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ABSTRACT: Tubulointerstitial fibrosis is a central pathological basis for the persistent progression of
chronic kidney disease. Its initiation and progression involve multiple mechanisms, including disordered
energy metabolism, lipid accumulation, inflammatory responses, and abnormal extracellular matrix
deposition. As a major energy source for renal tubular epithelial cells, mitochondrial fatty acid oxidation
(FAO) is essential for maintaining tubular metabolic homeostasis. Impaired FAO leads to insufficient ATP
production, aggravated lipotoxicity, and mitochondrial homeostasis disruption, thereby further activating
oxidative stress, inflammatory pathways, and profibrotic signaling, which, in turn, promote tubular injury and
the progression of interstitial fibrosis. This review summarizes the basic physiological processes of
mitochondrial FAO and its pathological role in tubulointerstitial fibrosis, with particular emphasis on the
mechanisms by which FAO impairment drives metabolic reprogramming, lipotoxicity, and abnormalities in
mitochondrial quality control. It also outlines recent advances in therapeutic strategies aimed at restoring FAO,
improving mitochondrial function, and alleviating lipotoxicity and secondary profibrotic responses. Current
evidence suggests that targeting FAO impairment may offer a promising therapeutic approach for delaying
the progression of renal fibrosis; however, further efforts are needed to strengthen clinical translation.

Keywords: Tubulointerstitial fibrosis; Fatty acid oxidation; Mitochondrial dysfunction; Lipotoxicity;
Chronic kidney disease

1. Introduction

Chronic kidney disease (CKD) represents a growing global health burden and is characterized by a
high prevalence and a progressive course toward end-stage kidney disease [1]. Regardless of the nature of
the initiating insult, tubulointerstitial fibrosis (TIF) is widely regarded as the final common pathway most
closely associated with renal functional decline and poor prognosis [2]. Histologically, TIF is characterized
by tubular atrophy, inflammatory cell infiltration, and excessive extracellular matrix accumulation.

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).
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However, effective therapies capable of halting this process remain elusive. Given the limited success of
conventional anti-inflammatory and hemodynamic interventions, there is a pressing need to identify
additional pathogenic mechanisms, particularly those involving alterations in cellular metabolism, in order
to define new therapeutic targets for preventing fibrotic progression.

The kidney, particularly the proximal tubule, is among the most metabolically active organs and
depends heavily on mitochondrial fatty acid oxidation (FAO) to meet the substantial energy demands of
solute reabsorption. Under physiological conditions, FAO serves as the principal energy source for
proximal tubular epithelial cells and is more efficient than glycolysis in supporting cellular energy
production [3,4]. In the fibrotic kidney, however, this metabolic program is profoundly disrupted, as
reflected by marked downregulation of key FAO-related enzymes, such as carnitine palmitoyltransferase
1A (CPT1A), and transcriptional regulators, including peroxisome proliferator-activated receptor-a
(PPARa) [5]. The resulting impairment of FAO can drive intracellular lipid accumulation, inadequate
energy supply, and tubular cell injury, thereby directly promoting fibrotic progression [6]. Accordingly, a
focus on FAO impairment provides an important framework for understanding the metabolic basis of TIF.

In view of the central role of FAO impairment in the pathogenesis of TIF, restoration of mitochondrial
FAO has emerged as a promising therapeutic strategy. A range of interventions, including PPAR« agonists,
mitochondrial protectants, and natural compounds, have shown antifibrotic potential in preclinical models
[7-9]. Nevertheless, a systematic understanding of the pathological manifestations, molecular regulatory
networks, and therapeutic strategies related to FAO impairment in TIF remains to be further refined. This
review, therefore, aims to systematically examine how mitochondrial FAO dysfunction contributes to TIF
and to discuss current therapeutic strategies targeting this metabolic defect, with particular attention to the
challenges of clinical translation and future directions.

2. Manifestations of FAO Impairment

TIF is not simply a form of structural scarring, rather, it is a dynamic pathological process accompanied
by sustained disruption of energy metabolism in tubular epithelial cells (TECs). Given their strong
dependence on mitochondrial FAO for ATP production, TECs are particularly vulnerable to disturbances
in FAO, making FAO dysfunction one of the earliest and most prominent metabolic alterations in chronic
kidney injury. Evidence from kidney tissues of patients with CKD and from multiple experimental models
of renal fibrosis shows that TECs commonly exhibit suppression of FAO-related transcriptional programs,
impaired mitochondrial fatty acid utilization, and abnormal lipid accumulation. Together, these
abnormalities define a characteristic metabolic phenotype of TIF [10,11]. Overall, impaired mitochondrial
FAO in TIF can be summarized into three interrelated manifestations: reduced fatty acid oxidative capacity
in renal tubular epithelial cells, mitochondrial dysfunction with defective bioenergetics, and secondary lipid
deposition accompanied by lipotoxic stress (Figure 1).
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Figure 1. Schematic representation of the manifestations of FAO impairment in tubular epithelial cells during TIF. The central
tubular epithelial cell model and circular arrows depict the progression from impaired FAO to mitochondrial dysfunction,
lipotoxicity, and subsequent profibrotic tubular injury. Arrows denote increases (1) or decreases (|) in the corresponding
molecules and biological processes. FAO impairment is associated with downregulation of key FAO regulators and enzymes,
including CPT1A, PPARa, and PGC-1a, leading to reduced FAO activity. Concomitantly, mitochondrial dysfunction is
characterized by increased ROS production, reduced OXPHOS and ATP generation, and disrupted cellular homeostasis. These
changes promote lipid droplet accumulation, toxic lipid deposition, lipotoxic stress, and profibrotic injury.

2.1. Impaired Fatty Acid Oxidation

Under physiological conditions, proximal tubular epithelial cells preferentially use fatty acids as their
principal energy substrate. Following cellular uptake and activation, fatty acids are transported into
mitochondria via the carnitine shuttle, where they undergo B-oxidation to generate acetyl-CoA, which is
subsequently coupled to the tricarboxylic acid cycle and oxidative phosphorylation to meet the high ATP
demand of tubular function [12]. This dependence on FAO-dominant oxidative metabolism renders renal
tubules particularly sensitive to impaired lipid catabolism and suppression of mitochondrial metabolism.

In fibrotic kidneys, reduced FAO capacity is first reflected by broad downregulation of key FAO-
associated enzymes and transcriptional regulators. Seminal studies have shown that, in both human fibrotic
kidney biopsy specimens and experimental models including unilateral ureteral obstruction and folic acid-
induced kidney injury, tubular epithelial cells exhibit decreased expression of CPT1A, PPARa, peroxisome
proliferator-activated receptor gamma coactivator-lo. (PGC-1a), and other FAO-related molecules,
indicating an overall reduction in mitochondrial fatty acid entry and subsequent oxidative utilization [13,14].
More recent evidence further suggests that this alteration does not reflect an isolated enzymatic defect, but
rather coordinated suppression of fatty acid transport, B-oxidation, and the broader mitochondrial oxidative
metabolic program [15].

Reduced FAO capacity is also directly manifested as diminished fatty acid oxidative flux and lower
efficiency of energy substrate utilization. When fatty acids fail to enter mitochondria efficiently or cannot
complete mitochondrial B-oxidation, ATP production in tubular cells becomes constrained, leading to an
energetic deficit. Kang et al. [16] demonstrated that selective inhibition of FAO in tubular epithelial cells
is sufficient to induce ATP depletion, cell death, dedifferentiation, and lipid accumulation, a phenotype
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closely resembling the pathological changes observed in fibrotic kidneys. Subsequent studies have
reinforced this concept at the level of transcriptional regulation. For example, Kruppel-like factor 15
(KLF15) deficiency aggravates renal injury and fibrosis by suppressing proximal tubular FAO, whereas an
imbalance in the Twistl/PGC-1a axis downregulates FAO-related gene expression and promotes the
transition of tubular cells toward a profibrotic state [10,17].

Importantly, the decline in FAO in TIF should not be interpreted simply as the consequence of a single
molecular abnormality, but more likely as a manifestation of multilayered disruption within the metabolic
network. Although CPT1A has long been regarded as a key rate-limiting node in proximal tubular FAO, and
restoration of CPT1A expression can recover FAO and attenuate fibrosis [18], recent findings indicate that
tubular CPT1A deletion alone does not necessarily exacerbate fibrosis in some models of chronic injury,
suggesting compensation through peroxisomal oxidation or other alternative lipid metabolic pathways [19].
Accordingly, current evidence increasingly supports the view that impaired FAO capacity represents an
integrated failure of the tubular oxidative metabolic program rather than an isolated defect in a single enzyme.

Impaired FAO in TECs is a characteristic metabolic abnormality in TIF and contributes to
mitochondrial dysfunction, energy deficiency, and fibrotic progression.

2.2. Mitochondrial Dysfunction

With persistent impairment of FAO, renal tubules progressively develop mitochondrial dysfunction,
which is mainly characterized by reduced oxidative phosphorylation (OXPHOS), increased production of
reactive oxygen species (ROS), and disruption of mitochondrial homeostasis. These alterations do not occur
in isolation. Rather, they are mechanistically interconnected and collectively drive tubular epithelial cells
from metabolic disequilibrium toward sustained injury and a profibrotic phenotype.

Reduced OXPHOS capacity and insufficient ATP production are direct manifestations of mitochondrial
dysfunction. Nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH?2)
generated during FAO serve as major electron donors to the electron transport chain (ETC). When FAO is
impaired, the ETC is deprived of sufficient reducing equivalents, resulting in inefficient establishment of the
transmembrane proton gradient and subsequent suppression of ATP synthase activity [20]. This pathological
alteration has been well documented in human CKD kidney tissues and in multiple models of renal fibrosis,
in which proximal tubular mitochondria exhibit metabolic derangement characterized by suppressed oxidative
metabolism, reduced mitochondrial respiration and ATP production, and a shift toward glycolysis. These
findings indicate that, under fibrotic conditions, renal tubules progressively lose the capacity to sustain
efficient oxidative metabolism [21-23]. The resulting energy deficit not only compromises ATP-dependent
ion transport and aggravates cellular injury, but also reflects a broader transition of renal tubules from efficient
oxidative energy production to a low-efficiency injury-response state, supporting the view that OXPHOS
decline is an important indicator of progressive tubular dysfunction.

Excessive ROS generation and enhanced oxidative stress are major consequences of mitochondrial
injury. In dysfunctional mitochondria, electron leakage during electron transport becomes more likely,
leading to persistent ROS overproduction that further damages lipids, proteins, and mitochondrial DNA,
thereby establishing a self-amplifying cycle [24]. Mitochondrial dysfunction is a major source of oxidative
stress in the kidney, and excessive ROS not only directly injures tubular cells but also promotes
inflammatory responses, cell death, and activation of profibrotic signaling. Li et al. [25] showed in
unilateral ureteral obstruction (UUO) mice and hypoxia-treated HK-2 cells that inhibition of mitophagy
impaired the clearance of damaged mitochondria, which in turn led to further accumulation of
mitochondrial ROS (mtROS), enhanced activation of the NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome, and increased expression of transforming growth factor-f1 (TGF-
B1) and a-smooth muscle actin (a-SMA). These changes were partially reversed by the mitochondria-
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targeted antioxidant MitoTEMPO, suggesting that persistent accumulation of damaged mitochondria can
continuously amplify the ROS burden and sustain profibrotic signaling.

Mitochondrial homeostasis is not a static equilibrium, but a dynamic process maintained through the
coordinated regulation of mitochondrial biogenesis, quality control, and turnover. Disruption of this
homeostatic network further aggravates metabolic decompensation in renal tubules. Kim et al. [26] found
in a model of autosomal dominant tubulointerstitial kidney disease that both mitophagy and mitochondrial
biogenesis were impaired in renal tubules, leading to persistent accumulation of abnormal mitochondria
and activation of the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway.
Restoration of mesencephalic astrocyte-derived neurotrophic factor (MANF) expression improved
mitochondrial turnover and function and markedly alleviated tubular injury, indicating that disruption of
mitochondrial homeostasis itself is sufficient to drive the transition of renal tubules from metabolic
adaptation to sustained injury. Yuan et al. [27] further showed in a mouse model of renal fibrosis that
suppression of the regulatory program governing mitochondrial biogenesis aggravated mitochondrial
dysfunction and renal fibrosis, whereas restoration of this program improved mitochondrial homeostasis
through PGC-1a and attenuated tubular injury. Taken together, disruption of mitochondrial homeostasis is
not merely a structural abnormality, but a key mechanism driving the progression of renal tubules from
reversible metabolic adaptation to irreversible injury.

Taken together, mitochondrial dysfunction promotes tubular injury through bioenergetic failure and
oxidative stress, while further impairing fatty acid oxidation and promoting lipid accumulation. These
changes may contribute to ongoing fibrotic progression.

2.3. Lipid Deposition and Lipotoxicity

Insufficient FAO also leads to persistent intracellular lipid deposition, accompanied by progressive
aggravation of lipotoxicity. Under physiological conditions, fatty acids taken up by TECs are efficiently
transported into mitochondria for oxidative utilization, thereby preventing abnormal accumulation of
intracellular free fatty acids and their metabolic intermediates. In the fibrotic setting, however, the decline
in FAO capacity and impairment of mitochondrial oxidative metabolism disrupt the balance between fatty
acid uptake, transport, oxidation, and storage, leading to tubular cells progressively acquiring a metabolic
phenotype characterized by abnormal lipid deposition [28,29].

Defective FAO utilization constitutes the pathological basis for abnormal intracellular lipid
accumulation. The proximal tubule relies heavily on fatty acids as an energy source, but within the fibrotic
microenvironment, blockade of the FAO pathway prevents fatty acids from undergoing mitochondrial -
oxidation. Li et al. [30] observed, across multiple models of kidney injury, that downregulation of PPARa
and its downstream FAO-related genes in renal tubules occurred in parallel with lipid deposition and
fibrotic changes. In vitro experiments further showed that TGF-B1 treatment at 5 ng/mL for 24 h suppressed
oxygen consumption rates in tubular cells and reduced ATP production derived from FAO. Rinaldi et al.
[31], using both patient samples and experimental models, further demonstrated that persistent defects in
fatty acid metabolism were accompanied by reduced CPT2 expression, lipid accumulation, and amplified
lipotoxicity, thereby driving renal tubules into a state of sustained chronic stress. These findings indicate
that lipid deposition in TIF does not simply result from excessive fatty acid influx but rather reflects
impaired mitochondrial oxidative capacity in renal tubules.

A direct consequence of defective FAO is the abnormal accumulation of metabolic substrates within
TECs, which are subsequently converted into lipids with toxic potential and thereby induce cellular injury.
Mukhi and colleagues reported that lipid synthetic programs were aberrantly activated in TECs,
accompanied by upregulation of lipid droplet-associated markers and inflammatory cell death, suggesting
that persistent lipid accumulation in renal tubules can promote renal fibrosis [32]. Similarly, Hou et al. [33]
found in diabetic kidney disease models and high glucose-treated HK-2 cells that lipid droplet formation in
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tubular cells was markedly increased and was accompanied by abnormal accumulation of lipid
intermediates such as sphingosine-1-phosphate. SS-31 treatment, administered at 3 mg/kg/day for 10 weeks
in db/db mice or at 100 nM for 72 h in high glucose-treated HK-2 cells, restored fatty acid catabolic capacity
and conferred renoprotection.

Importantly, such pathological lipid accumulation is not a static metabolic endpoint. Instead, specific
accumulated lipid species may act as toxic mediators that actively drive cellular injury. Zhou et al. [34]
observed a marked increase in the endogenous lipid mediator 2-arachidonoylglycerol (2-AG) in patient
samples. Supplementation with 2-AG in UUO mice further aggravated tubular lipid droplet deposition,
FAO decline, and fibrotic changes. Consistently, in HK-2 cells, 2-AG treatment at 100 uM for 24 h reduced
ATP production, enhanced Nile Red staining, and increased the expression of fibrosis-related proteins,
indicating that abnormal lipid burden itself can directly amplify tubular injury. Liu et al. [35] further showed
in diabetic kidney disease that sustained glucagon exposure induced increased lipid deposition in TECs,
abnormal mitochondrial morphology, and aggravated injury phenotypes. Conversely, inhibition of tubular
glucagon signaling markedly attenuated these changes and delayed the progression of renal fibrosis. Taken
together, lipid deposition is not only a consequence of metabolic dysregulation but also a key effector that
directly drives tubular injury and fibrotic progression through the toxic actions of specific lipid mediators.

3. Mechanisms of FAO Impairment in TIF

FAO impairment is a central metabolic abnormality underlying the progression of TIF. In TECs,
defective FAO not only compromises ATP production but also promotes the accumulation of lipid
intermediates, oxidative stress, phenotypic reprogramming, and disturbance of the intrarenal
microenvironment. These alterations collectively contribute to tubular injury, interstitial inflammation,
fibroblast activation, and abnormal extracellular matrix deposition. The following sections examine how
FAO impairment promotes TIF through four interconnected mechanisms: bioenergetic failure, lipotoxicity
and oxidative stress, phenotypic alterations and intercellular crosstalk, and dysregulation of profibrotic
signaling pathways (Figure 2).

3.1. Bioenergetic Dysfunction

FAO impairment disrupts the bioenergetic foundation required for TECs to maintain homeostasis and
represents a key mechanism driving TIF. This metabolic defect is not limited to ATP depletion; rather, it
reflects a broader decline in mitochondrial oxidative capacity, depriving TECs of the metabolic support
required to preserve their differentiated phenotype and sustain physiological function. Han et al. [13]
showed that the Notch signaling activation induced by Notchl intracellular domain (ICN1) overexpression
suppresses PGC-1a expression and downregulates FAO-related genes, thereby reducing mitochondrial
content and impairing FAO. Conversely, restoration of PGC-1a expression improved FAO defects and
attenuated renal fibrosis. These findings suggest that FAO impairment is not merely a secondary change
accompanying fibrosis, but may instead represent a critical metabolic link between upstream-injury signals
and tubular damage. More recent studies further indicate that, during CKD progression, TECs undergo
metabolic reprogramming, shifting from FAO to glycolysis, thereby exacerbating renal fibrosis [36]. This
observation supports the view that suppression of FAO is a central biological feature of metabolic
remodeling during chronic tubular injury.
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Figure 2. Schematic illustration of the mechanisms linking impaired mitochondrial FAO in TECs to tubulointerstitial fibrosis.
Downward arrows denote decreased levels or activities of the molecules and biological processes. Defective FAO leads to ATP
depletion and reduced oxidative phosphorylation, promotes lipid accumulation and ROS-associated oxidative damage, induces
phenotypic changes and maladaptive intercellular crosstalk, and activates profibrotic signaling pathways including PPARo/PGC-
la suppression, AMPK inactivation, and TGF-f/Smad signaling. These interconnected events contribute to tubular injury,
inflammation, fibroblast activation, extracellular matrix deposition, and progression of TIF.

This bioenergetic crisis further reduces the capacity of TECs to mount an appropriate metabolic response
to injury. Because TECs perform highly energy-intensive functions, including reabsorption and ion transport,
they depend heavily on mitochondrial oxidative metabolism. Once FAO is disrupted, cells not only exhibit
reduced ATP supply but also develop decreased oxidative phosphorylation efficiency, diminished respiratory
reserve, and disturbed mitochondrial homeostasis. These changes are accompanied by impaired transport
function, loss of epithelial integrity, and increased susceptibility to injury. Xu et al. [37] reported that
downregulation of GLIS family zinc finger (GLIS1) promotes a metabolic shift from FAO to glycolysis in
the kidney, accompanied by increased cellular senescence and aggravated fibrosis. Yang et al. [38] further
demonstrated that upregulation of repressor element 1-silencing transcription factor (REST) disrupts FAO in
TECs by suppressing molecules involved in mitochondrial energy metabolism, whereas tubule-specific
deletion of REST significantly improved mitochondrial bioenergetics and attenuated renal fibrosis. Together,
these findings indicate that FAO impairment is not simply a passive response to pre-existing injury, but an
active metabolic mechanism that shapes the injury phenotype of TECs.
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Persistent FAO impairment not only constrains energy metabolism in TECs but may also influence the
outcome of post-injury repair. Recent evidence suggests that disruption of mitochondrial homeostasis can
drive maladaptive repair in TECs and promote the transition from acute kidney injury (AKI) to CKD,
indicating that metabolic disequilibrium is not merely a consequence of functional impairment, but also a
determinant of repair trajectory after injury [39]. Single-cell transcriptomic and multi-omics atlases further
suggest that the critical event underlying the progression from tubular injury to chronic fibrosis is not the
acute insult itself, but the failure of a subset of injured TECs to reacquire a mature epithelial phenotype.
Instead, these cells remain in a state of maladaptive repair characterized by persistent dedifferentiation,
upregulation of inflammatory mediators, and sustained activation of profibrotic signaling [40]. Persistence
of this maladaptive repair state may therefore constitute an important mechanism linking tubular injury to
chronic fibrotic progression. Accordingly, FAO impairment may promote TIF by disrupting metabolic
homeostasis and reparative capacity in TECs, thereby shifting them from reversible injury toward a
sustained maladaptive repair state.

Collectively, FAO impairment disrupts bioenergetic homeostasis in TECs, compromises their
physiological function and injury response, and promotes maladaptive repair, thereby contributing to TIF
progression.

3.2. Lipotoxicity and Oxidative Stress

Lipotoxicity resulting from abnormal lipid accumulation is another important mechanism driving the
progression of TIF, in part through persistent induction of oxidative stress and amplification of profibrotic
responses. Chen et al. [29] reported that the fatty acid transport protein 2 (FATP2) is markedly upregulated
in fibrotic kidney tissue and injured TECs. Increased FATP2 expression promotes abnormal fatty acid
uptake and reprograms lipid metabolism, thereby disrupting the balance between fatty acid influx and
oxidative utilization. This imbalance aggravates lipid deposition while inducing oxidative injury.
Pharmacological inhibition of FATP2 with FATP2i restored FAO activity and attenuated renal interstitial
fibrosis. Studies in diabetic kidney disease further suggest that upregulation of the fatty acid transport
receptor cluster of differentiation 36 (CD36) also exacerbates mitochondrial dysfunction and FAO
impairment in TECs, indicating a close association between defective oxidative utilization, increased ROS
accumulation, and aggravated mitochondrial injury. Conversely, CD36 deletion helps relieve mitochondrial
stress and attenuate tubular injury [41].

Lipotoxicity-associated oxidative stress not only directly injures TECs but also activates multiple
signaling pathways involved in inflammation and fibrosis, thereby aggravating the imbalance in the local
microenvironment. Excessive ROS and lipid peroxidation products can activate key signaling networks
such as NF-«kB and TGF-B/Smad, which, in turn, induce the production and release of monocyte
chemoattractant protein-1 (MCP-1), tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6), and other
chemokines and profibrotic mediators. These events enhance immune cell recruitment, fibroblast activation,
and extracellular matrix deposition, ultimately promoting TIF progression [42—45].

More recent studies on ferroptosis further suggest that lipid peroxidation serves as a critical link
between inflammatory amplification and fibrotic progression [46,47]. In chronic kidney injury, ferroptosis
contributes to tubular epithelial cell injury and is characterized by the accumulation of lipid peroxidation
products, suppression of the antioxidant defense axis formed by glutathione peroxidase 4 (GPX4) and xCT
(solute carrier family 7 member 11, SLC7A11), and disruption of redox homeostasis. Inhibition of
ferroptosis can partially ameliorate these abnormalities and attenuate renal injury [48]. Zhang et al. [49]
similarly found in the UUO model that liproxstatin-1 treatment at 10 mg/kg/day for 14 consecutive days
after surgery reduced renal iron deposition, lipid peroxidation, and tubular epithelial cell death, while
significantly attenuating collagen deposition and renal fibrosis. Their in vitro experiments further showed
that HK-2 cells undergoing ferroptosis-like changes could promote activation of neighboring fibroblasts



Fibrosis 2026, 4(2), 10009. doi:10.70322/fibrosis.2026.10009 9 of 18

through paracrine mechanisms. In a study of diabetic kidney disease, Gan et al. found that canagliflozin
enhanced FAO, increased ATP production and CPT1A expression, and attenuated tubular ferroptosis in
db/db mice and high glucose-treated HK-2 cells [50]. Consistently, Dai et al. reported in UUO and folic
acid-induced chronic kidney disease models that inhibition of acyl-CoA synthetase long-chain family
member 4 (ACSL4) reduced lipid peroxide accumulation, alleviated tubular ferroptosis, and attenuated
tubulointerstitial fibrosis [S1]. These findings suggest that FAO dysfunction may induce lipid peroxide
accumulation, trigger ferroptosis in TECs, and promote fibrotic progression.

Overall, lipotoxicity driven by abnormal lipid accumulation promotes oxidative stress, profibrotic signaling,
and microenvironmental imbalance, thereby contributing to sustained fibrotic responses in renal tubules.

3.3. Tubulointerstitial Crosstalk

Under conditions of FAO impairment and persistent injury-related stress, TECs develop not only
intracellular metabolic and structural abnormalities, but also sustained aberrant repair-associated
phenotypes. Recent single-cell transcriptomic and spatial omics studies have shown that these abnormal
tubular epithelial cells are often distributed adjacent to fibroblasts, immune cells, and other interstitial
components, together forming a fibrosis-associated pathological cellular ecosystem. Notably, the spatial
architecture of this fibrotic microenvironment is closely associated with declining renal function and
disease progression [52]. These findings indicate a close link between injured TECs and the local fibrotic
microenvironment.

Functional communication between abnormal TECs and interstitial fibroblasts is a major manifestation
of tubulointerstitial crosstalk. Using single-cell multimodal approaches, Aggarwal et al. [53] found that
proximal tubular cells that failed to complete normal repair after injury persistently maintained an abnormal
SRY-box transcription factor 9 (SOX9) program, accompanied by activation of Wnt signaling. These cells
were associated with fibroproliferative responses in neighboring fibroblasts, suggesting that maladaptively
repaired TECs may contribute to the maintenance and expansion of the local profibrotic microenvironment.
This study provides relatively direct evidence that injured tubular epithelial cells can influence the state of
interstitial cells through paracrine mechanisms.

In addition to fibroblasts, abnormal TECs can further amplify profibrotic responses by recruiting
immune cells and facilitating intercellular communication. Doke et al. [54] identified a population of
aberrant tubular cells with marked proinflammatory and profibrotic features and showed that these cells
secrete C-X-C motif chemokine ligand 1 (CXCL1) to recruit basophils expressing C-X-C motif chemokine
receptor 2 (CXCR2), which subsequently serve as an important source of IL-6, thereby promoting renal
fibrotic progression. In addition, Melchinger et al. [55] reported that, during the transition from AKI to
CKD, a subset of failed-repair proximal tubular cells newly expresses vascular cell adhesion molecule-1
(VCAM-1). This change enhances their adhesion to and interaction with immune cells, thereby sustaining
the local inflammatory microenvironment and aggravating subsequent nephron loss. In recent years,
extracellular vesicle-mediated epithelial-interstitial communication has also been recognized as an
important component of this process. Liu et al. [56] showed that exosomes derived from stressed or injured
renal tubules can regulate the survival and fate of interstitial fibroblasts, thereby influencing the progression
of renal fibrosis. Collectively, these findings indicate that abnormal TECs can convert localized epithelial
injury into sustained interstitial activation through multiple mechanisms, including chemokines, adhesion
molecules, and extracellular vesicles.

Genetic fate-tracing studies have shown that although cultured proximal epithelial cells can express
myofibroblast-specific markers in vitro, they remain within the renal tubules in vivo and fail to migrate into
the interstitium or undergo complete phenotypic transformation [57]. Another study analyzed the cellular
composition of the human kidney using single-cell RNA sequencing and also confirmed that the main
cellular sources of scar-forming cells during renal fibrosis are pericytes and fibroblasts [58]. In fact,
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experimental studies on TECs phenotypic transition further showed that these partial epithelial-to-
mesenchymal transition (EMT) cells, which acquire mesenchymal features but do not leave the basement
membrane, remain arrested in the G2 phase of the cell cycle, lose their repair capacity, and may indirectly
regulate the interstitial microenvironment through paracrine signaling, leading to parenchymal cell injury
and activation of profibrotic signaling pathways [59,60].

Overall, FAO dysfunction may drive renal TECs into a maladaptive repair state. Consequently,
maladaptive tubular epithelial cells may enhance sustained tubulointerstitial crosstalk with fibroblasts
through paracrine signaling, immune cell recruitment, and adhesion molecule-mediated cellular
interactions, thereby promoting the formation of a local profibrotic microenvironment and extracellular
matrix deposition and ultimately contributing to TIF progression.

3.4. Profibrotic Signaling Pathways

FAO impairment and the resulting progression of renal fibrosis are not driven by a single molecular
event, but are jointly regulated by multiple signaling pathways involved in metabolic control and injury
responses. Among these, PPARa and PGC-la are key regulators of tubular fatty acid oxidation and
mitochondrial metabolic homeostasis. On the one hand, proximal tubule-specific overexpression of PPARa
attenuates renal fibrosis and inflammation in the UUO model and reduces the expression of fibrosis-related
molecules, including TGF-B1, collagen, and a-SMA [61]. On the other hand, PGC-1a, a central regulator
of mitochondrial biogenesis and oxidative metabolism, is closely associated with abnormal mitochondrial
dynamics, enhanced oxidative stress, and aggravated fibrosis when downregulated in tubular cells. Nam et
al. further showed that restoration of PGC-1a activity improves mitochondrial homeostasis and suppresses
activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome, thereby alleviating renal
injury and fibrosis [62]. More recent work also suggests that signal transducer and activator of transcription
6 (STAT6) promotes tubular lipid accumulation and fibrotic progression by transcriptionally repressing
PPARa and its downstream FAO-related genes [30].

AMP-activated protein kinase (AMPK) primarily functions in energy sensing and metabolic
reprogramming and represents a key node linking cellular energy status to FAO activity. AMPK activation
promotes fatty acid oxidation, preserves mitochondrial function, and suppresses abnormal matrix deposition,
whereas AMPK inactivation predisposes renal tubules to a metabolic shift from oxidative phosphorylation to
glycolysis. Liu et al. [63] found in a model of chronic allograft fibrosis that disruption of the liver kinase B1
(LKB1)-AMPK pathway in tubular epithelial cells impaired glucose and fatty acid metabolic homeostasis
and was accompanied by increased collagen secretion, extracellular matrix remodeling, and aggravated
fibrosis. Pharmacological activation of AMPK, particularly with metformin, ameliorated these metabolic
abnormalities and attenuated renal fibrosis. Another study further showed in UUO model and TGF-B1
induced tubular cells that enhanced AMPK phosphorylation improves protein kinase B (AKT)-PGC-1a
activity, restores mitochondrial function, and reduces lipid accumulation, thereby attenuating profibrotic
changes [64]. These findings indicate that AMPK is not only a critical sensor of cellular energy stress but also
an important coordinator of FAO, mitochondrial homeostasis, and fibrotic outcomes.

Compared with the metabolic regulatory axes described above, the TGF-/Smad pathway serves as a
major signaling hub linking metabolic imbalance to profibrotic responses. At the level of metabolic
regulation, TGF-B1 stimulation suppresses fatty acid oxidation in tubular cells and is accompanied by
reduced CPT1A activity, ATP depletion, and lipid deposition, thereby connecting canonical profibrotic
signaling with FAO impairment [65]. Further studies have shown that activation of Smad3, a downstream
effector of TGF-f3, contributes to the downregulation of PGC-la expression in tubular cells, whereas
blockade of Smad3-related signaling helps preserve its expression [66]. More recently, TGF-B-activated
Smad3 has also been shown to further weaken the PGC-1a-associated mitochondrial protective program
by repressing PR/SET domain 16 (PRDM16) transcription, thereby leading to mitochondrial injury, lipid
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deposition, and aggravated fibrosis in renal tubules [27]. These findings suggest that the TGF-p/Smad
pathway not only participates in canonical profibrotic responses but may also promote metabolic
reprogramming and fibrotic progression by disrupting tubular fatty acid oxidation and mitochondrial
metabolic homeostasis.

PPARo/PGC-1a, AMPK, and TGF-f/Smad jointly promote FAO impairment and TIF progression.
Targeting these metabolic networks may help delay renal fibrosis.

4. Therapeutic Targets in FAO Impairment

Given the central role of FAO impairment in tubular injury and fibrotic progression, targeting this
metabolic defect has become an important focus of recent research aimed at delaying renal fibrosis. Current
evidence indicates that relevant interventions extend beyond simply restoring fatty acid oxidation.
Increasingly, these strategies also seek to improve mitochondrial function, attenuate lipotoxicity, and
suppress profibrotic responses. The following sections summarize recent advances in interventions
targeting FAO impairment, including approaches designed to restore FAO, improve mitochondrial function,
alleviate lipotoxicity and profibrotic responses, and address current challenges and translational prospects
(Table 1).

Table 1. Representative therapeutic strategies targeting FAO dysfunction in TIF.

Category Intervention Target/Pathway Experimental Model Treatment Regimen Main Effects Ref.
Reduced
FA 1 k
O . Fenofibrate NF-«kB; TGF-B1/Smad3 Type 2 diabetic rats 50 mg/kg/day, inflammation and [67]
restoration 10 weeks
TIF
- . L1p otoxic kidney 0.05% wt/wt diet, Reduced
FAO Lipid metabolism; injury models; . .
. Fenofibrate . . . 12 weeks; inflammation and [7]
restoration MCP-1/PAI-1 signaling palmitate-treated L
. 10-50 uM in vitro TIF
proximal TECs
UUO mice: 40 mg/kg, Attenuated
FAO . ZILNO005 PGC-1o/TFAM O mice; pre-UUO to day 7, lipotoxic renal [68]
restoration TGF-B1-treated TECs .
10 uM, 48 h injury
IL-37tg mice; Restored
DKD model; ’
FA ’ IL- L itoch ial
O L3 CPT1A HG-treated HK-2 ~ "cc1L-37 300 ng/mL, — mitochondrial = (o,
restoration cells 2 h pretreatment homeostasis;
+HG 48 h reduced fibrosis
. . HIF-10/MIOX; DKD mice; 200 mg/kg/day, Restored FAQ;
Mitochondrial . : reduced lipid
. Metformin  PINK1/Parkin HG-treated HK-2 8 weeks; .. [70]
protection mitoha cells 500 uM. 48 h deposition and
pragy s fibrosis
Mitochondrial MltOChOI.ldnal Sl 1 mg/kg/day, Reduced 11.p1d
. Sulforaphane biogenesis; f-oxidation; RUUO rats accumulation and [71]
protection . . . post-UUO days 2—-6 .
mitochondrial dynamics fibrosis
Preserved
ADR IRI
Mitochondrial Piericidin » UUO, UIRL, 0.5 or 1.0 mg/kg/day in  mitochondrial
. LKB1/autophagy 5/6NX; ) Lo . [72]
protection  analogue S14 vivo; 0.5 uM in vitro homeostasis;
TGF-B1-treated TECs .
reduced fibrosis
AS-1V 10/20 mg/kg/day,

. . . . DKD rats; ks; 520 uM i R 1
Lipotoxicity AstragalosideFATP2-mediated fatty rats; 8'wee .S’ 5-20 M in .educe.d .tubu ar
reduction v acid uptake PA-BSA-treated vitro; lipofermata 5 lipotoxicity and  [73]

p NRK-52E cells mg/kg/day, inflammation

2 weeks
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Lipotoxicity Liproxstatin UUO mice; 10 mg/kg/da Reduced
re(lio ction Y ) P Ferroptosis ferroptotic HK-2 14 dags iftery; roe ferroptosis and [49]

U cells; renal fibroblasts Y ureery TIF

. Increased UA

Lipotoxicit SLC7A11/GPX4 HN mice; 2 mg/kg/day, 17 d,; excretion; reduced

POLOXICIY e rrostatin-1 ) UA-treated HK-2 grkefcay, ’ ] [74]
reduction related ferroptosis cells 1 uM, 24 h ferroptosis and

fibrosis

4.1. Restoration of FAO

Restoring FAO is the most direct strategy for correcting FAO impairment. PPARa agonists,
represented by fenofibrate, are among the classic approaches used to enhance FAO. Li et al. [67] found that,
in a diabetic rat model, fenofibrate administered by intragastric gavage at 150 mg/kg/day for 10 weeks
reduced renal inflammatory responses and tubulointerstitial fibrosis. These effects were associated with
suppression of NF-kB activity and TGF-B1/Smad3 signaling. Tanaka et al. [7] further showed that
fenofibrate, administered as a 0.05% we/wt dietary supplement for 12 weeks in HFD-fed mice and used at
10-50 pmol/L in palmitate-stimulated proximal tubular cells, attenuated lipotoxicity-induced glomerular
and tubulointerstitial injury, enhanced the expression of renal lipid catabolism-related enzymes, and
suppressed the production of inflammatory and profibrotic mediators such as MCP-1 and plasminogen
activator inhibitor-1 (PAI-1) in proximal tubular cells.

PGC-1a, a key regulator of mitochondrial biogenesis and oxidative metabolism, contributes to the
restoration of tubular metabolic homeostasis when activated. In the UUO model and in TGF-f1-stimulated
tubular cells, the PGC-1a activator ZLNOOS5 at 40 mg/kg in UUO mice and 10 pM for 48 h in tubular cells
restored the expression of mitochondrial transcription factor A (TFAM) and other molecules involved in
mitochondrial homeostasis and FAO. This effect improved mitochondrial biogenesis and bioenergetic
balance, suppressed the expression of fibrotic markers, and ultimately attenuated renal interstitial fibrosis [68].

In addition to modulating upstream metabolic regulators such as PPARa and PGC-1a, targeting key
enzymes within the FAO pathway is also an important strategy for restoring fatty acid oxidative capacity.
Among these enzymes, CPT1A, the rate-limiting enzyme responsible for mitochondrial entry of fatty acids
for B-oxidation, is regarded as a critical point of impairment in tubular FAO. A study in diabetic kidney
disease showed that interleukin-37 (IL-37), an anti-inflammatory cytokine of the interleukin-1 family,
ameliorated the decline in FAO in tubular cells by upregulating CPT1A and attenuated proteinuria, lipid
deposition, and in renal fibrosis in IL-37 transgenic DKD mice and high glucose-treated HK-2 cells [69].
In the setting of chronic allograft fibrosis, promotion of lipid utilization and enhancement of CPT1A-
mediated FAO were likewise shown to alleviate renal fibrosis [75].

4.2. Improvement of Mitochondrial Function

Improving mitochondrial function represents an important strategy for correcting FAO impairment.
Wu et al. [70] found in a model of diabetic kidney disease that the biguanide antidiabetic agent metformin
at 200 mg/kg/day for 8 weeks in db/db mice and 500 uM for 48 h in high glucose-treated HK-2 cells
suppresses the hypoxia-inducible factor-la. (HIF-1a)/myo-inositol oxygenase (MIOX) axis, promotes
PTEN-induced kinase 1 (PINK1)/Parkin-dependent mitophagy, restores mitochondrial membrane potential
in tubular cells, and attenuates lipid peroxidation and fibrosis. These findings suggest that improving
mitochondrial quality control may help slow the progression of chronic kidney injury. In parallel,
interventions targeting mitochondrial oxidative stress and bioenergetic imbalance have also shown
renoprotective effects. Aranda-Rivera et al. [71] reported in ureteral obstruction-related models that the
natural isothiocyanate sulforaphane administered intraperitoneally at 1 mg/kg/day from day 2 to day 6 after
UUO enhances mitochondrial biogenesis, restores mitochondrial oxygen consumption and -oxidation, and
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improves mitochondrial dynamics and autophagic flux, thereby reducing lipid accumulation and renal
interstitial fibrosis. In addition, Liu et al. [72] showed that the LKB1 activator piericidin analogue S14 at 1
mg/kg/day in mouse models and 0.5 uM in TGF-B1-stimulated TECs alleviates mitochondrial dysfunction
and renal fibrosis by promoting autophagy and preserving mitochondrial homeostasis in tubular epithelial
cells. Together, these findings further support the importance of improving mitochondrial quality control
for delaying the progression of chronic kidney injury.

4.3. Attenuation of Lipotoxicity

Attenuating lipotoxicity and its secondary profibrotic consequences represents an important
complementary strategy for targeting FAO impairment. Such approaches may reduce lipid accumulation
while simultaneously suppressing oxidative stress, inflammatory amplification, and interstitial activation.
Among these strategies, targeting lipid influx to inhibit abnormal fatty acid uptake provides a direct means
of reducing intracellular lipid accumulation. For example, Astragaloside IV at 10 or 20 mg/kg/day for 8
weeks in DKD rats and 5-20 pM in BSA-PA-treated NRK-52E cells alleviates lipid accumulation in tubular
epithelial cells in diabetic kidney disease by inhibiting FATP2-mediated fatty acid transport, while also
improving mitochondrial dysfunction and inflammatory responses. Further validation using lipofermata at
5 mg/kg/day for 2 weeks or Fatp2 siRNA confirmed a critical role for FATP2 in this protective effect,
suggesting that inhibition of FATP2-mediated fatty acid transport may be an effective strategy for
alleviating tubular lipotoxicity [73].

In addition to abnormal fatty acid uptake, lipid peroxidation and ferroptosis represent another important
pathological axis through which lipotoxicity promotes fibrotic progression. Zhang et al. found in the UUO
model that the ferroptosis inhibitor liproxstatin-1 reduced iron deposition, lipid peroxidation, and cell death
in tubular epithelial cells, while significantly attenuating collagen deposition and renal interstitial fibrosis.
Further in vitro experiments showed that liproxstatin-1 also suppressed the secretion of profibrotic factors
from tubular cells undergoing ferroptosis, thereby weakening their ability to promote the proliferation and
activation of neighboring fibroblasts [49]. Consistent with these findings, Li et al. [74] reported in a model
of hyperuricemic nephropathy that the ferroptosis inhibitor ferrostatin-1 administered at 2 mg/kg/day
intraperitoneally for 17 days increased uric acid excretion and reduced tubular dilation and collagen
deposition. At the same time, ferrostatin-1 partially restored the expression of ferroptosis-related molecules
such as solute carrier family 7 member 11 (SLC7A11) and GPX4, thereby improving renal function and
attenuating fibrosis.

5. Limitations and Perspectives

Although therapeutic strategies targeting FAO impairment have shown promise in improving tubular
metabolic imbalance, alleviating mitochondrial dysfunction, and attenuating lipotoxic and profibrotic
responses, the available evidence still derives predominantly from animal models and cell-based
experiments. Clinical translational research remains limited, particularly due to a lack of large-scale,
prospective human studies. Meanwhile, most candidate interventions exert pleiotropic effects, and the
extent to which their renoprotective actions depend on direct modulation of the FAO pathway remains
unclear. In addition, the safety, effective dosing, target populations, and long-term benefits of these
strategies still require systematic clinical validation.

Notably, the therapeutic efficacy of FAO-targeted interventions may be highly dependent on disease
stage. During early or potentially reversible tubular injury, restoring FAO may help preserve metabolic
homeostasis in viable TECs, reduce lipid peroxidation, and attenuate aberrant epithelial-interstitial crosstalk.
However, when fibrosis has progressed to extensive tubular epithelial cell loss and marked extracellular
matrix deposition, restoration of FAO alone may be insufficient to reverse the established fibrotic
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architecture. This suggests that FAO-targeted therapy for renal fibrosis requires consideration of the early
intervention window.

Future work should further define the key pathological events underlying FAO impairment and clarify
their interactions with inflammation, oxidative stress, and disruption of mitochondrial homeostasis. On this
basis, more specific and clinically translatable therapeutic targets should be identified, while efforts to
advance clinically relevant studies and biomarker discovery should be strengthened to facilitate the clinical
application of FAO-targeted strategies in the prevention and treatment of tubulointerstitial fibrosis.

6. Summary

Mitochondrial FAO impairment is increasingly recognized as an important metabolic basis of
tubulointerstitial fibrosis. By disrupting bioenergetic homeostasis, promoting lipotoxicity, amplifying
oxidative stress, and activating profibrotic signaling, FAO impairment contributes to disease progression
through multiple interconnected mechanisms. Therefore, restoration of mitochondrial FAO represents a
promising therapeutic strategy for delaying renal fibrotic progression. Nevertheless, given the complexity
of the underlying regulatory network, the precise mechanisms linking FAO dysregulation to fibrosis, as
well as its translational potential in clinical settings, require further investigation.
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