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Abstract: Sepsis-associated acute kidney injury (SA-AKI) is one of the most frequent complications of sepsis and one of the leading
causes of acute kidney injury (AKI), posing a significant threat to patient survival. The pathogenesis of SA-AKI has been linked to
mitochondrial dysfunction, according to emerging evidence. Mitochondria serve as the primary energy-producing organelles in cells,
and mitochondrial dysfunction can result in insufficient renal energy supply, oxidative stress, and inflammatory responses, all of which
can both initiate and exacerbate SA-AKI. Thus, elucidating the role of mitochondrial dysfunction in SA-AKI is of critical importance.
Starting from the fundamental mechanisms of mitochondrial dysfunction, this review draws upon more than 130 relevant publications
through August 2025, comprehensively summarizes the role of mitochondrial dysfunction in the pathophysiological processes of SA-
AKI and the drugs for treating SA-AKI through the improvement of mitochondrial function, while also discussing in detail the
potential therapeutic applications of several well-characterized therapeutic targets in SA-AKI, providing important insights into the
diagnosis and treatment of this disease.
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Introduction

Sepsis-associated acute kidney injury (SA-AKI) is characterized as the onset of acute kidney injury (AKI) within
a seven-day timeframe following the onset of sepsis.' This definition is based on the Kidney Disease: Improving
Global Outcomes (KDIGO) criteria and the Sepsis-3 Consensus.® SA-AKI represents one of the most prevalent
complications arising from sepsis.* AKI occurs in approximately 60% of sepsis patients, and the mortality rate in sepsis
patients with AKI is 2 to 3 times higher than in those without AKL>*® Meanwhile, sepsis is the most frequent cause
influencing the development of AKI, and existing data indicate that sepsis-associated AKI (SA-AKI) is associated with
a higher risk of mortality and a reduced likelihood of renal recovery compared to other forms of AKI.” At present, the
management of SA-AKI patients is largely dependent on early identification and supportive care, due to the absence of
effective targeted treatments, which complicates clinical rescue efforts.® Therefore, research into novel and effective
therapeutic targets and approaches to enhance patient prognosis is crucial.

Currently, the pathophysiological mechanisms underlying SA-AKI are recognized to primarily involve inflammation,
microcirculatory dysfunction, and metabolic reprogramming.” There is a growing body of research suggesting mitochon-
drial dysfunction plays an integral role in several of these processes.'®!'" Also, despite constituting less than 1% of total
body weight, the kidneys account for approximately 7% of daily resting energy expenditure.'? Their substantial energy
demand is further evidenced by their high mitochondrial density and oxygen consumption rate, both of which are second
only to those of the heart.'*'* Thus, any impairment in mitochondrial function significantly impacts renal function.
However, the degree to which mitochondrial dysfunction contributes to the progression of SA-AKI remains to be

elucidated.
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Although previous reviews have explored the role of mitochondria in SA-AKI, most have focused on specific
mechanistic aspects of mitochondrial dysfunction and lacked an integrated discussion of therapeutic strategies and
their clinical translation potential. In this review, we not only provide a comprehensive overview of the multidimensional
mechanisms of mitochondrial dysfunction in SA-AKI but also delve into targeted drug and clinical translation strategies
based on these mechanisms, with the aim of providing guidance for novel drug development for this disease.

Influence of Mitochondrial Dysfunction on SA-AKI

It is widely known that mitochondria are the powerhouses of the cell, but they perform many other functions besides
oxidative phosphorylation. They play an essential role in calcium signaling, production of reactive oxygen species,
antiviral defenses, and cell death.'” Mitochondrial dysfunction manifests as a reduced ability to produce ATP and is
accompanied by an increased generation of free radicals, notably reactive oxygen species (ROS).'® Mitochondrial
dysfunction, encompassing defects in mitochondrial integrity, metabolic and regulatory functions, and bioenergetics, is
strongly linked to the development and prognosis of a wide variety of human diseases.'’

Abnormal Mitochondrial Membrane Permeability

A mitochondrial membrane is made up of two membranes with distinct structural and functional characteristics, the inner
mitochondrial membrane (IMM) and the outer mitochondrial membrane (OMM). The integrity of these membranes is
crucial for preserving the unique mitochondrial compartments and preventing the release of mitochondrial components
into the cytoplasm, where they can function as apoptotic factors or damage-associated molecular patterns (DAMPs).'®

Cell Death and SA-AKI

In diverse cell death mechanisms, mitochondria play an essential role.'” Notably, mitochondrial outer membrane
permeabilization (MOMP) and mitochondrial permeability transition (MPT) are two vital processes, acting as key
markers of apoptosis and necrosis, respectively.’’?' The BCL-2 family contains pro-apoptotic and anti-apoptotic
members that regulate mitochondrial apoptosis.”> Under pro-apoptotic stress conditions, activated BAX and BAK
proteins create pores in the outer mitochondrial membrane, a critical event termed MOMP.>* MOMP triggers the release

9546 https: Drug Design, Development and Therapy 2025:19



Liu et al

of apoptotic factors such as cytochrome ¢ and SMAC into the cytoplasm.** Cytochrome ¢ binds to apoptosis protease
activating factor 1 (APAF1), leading to the formation of apoptosomes in the cytosol.25 This complex subsequently
activates procaspase-9 and caspase-3, propelling the cell into the execution phase of apoptosis.*’

Mitochondria, beyond their well-known role in apoptosis, are crucially involved in various cell death pathways.?®
When intracellular mitochondrial Ca2+ overload occurs, especially under oxidative stress and/or ATP depletion, it
triggers a sudden increase in IMM permeability by opening the mitochondrial permeability transition pore (MPTP).*!
This permeability transition allows solutes up to 1.5 kDa to diffuse across the IMM, resulting in mitochondrial
depolarization, uncoupling, swelling, ATP depletion, and ultimately, necrotic cell death.?” Furthermore, impaired
mitochondrial membrane barrier function has been linked to other cell death pathways, such as pyroptosis and
ferroptosis.?*°

Tan et al demonstrated that Pectolinarigenin (PEC), a natural flavonoid, mitigates septic acute kidney injury (SAKI)
by upregulating Bcl-2 protein expression and inhibiting the apoptotic protein BAX in a mouse model of SAKI.*
Similarly, Li et al reported that the lipid mediator Maresin 1 (MaR1) confers protection against LPS-induced septic AKI
by downregulating BAX and cleaved caspase-3 expression while upregulating Bcl-2 in damaged renal tissues of SAKI
mice.’! Overall, these findings suggest that inhibiting cell death via the mitochondrial pathway may serve as a potential

therapeutic target for septic AKI.

Inflammatory Responses and SA-AKI

Through the induction of lysogenic forms of cell death, mitochondrial membrane permeability contributes to inflamma-
tion by releasing intracellular components that function as DAMPs in the surrounding microenvironment.** Additionally,
disruptions in mitochondrial membrane barrier function can trigger inflammatory signals independent of cell death,
including mitochondrial DNA (mtDNA), cardiolipin, ROS, and ATP.'®*? Among these, mtDNA has garnered significant
attention as a DAMP due to its similarity to bacterial DNA, serving as a “danger signal” upon release.*> In the following
sections, we will focus on mtDNA in both the cytosol and circulation.

Mitochondria possess their own genome, referred to as mtDNA. Unlike nuclear DNA, mtDNA maintains
a hypomethylated CpG motif, akin to bacterial and viral DNA.** This characteristic enables mtDNA to be recognized
by traditional “foreign” DNA-sensing pattern recognition receptors (PRRs).>>*

In the context of SAKI, animal studies have revealed that plasma mtDNA levels are elevated in SAKI model mice,
correlating with increased severity of kidney injury and poor prognosis.’’” Tsuji et al observed that both plasma and
urinary mtDNA levels were consistently elevated in SAKI model mice, aligning with the degree of inflammation and
renal damage.*® In a clinical investigation, Elisabeth et al examined renal tissue biopsies from fourteen patients with
septic renal injury and twelve control subjects, discovering diminished mitochondrial DNA integrity and heightened
damage levels, which positively correlated with the expression of renal injury markers.>” These studies underscore the
association between mtDNA damage and release with the severity of renal injury and adverse outcomes in SAKI,
suggesting that cytosolic and circulating mtDNA could be potential markers and therapeutic targets.

Mitochondrial Quality Control Barriers

Mitochondrial quality control (MQC) encompasses many processes, including mitophagy, mitochondrial biogenesis, and
mitochondrial dynamics.*® These mechanisms involve the selective elimination of damaged mitochondria, their replace-
ment via biosynthesis, the redistribution of mitochondrial components through fusion, and the segregation of defective
mitochondria by fission before mitophagy.**! A breakdown in MQC can lead to mitochondrial dysfunction, ultimately
resulting in cell death, tissue damage, and organ failure.*?

Mitochondrial Biogenesis and SA-AKI

The mitochondrial biosynthesis process involves the synthesis of mitochondrial membranes and mitochondria-encoded
proteins, mitochondrial DNA (mtDNA) replication, and the integration of mitochondrial proteins encoded by nuclear
genes.” TFAM-PGCI1-NRF1/2 is central to this biosynthetic process. Activation of PGC-1a triggers a cascade of nuclear
transcription factors, such as nuclear respiratory factor 1 (NRF-1) and NRF-2, leading to the upregulation of TFAM
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expression.** A key regulator of mitochondrial biosynthesis, PGC1, regulates the expression of nuclear genes essential
for this process by influencing numerous transcription factors.*> SIRT1 and AMPK are major modulators of PGCla
activity, activating it through acetylation and phosphorylation, respectively.*® TFAM, on the other hand, is indispensable
for the transcription and replication of mtDNA, binding to these sequences and playing a key role in new mitochondrial
formation.*’

Mitochondrial biosynthesis is pivotal in the pathogenesis of SA-AKI. Tran et al revealed that in a mouse model
of SAKI caused by lipopolysaccharide (LPS) or cecal ligation and puncture (CLP), the expression of PGC1 in the
kidneys was inversely correlated with renal damage and normalized after renal repair. Moreover, the study indicated
that systemic or tubule-specific knockout of PGCla hindered renal recovery in LPS-induced SAKI mice, high-
lighting the necessity of PGCla induction for recovery from septic acute kidney injury.*® Similarly, Smith et al
reported diminished PGCla expression correlated with impaired renal function in an LPS-induced SAKI mouse
model and demonstrated that neutralizing TNF-o mitigated the suppression of PGCla expression.*’ Pei et al
demonstrated that high-concentration hydrogen inhalation alleviates SA-AKI by promoting mitochondrial biogen-
esis through the reversal of downregulated PGC-1a, Nrf2, and TFAM expression in kidney tissues of CLP-induced
mice.>® These findings highlight the essential function of mitochondrial biosynthesis in SAKI and propose possible
targets for upcoming treatment strategies. Nevertheless, excessive mitochondrial biosynthesis can result in structural
abnormalities, diminished mitochondrial function, and increased production of ROS, which could have detrimental
effects.”!

Mitophagy and SA-AKI
Mitophagy is a selective autophagic pathway essential for MQC. During this process, damaged mitochondria are
engulfed by double-membrane autophagosomes and degraded by lysosomes.’> A ubiquitin-dependent pathway and
a ubiquitin-independent pathway are the two principal mechanisms of mitophagy.”* The ubiquitin-dependent mechan-
isms include PTEN-induced mitophagy mediated by the putative kinase protein 1 (PINK1)-Parkin pathway and other
ubiquitin-mediated processes independent of Parkin, with the PINK1/Parkin pathway being the most extensively
studied.’* Ubiquitin-independent mechanisms comprise receptor-mediated and lipid-mediated mitophagy.’> Notably,
several receptors have been implicated in mitophagy, such as Nip3-like protein X (NIX), FUN14 domain-containing
protein 1 (FUNDC1), and BCL2-interacting protein 3 (BNIP3).>® LC3-interacting region (LIR) motifs enable these
receptors to interact with LC3 independently of ubiquitin, therefore facilitating phagocytosis of defective
mitochondria.’” Mitophagy is crucial for mitochondrial quality control by eliminating dysfunctional mitochondria
that not only fail to produce ATP and other biosynthetic products but also generate excessive ROS, which can induce
apoptosis.”®>°

In SA-AKI, mitophagy has a vital role to play. Sunahara et al revealed that in SAKI model mice, the renal LC3-II
/LC3-I ratio increased initially at 6—8 hours and then significantly declined by 24 hours, and that rapamycin-induced
autophagy was associated with improved renal function.®® Wang et al demonstrated that in a SAKI mouse model, pink1
or park2 knockout mice showed a higher level of renal injury and apoptosis than wild-type mice, suggesting that the
PINK 1/PARK2-mediated mitophagy pathway plays a critical role in SAKL®' Similarly, Gao et al revealed that SIRT1
activation upregulated Parkin-dependent mitophagy, alleviating mitochondrial dysfunction and NLRP3 inflammatory

responses in SAKI.®?

Recent studies have revealed that modulating the Nrf2/PINK 1/Parkin axis can regulate mitophagy
levels, offering a promising therapeutic strategy for SA-AKI.®**** In the realm of ubiquitin-independent mitophagy, Pan
et al showed that lacking the mitophagy receptor BNIP3L/Nix accumulated damaged mitochondria and overactivated
platelet inflammasomes, exacerbating SAKI in a CLP mouse model. Their findings suggest that targeting TREM-1 and
NLRP3/BNIP3L in platelets may provide a novel therapeutic strategy for SAKI.®® In conclusion, the aforementioned
studies suggest that the mitophagy pathway mediated by Parkin plays an essential role in SAKI. Inhibition of Parkin
suppresses mitophagy, thereby exacerbating SAKI, while activation of Parkin mitigates mitochondrial dysfunction and
kidney injury. Concurrently, emerging research highlights the significance of non-ubiquitin-dependent mitophagy recep-
tors in SAKI. These findings suggest that therapeutic strategies aimed at enhancing mitophagy could hold promise for the
treatment of SAKI.
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Mitochondrial Dynamics and SA-AKI

Mitochondrial dynamics, the balance between the fusion and fission of the mitochondrial network, is essential for
maintaining mitochondrial structure and function.®® Fusion involves the merging of multiple mitochondria into a larger
organelle, which aids in the distribution of mitochondrial DNA and metabolites; in contrast, fission divides
a mitochondrion into smaller organelles, a process involved in apoptosis, mitochondrial biosynthesis, and
mitophagy.®”*® The interplay between fusion and fission endows mitochondria with several advantages, including
efficient transport, optimized oxidative phosphorylation, and homogenization of the mitochondrial population.®® Mfnl,
Mitn2, and Opal are involved in fusion, and Drp1 is involved in fission, which is regulated by a conserved family of large
GTPases known as dynamin-related proteins (DRPs).”® The dysregulation of these proteins is associated with a variety of
pathologies linked to abnormal mitochondrial fusion or fission.”!

In a murine model of CLP-induced SAKI, Liu et al observed an aberrant mitochondrial dynamic balance skewed
towards fission, accompanied by a concomitant rise in mitochondria-associated apoptosis throughout SAKI
progression.’> In response to procyanidin B2 treatment (PBC2), this balance is effectively shifted towards fusion,
mitochondrial integrity was enhanced, mitochondrial-mediated apoptosis was reduced, and renal dysfunction, tubular
cell vacuolization, and oxidative stress were alleviated in SAKI mice.”> Concurrently, studies employing an endotoxin-
induced HK-2 cell model indicated that human trypsin inhibitor (UTI) may preserve mitochondrial function by fostering
fusion and curbing fission, thus mitigating apoptosis.”* As a result, these studies indicate that SA-AKI induces
mitochondrial fission/fusion imbalances to favor fission, facilitating the removal of damaged mitochondrial components
through redistribution and mitophagy. However, excessive fission in the later stages exacerbates oxidative stress and cell
death. Consequently, strategies aimed at enhancing mitochondrial fusion may provide protective effects against SA-AKI.

Synergistic Role of Mitochondrial Quality Control in SA-AKI

Mitochondrial quality control mechanisms play an essential role in maintaining cellular homeostasis during SA-AKI.
These processes do not act in isolation but function within an integrated network characterized by functional coupling
and signaling crosstalk. Mitochondrial fission facilitates the targeting of damaged mitochondria for mitophagic clearance,
while mitochondrial fusion promotes biogenesis through shared regulatory signals such as PGC-1la activation.”>’® The
MQC network undergoes dynamic temporal changes across different phases of SA-AKI. During the early acute injury
phase, severe stress triggers pathological mitochondrial hyperfission. Although mitophagy is activated to remove
fragmented mitochondria, its capacity is often overwhelmed, leading to the accumulation of damaged organelles. In
contrast, during the later recovery phase, enhancing mitochondrial fusion and biogenesis becomes crucial. Concurrently,
moderate mitophagy helps eliminate impaired mitochondria, creating space for newly generated ones. The coordinated
balance among these three mechanisms during this phase supports structural repair and functional recovery.

Mitochondrial Energy and Metabolic Abnormalities

Mitochondria, frequently termed the cell’s powerhouses, play a key role in bioenergetic and biosynthetic processes,
serving as the principal locus for energy conversion and ATP synthesis.”” These specialized organelles function as
metabolic hubs and signaling platforms, participating in a multitude of essential cellular activities. These include the
production of ATP through OXPHOS, the oxidation of fatty acids, calcium homeostasis, the production and regulation of

reactive oxygen species, and the modulation of innate immunity.”®

Oxidative Stress and SA-AKI

Mitochondria orchestrate critical bioenergetic processes, including the tricarboxylic acid cycle, the B-oxidation of fatty
acids, and the electron transport system (ETS), alongside the biosynthesis of amino acids, nucleotides, and lipids, where
reactive ROS are generated by products.”’ ROS are primarily produced by mitochondria, which account for nearly 90%
of cellular ROS.®® Oxidative stress is caused by an imbalance between ROS production and antioxidant defenses, which
can impair mitochondrial respiratory chain function, alter membrane permeability, and increase mtDNA heterogeneity,
thereby weakening mitochondrial defenses.®’ It is well known that ROS may adversely affect cellular biomolecules,
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especially DNA, and can lead to mitochondrial dysfunction, apoptosis, cellular damage, and various diseases to
progress.®*

In SA-AKI, Slikke et al reported an up-regulation of mRNA expression for oxidative damage markers and the presence of
renal tubular epithelial cells’ cytosolic oxidative DNA damage in patients with SA-AKI compared to controls. Their cellular
experiments indicated that LPS-induced HUVEC exposure for 48 hours led to increased manganese superoxide dismutase
(mnSOD) expression, decreased mitochondrial transcription factor A (TFAM) expression, and elevated mtDNA damage.*
Oxidative stress, driven by increased ROS release, initiates inflammasome formation and triggers an inflammatory cascade.®*
Zhao et al reported that SIRT3 inhibits NLRP3 inflammasomes by reducing ROS production, mitigating oxidative stress, and
decreasing IL-1 and IL-18 production, thus providing protection against SA-AKI.** Similarly, although they target different initial
pathways, quercetin, irbesartan, and cilostazol have each been shown to attenuate renal histopathological damage and improve
renal function in SA-AKI models via their shared anti-inflammatory and antioxidant activities.** ™ Lowes et al suggested that in
arat model of acute sepsis, mitochondria-targeted antioxidants decreased mitochondrial damage, organ dysfunction (liver, kidney,
heart), and the inflammatory response.® Collectively, these studies suggest that SA-AKI leads to oxidative stress and that ROS
production is increased, and that reducing ROS or using mitochondria-targeted antioxidants presents a promising therapeutic
approach against SA-AKI.

Metabolic Reprogramming and SA-AKI

Metabolic programming rearrangements represent adaptive shifts in cellular energy production and consumption path-
ways, enabling cells to achieve optimal performance under specific environmental conditions.’® Cells primarily convert
nutrients into ATP through two key metabolic pathways: OXPHOS and glycolysis. Most cells use OXPHOS, which
occurs in the mitochondrial matrix, as their primary metabolic pathway for producing ATP since it is more efficient than
glycolysis at producing energy.”’ Mitochondria, being central hubs for metabolic activities such as the tricarboxylic acid
(TCA) cycle, play a key role in mammalian cellular bioenergetics.”

The metabolic transition in biphasic metabolic reprogramming from OXPHOS to a glycolytic phenotype is orche-
strated by the mammalian target of rapamycin complex 1 (mTORC1) via the activation of HIF-1a and the Akt/mTORC1
pathway.”” This activation can inhibit the conversion of pyruvate to acetyl-coenzyme A and its subsequent entry into
mitochondria.”> The ensuing restoration of dominant OXPHOS metabolism is facilitated by the synergistic activation of
AMPK, PGC-1aq, Sirtl, and Sirt6, which potentially mitigates the influence of HIF-1a on glycolytic enzyme expression.”’

In SA-AKI, early metabolic reprogramming of cellular pathways plays a critical role in safeguarding the kidney from further
damage and influencing tissue repair outcomes, thereby potentially preventing progression to fibrosis and chronic organ
dysfunction.”* During SA-AKI, renal tubular epithelial cells exhibit biphasic metabolic reprogramming, initially shifting from
OXPHOS to a glycolytic phenotype, followed by a subsequent return to predominantly OXPHOS metabolism. This metabolic
transition mitigates excessive reactive ROS production while ensuring adequate energy supply to avert cell death.'"">> Waltz et al,
through animal experiments involving CLP in septic mice, demonstrated that gas chromatography/mass spectrometry analysis of
renal biopsies taken 8 hours post-CLP revealed increased glycolytic intermediates and decreased TCA intermediates, indicative of
a metabolic shift towards glycolysis.”® Similarly, an early LPS-induced mouse model of AKI reported suppressed gene expression
of OXPHOS mediators.** Furthermore, Yang et al found that treatment of sepsis model mice with pergolide, a potent PKM2
inhibitor, improved host survival when administered 12 or 24 hours before, 24 hours after LPS administration, or 2448 hours
after CLP.”” Collectively, these studies suggest that an early shift towards glycolysis, followed by a late restoration of OXPHOS, is
beneficial during SA-AKI.

However, this adaptive hypothesis has been significantly challenged by a series of interventional studies. Accumulating
evidence demonstrates that directly inhibiting aerobic glycolysis during the early phase of sepsis improves survival and attenuates
renal injury in rodents.”’ This indicates that excessive activation of early glycolysis may drive pathological processes rather than
merely serving as an adaptive response. The notable controversy over the net effect of early glycolytic shifts in SA-AKI may
originate from the following factors: (1) Cell Type Specificity: In immune cells, aerobic glycolysis is crucial for initiating
appropriate inflammatory responses and for establishing trained immunity to combat infection.”> However, in renal tubular
epithelial cells, the development of trained immunity may lead to excessive responses to subsequent stimuli, thereby augmenting
cellular and organ damage.”® (2) Duration: An early and transient burst of glycolysis may represent an adaptive survival strategy
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by rapidly generating ATP and buying time for cellular repair.”” However, a prolonged shift toward glycolytic metabolism
promotes tubular atrophy, fibrosis, and subsequent progression to chronic kidney disease.'° This notion is corroborated in kidney
tissues from patients with chronic kidney disease, which exhibit significantly reduced expression of OXPHOS and FAO enzymes
101 (3) Model Variability: Animal models used across studies (eg, LPS or

CLP) differ inherently in injury patterns, severity, and immune responses, leading to inconsistent manifestations of metabolic

alongside increased expression of glycolytic enzymes.

reprogramming. This implies that translating such preclinical findings to the complex setting of human septic acute kidney injury
is likely to face significant challenges. Furthermore, clear guidelines are still lacking for identifying the metabolic reprogramming
status in patients.

Advances in Mitochondrial Dysfunction Targeting Therapies for SA-AKI

Drugs/compounds targeting mitochondrial dysfunction in SA-AKI are summarized in Table 1. The following sections
will focus on representative candidates, while others are not discussed in detail. However, before delving into specific
drug treatment strategies, it is worth considering that renal mitochondria exhibit significant nephron segments
heterogeneity.'> Among these segments, the proximal tubule is responsible for approximately 70% of solute reabsorption,
resulting in exceptionally high energy demands. This, in turn, significantly increases its susceptibility to mitochondrial
dysfunction, making it the primary site of injury in SA-AKL'® Conversely, the medullary region inherently operates
under hypoxic conditions, and its cells rely more heavily on anaerobic glycolysis for energy production. Consequently,
this region demonstrates higher susceptibility to metabolic alterations.'® Therefore, prioritizing therapeutic strategies
that target mitochondrial dysfunction in the proximal tubule is crucial for maximizing treatment efficacy, with precise

drug delivery to this segment representing a highly promising future direction.

Table | The Intervention Drugs/Compounds for Mitochondrial Dysfunction in SA-AKI

Mitochondrial Dysfunction Intervention Drugs/ Species Mechanism Reference
Targets Compounds (Model Type) of Action
Abnormal mitochondrial membrane | CA074 Mice(CLP)+HK-2 cells(LPS) Inhibiting the activation of the | [104]
permeability Bax signaling
Mitochondrial quality control Polydatin Mice(CLP) Activates mitophagy [62]
barriers
Melatonin Humans+Mice(CLP)+HK-2 Promotes mitophagy [105]
cells(LPS)
Dexmedetomidine Rats(LPS) Enhances Autophagy [106]
Dendrobine Mice(CLP/LPS)+HK-2 Enhances mitophagy [107]
cells(LPS)
Procyanidin B2 Mice(LPS) Promotes Nrf2 nuclear [73]
translocation
UTI HK-2 cells(LPS) Promotes mitochondrial fusion | [74]
Mitochondrial energy and metabolic | MitoTEMPO Rats(CLP) Selectively reduce [108]
abnormalities mitochondrial ROS
SS-31 Mice(CLP) Scavenges mitochondrial ROS [109]
MitoQ HUVEC-C(LPS+PepG)+Rats | Selectively reduce [110]
(LPS+PepG) mitochondrial ROS
SkQRI Rats(LPS) Selectively reduce [ri
mitochondrial ROS
BAMI5 Mice(CLP) Uncoupling [38]
UCP2 Mice(LPS)+HK-2(LPS) Uncoupling [112]
Shikonin Mice(CLP)+ RAW264.7 cells | Inhibits the aerobic glycolysis [97]
(LPS)
2-DG Mice(CLP)+HK-2 cells(LPS) | Inhibits the aerobic glycolysis [113]

Abbreviations: UTI, human trypsin inhibitor; HUVEC-C, human umbilical vein endothelial cell line; 2-DG, 2-deoxy-D-glucose.
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The Therapeutic Effects of Mitochondria-Targeted Antioxidants on SA-AKI

The ability of mitochondria-targeted antioxidants to penetrate the mitochondria-phospholipid bilayer and neutralize ROS
at their source has attracted significant attention.''* A substantial body of research indicates that these antioxidants can
mitigate mitochondrial damage and multi-organ dysfunction in sepsis.''>''” The mitochondrial antioxidant SS-31
ameliorated kidney injury in SA-AKI mice, as reported by Li et al.'® Similarly, Mito-TEMPO, a mitochondria-

targeted antioxidant, was also found to decrease mitochondrial superoxide levels and alleviate SA-AKI.''®

Moreover,
the selective mitochondrial antioxidant MitoQ inhibited mitochondrial oxidative stress in both endothelial cell models of
sepsis and in vivo models of sepsis rats, and improved renal function.''” The results of these studies highlight the
promising therapeutic potential of mitochondria-targeted antioxidants for the treatment of sepsis-induced organ dysfunc-
tion. Additionally, it is worth noting that although the mitochondrial-targeted antioxidants involved in the aforementioned
studies have not yet entered clinical trials for SA-AKI, most have advanced to clinical research stages in other disease
areas. For example, MitoQ has completed Phase II trials in patients with Parkinson’s disease and hepatitis;''® SkQ1 has
demonstrated both safety and efficacy in a Phase II clinical trial for dry eye syndrome;'** and SS-31 is currently
undergoing Phase II clinical studies for conditions such as acute kidney injury and heart failure.'*!

However, despite encouraging laboratory and preclinical results, their clinical translation faces considerable challenges. First,
although conventional triphenylphosphonium (TPP)-based mitochondrial targeted antioxidants such as MitoQ, SkQ1, and Mito-
TEMPO can be selectively and efficiently accumulated in the mitochondrial matrix by leveraging the high membrane potential
across the inner membrane, the buildup of high concentrations of TPP+ cations has been shown to induce mitochondrial
membrane depolarization, suppress ATP synthesis, and compromise cell survival.'*> Secondly, pharmacokinetic challenges
remain significant for novel mitochondrial-targeted antioxidants. For instance, SS-31 circumvents cytotoxicity limitations by
targeting cardiolipin on the inner mitochondrial membrane instead of relying on membrane potential, and exerts cytoprotective

2l However, as a small

effects by stabilizing the electron transport chain through inhibition of cytochrome c peroxidase activity.
peptide, it suffers from a short half-life, susceptibility to proteolytic degradation, and a limited volume of distribution. These issues
markedly reduce its bioavailability after systemic administration, making it difficult to sustain therapeutically effective concen-
trations in tissues over prolonged periods.'?*'** Finally, additional evidence indicates that dysfunctional mitochondria exhibit
altered membrane permeability and generally demonstrate a diminished capacity to actively uptake exogenous antioxidants
compared to their healthy counterparts, which further obstructs effective targeting.'*> Therefore, future research should focus on
developing novel targeted molecules with reduced dependence on membrane potential, actively exploring novel delivery
strategies based on nanotechnology or biomaterials such as hydrogels to improve their pharmacokinetic properties, and advancing
tubular-specific targeting technologies to ensure efficient drug accumulation at the site of action, thereby overcoming existing
challenges.

The Therapeutic Effects of Mitophagy Activators on SA-AKI

Mitophagy, essential for eliminating dysfunctional mitochondria, promotes the turnover of damaged organelles and reduces
oxidative stress caused by excessive ROS.”*'?® According to numerous studies, mitophagy is suppressed in AKI induced by CLP,
whereas its activation offers protective benefits to proximal tubules and improves renal function.®®'#”-'*® In this regard, Cui et al
found that enhancing mitophagy with rapamycin markedly attenuated gentamicin-induced AKI in minipigs.'*® Moreover,
mitophagy-deficient mice experienced more severe renal dysfunction after CLP compared to their wild-type counterparts in

a sepsis model.*

The current consensus holds that the activation of mitochondrial autophagy promotes the clearance of damaged
mitochondria, thereby reducing the activation of mitochondrial-dependent cell death pathways caused by mitochondrial damage,
as well as oxidative stress (by reducing ROS sources) and inflammatory responses.

However, despite numerous studies confirming the protective role of mitophagy activation in SA-AKI, some
investigations have reported conflicting results. For instance, Wu et al revealed that mitophagy activation exacerbated
renal injury in mice, implying a detrimental effect on SA-AKI."*° We speculate that this contradiction may stem from the
following factors: 1) Cell type specificity. Excessive activation of mitochondrial autophagy in immune cells may disrupt
their function. For example, inhibiting mitochondrial autophagy in macrophages eliminates pro-inflammatory pathway

activators such as ROS and mtDNA, thereby blocking their anti-infective processes.'>' Similarly, Patoli et al reported
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that promoting mitochondrial autophagy suppresses macrophage activation, leading to immune paralysis, impaired
bacterial clearance, and reduced survival in CLP mice."> 2) Excessive activation of mitochondrial autophagy.
Overactivated mitochondrial autophagy may cause severe depletion of mitochondria, resulting in ATP exhaustion and
cell death, thereby exacerbating tissue injury.'*? 3) Timing of mitochondrial autophagy activation. As previously noted,
early activation of mitochondrial autophagy in macrophages suppresses their activation. In contrast, early activation of
mitochondrial autophagy in renal tubular epithelial cells during SA-AKI progression is often beneficial.'®’

In addition to the aforementioned controversies, the clinical translation of mitophagy activators faces several bottle-
necks. First, existing activators lack renal selectivity, and systemic administration may suppress immune cell function,
thereby increasing the risk of uncontrolled infection. Second, it remains challenging to quantitatively assess the extent of
mitophagy activation in vivo, which hinders dose optimization and efficacy evaluation in clinical trials. The development
of tubule-specific delivery systems and the identification of novel biomarkers capable of dynamically monitoring
mitophagic flux are key to overcoming these translational barriers.

The Therapeutic Effects of Improved Mitochondrial Dynamics on SA-AKI
Therapeutic strategies targeting mitochondrial fusion/fission imbalance represent an active area of investigation in SA-AKI
research. Current approaches are broadly divided into two categories: inhibiting pathological fission and promoting protective

fusion. Inhibiting fission, targeting the key protein Drpl is a core strategy.'*’

Drpl translocates to the mitochondrial outer
membrane and contracts mitochondria by forming ring-like oligomers to complete mitochondrial fission.'** Evidence suggests
that mdivi-1, a novel pharmacological inhibitor of dynamin-related protein 1 (Drp1), mitigates AKI and reduces renal tubular cell
apoptosis.'*> In promoting integration, Liu et al reported that procyanidin B2 improves mitochondrial dynamics and diminishes
SAKI-induced cell injury by promoting Nrf2 translocation.”* Furthermore, in vitro studies have shown that Sirt3 overexpression
attenuates endotoxin-induced mitochondrial damage and apoptosis in renal tubular epithelial cells by enhancing OPA 1-mediated
mitochondrial fusion.'*® Similarly, in HK-2 cells, Human trypsin inhibitors (UTIs) reduce endotoxin-induced apoptosis by
promoting mitochondrial fusion and limiting division.”* To summarize, preclinical studies have confirmed that targeting key
effector proteins involved in mitochondrial fusion/fission shows promising therapeutic potential. However, research in this area
remains at an early stage, and its clinical translation faces multiple challenges. First, indiscriminate inhibition of fission or
promotion of fusion may expand dysfunctional mitochondrial networks, thereby exacerbating oxidative stress. Second, regulatory
proteins such as Drpl are widely expressed throughout the body, making renal tubular-specific targeting an urgent delivery
challenge. Finally, developing reliable biomarkers for monitoring mitochondrial dynamics in vivo will be essential for patient
stratification and efficacy evaluation in clinical practice.

Conclusion and Perspective
The pathophysiology of SA-AKI is highly complex, with mitochondrial dysfunction recognized as a central mechanism. In
summary, mitochondrial injury in SA-AKI presents as a cascade of interconnected events, including abnormal opening of the
MOMP and the MPTP, dysregulation of mitochondrial quality control (encompassing mitophagy, biogenesis, and dynamics),
ROS burst, and energy metabolism reprogramming. Therapeutic strategies targeting these mechanisms—such as mitochondria-
targeted antioxidants, mitophagy activators, or dynamics modulators—have shown considerable therapeutic promise.
However, translating these promising therapeutic strategies into clinically effective treatments remains a formidable challenge.
Future research must achieve breakthroughs in several key areas: (1) Model optimization: Current studies rely predominantly on
rodent models, which exhibit limited translatability to clinical contexts. Future work should prioritize the validation of these
mechanisms using human patient tissue samples and clinical data to bridge the gap between basic research and human
pathophysiology. The adoption of advanced models that better recapitulate human disease—such as organoids and humanized
mouse models—will be essential to advance translational research. (2) Development of precision-targeted therapeutic strategies:
Future efforts should focus on creating clinically feasible, highly specific delivery systems capable of renal tubular-targeted
intervention. At the same time, drug design should actively incorporate emerging modalities, such as small molecules, peptides,
and mRNA-based therapies, to enable more precise regulation of complex mitochondrial processes. (3) Developing Patient-
Stratification Biomarkers: The heterogeneity of mitochondrial dysfunction necessitates precise patient stratification in future
clinical trials. There is an urgent need to develop and validate novel biomarkers capable of dynamically and non-invasively

Drug Design, Development and Therapy 2025:19 heeps: 9553



Liu et al

reflecting mitochondrial functional status. Such biomarkers should be employed in patient screening, dose optimization, and
treatment response monitoring to provide a foundation for personalized therapeutic strategies. (4) Integrating Multi-Omics
Technologies: Advanced multi-omics approaches such as single-cell sequencing, spatial transcriptomics, and metabolomics
should be leveraged to deeply investigate mitochondrial functional states and interaction networks across different renal cell types
in SA-AKI. Furthermore, integrating multi-omics-driven machine learning models into clinical workflows could facilitate early
diagnosis and enable precision treatment for SA-AKI patients.
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