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Abstract: Uric acid nephropathy (UAN), driven by sustained hyperuricemia, is an underrecognized but increasingly prevalent
contributor to chronic kidney disease (CKD) progression. Mitochondrial oxidative stress and vascular remodeling are central to its
pathogenesis. Excess mitochondrial reactive oxygen species (ROS) cause renal tubular injury, impair mitophagy, and activate pro-
apoptotic signaling pathways. In parallel, ROS disrupt endothelial homeostasis, promote phenotypic switching of vascular smooth
muscle cells, and induce pathological structural changes in the renal microvasculature. These processes are mutually reinforcing,
thereby exacerbating inflammation, hypoxia, and fibrosis. This review synthesizes emerging mechanistic insights into the mitochon-
drial-vascular axis in UAN and discusses therapeutic strategies targeting mitochondrial dysfunction and vascular pathology. Particular
emphasis is placed on mitochondria-targeted antioxidants and inhibitors of key signaling pathways as potential interventions to
interrupt the ROS-remodeling cycle. We also highlight the need for biomarker development and clinical translation. A more
comprehensive understanding of mitochondrial-vascular crosstalk may ultimately enable the development of effective strategies to
slow or halt UAN progression.
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Introduction
Uric acid nephropathy (UAN) is a renal disorder initiated by persistent hyperuricemia, primarily characterized by mono-
sodium urate crystal deposition, tubular epithelial cell injury, and progressive chronic renal dysfunction.' With the increasing
global prevalence of hyperuricemia, UAN has been recognized as a significant contributor to the development and progression
of chronic kidney disease (CKD), which is emerging as a major public health concern worldwide.*” Epidemiological
investigations have demonstrated a sustained increase in the incidence of hyperuricemia in various populations. For instance,
a nationwide health survey conducted in South Korea reported an age-standardized prevalence of 11.4%,® while a longitudinal
cohort study in China documented a baseline prevalence of 18.4% and an incidence rate of 68.58 per 1,000 person-years.’
Hyperuricemia is frequently observed in patients with CKD and is strongly associated with accelerated progression of CKD.
In the United States, CKD affects approximately 13% of adults, and UAN is increasingly being acknowledged as a critical
pathogenic contributor.'”'" A cross-sectional study further revealed that 96.49% of patients with CKD exhibited hyperur-
icemia, with an inverse correlation between serum uric acid levels and CKD stage severity.'>

Distinguishing UAN from gout nephropathy is important. Although both conditions are associated with hyperurice-
mia, their clinicopathologic manifestations differ. UAN primarily manifests as progressive renal dysfunction driven by
urate crystal deposition, mitochondrial injury, and vascular remodeling, often in the absence of overt gouty arthritis.'* By

contrast, gout nephropathy typically arises in patients with long-standing gout and is characterized by deposition of urate
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tophi in the renal interstitium and tubules, frequently accompanied by a history of recurrent gout flares. This clinical
distinction is essential for accurate diagnosis and for guiding targeted therapeutic strategies.'*'”

Despite the growing recognition of UAN as a key etiological factor for CKD, therapeutic interventions remain limited
and suboptimal. Clinical management of UAN presents multiple challenges, including the need for effective control of
serum uric acid to prevent crystal formation, while avoiding overcorrection that may precipitate hypouricemia and
associated risks.'® Currently, no pharmacological agents that can directly dissolve or facilitate the removal of deposited
urate crystals are available, rendering crystal clearance a critical therapeutic bottleneck.!” Furthermore, current pharma-
cotherapies exhibit limited efficacy in modulating the complex interplay between mitochondrial oxidative stress and
vascular remodeling, which is a recently recognized pathological cascade involved in the progression of UAN.

Mitochondrial dysfunction and the resultant overproduction of reactive oxygen species (ROS) are mechanistically proven
to be core drivers of renal injury in UAN."'®° Converging evidence from doxorubicin (DOX) toxicity models further supports
the central role of mitochondrial oxidative stress. In a rat model of DOX-induced nephrotoxicity, esculetin attenuated renal
inflammation and injury by reversing DOX-driven dysregulation of inflammatory and apoptotic gene expression and by
improving biochemical indices of renal function; in silico analyses supported direct interactions with key molecular targets.?!
Likewise, in a complementary rat model of DOX-induced hepatotoxicity, esculetin mitigated oxidative stress responses;
downregulated Casp3 and Casp9, as well as Hspala, Hsp4a, and Hsp5a; and differentially modulated FOXO transcription
factors—decreasing Foxol while increasing Foxo3—thereby highlighting the ROS-linked caspase-FOXO-heat-shock pro-
tein axes as actionable nodes.”? Although these studies are not specific to UAN, collectively they reinforce the pathogenic
primacy of mitochondrial ROS and downstream stress-response pathways, providing a mechanistic rationale for mitochon-
dria-targeted interventions in UAN. Impairment of mitochondrial function leads to excessive ROS generation, which initiates
oxidative stress cascades.”> ROS originating from dysfunctional mitochondria not only provoke direct cytotoxicity to renal
parenchymal cells and activate pro-inflammatory signaling pathways but also contribute significantly to vascular remodeling
processes.”*2® Vascular remodeling is a critical pathological feature of UAN. Previous studies have indicated that hyperur-
icemia may upregulate the expression of macrophage migration inhibitory factor (MIF), which promotes phenotypic switch-
ing of vascular smooth muscle cells (VSMCs), exacerbating inflammation and structural remodeling, and ultimately
aggravating renal vascular injury.”” Given the pivotal role of vascular remodeling in the pathogenesis of UAN, elucidating
the underlying mechanisms remains essential.

Although the roles of mitochondrial oxidative stress and vascular remodeling in the UAN have been independently
investigated, the mechanistic crosstalk between these two processes remains unclear. This review aims to consolidate
current knowledge concerning the bidirectional interaction between mitochondrial dysfunction and vascular remodeling
in the context of UAN. We also examined the contribution of ROS-driven vascular alterations to disease initiation and
progression, and highlighted emerging mitochondrial-targeted therapeutic approaches. By focusing on the mitochondrial—
vascular axis, this review seeks to provide novel insights into the mechanistic basis of UAN and inform the development
of more effective treatment strategies to halt or reverse disease progression. A graphical overview of the conceptual
framework in UAN is illustrated in Figure 1, highlighting the epidemiological burden of hyperuricemia and the
mechanistic interplay between mitochondrial oxidative stress and vascular remodeling.

In preparing this narrative review, we conducted a structured literature search aligned with the PRISMA 2020 and PRISMA-S
reporting guidelines to enhance transparency; no protocol was registered. We searched PubMed/MEDLINE, Embase, Web of
Science, Scopus, the Cochrane Library, Google Scholar, China National Knowledge Infrastructure (CNKI), and Wanfang Data
from database inception through July 31, 2025, and we hand-searched reference lists and forward citations. Search terms
combined controlled vocabulary and free-text terms across three domains: (1) uric acid nephropathy and hyperuricemia with
kidney outcomes; (2) mitochondrial and oxidative pathways, including reactive oxygen species, mitophagy, PINK1 and Parkin,
mitochondrial DNA, and Drp1; and (3) vascular remodeling, including endothelial dysfunction, vascular smooth muscle cells,
and the renal microvasculature. We included original in vitro, animal, and human studies published in English or Chinese that
reported mitochondrial or vascular endpoints and mechanistic readouts of therapies, and we excluded non—full-text abstracts,
editorials, narrative reviews without new data, case reports without mechanistic outcomes, and studies unrelated to renal

outcomes.
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Figure | Conceptual framework of UAN, illustrating the epidemiological burden, mitochondrial oxidative stress, and vascular remodeling. Persistent hyperuricemia triggers
excessive ROS production and vascular changes, which reinforce each other in a feedback loop that drives renal injury.

Mitochondrial Oxidative Stress and Dysfunction in Renal Cells
ROS Generation and Mitochondrial Dysfunction

Mitochondria are central bioenergetic organelles responsible for adenosine triphosphate (ATP) production via oxidative
phosphorylation. Beyond ATP production, mitochondrial function is tightly coupled to cellular redox homeostasis.
Dietary phenolic compounds exert a dual, dose-dependent influence on oxidative stress: within physiological ranges
they can scavenge reactive species and upregulate endogenous defenses via Nrf2—ARE signaling, thereby supporting
recovery and mitochondrial adaptations, whereas excessive supplementation may blunt adaptive ROS-mediated signal-
ing, including pathways governing mitochondrial biogenesis.”® At the vascular interface, human serum paraoxonase-1
(PON1)—an HDL-associated hydrolase with antiatherogenic properties—constitutes a key enzymatic barrier to lipid
peroxidation and is pharmacologically modifiable; several antihypertensive agents inhibit PON1 with micromolar IC50
or Ki values and exhibit distinct mechanisms of inhibition—competitive for midodrine and nadolol, and noncompetitive
for atenolol and pindolol.*® In addition, small-molecule quinones (naphthoquinones, benzoquinones, anthraquinones)
inhibit PONI1 in vitro, with IC50 values of approximately 3.27-82.90 pM, underscoring that xenobiotics can attenuate
enzymatic antioxidant capacity and thereby shift the redox set point.*® Collectively, these observations highlight that
systemic modifiers of redox biology—whether nutraceutical or pharmacologic—can indirectly shape mitochondrial
oxidative tone and vascular risk, concepts relevant to hyperuricemia-related renal microvascular pathology. During this
process, electrons are sequentially transferred through the mitochondrial electron transport chain (ETC) to molecular
oxygen, generating the proton gradient required for ATP synthesis. However, partial electron leakage from the ETC
inevitably leads to incomplete reduction of oxygen, resulting in the formation of ROS, including superoxide anions and
hydrogen peroxide.*'>*

Under physiological conditions, mitochondria sustain redox homeostasis by balancing ROS production and scaven-
ging through endogenous antioxidant enzymes such as superoxide dismutase and glutathione peroxidase.>*>® However,
this equilibrium is disrupted in the context of sustained hyperuricemia. Mitochondrial membrane potential decreases, and
ATP synthesis efficiency is impaired, leading to accelerated ROS generation.’” *° Beyond these intrinsic mitochondrial
events, pharmacologic and xenobiotic modulators of redox homeostasis provide convergent evidence. Aldose reductase
(AR)—a polyol pathway enzyme that consumes NADPH and can exacerbate oxidative stress—is potently inhibited by
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newly designed 2-pyrazoline derivatives; the lead compound showed submicromolar potency (IC50 approximately
0.160 uM) with competitive inhibition (Ki approximately 0.019 uM) and outperformed epalrestat and quercetin in vitro,
underscoring the tractability of ROS-generating nodes.*' By contrast, attenuation of HDL-associated antioxidant defenses
may shift the redox set point toward oxidative injury: human serum paraoxonase-1 (PON1), which limits lipoprotein
oxidation, is inhibited in vitro by several sulfonamides (IC50 24-201 uM) with mixed competitive and noncompetitive
mechanisms,** and by commonly used antiepileptic drugs, including valproic acid, gabapentin, primidone, phenytoin,
and levetiracetam.”> Although these studies are not specific to UAN, collectively they support a mechanistic link
whereby systemic modifiers of antioxidant capacity propagate lipid peroxidation and ROS signaling, thereby exacerbat-
ing mitochondrial depolarization, bioenergetic failure, and downstream vascular injury relevant to UAN.

Excess ROS accumulation destabilizes the mitochondrial inner membrane, resulting in dissipation of membrane
potential.***> Mitochondrial dysfunction facilitates calcium ion overload within organelles, further impairing mitochon-
drial integrity. Elevated intramuscular calcium interferes with ATP synthase activity and promotes mitochondrial
membrane permeabilization, thereby aggravating the cellular energy deficits. Furthermore, the collapse of the membrane
potential induces the opening of the mitochondrial permeability transition pore (mPTP), permitting the leakage of
calcium ions and ROS into the cytosol. This release not only amplifies cytoplasmic oxidative stress, but also activates
apoptotic pathways, ultimately contributing to renal cell dysfunction and injury.*®

mtDNA Damage and Apoptotic Signaling

Mitochondrial DNA (mtDNA), which lacks protective histone proteins and resides in close proximity to the ETC, is
particularly susceptible to ROS-induced oxidative insult by ROS. In human dermal fibroblasts, age-related accumulation of
mtDNA mutations has been strongly correlated with elevated levels of 8-hydroxy-2’-deoxyguanosine, with mutation rates
estimated to be 10- to 20-fold higher than those found in nuclear DNA.*” ROS oxidize guanine residues in mtDNA to 8-oxo-
7,8-dihydroguanine (8-0x0G), and deficiency of B-hOGGI1 impairs base excision repair, thereby increasing the mtDNA
mutation burden.*®

Damage to mtDNA directly compromises the function of the mitochondrial respiratory chain, leading to increased
ROS production and establishment of a self-amplifying loop of mitochondrial dysfunction.**>" Critically, such damage
results in the loss of the mitochondrial membrane potential and decreased ATP generation, which triggers the opening of
the mPTP. This facilitates the release of pro-apoptotic factors, including cytochrome c, thereby initiating the caspase
cascade and activating intrinsic apoptotic pathways.’* >*

Moreover, apoptosis-inducing factor may translocate from the mitochondria to the nucleus, where it enhances apoptotic
signaling by inducing chromatin condensation and large-scale DNA fragmentation.”> >’ ROS-mediated mtDNA damage also
activates the tumor suppressor protein p53, increasing apoptotic activity and aggravating renal injury, particularly in the renal
tubular epithelial cells. This mechanism further drives the pathophysiological progression of UAN.>*¢°

Impaired Mitophagy and Mitochondrial Homeostasis Disruption
Mitophagy is a pivotal quality-control mechanism that mediates the selective degradation of dysfunctional mitochondria,
thereby maintaining cellular homeostasis.®'*®> Under physiological conditions, mitochondrial impairment caused by the
accumulation of ROS activates the PINK1-Parkin signaling pathway. Specifically, PTEN-induced kinase 1 (PINK1)
accumulates on the outer membrane of damaged mitochondria and serves as a molecular signal to recruit E3 ubiquitin
ligase Parkin. Parkin subsequently ubiquitinates outer mitochondrial membrane proteins, targeting the compromised
organelles for clearance through the autophagic system.®* ¢

This degradation pathway is essential for preserving mitochondrial integrity and preventing the intracellular buildup
of ROS-producing organelles. However, in the context of UAN, mitophagy is dysregulated, resulting in the impaired
clearance of dysfunctional mitochondria.”®®® Consequently, these damaged mitochondria accumulate within cells,
sustaining elevated levels of ROS and exacerbating oxidative stress. The inability to effectively eliminate dysfunctional
mitochondria perpetuates a deleterious feedback loop, in which oxidative damage and mitochondrial dysfunction
reinforce each other. Ultimately, this cycle amplifies renal cellular injury and promotes disease progression in UAN
patients.
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Antioxidant System Impairment

In UAN, the activity of key antioxidant enzymes is markedly suppressed, resulting in diminished capacity to neutralize
ROS.” Concurrently, the hyperuricemic milieu promotes excessive ROS production by activating nicotinamide adenine
dinucleotide phosphate oxidases, particularly NOX4, thereby exacerbating oxidative stress and compromising the
antioxidant defence system.®® This redox imbalance intensifies mitochondrial and cellular injury as sustained ROS
accumulation amplifies oxidative damage. Dysfunction of the antioxidant network further destabilizes redox homeostasis,
propagating cellular stress and organelle impairment.®”-”°

Under conditions of prolonged hyperuricemia, renal tubular epithelial cells exhibit impaired capacity to preserve
physiological function due to chronic oxidative insult. Notably, stimulation by uric acid (UA) activates the RhoA/Rho-
associated coiled-coil protein kinase (ROCK) signaling pathway, which drives intracellular ROS overproduction in
tubular epithelial cells, thereby promoting renal oxidative injury.”' Disruption of the redox equilibrium contributes
significantly to the aggravation of renal damage and disease progression.

Collectively, the aforementioned mechanisms, including excessive ROS production, mtDNA damage, defective
mitophagy, and weakened antioxidant defenses, form a self-perpetuating cycle that accelerates mitochondrial dysfunction
and cellular injury in UAN. Persistent ROS accumulation aggravates structural and functional mitochondrial deteriora-
tion leading to increased oxidative stress, apoptosis, and progressive renal impairment. Failure of mitophagy to clear
damaged mitochondria, compounded by an insufficient antioxidant system, further exacerbates vascular remodeling and
renal pathology. The mechanistic links between mitochondrial injury, ROS production, and vascular remodeling are
depicted in Figure 2.

emPTP Opening

DNA repair failure_

B-hOGG1 loss
=\

pS3 «— (AIF

Apoptosis

Reduction of mitochondrial membrane potential '”;D
D

PINKI1_Parkin

Oxidative
Stress

s ¥ ° 3450 -

RhoA/ROCK

Impaired mitoé’hondrial
accumulation
N EoM Redox Imbalance
RN

Vascular Remodelmg

Autophagosome

Figure 2 Pathogenic mechanisms of mitochondrial oxidative stress in UAN. Hyperuricemia impairs mitochondrial function, leading to excess ROS generation, mtDNA
damage, defective mitophagy, and redox imbalance. These processes trigger tubular injury, apoptosis, and vascular remodeling, creating a feedback loop that exacerbates
renal injury.
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A deeper understanding of these interconnected mechanisms is essential for the identification of novel therapeutic
targets. Interventions aimed at correcting mitochondrial dysfunction and mitigating oxidative stress may offer promising
avenues for disrupting this pathogenic cycle, ultimately contributing to the development of effective strategies for the
prevention and management of UAN.

Mechanisms of Vascular Remodeling in UAN

Pathological Mechanisms Underlying Vascular Remodeling

Vascular remodeling is a critical pathological hallmark of the progression of UAN. Accumulating evidence suggests that
UA upregulates macrophage MIF expression in the renal tubular epithelium. In turn, MIF facilitates the phenotypic
transition of VSMCs from a contractile to a synthetic state, an event intimately linked to vascular inflammation and
structural remodeling. In murine models of chronic hyperuricemia, sustained UA exposure results in increased circulating
and tissue levels of MIF accompanied by enhanced vascular inflammation, VSMC dedifferentiation, and remodeling.
Notably, pharmacological inhibition or genetic silencing of MIF markedly suppressed UA-induced VSMC phenotypic
switching, thereby ameliorating vascular dysfunction and remodeling.?’

The proliferation and migration of VSMCs are pivotal steps in the pathophysiological cascade of vascular remodel-
ing. p21-activated kinase 1 (PAK1) is a critical mediator of angiotensin II- and platelet-derived growth factor (PDGF)-
induced activation of VSMCs. Inhibition of PAK1 through the expression of a dominant-negative construct delivered via
adenoviral vectors significantly attenuated neointimal hyperplasia.”> Similarly, suramin suppresses PDGF-BB-driven
VSMC proliferation, migration, and dedifferentiation by targeting the TGFBR1/Smad2/3 signaling axis, thereby attenu-
ating vascular remodeling.”

ROS serve as important upstream signals that exacerbate VSMC activation. Under oxidative stress, VSMCs exhibit
enhanced proliferation, increased migratory behavior toward injury sites, and augmented deposition of extracellular
matrix (ECM) components.”*’” These pathological changes culminate in vascular wall thickening and luminal narrow-
ing, ultimately reducing the renal perfusion. Excessive accumulation of ECM and the associated vascular architectural
disruptions impair microcirculatory flow, intensifying renal hypoxia and injury. Vascular remodeling has emerged as
a key mechanistic driver of UAN, linking metabolic disturbances with structural deterioration that culminates in CKD
progression.

Role of Endothelial Dysfunction
ROS exert direct cytotoxic effects on vascular endothelial cells, thereby initiating endothelial dysfunction, a pivotal
contributor to the progression of UAN.”*®*! Under physiological conditions, endothelial cells maintain vascular tone and
renal microcirculation largely through the synthesis and release of nitric oxide (NO), a potent vasodilator.**** However,
excessive accumulation of ROS impairs endothelial nitric oxide synthase activity and promotes NO degradation, resulting in
diminished NO bioavailability and subsequent vasoconstriction and vasospasm.** ¢ This dysregulation of vascular tone
contributes not only to elevated blood pressure but also to the amplification of intravascular inflammatory responses.®’
Simultaneously, ROS-mediated endothelial apoptosis disrupts the structural and functional integrity of the endothelial
barrier, further compromising vascular stability.*® The deterioration of endothelial integrity accelerates vascular
remodeling and fosters the progression of renal injury.’®°? Collectively, endothelial dysfunction, characterized by
oxidative injury, impaired vasodilatory capacity, and structural compromise, represents a central pathological event in
UAN that disrupts microvascular perfusion and amplifies both the systemic and local inflammatory cascades.

Hemodynamic Changes and Hypoxia-Driven Injury

In the UAN, structural abnormalities within the renal vasculature result in compromised perfusion, thereby precipitating
tissue hypoxia.”>** The ensuing reduction in oxygen delivery markedly diminishes renal tissue oxygenation and
establishes a hypoxic microenvironment.”> In response, the hypoxia-inducible factor 1 alpha (HIF-1a) pathway, a key
transcriptional regulator of cellular adaptation to low oxygen tension, is activated.”®” Upon stabilization, HIF-1a
upregulates the expression of vascular endothelial growth factor (VEGF) and other angiogenic mediators, initiating
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neovascularization and remodeling programs aimed at restoring oxygen homeostasis.”®?® However, prolonged or
excessive activation of this pathway may paradoxically promote vascular instability, inflammation, and interstitial
fibrosis, thereby exacerbating renal injury.”® !

The persistent interplay between impaired perfusion, sustained hypoxia, and maladaptive vascular remodeling
establishes a vicious cycle that accelerates the structural and functional deterioration of the kidney. Importantly, vascular
alterations in UAN are not merely reactive events secondary to tubulointerstitial damage, but constitute an intrinsic and
parallel pathological axis active throughout disease progression. This observation supports the conceptualization of UAN
as a multifactorial disorder driven by coordinated injury across the “metabolic—mitochondrial-vascular—nephron” axis.
Within this framework, vascular remodeling and endothelial dysfunction should be recognized as co-primary drivers,
rather than merely downstream consequences of UAN. These processes act synergistically with mitochondrial oxidative
stress and apoptosis to accelerate the disease progression. Mechanisms of uric acid—induced vascular remodeling and
hypoxia-driven renal injury are illustrated in Figure 3.

Mitochondria to Vascular Crosstalk: Mechanistic Integration
ROS-Triggered NF-kB/NLRP3 Inflammatory Activation

ROS are central mediators of endothelial injury and have been increasingly recognized as critical drivers of UAN
pathogenesis.' %> '** The pathological accumulation of ROS results in extensive oxidative damage to endothelial cells,
thereby impairing their physiological function and disrupting the structural integrity of the endothelial barrier.'®>'% This
oxidative insult initiates a cascade of inflammatory responses, prominently involving the activation of the nuclear factor

107

kappa-light-chain-enhancer of activated B cell (NF-kB) signaling axis' ' and the NOD-like receptor family pyrin

domain-containing 3 (NLRP3) inflammasome pathway.'%*'%

Activation of the NF-kB pathway induces the transcription of a range of pro-inflammatory cytokines, including tumor
necrosis factor-alpha, interleukin-6, and interleukin-1 beta (IL-1B), which collectively exacerbate endothelial dysfunction
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Figure 3 Uric acid-induced vascular remodeling and hypoxia in UAN. Excess ROS promote VSMC phenotypic switching, ECM deposition, and endothelial dysfunction,
leading to vascular remodeling and reduced renal perfusion. Sustained hypoxia stabilizes HIF-1a and alters VEGF signaling, further aggravating renal injury.
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and perpetuate vascular inflammation.'®>"'® Concurrently, ROS-induced damage activates NLRP3 inflammasome,
facilitating caspase-1—mediated maturation and release of IL-1p, thereby amplifying local inflammatory responses.'!'™!!3

These two pathways converge to aggravate endothelial injury, promote ECM deposition, and accelerate vascular
remodeling and fibrosis. The persistent crosstalk between oxidative stress and inflammation establishes a self-reinforcing

pathological loop that drives UAN progression and contributes to a sustained renal functional decline.

mtDNA Release and cGAS-STING Activation

ROS critically mediate the cytosolic release of mtDNA, serving as a key trigger for the activation of innate immune signaling.
Beyond direct mitochondrial damage, perturbations of enzymatic antioxidant and detoxification systems can further intensify
ROS signaling and thereby favor release of mtDNA into the cytosol. Chalcones inhibit human glutathione S-transferase (GST)
in vitro, with Ki values of approximately 7.8-41.9 uM and both competitive and noncompetitive mechanisms of inhibition,
potentially constraining GSH-dependent detoxification and redox buffering."'* Likewise, several widely used pesticides
suppress hepatic GST purified from Van Lake fish, with Ki values of approximately 0.025-3.72 mM; A-cyhalothrin acts
competitively, consistent with xenobiotic-driven reduction of GST activity.''> In addition, the HDL-associated antioxidant
enzyme paraoxonase-1 (PONI) is inhibited by indazole derivatives (Ki approximately 26-111 pM; competitive), and
molecular docking supports active-site binding, implying a reduced capacity to hydrolyze lipid peroxides.''® Although
these studies are not specific to UAN, collectively they support a model in which xenobiotic or pharmacologic suppression
of GST or PON1 lowers antioxidant resilience, amplifies oxidative stress, and creates a milieu conducive to cytosolic mtDNA
release and downstream innate immune activation in susceptible renal tissues. Mitochondrial dysfunction induced by
excessive ROS accumulation results in oxidative damage to mtDNA, which subsequently escapes to the cytoplasm.
Cytosolic mtDNA is recognized by cyclic GMP—AMP synthase (cGAS), leading to the activation of the cGAS—stimulator
of interferon genes (STING) signaling axis.''”-''®

Once activated, the cGAS—STING pathway promotes the transcription of type I interferons and a range of proinflamma-
tory cytokines, thereby initiating a potent inflammatory response.''*'? Although this mechanism plays a crucial role in
maintaining immune vigilance under physiological stress, sustained ROS generation and continuous mtDNA leakage provoke
persistent activation of the pathway, aggravating inflammation and contributing to cellular and tissue damage.'*''*

In the pathological setting of UAN, ROS-mediated mtDNA release perpetuates aberrant activation of the cGAS—
STING pathway, driving chronic renal inflammation and fibrotic remodeling.'?"-'** This self-reinforcing loop, involving
oxidative stress, mtDNA damage, and innate immune activation, represents a fundamental mechanism that accelerates

UAN progression and exacerbates renal functional decline.

Drp|-Mediated Fission and Vascular Remodeling

Mitochondrial dysfunction triggered by excessive ROS accumulation induces the activation of dynamin-related protein 1
(Drpl), a GTPase that governs mitochondrial fission and is essential for maintaining mitochondrial dynamics.'#* !¢
Drpl-mediated fission leads to fragmentation of the mitochondrial network, destabilization of mitochondrial membranes,
and amplification of intracellular stress responses.'?’ '

In VSMCs, excessive Drpl activation facilitates mitochondrial fragmentation and enhances cellular proliferation and
migration.'* These processes contribute to pathological vascular remodeling by promoting VSMC migration to sites of
vascular injury and deposition of ECM proteins, ultimately resulting in vascular wall thickening and luminal stenosis.'' '

Maladaptive proliferation and migration of VSMCs, driven by persistent ROS generation and mitochondrial frag-
mentation, contributes to a vicious feedback loop between oxidative stress and structural remodeling. This loop
accelerates vascular dysfunction and aggravates the renal injury. Collectively, mitochondrial fragmentation and aberrant

Drpl activation have emerged as pivotal molecular mechanisms orchestrating vascular remodeling in the UAN.

Disrupted Mitophagy Drives ECM Remodeling
Impairment of mitophagy leads to the accumulation of dysfunctional mitochondria within cells, resulting in persistent
ROS overproduction, deleterious cycle of oxidative stress, and mitochondrial injury.'**™'*® This persistent oxidative state
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activates a spectrum of pathological signaling pathways, particularly those implicated in pro-inflammatory and profi-
brotic responses.'>”+1%%

A major downstream effect is the excessive deposition of ECM components such as collagen, which represents
a hallmark of vascular remodeling.'**'*° Aberrant ECM accumulation thickens the vascular wall and narrows the lumen,
consequently disrupting renal microcirculation and impairing oxygen delivery to nephron units.'*!

ROS-driven ECM remodeling, exacerbated by defective mitophagy, significantly promotes renal fibrosis and com-
promises vascular integrity. As a result, progressive structural deterioration of the renal vasculature constitutes a critical

pathogenic event in UAN progression.

Calcium Overload and Mitochondrial Fragmentation Promote Vasoconstriction
Excessive accumulation of ROS is intimately linked to intracellular calcium (Ca*+) overload, which activates a range of
Ca?+-dependent enzymatic pathways and initiates a cascade of deleterious cellular responses including VSMC contrac-
tion and vasospasm.'**"'*> Mitochondrial fragmentation, a hallmark feature of mitochondrial dysfunction, further
exacerbates calcium imbalance by promoting the release of Ca®+ from intracellular stores such as the endoplasmic
reticulum and mitochondria.'*®

Elevated cytosolic Ca?t+ activates key downstream effectors, including calcium/calmodulin-dependent protein kinase
IT and phospholipase A2, both of which enhance VSMC contractility and contribute to luminal narrowing of blood
vessels.'*”"'*’ These pathological changes result in pronounced vasoconstriction, reduced renal perfusion, and elevated
vascular resistance, thereby impairing the renal microcirculation.

Furthermore, the sustained interaction between Ca*t+ overload and ROS accumulation establishes a self-perpetuating
feedback loop that reinforces vascular smooth muscle contraction and promotes progressive vascular remodeling. This vicious
cycle plays a central role in exacerbating renal injury and accelerating the progression of UAN. The crosstalk between
mitochondrial oxidative stress and vascular remodeling is illustrated in Figure 4, highlighting key signaling pathways such as
NF-kB, NLRP3, cGAS-STING, and Drpl1 that contribute to inflammation, vascular dysfunction, and renal fibrosis.
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Figure 4 Crosstalk between mitochondrial oxidative stress and vascular remodeling in UAN. Excess ROS drive inflammation, mtDNA leakage, mitochondrial fission, and
impaired mitophagy, leading to endothelial dysfunction, VSMC activation, and ECM remodeling. These processes interact in a feedback loop that promotes vascular stenosis,
hypoxia, and renal fibrosis.
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Experimental and Clinical Evidence

In vitro and in vivo Experimental Studies

The inference that mitochondrial oxidative stress causally contributes to urate crystal-induced kidney injury is supported
primarily by preclinical data from cell and animal models, whereas human evidence remains largely associative;
mechanistic claims are therefore framed cautiously pending prospective clinical validation. Accumulating evidence
from both in vitro and in vivo studies supports a mechanistic link between mitochondrial dysfunction and vascular
remodeling in the pathogenesis of UAN. Elevated levels of uric acid have been shown to disrupt mitochondrial
homeostasis, thereby enhancing the production of ROS, which initiate oxidative stress, impair endothelial function,
and promote pathological vascular remodeling.'>%'?

Mitochondria-targeted antioxidants, such as MitoQ, have demonstrated significant efficacy in reducing mitochondrial
ROS levels and mitigating oxidative damage in various experimental models.'>*'>* In a bilateral renal ischemia—reperfusion
mouse model, intravenous MitoQ (4 mg/kg) administered 15 min before ischemia significantly reduced 24-h plasma
creatinine compared with vehicle and lowered renal protein carbonyls and mtDNA damage (one-way ANOVA; p < 0.01
across endpoints), indicating on-target mitochondrial protection.'> Similarly, in a rat ischemia—reperfusion model, the
mitochondria-targeted peptide SS-31 (0.5-5 mg/kg, s.c). decreased tubular necrosis scores in a dose-dependent manner
(ANOVA; p < 0.0001), reduced TUNEL-positive tubular cells, accelerated ATP recovery, and lessened medullary vascular
congestion at 24 h.">® In a model of metabolic kidney injury, elamipretide in db/db mice suppressed albuminuria and urinary
H,0,, reduced mesangial matrix expansion by approximately 50%, and restored renal superoxide levels.'>’

MitoQ selectively accumulates within the mitochondria owing to its lipophilic triphenylphosphonium moiety,
enabling direct scavenging of ROS and restoration of mitochondrial membrane potential. Consequently, MitoQ preserves
mitochondrial bioenergetics, suppresses ROS-triggered cellular injury, and inhibits a cascade of events leading to
vascular and renal pathologies.'>® %!

Collectively, these findings provide compelling preclinical evidence for the therapeutic utility of mitochondria-
targeted strategies in alleviating uric acid—induced endothelial dysfunction and vascular remodeling. These findings
provide a mechanistic foundation for future translational studies and for the development of targeted interventions aimed

at halting the progression of UAN.

Clinical Correlations and Biomarker Potential
Clinical evidence increasingly supports a strong correlation between elevated ROS levels, renal function decline, and vascular
abnormalities in patients with UAN.'®>'%3 Notably, increased ROS production is inversely associated with the estimated
glomerular filtration rate (eGFR), a principal clinical marker of renal function, and positively associated with indicators of
endothelial dysfunction and vascular remodeling, both of which are hallmark structural alterations of the renal vasculature.'®*'®
At the population level, a meta-analysis of 15 cohort datasets reported that each 1 mg/dL increase in serum urate was associated
with a 22% higher risk of incident CKD, with stronger associations observed in younger cohorts.'*®

Moreover, endothelial dysfunction and vascular remodeling are strongly implicated in the pathophysiology of UAN,
and are exacerbated by persistent oxidative stress.'®”"'°® Randomized trial data on vascular function are mixed. In stage 3
CKD, 12 weeks of allopurinol reduced serum urate by approximately 3.24 + 1.35 mg/dL but did not significantly change
brachial artery flow-mediated dilation (FMD) overall; among nondiabetic participants, FMD showed a nonsignificant
trend toward greater improvement.'® Regarding renoprotection, two large RCTs—CKD-FIX and PERL—did not
demonstrate a benefit of urate lowering on the estimated glomerular filtration rate (¢GFR) slope: CKD-FIX reported
—3.33 vs —3.23 mL/min/1.73 m? per year for allopurinol versus placebo, and PERL similarly found no clinically
meaningful benefit on iohexol-measured GFR after 3 years of treatment plus washout.'”%!”!

These findings collectively highlight the potential of ROS not only as a mechanistic driver of disease progression but
also as a candidate biomarker for clinical monitoring and risk stratification in UAN.

Nonetheless, the translation of ROS into reliable clinical biomarkers presents a significant challenge. Among these are
the limited specificity of ROS indicators and current lack of validation in large-scale prospective patient cohorts.

Therefore, future clinical investigations are essential to elucidate the prognostic value of ROS levels, refine their
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relationship with eGFR and vascular pathology, and to determine their potential role in guiding personalized therapeutic
strategies for UAN.

Research Gaps

Despite substantial progress in elucidating the molecular mechanisms underlying UAN, current knowledge is predomi-
nantly derived from animal models and in vitro systems. A critical limitation of the field is the absence of long-term,
large-scale clinical cohort studies that can validate experimental findings in human populations. In particular, the lack of
prospective clinical datasets and mitochondria-specific biomarkers poses a major barrier for accurately monitoring
mitochondrial dysfunction and oxidative stress dynamics throughout the course of UAN.

This gap significantly impedes efforts to delineate the temporal evolution of mitochondrial damage and its correlation
with renal pathology. Moreover, the paucity of validated biomarkers limits their ability to assess therapeutic responses
and hinders the integration of mechanistic insights into clinical practice.

To address these challenges, future research must prioritize the identification and validation of sensitive and specific
mitochondrial biomarkers capable of reflecting early stage dysfunction. The design and execution of robust, large-scale,
longitudinal clinical trials to evaluate the diagnostic and prognostic values of these biomarkers are equally important.
Such efforts are essential for enabling early detection, refining risk stratification, and guiding the development of

personalized treatment strategies for UAN.

Therapeutic Implications

Antioxidants Targeting Mitochondria

Mitochondria-targeted antioxidants, such as MitoQ, SkQ1, and SS-31, have emerged as promising therapeutic candidates
for alleviating mitochondrial dysfunction and mitigating vascular remodeling in the UAN. These agents are structurally
designed to selectively accumulate within the mitochondria, where they neutralize ROS, restore redox homeostasis, and
preserve the mitochondrial integrity.

Among these, MitoQ has demonstrated notable protective effects in experimental models of oxidative injury. In
a PM2.5-induced aortic fibrosis model, MitoQ effectively attenuated mitochondrial ROS overproduction, restored
mitochondrial membrane potential and ATP synthesis, and downregulated the expression of the mitochondrial fission
mediator, Drpl, thereby ameliorating mitochondrial fragmentation and dysfunction. Furthermore, MitoQ modulated the
PINK1/Parkin-dependent mitophagy pathway, contributing to the clearance of damaged mitochondria and suppression of
VSMC phenotypic switching and collagen deposition.'>

Similarly, SkQ1'”* and SS-31'"* confer mitochondrial protection via distinct yet complementary mechanisms. Both
agents inhibit mitochondrial dysfunction, reduce inflammatory responses, and suppress fibrotic remodeling, which are the
hallmark processes that contribute to the pathogenesis of UAN. By directly targeting mitochondrial oxidative stress, these
mitochondria-directed antioxidants offer a novel therapeutic paradigm that addresses the central pathogenic axis in UAN,
with the potential to delay disease progression and preserve renal function.

Current clinical development status and safety profiles are summarized as follows. In a randomized, placebo-
controlled pilot trial in stage 3—4 CKD (n = 18), 4 weeks of oral MitoQ 20 mg daily improved brachial artery flow-
mediated dilation compared with placebo and was well tolerated.'”* A registered CKD trial (NCT02364648) also
evaluated MitoQ in a double-blind design.'”® In healthy adults, an acute high-dose randomized crossover study found
that MitoQ did not increase urinary kidney injury biomarkers, supporting short-term renal safety.'’® For SS-31
(elamipretide), a Phase 2a randomized, placebo-controlled trial in patients with atherosclerotic renal artery stenosis
undergoing angioplasty/stenting showed reduced postprocedural renal hypoxia on BOLD-MRI at 24 h and higher renal
blood flow at 3 months; overall tolerability was acceptable, with injection-site reactions as the principal adverse
events.'”” For SkQ1, no CKD trials have been conducted to date; however, ophthalmic Phase II/III randomized trials

in dry eye disease have demonstrated clinical efficacy and good tolerability of SkQ1 eye drops.'”!7
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Inhibitors of Vascular Remodeling
Pharmacological inhibition of the transforming growth factor-p (TGF-P) signaling pathway and the ROCK cascade has
demonstrated considerable therapeutic potential in attenuating VSMC proliferation and migration, two pivotal processes
in the pathogenesis of vascular remodeling.'**'®" The TGF-p pathway plays a central role in modulating ECM
production and in regulating the phenotypic transition of VSMCs from a contractile to a synthetic state. Inhibition of
this pathway has been shown to reduce ECM deposition and ameliorate pathological vascular structural changes.'®*'#*

Accumulating evidence indicates that targeting TGF-B signaling effectively suppresses VSMC proliferation and
migration, which are fundamental drivers of vascular wall thickening and luminal narrowing, both of which are
hallmarks of advanced vascular remodeling.'®>'® In parallel, ROCK inhibitors such as Y-27632 act on the Rho/
ROCK signaling axis, a critical regulator of actin cytoskeleton organization and cellular contractility."®”"'® By blocking
ROCK activity, these agents not only inhibit VSMC motility but also downregulate ECM synthesis, thereby mitigating
fibrotic vascular remodeling.'**'*!

Taken together, combinatorial strategies employing TGF-f and ROCK pathway inhibitors offer a rational and
mechanistically grounded approach to counteract pathological vascular remodeling. Such interventions have significant
therapeutic potential for halting or slowing the progression of UAN, wherein excessive vascular remodeling constitutes

the core pathogenic mechanism.

Combined Therapies
The integration of uric acid-lowering agents, such as xanthine oxidase inhibitors (XOls), with mitochondria-targeted
protectants represents an emerging therapeutic paradigm that may enhance efficacy while minimizing treatment-related
adverse effects, particularly in the management of UAN. XOls, including allopurinol and febuxostat, lower serum uric
acid levels by inhibiting xanthine oxidase, an enzyme that catalyses the conversion of hypoxanthine to uric acid.'**'?
Nonetheless, despite effective urate-lowering, long-term administration of XOIs may not fully mitigate oxidative
stress, as persistent hyperuricemia or urate fluctuations can still induce mitochondrial dysfunction and promote ROS.'**
In this context, concomitant administration of mitochondrial protectants, such as MitoQ and SS-31, represents a rational
adjunctive strategy. These agents specifically target mitochondrial oxidative stress, restore mitochondrial membrane
integrity, reduce ROS generation, and ultimately inhibit downstream processes involved in vascular remodeling.
Importantly, such a combination strategy is anticipated to exert additive or even synergistic effects, not only
enhancing therapeutic efficacy but also potentially reducing the dosage or duration of XOlIs required, thereby limiting
associated adverse events. By simultaneously addressing both the systemic urate burden and mitochondrial redox
imbalance, this dual-targeted approach provides a comprehensive framework for the treatment of UAN and may help

delay or prevent the progression to irreversible renal injury.

Clinical Challenges and Prospects for Translation

Despite recent advances, several critical challenges hinder the clinical translation of therapeutic strategies for UAN,
particularly those targeting mitochondrial dysfunction and vascular remodeling. The key to this is the development of
efficient and precise drug delivery systems, particularly mitochondria-targeted antioxidants. The therapeutic efficacy of
such agents depends on their ability to selectively accumulate within the mitochondrial matrix, while sparing other
cellular compartments. Inadequate targeting not only limits pharmacological potency but also increases the risk of off-
target effects and systemic toxicity.

Another significant concern is the clinical safety profile of mitochondria-targeted compounds. Given the novelty of
these therapeutics and their prolonged intracellular retention, their long-term administration raises questions regarding
their potential mitochondrial toxicity and cumulative adverse effects. Thus, rigorous preclinical toxicological assessments
and long-term safety monitoring in clinical settings are imperative, particularly for patients requiring chronic treatment.

Moreover, the long-term efficacy of combination therapy that integrates xanthine oxidase inhibitors with mitochon-
drial protectants has yet to be conclusively demonstrated. Although preclinical data are encouraging, randomized
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controlled trials evaluating the durability of renal function preservation, impact on disease progression, and overall
benefit to patient outcomes are lacking.

Future clinical investigations should prioritize several objectives: (i) the design of advanced delivery platforms with
mitochondrial-targeting capabilities; (ii) comprehensive evaluation of safety across diverse patient populations and
dosing regimens; and (iii) longitudinal studies assessing therapeutic durability and clinical endpoints. These efforts are
essential for translating mechanistic insights into practical interventions for effectively modifying the course of UAN.
Figure 5 summarizes therapeutic strategies targeting mitochondrial oxidative stress and vascular remodeling in UAN,
including mitochondria-targeted antioxidants, xanthine oxidase inhibitors, and signaling pathway modulators, as well as
current translational challenges.

Conclusion and Perspectives

In conclusion, the bidirectional interplay between oxidative stress and vascular remodeling constitutes a fundamental
pathogenic mechanism in UAN. Oxidative stress, primarily driven by mitochondrial dysfunction, leads to the over-
production of ROS, which not only aggravates vascular injury, but also promotes pathological remodeling of the
vasculature. Conversely, vascular abnormalities such as endothelial dysfunction and VSMC proliferation further amplify
oxidative stress, creating a self-reinforcing feedback loop that accelerates renal damage. Unraveling the mechanistic
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underpinnings of the mitochondria in the vasculature axis is essential for identifying novel therapeutic targets and
improving clinical intervention strategies.

Despite the recent progress, several critical scientific issues remain unresolved and require further investigation. The
identification of reliable mitochondria-specific biomarkers that can accurately predict UAN progression and reflect early
mitochondrial dysfunction and ROS accumulation is essential to improve early diagnosis, dynamic disease monitoring,
therapeutic assessment, and personalized treatment planning. Furthermore, the development of effective strategies to
disrupt the ROS—vascular remodeling feedback loop at an early stage is of paramount importance given the role of this
cycle as a principal driver of disease advancement. Interventions during the reversible phase may present a key
opportunity to prevent irreversible vascular and renal injuries. Elucidating the molecular crosstalk between oxidative
stress and vascular signaling pathways remains a research priority.

Equally important is the identification of a well-defined therapeutic window, as initiating treatment within this period may
significantly improve the long-term clinical outcomes. Looking ahead, the integration of advanced technologies, such as
multi-omics profiling, organoid-based disease modeling, and artificial intelligence-driven mechanistic analysis, holds trans-
formative potential for advancing our understanding of UAN pathophysiology. Multi-omics platforms, including genomics,
transcriptomics, proteomics, and metabolomics, enable comprehensive mapping of disease-associated networks. Organoid
models that closely replicate the structural and functional characteristics of renal tissues provide physiologically relevant
systems for mechanistic investigations and therapeutic screening. In parallel, Al-based analytical frameworks can synthesize
multidimensional datasets to predict disease progression, stratify patient risks, and guide personalized treatment strategies.

Collectively, these technological innovations, combined with sustained translational and clinical efforts, hold sig-
nificant promise for transforming the diagnosis, monitoring, and treatment of UAN, and for improving the precision and
effectiveness of nephrological care.

Acknowledgments
The figures in this article were created using BioRender. The authors sincerely thank the platform for its support in the
professional scientific illustration.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Funding

This study was supported by the “Double First-Class” and Distinguished Discipline Construction Project of Heilongjiang
University of Chinese Medicine (Grant No. 15041180133 to Y. Tong), the High-Level Construction and “Double First-
Class” Discipline Development Support Fund Project of the National Administration of Traditional Chinese Medicine
(Grant No. GJJGSPZDXK31012 to Y. Tong), and the Heilongjiang University of Chinese Medicine Graduate Student
Innovation Research Project (Project No. 2025yjscx008 to Y. Tong).

Disclosure
The authors report no conflicts of interest in this work.

References

1. Yang C, Su H-Y, An N, et al. AMP-activated protein kinase a2 contributes to acute and chronic hyperuricemic nephropathy via renal urate deposition
in a mouse model. Eur J Med Res. 2022;27(1):176. doi:10.1186/s40001-022-00800-1

2. Balakumar P, Alqahtani A, Khan NA, et al. Mechanistic insights into hyperuricemia-associated renal abnormalities with special emphasis on
epithelial-to-mesenchymal transition: pathologic implications and putative pharmacologic targets. Pharmacol Res. 2020;161:105209. doi:10.1016/.
phrs.2020.105209

294 https: International Journal of Nephrology and Renovascular Disease 2025:18


https://doi.org/10.1186/s40001-022-00800-1
https://doi.org/10.1016/j.phrs.2020.105209
https://doi.org/10.1016/j.phrs.2020.105209

Liang et al

10.
11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Knorr JP, Chewaproug D, Neeli S, et al. Severe interferon/ribavirin-induced hyperuricemia and urate nephropathy requiring rasburicase and

hemodialysis in a liver transplant recipient. Exp Clin Transplant. 2015;13(6):596-599. doi:10.6002/ect.2014.0081

. Li M, Nie Q, Xia Q, et al. Assessing cross-national inequalities and predictive trends in gout burden: a global perspective (1990-2021). Front

Med. 2025;12:1527716. doi:10.3389/fmed.2025.1527716

. She D, Wang Y, Liu J, et al. Changes in the prevalence of hyperuricemia in clients of health examination in eastern China, 2009 to 2019. BMC

Endocr Disord. 2022;22:202. doi:10.1186/s12902-022-01118-z

. Li'Y, Chen Z, Xu B, et al. Global, regional, and national burden of gout in elderly 1990-2021: an analysis for the global burden of disease study

2021. BMC Public Health. 2024;24:3298. doi:10.1186/s12889-024-20799-w

. Tiwari AM, Zirpe KG, Khan AZ, et al. Incidence, subtypes, risk factors, and outcome of delirium: a prospective observational study from indian

intensive care unit. /ndian J Crit Care Med. 2023;27:111-118. doi:10.5005/jp-journals-10071-24407

. Kim Y, Kang J, Kim G-T. Prevalence of hyperuricemia and its associated factors in the general Korean population: an analysis of a

population-based nationally representative sample. Clin Rheumatol. 2018;37:2529-2538. doi:10.1007/s10067-018-4130-2

. Ni Q, Lu X, Chen C, et al. Risk factors for the development of hyperuricemia: a STROBE-compliant cross-sectional and longitudinal study.

Medicine. 2019;98:¢17597. doi:10.1097/MD.0000000000017597

Cameron JS. Uric acid and renal disease. Nucleosides Nucleotides Nucleic Acids. 2006;25:1055-1064. doi:10.1080/15257770600890954
Humbert A, Stucker F. acid uric: key player in a recently recognized devastating nephropathy and in the development of chronic kidney disease.
Rev Med Suisse. 2018;14:414-417.

Khadka M, Pantha B, Karki L. Correlation of uric acid with glomerular filtration rate in chronic kidney disease. JNMA; J Nepal Med Assoc.
2018;56:724-727. doi:10.31729/jnma.3700

. DulL, Zong Y, Li H, et al. Hyperuricemia and its related diseases: mechanisms and advances in therapy. Signal Transduction Targeted Ther.

2024;9:212. doi:10.1038/s41392-024-01916-y

Lusco MA, Fogo AB, Najafian B, et al. AJKD atlas of renal pathology: gouty nephropathy. Am J Kidney Dis Off J Natl Kidney Found. 2017;69:
e5-6. doi:10.1053/j.ajkd.2016.11.006

Towiwat P, Chhana A, Dalbeth N. The anatomical pathology of gout: a systematic literature review. BMC Musculoskelet Disord. 2019;20:140.
doi:10.1186/s12891-019-2519-y

Ben salem C, Agrebi M, Sahnoun D, et al. Drug-induced hypouricemia. Drug Saf. 2025;48:129—142. doi:10.1007/s40264-024-01485-7

Shi C, Zhou Z, Chi X, et al. Recent advances in gout drugs. Eur J Med Chem. 2023;245:114890. doi:10.1016/j.ejmech.2022.114890

Han F, Dong Y, Liu Q, et al. S-nitrosylation of peroxiredoxin 2 exacerbates hyperuricemia-induced renal injury through regulation of
mitochondrial homeostasis. Free Radic Biol Med. 2025;230:66—78. doi:10.1016/j.freeradbiomed.2025.02.003

Qiyan Zheng N, Zhang X, Guo J, et al. JinChan YiShen TongLuo formula ameliorate mitochondrial dysfunction and apoptosis in diabetic
nephropathy through the HIF-10-PINK1-Parkin pathway. J Ethnopharmacol. 2024;328:117863. doi:10.1016/j.jep.2024.117863

Guan H, Lin H, Wang X, et al. Autophagy-dependent Na+-K+-ATPase signalling and abnormal urate reabsorption in hyperuricaemia-induced
renal tubular injury. Eur J Pharmacol. 2022;932:175237. doi:10.1016/j.ejphar.2022.175237

Esculetin improves inflammation of the kidney via gene expression against doxorubicin-induced nephrotoxicity in rats: in vivo and in silico
studies. Food Biosci. 2024;62:105159. doi:10.1016/j.fbi0.2024.105159

Kizir D, Yesilkent EN, Oztiirk N, et al. The protective effects of esculetin against doxorubicin-induced hepatotoxicity in rats: insights into the
modulation of caspase, FOXOs, and heat shock protein pathways. J Biochem Mol Toxicol. 2024;38:¢23861. doi:10.1002/jbt.23861

Xiao M, Zhong H, Xia L, et al. Pathophysiology of mitochondrial lipid oxidation: role of 4-hydroxynonenal (4-HNE) and other bioactive lipids
in mitochondria. Free Radic Biol Med. 2017;111:316-327. doi:10.1016/j.freeradbiomed.2017.04.363

Barman SA, Chen F, Su Y, et al. NADPH oxidase 4 is expressed in pulmonary artery adventitia and contributes to hypertensive vascular
remodeling. Arterioscler Thromb Vasc Biol. 2014;34:1704—1715. doi:10.1161/ATVBAHA.114.303848

Xu S, Touyz RM. Reactive oxygen species and vascular remodelling in hypertension: still alive. Can J Cardiol. 2006;22:947-951. doi:10.1016/
s0828-282x(06)70314-2

Aggarwal S, Gross CM, Sharma S, et al. Reactive oxygen species in pulmonary vascular remodeling. Compr Physiol. 2013;3:1011-1034.
doi:10.1002/cphy.c120024

Fu X, Niu N, Li G, et al. Blockage of macrophage migration inhibitory factor (MIF) suppressed uric acid-induced vascular inflammation,
smooth muscle cell de-differentiation, and remodeling. Biochem Biophys Res Commun. 2019;508:440—444. doi:10.1016/j.bbrc.2018.10.093
Ozdemir K, Demir Y. Phenolic compounds in exercise physiology: dual role in oxidative stress and recovery adaptation. Food Sci Nutr.
2025;13:¢70714. doi:10.1002/fsn3.70714

Demir Y. The behaviour of some antihypertension drugs on human serum paraoxonase-1: an important protector enzyme against atherosclerosis.
J Pharm Pharmacol. 2019;71:1576-1583. doi:10.1111/jphp.13144

Demir Y. Naphthoquinones, benzoquinones, and anthraquinones: molecular docking, ADME and inhibition studies on human serum
paraoxonase-1 associated with cardiovascular diseases. Drug Dev Res. 2020;81:628—636. doi:10.1002/ddr.21667

Busija DW, Katakam P, Rajapakse NC, et al. Effects of ATP-sensitive potassium channel activators diazoxide and BMS-191095 on membrane
potential and reactive oxygen species production in isolated piglet mitochondria. Brain Res Bull. 2005;66:85-90. doi:10.1016/j.
brainresbull.2005.03.022

Palma FR, Gantner BN, Sakiyama MJ, et al. ROS production by mitochondria: function or dysfunction? Omncogene. 2024;43:295-303.
doi:10.1038/s41388-023-02907-z

Samavati L, Monick MM, Sanlioglu S, et al. Mitochondrial K(ATP) channel openers activate the ERK kinase by an oxidant-dependent
mechanism. Am J Physiol Cell Physiol. 2002;283:C273-281. doi:10.1152/ajpcell.00514.2001

Cecerska-Hery¢ E, Surowska O, Hery¢ R, et al. Are antioxidant enzymes essential markers in the diagnosis and monitoring of cancer patients -
A review. Clin Biochem. 2021;93:1-8. doi:10.1016/j.clinbiochem.2021.03.008

Cano-Europa E, Lopez-Galindo GE, Hernandez-Garcia A, et al. Lidocaine affects the redox environment and the antioxidant enzymatic system
causing oxidative stress in the hippocampus and amygdala of adult rats. Life Sci. 2008;83:681-685. doi:10.1016/].1f5.2008.09.005

Ha BJ. Oxidative stress in ovariectomy menopause and role of chondroitin sulfate. Arch Pharmacal Res. 2004;27:867-872. doi:10.1007/
BF02980181

International Journal of Nephrology and Renovascular Disease 2025:18 https: 295


https://doi.org/10.6002/ect.2014.0081
https://doi.org/10.3389/fmed.2025.1527716
https://doi.org/10.1186/s12902-022-01118-z
https://doi.org/10.1186/s12889-024-20799-w
https://doi.org/10.5005/jp-journals-10071-24407
https://doi.org/10.1007/s10067-018-4130-2
https://doi.org/10.1097/MD.0000000000017597
https://doi.org/10.1080/15257770600890954
https://doi.org/10.31729/jnma.3700
https://doi.org/10.1038/s41392-024-01916-y
https://doi.org/10.1053/j.ajkd.2016.11.006
https://doi.org/10.1186/s12891-019-2519-y
https://doi.org/10.1007/s40264-024-01485-7
https://doi.org/10.1016/j.ejmech.2022.114890
https://doi.org/10.1016/j.freeradbiomed.2025.02.003
https://doi.org/10.1016/j.jep.2024.117863
https://doi.org/10.1016/j.ejphar.2022.175237
https://doi.org/10.1016/j.fbio.2024.105159
https://doi.org/10.1002/jbt.23861
https://doi.org/10.1016/j.freeradbiomed.2017.04.363
https://doi.org/10.1161/ATVBAHA.114.303848
https://doi.org/10.1016/s0828-282x(06)70314-2
https://doi.org/10.1016/s0828-282x(06)70314-2
https://doi.org/10.1002/cphy.c120024
https://doi.org/10.1016/j.bbrc.2018.10.093
https://doi.org/10.1002/fsn3.70714
https://doi.org/10.1111/jphp.13144
https://doi.org/10.1002/ddr.21667
https://doi.org/10.1016/j.brainresbull.2005.03.022
https://doi.org/10.1016/j.brainresbull.2005.03.022
https://doi.org/10.1038/s41388-023-02907-z
https://doi.org/10.1152/ajpcell.00514.2001
https://doi.org/10.1016/j.clinbiochem.2021.03.008
https://doi.org/10.1016/j.lfs.2008.09.005
https://doi.org/10.1007/BF02980181
https://doi.org/10.1007/BF02980181

Liang

et al

37

38.

39.

40.

41.

42.

43
44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

. Liu N, Huang L, Xu H, et al. Phosphatidylserine decarboxylase downregulation in uric acid-induced hepatic mitochondrial dysfunction and
apoptosis. Medcomm. 2023;4:¢336. doi:10.1002/mc02.336

Hong Q, Qi K, Feng Z, et al. Hyperuricemia induces endothelial dysfunction via mitochondrial Na+/Ca2+ exchanger-mediated mitochondrial
calcium overload. Cell Calcium. 2012;51:402-410. doi:10.1016/j.ceca.2012.01.003

Sanchez-Lozada LG, Lanaspa MA, Cristobal-Garcia M, et al. Uric acid-induced endothelial dysfunction is associated with mitochondrial
alterations and decreased intracellular ATP concentrations. Nephron Exp Nephrol. 2012;121:¢71-78. doi:10.1159/000345509
Cristobal-Garcia M, Garcia-Arroyo FE, Tapia E, et al. Renal oxidative stress induced by long-term hyperuricemia alters mitochondrial function
and maintains systemic hypertension. Oxid Med Cell Longevity. 2015;2015:535686. doi:10.1155/2015/535686

Sever B, Altintop MD, Demir Y, et al. Identification of a new class of potent aldose reductase inhibitors: design, microwave-assisted synthesis,
in vitro and in silico evaluation of 2-pyrazolines. Chem Biol Interact. 2021;345:109576. doi:10.1016/j.cbi.2021.109576

Demir Y, Koksal Z. The inhibition effects of some sulfonamides on human serum paraoxonase-1 (hPONI1). Pharmacol Rep PR.
2019;71:545-549. doi:10.1016/j.pharep.2019.02.012

Beydemir §, Demir Y. Antiepileptic drugs: impacts on human serum paraoxonase-1. J Biochem Mol Toxicol. 2017;31. doi:10.1002/jbt.21889
Akar FG, Aon MA, Tomaselli GF, et al. The mitochondrial origin of postischemic arrhythmias. J Clin Invest. 2005;115:3527-3535.
doi:10.1172/JC125371

Solhjoo S, O’Rourke B. Mitochondrial instability during regional ischemia-reperfusion underlies arrhythmias in monolayers of cardiomyocytes.
J Mol Cell Cardiol. 2015;78:90-99. doi:10.1016/j.yjmcc.2014.09.024

Whitehead M, Harvey JP, Sladen PE, et al. Disruption of mitochondrial homeostasis and permeability transition pore opening in OPAl
iPSC-derived retinal ganglion cells. Acta Neuropathol Commun. 2025;13:28. doi:10.1186/s40478-025-01942-z

Wei YH, Ma YS, Lee HC, et al. Mitochondrial theory of aging matures--roles of mtDNA mutation and oxidative stress in human aging.
Zhonghua Yi Xue Za Zhi. 2001;64:259-270.

Su Y-H, Lee Y-L, Chen S-F, et al. Essential role of f-human 8-oxoguanine DNA glycosylase 1 in mitochondrial oxidative DNA repair. Environ
Mol Mutagen. 2013;54:54-64. doi:10.1002/em.21742

Huang L, Gao W, He X, et al. Maternal zinc alleviates tert-butyl hydroperoxide-induced mitochondrial oxidative stress on embryonic
development involving the activation of Nrf2/PGC-1a pathway. J Anim Sci Biotechnol. 2023;14:45. doi:10.1186/s40104-023-00852-1

Hu Y, Lin Y, Yang J, et al. Mitochondrial dysfunction and oxidative stress in selective fetal growth restriction. Placenta. 2024;156:46-54.
doi:10.1016/j.placenta.2024.09.005

Wang X, Liu X, Xue L, et al. Ribonucleotide reductase subunit p5S3R2 regulates mitochondria homeostasis and function in KB and PC-3 cancer
cells. Biochem Biophys Res Commun. 2011;410:102-107. doi:10.1016/j.bbrc.2011.05.114

Zhou Z, Xu L, Lv Y, et al. BAX pores facilitate mitochondrial DNA release in wasp sting-induced acute kidney injury. Int Immunopharmacol.
2024;143:113424. doi:10.1016/j.intimp.2024.113424

Yuzefovych L, Wilson G, Rachek L. Different effects of oleate vs. palmitate on mitochondrial function, apoptosis, and insulin signaling in L6
skeletal muscle cells: role of oxidative stress. Am J Physiol Endocrinol Metab. 2010;299:E1096—1105. doi:10.1152/ajpendo.00238.2010
Yuzefovych LV, Solodushko VA, Wilson GL, et al. Protection from palmitate-induced mitochondrial DNA damage prevents from mitochondrial
oxidative stress, mitochondrial dysfunction, apoptosis, and impaired insulin signaling in rat L6 skeletal muscle cells. Endocrinology.
2012;153:92-100. doi:10.1210/en.2011-1442

Susin SA, Lorenzo HK, Zamzami N, et al. Molecular characterization of mitochondrial apoptosis-inducing factor. Nature. 1999;397:441-446.
doi:10.1038/17135

Wang D, Liang J, Zhang Y, et al. Steroid receptor coactivator-interacting protein (SIP) inhibits caspase-independent apoptosis by preventing
apoptosis-inducing factor (AIF) from being released from mitochondria. J Biol Chem. 2012;287:12612—12621. doi:10.1074/jbc.M111.334151
Bajt ML, Cover C, Lemasters JJ, et al. Nuclear translocation of endonuclease G and apoptosis-inducing factor during Acetaminophen-induced
liver cell injury. Toxicol Sci off J Soc Toxicol. 2006;94:217-225. doi:10.1093/toxsci/kfl077

Chen S-C, Liao T-L, Wei Y-H, et al. Endocrine disruptor, dioxin (TCDD)-induced mitochondrial dysfunction and apoptosis in human
trophoblast-like JAR cells. Mol Hum Reprod. 2010;16:361-372. doi:10.1093/molehr/gaq004

Cheresh P, Kim S-J, Tulasiram S, et al. Oxidative stress and pulmonary fibrosis. Biochim Biophys Acta. 2013;1832:1028-1040. doi:10.1016/].
bbadis.2012.11.021

Cheresh P, Morales-Nebreda L, Kim S-J, et al. Asbestos-induced pulmonary fibrosis is augmented in 8-oxoguanine DNA glycosylase knockout
mice. Am J Respir Cell Mol Biol. 2015;52:25-36. doi:10.1165/rcmb.2014-00380C

Ding W-X, Yin X-M. Mitophagy: mechanisms, pathophysiological roles, and analysis. Biol Chem. 2012;393:547-564. do0i:10.1515/hsz-2012-
0119

Yapryntseva MA, Zhivotovsky B, Gogvadze V. Induction and detection of mitophagy. Methods Mol Biol Clifion NJ. 2022;2445:227-239.
doi:10.1007/978-1-0716-2071-7_14

Yamano K, Kikuchi R, Kojima W, et al. Critical role of mitochondrial ubiquitination and the OPTN-ATGYA axis in mitophagy. J Cell Biol.
2020;219:€201912144. doi:10.1083/jcb.201912144

Ashrafi G, Schwarz TL. The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 2013;20:31-42.
doi:10.1038/cdd.2012.81

Kataura T, Otten EG, Rabanal-Ruiz Y, et al. NDP52 acts as a redox sensor in PINK 1/parkin-mediated mitophagy. EMBO J. 2023;42:e111372.
doi:10.15252/embj.2022111372

Shi Y, Tao M, Ma X, et al. Delayed treatment with an autophagy inhibitor 3-MA alleviates the progression of hyperuricemic nephropathy. Cell
Death Dis. 2020;11:467. doi:10.1038/s41419-020-2673-z

Xiao B, Ma W, Zheng Y, et al. Effects of resveratrol on the inflammatory response and renal injury in hyperuricemic rats. Nutr Res Pract.
2021;15:26-37. doi:10.4162/nrp.2021.15.1.26

Yaribeygi H, Mohammadi MT, Rezaee R, et al. Fenofibrate improves renal function by amelioration of NOX-4, IL-18, and p53 expression in an
experimental model of diabetic nephropathy. J Cell Biochem. 2018;119:7458-7469. doi:10.1002/jcb.27055

Aramouni K, Assaf R, Shaito A, et al. Biochemical and cellular basis of oxidative stress: implications for disease onset. J Cell Physiol.
2023;238:1951-1963. doi:10.1002/jcp.31071

296

https: International Journal of Nephrology and Renovascular Disease 2025:18


https://doi.org/10.1002/mco2.336
https://doi.org/10.1016/j.ceca.2012.01.003
https://doi.org/10.1159/000345509
https://doi.org/10.1155/2015/535686
https://doi.org/10.1016/j.cbi.2021.109576
https://doi.org/10.1016/j.pharep.2019.02.012
https://doi.org/10.1002/jbt.21889
https://doi.org/10.1172/JCI25371
https://doi.org/10.1016/j.yjmcc.2014.09.024
https://doi.org/10.1186/s40478-025-01942-z
https://doi.org/10.1002/em.21742
https://doi.org/10.1186/s40104-023-00852-1
https://doi.org/10.1016/j.placenta.2024.09.005
https://doi.org/10.1016/j.bbrc.2011.05.114
https://doi.org/10.1016/j.intimp.2024.113424
https://doi.org/10.1152/ajpendo.00238.2010
https://doi.org/10.1210/en.2011-1442
https://doi.org/10.1038/17135
https://doi.org/10.1074/jbc.M111.334151
https://doi.org/10.1093/toxsci/kfl077
https://doi.org/10.1093/molehr/gaq004
https://doi.org/10.1016/j.bbadis.2012.11.021
https://doi.org/10.1016/j.bbadis.2012.11.021
https://doi.org/10.1165/rcmb.2014-0038OC
https://doi.org/10.1515/hsz-2012-0119
https://doi.org/10.1515/hsz-2012-0119
https://doi.org/10.1007/978-1-0716-2071-7_14
https://doi.org/10.1083/jcb.201912144
https://doi.org/10.1038/cdd.2012.81
https://doi.org/10.15252/embj.2022111372
https://doi.org/10.1038/s41419-020-2673-z
https://doi.org/10.4162/nrp.2021.15.1.26
https://doi.org/10.1002/jcb.27055
https://doi.org/10.1002/jcp.31071

Liang et al

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Langen RCJ, Korn SH, Wouters EFM. ROS in the local and systemic pathogenesis of COPD. Free Radic Biol Med. 2003;35:226-235.
doi:10.1016/s0891-5849(03)00316-2

Cao Y, Wang Y, Li W, et al. Fasudil attenuates oxidative stress-induced partial epithelial-mesenchymal transition of tubular epithelial cells in
hyperuricemic nephropathy via activating Nrf2. Eur J Pharmacol. 2024:975. doi:10.1016/j.ejphar.2024.176640

Hinoki A, Kimura K, Higuchi S, et al. p2l-activated kinase 1 participates in vascular remodeling in vitro and in vivo. Hypertens.
2010;55:161-165. doi:10.1161/HYPERTENSIONAHA.109.143057

Xu'Y, Ge L, Rui Y, et al. Suramin inhibits phenotypic transformation of vascular smooth muscle cells and neointima hyperplasia by suppressing
transforming growth factor beta receptor 1 /Smad2/3 pathway activation. Eur J Pharmacol. 2024;968:176422. doi:10.1016/j.ejphar.2024.176422
Sutliff RL, Hilenski LL, Amanso AM, et al. Polymerase delta interacting protein 2 sustains vascular structure and function. Arterioscler Thromb
Vasc Biol. 2013;33:2154-2161. doi:10.1161/ATVBAHA.113.301913

Griendling KK, Sorescu D, Lasségue B, et al. Modulation of protein kinase activity and gene expression by reactive oxygen species and their
role in vascular physiology and pathophysiology. Arterioscler Thromb Vasc Biol. 2000;20:2175-2183. doi:10.1161/01.atv.20.10.2175

Fortufio A, San Jos¢ G, Moreno MU, et al. Oxidative stress and vascular remodelling. Exp Physiol. 2005;90:457-462. doi:10.1113/
expphysiol.2005.030098

Lee MY, Griendling KK. Redox signaling, vascular function, and hypertension. Antioxid Redox Signal. 2008;10:1045-1059. doi:10.1089/
ars.2007.1986

Shenouda SM, Widlansky ME, Chen K, et al. Altered mitochondrial dynamics contributes to endothelial dysfunction in diabetes mellitus.
Circulation. 2011;124:444-453. doi:10.1161/CIRCULATIONAHA.110.014506

Zimmer S, Steinmetz M, Asdonk T, et al. Activation of endothelial toll-like receptor 3 impairs endothelial function. Circ Res.
2011;108:1358-1366. doi:10.1161/CIRCRESAHA.111.243246

Boueiz A, Hassoun PM. Regulation of endothelial barrier function by reactive oxygen and nitrogen species. Microvasc Res. 2009;77:26-34.
doi:10.1016/j.mvr.2008.10.005

Huet O, Dupic L, Harrois A, et al. Oxidative stress and endothelial dysfunction during sepsis. Front Biosci. 2011;16:1986—1995. doi:10.2741/
3835

Deshmukh AB, Patel JK, Prajapati AR, et al. Investigating the effect of CoCl2 administration on diabetic nephropathy and associated aortic
dysfunction. Kidney Blood Pressure Res. 2012;35:694—697. doi:10.1159/000343888

Nakagawa T, Sato W, Glushakova O, et al. Diabetic endothelial nitric oxide synthase knockout mice develop advanced diabetic nephropathy.
J Am Soc Nephrol JASN. 2007;18:539-550. doi:10.1681/ASN.2006050459

Asano T. Oxyhemoglobin as the principal cause of cerebral vasospasm: a holistic view of its actions. Crit Rev Neurosurg. 1999;9:303-318.
doi:10.1007/s003290050147

Aramide Modupe Dosunmu-Ogunbi A, Galley JC, Yuan S, et al. Redox switches controlling nitric oxide signaling in the resistance vasculature
and implications for blood pressure regulation: mid-career award for research excellence 2020. Hypertens. 2021;78:912-926. doi:10.1161/
HYPERTENSIONAHA.121.16493

Schini VB, Busse R, Vanhoutte PM. Inducible nitric oxide synthase in vascular smooth muscle. Arzneim Forsch. 1994;44:432-435.

Zhang Y, Ma J, Wei F, et al. Polyenylphosphatidylcholine alleviates cardiorenal fibrosis, injury and dysfunction in spontaneously hypertensive
rats by regulating Plpp3 signaling. Front Cardiovasc Med. 2024;11:1458173. doi:10.3389/fcvm.2024.1458173

Kim D, Oh E, Kim H, et al. Mono-(2-ethylhexyl)-phthalate potentiates methylglyoxal-induced blood-brain barrier damage via mitochondria-derived
oxidative stress and bioenergetic perturbation. Food Chem Toxicol Int J Publ Br Ind Biol Res Assoc.2023;179:113985. doi:10.1016/j.fct.2023.113985
Cervellati F, Cervellati C, Romani A, et al. Hypoxia induces cell damage via oxidative stress in retinal epithelial cells. Free Radical Res.
2014;48:303-312. doi:10.3109/10715762.2013.867484

Rossi GP, Seccia TM, Barton M, et al. Endothelial factors in the pathogenesis and treatment of chronic kidney disease part I: general
mechanisms: a joint consensus statement from the european society of hypertension working group on endothelin and endothelial factors and
the japanese society of hypertension. J Hypertens. 2018;36:451-461. doi:10.1097/HJH.0000000000001599

Eirin A, Hedayat AF, Ferguson CM, et al. Mitoprotection preserves the renal vasculature in porcine metabolic syndrome. Exp Physiol.
2018;103:1020-1029. doi:10.1113/EP086988

Ravarotto V, Bertoldi G, Stefanelli LF, et al. Pathomechanism of oxidative stress in cardiovascularrenal remodeling and therapeutic strategies.
Kidney Res Clin Pract. 2022;41:533-544. doi:10.23876/j.krcp.22.069

Miyaoka Y, Okada T, Tomiyama H, et al. Structural changes in renal arterioles are closely associated with central hemodynamic parameters in
patients with renal disease. Hypertens Res. 2021;44:1113-1121. doi:10.1038/s41440-021-00656-8

Schwartz GL, Strong CG. Renal parenchymal involvement in essential hypertension. Med Clin North Am. 1987;71:843-858. doi:10.1016/
80025-7125(16)30812-4

Chen L, Liu G, Xian L, et al. Numerical simulation of blood flow in nutcracker syndrome: acquisition of hemodynamic parameters and clinical
application. Int J Numer Method Biomed Eng. 2025;41:¢70031. doi:10.1002/cnm.70031

Zhu H, Zhang S. Hypoxia inducible factor-1o/vascular endothelial growth factor signaling activation correlates with response to radiotherapy
and its inhibition reduces hypoxia-induced angiogenesis in lung cancer. J Cell Biochem. 2018;119:7707-7718. doi:10.1002/jcb.27120

Li -Y-Y, Zheng Y-L. Hypoxia promotes invasion of retinoblastoma cells in vitro by upregulating HIF-10/MMP9 signaling pathway. Eur Rev
Med Pharmacol Sci. 2017;21:5361-5369. doi:10.26355/eurrev_201712_13921

Asnaghi L, Lin MH, Lim KS, et al. Hypoxia promotes uveal melanoma invasion through enhanced notch and MAPK activation. PLoS One.
2014;9:€105372. doi:10.1371/journal.pone.0105372

Zhang T, Mao C, Chang Y, et al. Hypoxia activates the hypoxia-inducible factor-1a/vascular endothelial growth factor pathway in a prostatic stromal
cell line: a mechanism for the pathogenesis of benign prostatic hyperplasia. Curr Urol. 2024;18:185-193. doi:10.1097/CU9.0000000000000233
Li Z-L, Ding L, Ma R-X, et al. Activation of HIF-1a C-terminal transactivation domain protects against hypoxia-induced kidney injury through
hexokinase 2-mediated mitophagy. Cell Death Dis. 2023;14:339. doi:10.1038/s41419-023-05854-5

Su Q, Wang J, Wu Q, et al. Sanguinarine combats hypoxia-induced activation of EphB4 and HIF-1o pathways in breast cancer. Phyfomed.
2021;84:153503. doi:10.1016/j.phymed.2021.153503

International Journal of Nephrology and Renovascular Disease 2025:18 https: 297


https://doi.org/10.1016/s0891-5849(03)00316-2
https://doi.org/10.1016/j.ejphar.2024.176640
https://doi.org/10.1161/HYPERTENSIONAHA.109.143057
https://doi.org/10.1016/j.ejphar.2024.176422
https://doi.org/10.1161/ATVBAHA.113.301913
https://doi.org/10.1161/01.atv.20.10.2175
https://doi.org/10.1113/expphysiol.2005.030098
https://doi.org/10.1113/expphysiol.2005.030098
https://doi.org/10.1089/ars.2007.1986
https://doi.org/10.1089/ars.2007.1986
https://doi.org/10.1161/CIRCULATIONAHA.110.014506
https://doi.org/10.1161/CIRCRESAHA.111.243246
https://doi.org/10.1016/j.mvr.2008.10.005
https://doi.org/10.2741/3835
https://doi.org/10.2741/3835
https://doi.org/10.1159/000343888
https://doi.org/10.1681/ASN.2006050459
https://doi.org/10.1007/s003290050147
https://doi.org/10.1161/HYPERTENSIONAHA.121.16493
https://doi.org/10.1161/HYPERTENSIONAHA.121.16493
https://doi.org/10.3389/fcvm.2024.1458173
https://doi.org/10.1016/j.fct.2023.113985
https://doi.org/10.3109/10715762.2013.867484
https://doi.org/10.1097/HJH.0000000000001599
https://doi.org/10.1113/EP086988
https://doi.org/10.23876/j.krcp.22.069
https://doi.org/10.1038/s41440-021-00656-8
https://doi.org/10.1016/s0025-7125(16)30812-4
https://doi.org/10.1016/s0025-7125(16)30812-4
https://doi.org/10.1002/cnm.70031
https://doi.org/10.1002/jcb.27120
https://doi.org/10.26355/eurrev_201712_13921
https://doi.org/10.1371/journal.pone.0105372
https://doi.org/10.1097/CU9.0000000000000233
https://doi.org/10.1038/s41419-023-05854-5
https://doi.org/10.1016/j.phymed.2021.153503

Liang et al

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Zou T-F, Liu Z-G, Cao P-C, et al. Fisetin treatment alleviates kidney injury in mice with diabetes-exacerbated atherosclerosis through inhibiting
CD36/fibrosis pathway. Acta Pharmacol Sin. 2023;44:2065-2074. doi:10.1038/s41401-023-01106-6

Li W, Sun R, Zhou S, et al. 2,3,5,4’-Tetrahydroxystilbene-2-O-B-D-glucoside inhibits septic serum-induced inflammatory injury via interfering
with the ROS-MAPK-NF-«B signaling pathway in pulmonary aortic endothelial cells. Int J Mol Med. 2018;41:1643-1650. doi:10.3892/
ijmm.2017.3329

Friedman J, Ghio M, Cotton-Betteridge A, et al. Infrarenal aortic occlusion causes endothelial injury via mitochondrial reactive oxygen species.
J Surg Res. 2025;309:139-145. doi:10.1016/j.jss.2025.03.023

Wang S, Lii H, Wang L, et al. ALDH2 attenuates LPS-induced increase of brain microvascular endothelial cell permeability by promoting
fusion and inhibiting fission of the mitochondria. Nan Fang Yi Ke Xue Xue Bao. 2022;42:1882—-1888. doi:10.12122/j.issn.1673-4254.2022.12.18
Meng S, Xia F, Xu J, et al. Hepatocyte growth factor protects pulmonary endothelial barrier against oxidative stress and
mitochondria-dependent apoptosis. Chin Med J. 2022;135:837-848. doi:10.1097/CM9.0000000000001916

Zhou Y, Deng Q, Vong CT, et al. Oxyresveratrol reduces lipopolysaccharide-induced inflammation and oxidative stress through inactivation of
MAPK and NF-kB signaling in brain endothelial cells. Biochem Biophys Rep. 2024;40:101823. doi:10.1016/j.bbrep.2024.101823

Kim D, Kim K-A, Kim J-H, et al. Methylglyoxal-induced dysfunction in brain endothelial cells via the suppression of akt/HIF-1a pathway and
activation of mitophagy associated with increased reactive oxygen species. Antioxid. 2020;9:820. doi:10.3390/antiox9090820

Wang H-T, Fang Y-Q, You P, et al. PDTC ameliorates decompression induced-lung injury caused by unsafe fast buoyancy ascent escape via
inhibition of NF-xB pathway. Undersea Hyperb Med J Undersea Hyperb Med Soc Inc. 2018;45:351-362.

Du X, Shi R, Wang Y, et al. Isoforskolin and forskolin attenuate lipopolysaccharide-induced inflammation through TLR4/MyD88/NF-«xB
cascades in human mononuclear leukocytes. Phytother Res. 2019;33:602—-609. doi:10.1002/ptr.6248

Zheng Q, Ren Y, Reinach PS, et al. Reactive oxygen species activated NLRP3 inflammasomes initiate inflammation in hyperosmolarity stressed
human corneal epithelial cells and environment-induced dry eye patients. Exp Eye Res. 2015;134:133—140. doi:10.1016/j.exer.2015.02.013
Zheng Q, Ren Y, Reinach PS, et al. Reactive oxygen species activated NLRP3 inflammasomes prime environment-induced murine dry eye. Exp
Eye Res. 2014;125:1-8. doi:10.1016/j.exer.2014.05.001

Du G, Yang Z, Wen Y, et al. Heat stress induces IL-1$ and IL-18 overproduction via ROS-activated NLRP3 inflammasome: implication in
neuroinflammation in mice with heat stroke. Neuroreport. 2024;35:558-567. doi:10.1097/WNR.0000000000002042

Ozaslan MS, Demir Y, Aslan HE, et al. Evaluation of chalcones as inhibitors of glutathione S-transferase. J Biochem Mol Toxicol. 2018;32:
€22047. doi:10.1002/jbt.22047

Ozaslan MS, Demir Y, Aksoy M, et al. Inhibition effects of pesticides on glutathione-S-transferase enzyme activity of Van Lake fish liver.
J Biochem Mol Toxicol. 2018;32:€22196. doi:10.1002/jbt.22196

Alim Z, Kili¢ D, Demir Y. Some indazoles reduced the activity of human serum paraoxonase 1, an antioxidant enzyme: in vitro inhibition and
molecular modeling studies. Arch Physiol Biochem. 2019;125:387-395. doi:10.1080/13813455.2018.1470646

Cheng AN, Cheng L-C, Kuo C-L, et al. Mitochondrial lon-induced mtDNA leakage contributes to PD-L1-mediated immunoescape via
STING-IEN signaling and extracellular vesicles. J Immunother Cancer. 2020;8:¢001372. doi:10.1136/jitc-2020-001372

Losarwar S, Pancholi B, Babu R, et al. Mitochondria-dependent innate immunity: a potential therapeutic target in flavivirus infection.
Int Immunopharmacol. 2025;154:114551. doi:10.1016/j.intimp.2025.114551

Nakahira K, Haspel JA, Rathinam VAK, et al. Autophagy proteins regulate innate immune responses by inhibiting the release of mitochondrial
DNA mediated by the NALP3 inflammasome. Nat Immunol. 2011;12:222-230. doi:10.1038/ni.1980

Ni J, Wu Z, Stoka V, et al. Increased expression and altered subcellular distribution of cathepsin B in microglia induce cognitive impairment
through oxidative stress and inflammatory response in mice. Aging Cell. 2019;18:¢12856. doi:10.1111/acel. 12856

Zhou L, Zhang Y-F, Yang F-H, et al. Mitochondrial DNA leakage induces odontoblast inflammation via the cGAS-STING pathway. Cell
Commun Signal. 2021;19:58. doi:10.1186/s12964-021-00738-7

Wang Y, He X, Wang H, et al. Qingfei xieding prescription ameliorates mitochondrial DNA-initiated inflammation in bleomycin-induced
pulmonary fibrosis through activating autophagy. J Ethnopharmacol. 2024;325:117820. doi:10.1016/j.jep.2024.117820

Shteinfer-Kuzmine A, Verma A, Bornshten R, et al. Elevated serum mtDNA in COVID-19 patients is linked to SARS-CoV-2 envelope protein
targeting mitochondrial VDACI, inducing apoptosis and mtDNA release. Apoptosis Int J Program Cell Death. 2024;29:2025-2046.
doi:10.1007/s10495-024-02025-5

Zhou Y, Li M, Wang Z, et al. AMPK/Drpl pathway mediates streptococcus uberis-induced mitochondrial dysfunction. Int Immunopharmacol.
2022;113:109413. doi:10.1016/j.intimp.2022.109413

He Y, Gan X, Zhang L, et al. CoCl2 induces apoptosis via a ROS-dependent pathway and Drpl-mediated mitochondria fission in periodontal
ligament stem cells. Am J Physiol Cell Physiol. 2018;315:C389—97. doi:10.1152/ajpcell.00248.2017

Kim DI, Lee KH, Gabr AA, et al. Ap-induced Drpl phosphorylation through akt activation promotes excessive mitochondrial fission leading to
neuronal apoptosis. Biochim Biophys Acta. 2016;1863:2820-2834. doi:10.1016/j.bbamcr.2016.09.003

Tanner MJ, Wang J, Ying R, et al. Dynamin-related protein 1 mediates low glucose-induced endothelial dysfunction in human arterioles. Am
J Physiol Heart Circ Physiol. 2017;312:H515-27. doi:10.1152/ajpheart.00499.2016

Chen Y, Yan L, Zhang Y, et al. The role of DRP1 in ropivacaine-induced mitochondrial dysfunction and neurotoxicity. Artif Cells Nanomed
Biotechnol. 2019;47:1788-1796. doi:10.1080/21691401.2019.1594858

Dai C-Q, Guo Y, Chu X-Y. Neuropathic pain: the dysfunction of Drpl, mitochondria, and ROS homeostasis. Neurotox Res. 2020;38:553-563.
doi:10.1007/s12640-020-00257-2

Lim S, Lee S-Y, Seo -H-H, et al. Regulation of mitochondrial morphology by positive feedback interaction between PKC6 and Drp1 in vascular
smooth muscle cell. J Cell Biochem. 2015;116:648—660. doi:10.1002/jcb.25016

Lu Z-Y, Qi J, Yang B, et al. Diallyl trisulfide suppresses angiotensin II-induced vascular remodeling via inhibition of mitochondrial fission.
Cardiovasc Drugs Ther. 2020;34:605-618. doi:10.1007/s10557-020-07000-1

Chen Y, Li S, Guo Y, et al. Astaxanthin attenuates hypertensive vascular remodeling by protecting vascular smooth muscle cells from oxidative
stress-induced mitochondrial dysfunction. Oxid Med Cell Longevity. 2020;2020:4629189. doi:10.1155/2020/4629189

Xia Y, Zhang X, An P, et al. Mitochondrial homeostasis in VSMCs as a central hub in vascular remodeling. Int J Mol Sci. 2023;24:3483.
doi:10.3390/ijms24043483

298

https: International Journal of Nephrology and Renovascular Disease 2025:18


https://doi.org/10.1038/s41401-023-01106-6
https://doi.org/10.3892/ijmm.2017.3329
https://doi.org/10.3892/ijmm.2017.3329
https://doi.org/10.1016/j.jss.2025.03.023
https://doi.org/10.12122/j.issn.1673-4254.2022.12.18
https://doi.org/10.1097/CM9.0000000000001916
https://doi.org/10.1016/j.bbrep.2024.101823
https://doi.org/10.3390/antiox9090820
https://doi.org/10.1002/ptr.6248
https://doi.org/10.1016/j.exer.2015.02.013
https://doi.org/10.1016/j.exer.2014.05.001
https://doi.org/10.1097/WNR.0000000000002042
https://doi.org/10.1002/jbt.22047
https://doi.org/10.1002/jbt.22196
https://doi.org/10.1080/13813455.2018.1470646
https://doi.org/10.1136/jitc-2020-001372
https://doi.org/10.1016/j.intimp.2025.114551
https://doi.org/10.1038/ni.1980
https://doi.org/10.1111/acel.12856
https://doi.org/10.1186/s12964-021-00738-7
https://doi.org/10.1016/j.jep.2024.117820
https://doi.org/10.1007/s10495-024-02025-5
https://doi.org/10.1016/j.intimp.2022.109413
https://doi.org/10.1152/ajpcell.00248.2017
https://doi.org/10.1016/j.bbamcr.2016.09.003
https://doi.org/10.1152/ajpheart.00499.2016
https://doi.org/10.1080/21691401.2019.1594858
https://doi.org/10.1007/s12640-020-00257-2
https://doi.org/10.1002/jcb.25016
https://doi.org/10.1007/s10557-020-07000-1
https://doi.org/10.1155/2020/4629189
https://doi.org/10.3390/ijms24043483

Liang et al

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Shang Y, Xue W, Kong J, et al. Ultrafine black carbon caused mitochondrial oxidative stress, mitochondrial dysfunction and mitophagy in
SH-SYS5Y cells. Sci Total Environ. 2022;813:151899. doi:10.1016/j.scitotenv.2021.151899

De Gaetano A, Gibellini L, Zanini G, et al. Mitophagy and oxidative stress: the role of aging. Antioxid. 2021;10:794. doi:10.3390/
antiox10050794

Meng Q, Zaharieva EK, Sasatani M, et al. Possible relationship between mitochondrial changes and oxidative stress under low dose-rate
irradiation. Redox Rep. 2021;26:160-169. doi:10.1080/13510002.2021.1971363

Xu 'Y, Chen J, Jiang W, et al. Multiplexing nanodrug ameliorates liver fibrosis via ROS elimination and inflammation suppression. Small Weinh
Bergstr Ger. 2022;18:€2102848. doi:10.1002/sml1.202102848

Allawzi A, Elajaili H, Redente EF, et al. Oxidative toxicology of bleomycin: role of the extracellular redox environment. Curr Opin Toxicol.
2019;13:68-73. doi:10.1016/j.cotox.2018.08.001

Sun K, Xu L, Jing Y, et al. Autophagy-deficient Kupffer cells promote tumorigenesis by enhancing mtROS-NF-«kB-IL1o/B-dependent
inflammation and fibrosis during the preneoplastic stage of hepatocarcinogenesis. Cancer Lett. 2017;388:198-207. doi:10.1016/j.
canlet.2016.12.004

Nagao S, Taguchi K, Sakai H, et al. Carbon monoxide-bound hemoglobin-vesicles for the treatment of bleomycin-induced pulmonary fibrosis.
Biomaterials. 2014;35:6553-6562. doi:10.1016/j.biomaterials.2014.04.049

Chang J-F, Yeh J-C, Ho C-T, et al. Targeting ROS and cPLA2/COX2 expressions ameliorated renal damage in obese mice with endotoxemia.
Int J Mol Sci. 2019;20:4393. doi:10.3390/ijms20184393

Agharazii M, St-Louis R, Gautier-Bastien A, et al. Inflammatory cytokines and reactive oxygen species as mediators of chronic kidney
disease-related vascular calcification. Am J Hypertens. 2015;28:746-755. doi:10.1093/ajh/hpu225

Chang K-H, Park J-M, Lee M-Y. Feasibility of simultaneous measurement of cytosolic calcium and hydrogen peroxide in vascular smooth
muscle cells. BMB Rep. 2013;46:600-605. doi:10.5483/bmbrep.2013.46.12.103

Lu Q-B, Wan M-Y, Wang P-Y, et al. Chicoric acid prevents PDGF-BB-induced VSMC dedifferentiation, proliferation and migration by
suppressing ROS/NFkB/mTOR/P70S6K signaling cascade. Redox Biol. 2018;14:656—668. doi:10.1016/j.redox.2017.11.012

Ding Y, Winters A, Ding M, et al. Reactive oxygen species-mediated TRPC6 protein activation in vascular myocytes, a mechanism for
vasoconstrictor-regulated vascular tone. J Biol Chem. 2011;286:31799-31809. doi:10.1074/jbc.M111.248344

Cherubini M, Lopez-Molina L, Gines S. Mitochondrial fission in huntington’s disease mouse striatum disrupts ER-mitochondria contacts
leading to disturbances in Ca2+ efflux and reactive oxygen species (ROS) homeostasis. Neurobiol Dis. 2020;136:104741. doi:10.1016/].
nbd.2020.104741

Doroudi M, Plaisance MC, Boyan BD, et al. Membrane actions of 10,25(OH)2D3 are mediated by Ca(2+)/calmodulin-dependent protein kinase
II in bone and cartilage cells. J Steroid Biochem Mol Biol. 2015;145:65-74. doi:10.1016/j.jsbmb.2014.09.019

Doroudi M, Boyan BD, Schwartz Z. Rapid 1a,25(OH),D ;3 membrane-mediated activation of Ca2+/calmodu1in—dependent protein kinase II in
growth plate chondrocytes requires Pdia3, PLAA and caveolae. Connect Tissue Res. 2014;55(1):125-128. doi:10.3109/03008207.2014.923882
Doroudi M, Schwartz Z, Boyan BD. Membrane-mediated actions of 1,25-dihydroxy vitamin D3: a review of the roles of phospholipase A2
activating protein and Ca(2+)/calmodulin-dependent protein kinase II. J Steroid Biochem Mol Biol. 2015;147:81-84. doi:10.1016/].
jsbmb.2014.11.002

Wong WT, Wong SL, Tian XY, et al. Endothelial dysfunction: the common consequence in diabetes and hypertension. J Cardiovasc Pharmacol.
2010;55:300-307. doi:10.1097/fjc.0b013e3181d7671c

Verzola D, Ratto E, Villaggio B, et al. Uric acid promotes apoptosis in human proximal tubule cells by oxidative stress and the activation of
NADPH oxidase NOX 4. PLoS One. 2014;9:¢115210. doi:10.1371/journal.pone.0115210

Taylor AA. Pathophysiology of hypertension and endothelial dysfunction in patients with diabetes mellitus. Endocrinol Metab Clin North Am.
2001;30:983-997. doi:10.1016/s0889-8529(05)70223-1

Ning R, Li Y, Du Z, et al. The mitochondria-targeted antioxidant MitoQ attenuated PM2.5-induced vascular fibrosis via regulating mitophagy.
Redox Biol. 2021;46:102113. doi:10.1016/j.redox.2021.102113

Chen S, Wang Y, Zhang H, et al. The antioxidant MitoQ protects against CSE-Induced endothelial barrier injury and inflammation by inhibiting
ROS and autophagy in human umbilical vein endothelial cells. Int J Biol Sci. 2019;15:1440-1451. doi:10.7150/ijbs.30193

Dare AJ, Bolton EA, Pettigrew GJ, et al. Protection against renal ischemia-reperfusion injury in vivo by the mitochondria targeted antioxidant
MitoQ. Redox Biol. 2015;5:163—168. doi:10.1016/j.redox.2015.04.008

Szeto HH, Liu S, Soong Y, et al. Mitochondria-targeted peptide accelerates ATP recovery and reduces ischemic kidney injury. J Am Soc Nephrol
JASN. 2011;22:1041-1052. doi:10.1681/ASN.2010080808

Miyamoto S, Zhang G, Hall D, et al. Restoring mitochondrial superoxide levels with elamipretide (MTP-131) protects db/db mice against
progression of diabetic kidney disease. J Biol Chem. 2020;295:7249-7260. doi:10.1074/jbc.RA119.011110

Wani WY, Gudup S, Sunkaria A, et al. Protective efficacy of mitochondrial targeted antioxidant MitoQ against dichlorvos induced oxidative
stress and cell death in rat brain. Neuropharmacology. 2011;61:1193-1201. doi:10.1016/j.neuropharm.2011.07.008

Lu C, Zhang D, Whiteman M, et al. Is antioxidant potential of the mitochondrial targeted ubiquinone derivative MitoQ conserved in cells
lacking mtDNA? Antioxid Redox Signal. 2008;10:651-660. doi:10.1089/ars.2007.1865

Cha D, Choi S, Lee Y, et al. Mitoquinone improves porcine embryo development through modulating oxidative stress and mitochondrial
function. Theriogenology. 2025;231:90-100. doi:10.1016/j.theriogenology.2024.10.011

Gan L, Wang Z, Si J, et al. Protective effect of mitochondrial-targeted antioxidant MitoQ against iron ion 56Fe radiation induced brain injury in
mice. Toxicol Appl Pharmacol. 2018;341:1-7. doi:10.1016/j.taap.2018.01.003

Myburgh C, Huisman HW, Mels C. Three-year change in oxidative stress markers is linked to target organ damage in black and white men: the
SABPA study. Hypertens Res. 2019;42:1961-1970. doi:10.1038/s41440-019-0325-4

Krajnak K, Waugh S, Stefaniak A, et al. Exposure to graphene nanoparticles induces changes in measures of vascular/renal function in a load
and form-dependent manner in mice. J Toxicol Environ Health A. 2019;82:711-726. doi:10.1080/15287394.2019.1645772

Weng M-S, Chang J-H, Hung W-Y, et al. The interplay of reactive oxygen species and the epidermal growth factor receptor in tumor
progression and drug resistance. J Exp Clin Cancer Res CR. 2018;37:61. doi:10.1186/s13046-018-0728-0

International Journal of Nephrology and Renovascular Disease 2025:18 https: 299


https://doi.org/10.1016/j.scitotenv.2021.151899
https://doi.org/10.3390/antiox10050794
https://doi.org/10.3390/antiox10050794
https://doi.org/10.1080/13510002.2021.1971363
https://doi.org/10.1002/smll.202102848
https://doi.org/10.1016/j.cotox.2018.08.001
https://doi.org/10.1016/j.canlet.2016.12.004
https://doi.org/10.1016/j.canlet.2016.12.004
https://doi.org/10.1016/j.biomaterials.2014.04.049
https://doi.org/10.3390/ijms20184393
https://doi.org/10.1093/ajh/hpu225
https://doi.org/10.5483/bmbrep.2013.46.12.103
https://doi.org/10.1016/j.redox.2017.11.012
https://doi.org/10.1074/jbc.M111.248344
https://doi.org/10.1016/j.nbd.2020.104741
https://doi.org/10.1016/j.nbd.2020.104741
https://doi.org/10.1016/j.jsbmb.2014.09.019
https://doi.org/10.3109/03008207.2014.923882
https://doi.org/10.1016/j.jsbmb.2014.11.002
https://doi.org/10.1016/j.jsbmb.2014.11.002
https://doi.org/10.1097/fjc.0b013e3181d7671c
https://doi.org/10.1371/journal.pone.0115210
https://doi.org/10.1016/s0889-8529(05)70223-1
https://doi.org/10.1016/j.redox.2021.102113
https://doi.org/10.7150/ijbs.30193
https://doi.org/10.1016/j.redox.2015.04.008
https://doi.org/10.1681/ASN.2010080808
https://doi.org/10.1074/jbc.RA119.011110
https://doi.org/10.1016/j.neuropharm.2011.07.008
https://doi.org/10.1089/ars.2007.1865
https://doi.org/10.1016/j.theriogenology.2024.10.011
https://doi.org/10.1016/j.taap.2018.01.003
https://doi.org/10.1038/s41440-019-0325-4
https://doi.org/10.1080/15287394.2019.1645772
https://doi.org/10.1186/s13046-018-0728-0

Liang et al

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.
176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Chen S-C, Guh J-Y, Hwang -C-C, et al. Advanced glycation end-products activate extracellular signal-regulated kinase via the oxidative
stress-EGF receptor pathway in renal fibroblasts. J Cell Biochem. 2010;109:38-48. doi:10.1002/jcb.22376

Zhu P, Liu Y, Han L, et al. Serum uric acid is associated with incident chronic kidney disease in middle-aged populations: a meta-analysis of 15
cohort studies. PLoS One. 2014;9:¢100801. doi:10.1371/journal.pone.0100801

Schreier B, Stern C, Dubourg V, et al. Endothelial epidermal growth factor receptor is of minor importance for vascular and renal function and
obesity-induced dysfunction in mice. Sci Rep. 2021;11:7269. doi:10.1038/s41598-021-86587-3

Cao C, Hu J-X, Dong Y-F, et al. Association of endothelial and mild renal dysfunction with the severity of left ventricular hypertrophy in
hypertensive patients. Am J Hypertens. 2016;29:501-508. doi:10.1093/ajh/hpv128

Jalal DI, Decker E, Perrenoud L, et al. Vascular function and uric acid-lowering in stage 3 CKD. J Am Soc Nephrol JASN. 2017;28:943-952.
doi:10.1681/ASN.2016050521

Badve SV, Pascoe EM, Tiku A, et al. Effects of allopurinol on the progression of chronic kidney disease. N Engl J Med. 2020;382:2504-2513.
doi:10.1056/NEJMoal915833

Doria A, Galecki AT, Spino C, et al. Serum urate lowering with allopurinol and kidney function in type 1 diabetes. N Engl J Med.
2020;382:2493-2503. doi:10.1056/NEJMoal916624

Manskikh VN, Gancharova OS, Nikiforova Al, et al. Age-associated murine cardiac lesions are attenuated by the mitochondria-targeted
antioxidant SkQ1. Histol Histopathol. 2015;30:353-360. doi:10.14670/HH-30.353

Zhao H, Liu Y-J, Liu Z-R, et al. Role of mitochondrial dysfunction in renal fibrosis promoted by hypochlorite-modified albumin in a remnant
kidney model and protective effects of antioxidant peptide SS-31. Eur J Pharmacol. 2017;804:57-67. doi:10.1016/j.ejphar.2017.03.037
Kirkman DL, Stock JM, Shenouda N, et al. Effects of a mitochondrial-targeted ubiquinol on vascular function and exercise capacity in chronic
kidney disease: a randomized controlled pilot study. Am J Physiol Renal Physiol. 2023;325:F448-56. doi:10.1152/ajprenal.00067.2023
Edwards D. Mitochondrial oxidative stress and vascular health in chronic kidney disease. clinicaltrials. 2019.

Linder BA, Stute NL, Hutchison ZJ, et al. Acute high-dose MitoQ does not increase urinary kidney injury markers in healthy adults:
a randomized crossover trial. Am J Physiol Renal Physiol. 2024;326:F135-42. doi:10.1152/ajprenal.00186.2023

Saad A, Herrmann SMS, Eirin A, et al. Phase 2a clinical trial of mitochondrial protection (elamipretide) during stent revascularization in
patients with atherosclerotic renal artery stenosis. Circ Cardiovasc Interv. 2017;10:¢005487. doi:10.1161/CIRCINTERVENTIONS.117.005487
Petrov A, Perekhvatova N, Skulachev M, et al. SkQ1 ophthalmic solution for dry eye treatment: results of a phase 2 safety and efficacy clinical
study in the environment and during challenge in the controlled adverse environment model. Adv Ther. 2016;33:96-115. doi:10.1007/s12325-
015-0274-5

Brzheskiy VV, Efimova EL, Vorontsova TN, et al. Results of a multicenter, randomized, double-masked, Placebo-Controlled clinical study of
the efficacy and safety of visomitin eye drops in patients with dry eye syndrome. Adv Ther. 2015;32:1263—1279. doi:10.1007/s12325-015-0273-
6

Rodrigues Diez R, Rodrigues-Diez R, Lavoz C, et al. Statins inhibit angiotensin II/smad pathway and related vascular fibrosis, by a TGF-f-
independent process. PLoS One. 2010;5:¢14145. doi:10.1371/journal.pone.0014145

Lee M, San Martin A, Valdivia A, et al. Redox-Sensitive Regulation of Myocardin-Related Transcription Factor (MRTF-A) phosphorylation via
palladin in vascular smooth muscle cell differentiation marker gene expression. PLoS One. 2016;11:¢0153199. doi:10.1371/journal.
pone.0153199

Wang Y, Wang L, Zhang F, et al. Inhibition of PARP prevents angiotensin II-induced aortic fibrosis in rats. Int J Cardiol. 2013;167:2285-2293.
doi:10.1016/j.ijcard.2012.06.050

Hori D, Dunkerly-Eyring B, Nomura Y, et al. miR-181b regulates vascular stiffness age dependently in part by regulating TGF- signaling.
PLoS One. 2017;12:¢0174108. doi:10.1371/journal.pone.0174108

Ruddy JM, Jones JA, Ikonomidis JS. Pathophysiology of thoracic aortic aneurysm (TAA): is it not one uniform aorta? Role of embryologic
origin. Prog Cardiovasc Dis. 2013;56:68-73. doi:10.1016/j.pcad.2013.04.002

Song T, Zhao J, Jiang T, et al. Formononetin protects against balloon injury-induced neointima formation in rats by regulating proliferation and
migration of vascular smooth muscle cells via the TGF-B1/Smad3 signaling pathway. Int J Mol Med. 2018;42:2155-2162. doi:10.3892/
ijmm.2018.3784

Cao W, Hu N, Yuan Y, et al. Effects of tilianin on proliferation, migration and TGF-B/smad signaling in rat vascular smooth muscle cells
induced with angiotensin II. Phytother Res. 2017;31:1240-1248. doi:10.1002/ptr.5846

Meyer-ter-Vehn T, Sieprath S, Katzenberger B, et al. Contractility as a prerequisite for TGF-beta-induced myofibroblast transdifferentiation in
human tenon fibroblasts. Invest Ophthalmol Visual Sci. 2006;47:4895-4904. doi:10.1167/i0vs.06-0118

Ishizaki T. rho-mediated signal transduction and its physiological roles. Nikon Yakurigaku Zasshi, Folia Pharmacol Jpn. 2003;121:153-162.
doi:10.1254/1pj.121.153

Narumiya S. cellular functions & pharmacological manipulations of the small GTPase rho & rho effectors. Nihon Yakurigaku Zasshi, Folia
Pharmacol Jpn. 1999;114(Suppl 1):1P—5P. doi:10.1254/fpj.114.supplement 1

Jacobs M, Hayakawa K, Swenson L, et al. The structure of dimeric ROCK I reveals the mechanism for ligand selectivity. J Biol Chem.
2006;281:260-268. doi:10.1074/jbc.M508847200

Itoh K, Yoshioka K, Akedo H, et al. An essential part for Rho-associated kinase in the transcellular invasion of tumor cells. Nat Med.
1999;5:221-225. doi:10.1038/5587

Kim A, Kim Y, G-T K, et al. Comparison of persistence rates between allopurinol and febuxostat as first-line urate-lowering therapy in patients
with gout: an 8-year retrospective cohort study. Clin Rheumatol. 2020;39:3769-3776. doi:10.1007/s10067-020-05161-w

Sun Q, Yu W, Gong M, et al. Xanthine oxidase immobilized cellulose membrane-based colorimetric biosensor for screening and detecting the
bioactivity of xanthine oxidase inhibitors. Int J Biol Macromol. 2024;275:133450. doi:10.1016/j.ijbiomac.2024.133450

Cicero AFG, Fogacci F, Cincione RI, et al. Clinical effects of xanthine oxidase inhibitors in hyperuricemic patients. Med Princ Pract.
2021;30:122-130. doi:10.1159/000512178

300

https: International Journal of Nephrology and Renovascular Disease 2025:18


https://doi.org/10.1002/jcb.22376
https://doi.org/10.1371/journal.pone.0100801
https://doi.org/10.1038/s41598-021-86587-3
https://doi.org/10.1093/ajh/hpv128
https://doi.org/10.1681/ASN.2016050521
https://doi.org/10.1056/NEJMoa1915833
https://doi.org/10.1056/NEJMoa1916624
https://doi.org/10.14670/HH-30.353
https://doi.org/10.1016/j.ejphar.2017.03.037
https://doi.org/10.1152/ajprenal.00067.2023
https://doi.org/10.1152/ajprenal.00186.2023
https://doi.org/10.1161/CIRCINTERVENTIONS.117.005487
https://doi.org/10.1007/s12325-015-0274-5
https://doi.org/10.1007/s12325-015-0274-5
https://doi.org/10.1007/s12325-015-0273-6
https://doi.org/10.1007/s12325-015-0273-6
https://doi.org/10.1371/journal.pone.0014145
https://doi.org/10.1371/journal.pone.0153199
https://doi.org/10.1371/journal.pone.0153199
https://doi.org/10.1016/j.ijcard.2012.06.050
https://doi.org/10.1371/journal.pone.0174108
https://doi.org/10.1016/j.pcad.2013.04.002
https://doi.org/10.3892/ijmm.2018.3784
https://doi.org/10.3892/ijmm.2018.3784
https://doi.org/10.1002/ptr.5846
https://doi.org/10.1167/iovs.06-0118
https://doi.org/10.1254/fpj.121.153
https://doi.org/10.1254/fpj.114.supplement_1
https://doi.org/10.1074/jbc.M508847200
https://doi.org/10.1038/5587
https://doi.org/10.1007/s10067-020-05161-w
https://doi.org/10.1016/j.ijbiomac.2024.133450
https://doi.org/10.1159/000512178

Liang et al

International Journal of Nephrology and Renovascular Disease Dovepress

Taylor & Francis Group
Publish your work in this journal

The International Journal of Nephrology and Renovascular Disease is an international, peer-reviewed open-access journal focusing on the
pathophysiology of the kidney and vascular supply. Epidemiology, screening, diagnosis, and treatment interventions are covered as well as
basic science, biochemical and immunological studies. The manuscript management system is completely online and includes a very quick and
fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nephrology-and-renovascular-disease-journal

International Journal of Nephrology and Renovascular Disease 2025:18 n X in n 301


https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Mitochondrial Oxidative Stress and Dysfunction in Renal Cells
	ROS Generation and Mitochondrial Dysfunction
	mtDNA Damage and Apoptotic Signaling
	Impaired Mitophagy and Mitochondrial Homeostasis Disruption
	Antioxidant System Impairment

	Mechanisms of Vascular Remodeling in UAN
	Pathological Mechanisms Underlying Vascular Remodeling
	Role of Endothelial Dysfunction
	Hemodynamic Changes and Hypoxia-Driven Injury

	Mitochondria to Vascular Crosstalk: Mechanistic Integration
	ROS-Triggered NF-κB/NLRP3 Inflammatory Activation
	mtDNA Release and cGAS–STING Activation
	Drp1-Mediated Fission and Vascular Remodeling
	Disrupted Mitophagy Drives ECM Remodeling
	Calcium Overload and Mitochondrial Fragmentation Promote Vasoconstriction

	Experimental and Clinical Evidence
	In vitro and invivo Experimental Studies
	Clinical Correlations and Biomarker Potential
	Research Gaps

	Therapeutic Implications
	Antioxidants Targeting Mitochondria
	Inhibitors of Vascular Remodeling
	Combined Therapies
	Clinical Challenges and Prospects for Translation

	Conclusion and Perspectives
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

