol. 2019,
15, 327-345. [CrossRef]

Smyth, L.J.; Dahlstrom, E.H.; Syreeni, A.; Kerr, K.; Kilner, J.; Doyle, R.; Brennan, E.; Nair, V.; Fermin, D.; Nelson, R.G; et al.
Epigenome-wide meta-analysis identifies DNA methylation biomarkers associated with diabetic kidney disease. Nat. Commun.
2022, 13, 7891. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(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.


https://doi.org/10.4239/wjd.v11.i11.553
https://doi.org/10.1007/s00125-023-06031-1
https://doi.org/10.1038/s41581-021-00490-8
https://doi.org/10.1093/eurheartj/ehac299
https://www.ncbi.nlm.nih.gov/pubmed/35713973
https://doi.org/10.3390/diagnostics14131357
https://www.ncbi.nlm.nih.gov/pubmed/39001247
https://doi.org/10.1159/000541686
https://www.ncbi.nlm.nih.gov/pubmed/39510041
https://doi.org/10.2174/0929867328666210419132807
https://doi.org/10.3389/fendo.2024.1336402
https://doi.org/10.2337/db21-0050
https://doi.org/10.1016/j.ejphar.2022.174776
https://doi.org/10.1016/j.phymed.2025.156473
https://doi.org/10.1159/000541690
https://doi.org/10.1038/s41467-023-35944-z
https://doi.org/10.1002/sctm.19-0419
https://www.ncbi.nlm.nih.gov/pubmed/34106528
https://doi.org/10.3390/ijms251910540
https://www.ncbi.nlm.nih.gov/pubmed/39408867
https://doi.org/10.1681/ASN.0000000000000189
https://www.ncbi.nlm.nih.gov/pubmed/37560967
https://doi.org/10.1038/s41598-021-89550-4
https://doi.org/10.1038/s41581-019-0135-6
https://doi.org/10.1038/s41467-022-34963-6

	Introduction 
	Pathogenesis of Tubular Injury in DKD 
	Metabolic Dysregulation 
	Hyperglycemia and Advanced Glycation End Products (AGEs) 
	Disorders of Lipid Metabolism 

	Inflammation 
	Cellular Stress Responses 
	Oxidative Stress 
	Endoplasmic Reticulum Stress (ERS) 
	Mitochondrial Dysfunction 

	Epithelial–Mesenchymal Transition (EMT) 
	Cellular Senescence 
	Gut–Kidney Axis 

	Therapeutic Perspectives 
	Hypoglycemic Agents 
	Metformin 
	Sodium–Glucose Cotransporter 2 Inhibitors (SGLT2i) 
	Dipeptidyl Peptidase 4 Inhibitors (DPP-4i) 
	Glucagon-like Peptide-1 Receptor Agonists (GLP-1RA) 

	Hypotensive Drags 
	Renin–Angiotensin System Inhibitors (RASi) 
	Endothelin Receptor Antagonists (ERAs) 
	Mineralocorticoid Receptor Antagonists (MRAs) 

	Lipid-Modulating Drugs 
	Stem Cell Therapy 
	Gene Therapy 

	Conclusions 
	References

