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Abstract
Background: Mitophagy is a crucial process involved in
maintaining cellular homeostasis by selectively eliminating
damaged or surplus mitochondria. As the kidney is an organ
with a high dynamic metabolic rate and abundant mito-
chondria, it is particularly crucial to control mitochondrial
quality through mitophagy. Dysregulation of mitophagy has
been associated with various renal diseases, including acute
and chronic kidney diseases, and therefore a better under-
standing of the links between mitophagy and these diseases
may present new opportunities for therapeutic interventions.
Summary:Mitophagy plays a pivotal role in the development
of kidney diseases. Upregulation and downregulation of mi-
tophagy have been observed in various kidney diseases, such
as renal ischemia-reperfusion injury, contrast-induced acute
kidney injury, diabetic nephropathy, kidney fibrosis, and
several inherited renal diseases. A growing body of research
has suggested that PINK1 and Parkin, the main mitophagy
regulatory proteins, represent promising potential therapeutic
targets for kidney diseases. In this review, we summarize the
latest insights into how the progression of renal diseases can
be mitigated through the regulation of mitophagy, while
highlighting their performance in clinical trials. Key Message:

This review comprehensively outlines the mechanisms of
mitophagy and its role in numerous kidney diseases. While
early research holds promise, most mitophagy-centered
therapeutic approaches have yet to reach the clinical appli-
cation stage. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Mitochondria play a vital role in various cellular
processes, including ATP production, lipid and heme
biosynthesis, calcium homeostasis, and regulatory sig-
naling pathways [1, 2]. However, when reactive oxygen
species (ROS) are generated from the electron transport
chain, mitochondria may face constant oxidative stress,
leading to structural and functional failure [3]. Therefore,
the quality control of mitochondria is crucial for main-
taining cellular homeostasis and preventing the accu-
mulation of dysfunctional organelles. Mitophagy, a se-
lective form of autophagy, targets and engulfs damaged or
surplus mitochondria through lysosomal degradation,
ensuring the proper functioning of the organelles and
overall cellular health [4, 5].

In the context of kidney diseases, such as acute kidney
injury (AKI) and chronic kidney disease (CKD), abnormal
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mitophagy has been implicated in the development and
progression of renal damage. Mitophagy plays a vital role
in kidney diseases by maintaining mitochondrial quality
control and preventing the accumulation of damaged
mitochondria [6, 7]. In view of this, this review is aimed at
summarizing the mechanisms involved in regulating
mitophagy and its dysregulation in kidney diseases, paving
the way for the development of novel therapeutic strategies
to mitigate renal damage.

Mechanisms of Mitophagy

Mitophagy is a selective autophagic process respon-
sible for the removal of damaged or dysfunctional mi-
tochondria, thereby maintaining mitochondrial quality
and function. This process is achieved through intra-
cellular autophagic mechanisms, ensuring cellular ho-
meostasis and health. The process of mitophagy can be
divided into four main steps: recognition and tagging,
engulfment, fusion, and degradation. Under stress con-
ditions such as ROS stress, nutrient deprivation, and
cellular aging, mitochondrial DNA (mtDNA) mutations
gradually accumulate, leading to a decrease in mito-
chondrial membrane potential and depolarization
damage. To maintain mitochondrial and cellular ho-
meostasis and prevent damaged mitochondria from
harming the cell, these damaged mitochondria are se-
lectively encapsulated into autophagosomes and fused
with lysosomes, a process known as mitophagy. In simple
terms, mitophagy is a selective autophagic process that
removes dysfunctional mitochondria from the cytoplasm
to maintain mitochondrial integrity and cellular ho-
meostasis. The mitophagy process can be characterized
by four critical steps: recognition and tagging, engulf-
ment, fusion, and degradation. Damaged mitochondria
undergo permeability transition, leading to depolariza-
tion and loss of membrane potential, which activates
mitophagy-related proteins. The damaged mitochondria
are then encapsulated by autophagosomes, forming mi-
tophagosomes. Mitophagosomes fuse with lysosomes to
formmature mitophagolysosomes. Lysosomal hydrolases
degrade the mitochondria, and the nutrients are recycled
for reuse.

Mitophagy plays a crucial role in maintaining cel-
lular homeostasis and disease prevention. Its patho-
physiological significance includes maintaining mito-
chondrial quality by removing damaged mitochondria,
reducing oxidative stress by decreasing the production
of ROS, regulating apoptosis and cell survival by
preventing the release of pro-apoptotic factors, and

participating in cellular metabolism and adaptation by
helping cells respond to different metabolic demands
and environmental stresses. Understanding the pro-
cess of mitophagy and its pathophysiological signifi-
cance is crucial for revealing the mechanisms of many
diseases and developing new therapeutic strategies
(Table 1). Due to the essential role mitophagy plays in
mitochondrial quality and quantity control, the
mechanisms of it have been widely investigated (shown
in Fig. 1).

Pink/Parkin-Driven Mitophagy
Pink1 (phosphatase and tensin homologue (PTEN)-

induced putative kinase 1) and Parkin (Parkin RBRE3
ubiquitin protein ligase)-driven mitophagy is the most
characterized pathway, and investigation of these two
proteins has been further developed [1, 8]. This pathway
regulates ubiquitin-dependent mitophagy and integrates
various aspects of mitochondrial physiology, including
mitochondrial dynamics, biogenesis, transport, and
the recruitment of autophagic machinery, ensuring the
elimination of defective organelles. Under normal con-
ditions, PINK1, a serine/threonine-protein kinase, is
imported into the mitochondria where it is translocated
to the inner mitochondrial membrane. In the inner
mitochondrial membrane, PINK1 is cleaved by mito-
chondrial proteases such as mitochondrial processing
peptidase and presenilin-associated rhomboid-like pro-
tease (PARL) [9]. The cleaved form of PINK1 is subse-
quently degraded by the ubiquitin-proteasome system.
Upon mitochondrial depolarization or the accumulation
of misfolded mitochondrial proteins, PINK1 import is
blocked, leading to its stabilization on the outer mito-
chondrial membrane (OMM). Stabilized PINK1 on the
OMM undergoes auto-phosphorylation, activating its
kinase activity. PINK1 phosphorylates ubiquitin (Ub)
attached to OMM proteins and recruits cytosolic Parkin
to the mitochondrial surface [10, 11]. Parkin, an E3
ubiquitin ligase, is then activated through phosphoryla-
tion by PINK1, which also phosphorylates ubiquitin.
Activated Parkin ubiquitinates multiple OMM proteins,
generating poly-Ub chains. These poly-Ub chains on
OMM proteins are recognized by mitophagy receptors
such as sequestosome-1 (p62/SQSTM1), nuclear dot
protein 52 (NDP52), and optineurin (OPTN). These
receptors interact with microtubule-associated protein 1
light chain 3 (LC3) via the LC3-interacting region (LIR)
motif. Mitophagy receptors subsequently recruit auto-
phagy initiation proteins, such as Unc-51-like kinase
1 (ULK1), to form autophagosomes, which engulf
the damaged mitochondria, forming mitophagosomes.
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Table 1. Summary of role of mitophagy in kidney diseases

Kidney diseases Key molecules Role Mechanism

AKI
Ischemia/
reperfusion (I/R)

FUNDC1 Deficiency results in excessive Drp1-
dependent fission

Mitophagy induction through FUNDC1 helps
protect against I/R-AKI by maintaining
mitochondrial quality and reducing oxidative stress

BNIP3 Protects against renal I/R injury Promotes mitochondrial depolarization, ROS
generation, and dissociation of the Bcl-2-Beclin 1
complex

PINK1/Parkin Maintains mitochondrial quality,
protects tubular cells

Activation helps remove damaged mitochondria,
reduces mitochondrial ROS production and
subsequent cellular injury

Drp1 Dual role in mitochondrial fission Drp1 translocation triggers mitophagy, protecting
against renal dysfunction. Excessive Drp1 activity
can exacerbate kidney injury

Cisplatin-
induced AKI

PINK1/Parkin Protects against cisplatin-induced AKI Enhances mitophagy, reducing oxidative stress
and inflammation, protecting against kidney
damage

NIX (BNIP3L) Contributing to mitophagy induction Promotes mitochondrial depolarization and ROS
generation, helping clear damagedmitochondria
and mitigating kidney injury

Drp1 Inhibition can ameliorate cisplatin-
induced AKI

Reduces mitochondrial fragmentation,
protecting against mitochondrial dysfunction
and kidney injury

SFP/NGN NFs Protects against cisplatin-induced AKI Reduces ROS accumulation, enhances
antioxidant defenses, and promotes PINK1/
Parkin-mediated mitophagy

CI-AKI PINK1/Parkin Protects against CI-AKI Activation reduces mitochondrial ROS
production and inhibits NLRP3 inflammasome
activation, mitigating renal injury

BNIP3 Crucial for protecting against CI-AKI. Transcriptional target of HIF-1 promotesmitophagy
under hypoxic conditions, protecting against
mitochondrial damage and renal injury

HIF1A Promotes mitophagy during hypoxia,
protecting against CI-AKI

Enhances BNIP3 expression, increasing
mitophagy and reducing mitochondrial damage
and inflammation

NLRP3
Inflammasome

Protects against CI-AKI Inhibition enhances HIF1A and BNIP3-mediated
mitophagy, reduces inflammation and
mitochondrial damage

CKD
DN PINK1/Parkin Essential in protecting against DN Enhances mitophagy, reducing oxidative stress

and improving renal function

SIRT1 Regulates mitophagy through the
PINK1/Parkin pathway

Promotes mitophagy, improving mitochondrial
function and reducing oxidative stress

AMPK Promotes mitophagy and protects
against DN

Phosphorylates ULK1, promoting mitophagy,
regulates BNIP3 phosphorylation

mTOR Protects against DN Inhibition enhances mitophagy, promotes the
interaction between ULK1 and AMPK, reducing
renal tubular cell injury

Nrf2 Protects against DN Enhances clearance of damaged mitochondria,
reducing oxidative stress
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Mitophagosomes then fuse with lysosomes to form
mature mitophagolysosomes, where lysosomal hydro-
lases degrade the mitochondria. The Pink1/Parkin
pathway is finely regulated through a balance between
ubiquitination and deubiquitination events. Deubiquiti-
nating enzymes such as ubiquitin-specific peptidase 15
(USP15), USP30, and USP35 counteract mitophagy by
removing ubiquitin chains from the mitochondrial sur-
face, thus regulating energy homeostasis. Phosphorylated

ubiquitin and poly-Ub chains generated by Parkin display
diminished hydrolysis by these deubiquitinases, ensuring
efficient mitophagy.

NIX-Driven Mitophagy
NIX (also known as BNIP3L) is a crucial receptor in

mitophagy, regulated through both transcriptional and
post-translational mechanisms. NIX expression signifi-
cantly increases under hypoxic and iron depletion

Table 1 (continued)

Kidney diseases Key molecules Role Mechanism

Kidney fibrosis PINK1/Parkin Crucial in preventing fibrosis Promotes clearance of damaged mitochondria,
reducing oxidative stress

NIX (BNIP3L) Protects against mitochondrial
dysfunction and fibrosis

Induces mitophagy by promoting mitochondrial
depolarization and ROS generation

SIRT1 Against kidney fibrosis Enhances mitophagy through the PINK1/Parkin
pathway, improving mitochondrial function and
reducing oxidative stress

AMPK Promotes mitophagy and protects
against fibrosis

Phosphorylates ULK1, promoting mitophagy,
regulates BNIP3 phosphorylation

mTOR Inhibition enhances mitophagy Promotes the interaction between ULK1 and
AMPK, reducing renal tubular cell injury

Nrf2 Induces mitophagy and protects
against fibrosis

Enhances clearance of damaged mitochondria,
reducing oxidative stress

Macrophages Mitophagy mediated by PINK1/MFN2/
Parkin pathway protects against
fibrosis

MFN2 regulates mitophagy and mtROS
production, preventing macrophage-derived
fibrotic responses

RCC
ccRCC NR3C1 Inhibits proliferation, migration, and

invasion in ccRCC
Activates ER stress and induces mitophagy
through the ATF6-PINK1/BNIP3 pathway

GPD1L Correlates positively with RCC
prognosis

Regulates mitophagy via the PINK1/Parkin
pathway

pRCC PINK1 and
PARK2

Potential prognostic markers in pRCC Involved in aggressive tumor behavior through
mitophagy regulation

Inherited renal diseases
Alport
syndrome

Nrf2 Causes nephritis with sensorineural
hearing loss due to genetic mutations
in the type IV collagen alpha chain

Agents targeting mitochondrial quality, such as
Nrf2, are under evaluation. Nrf2 upregulates
mitophagy by targeting PINK1, enhancing
mitochondrial quality control

ADPKD PKD1 and PKD2 Leads to bilateral renal cysts and
progressive kidney failure due to
variants in PKD1 or PKD2

Impaired Nrf2 antioxidant pathway drives
oxidative damage and disease progression.
Mitophagy induction by Nrf2-PINK1 pathway is
crucial for managing oxidative stress

FD mTOR An X-linked LSD affecting renal,
cardiac, and nerve cells

Overactive mitophagy indicated by upregulated
LC3-II levels and decreased mTOR activity.
Lysosomes’ involvement in mitophagy suggests
a key role in FD pathophysiology

ccRCC, clear cell renal carcinoma; pRCC, papillary renal cell carcinoma; LSD, lysosomal storage disorder.
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conditions via HIF1a signaling, whose regulation can be
observed during neurogenesis and germline develop-
ment. The Foxo3 transcription factor also regulates NIX
expression during starvation, particularly in muscle cells.
NIX levels are controlled post-translationally by SCF-
FBXL4 ubiquitin E3 ligase complex, leading to protea-
somal degradation [12]. Phosphorylation of serine resi-
dues near the LIR motif (Ser34 and Ser35) by ULK1
kinase enhances its ability to bind ATG8 family proteins,
promoting mitophagy, although gene editing studies
suggest that phosphorylation at these sites is not essential
during neurogenesis [13]. Homodimerization via its
C-terminal transmembrane domains is critical for NIX to
interact with ATG8 proteins, facilitating mitophagy. In

erythroid cells, NIX is necessary for mitochondrial
clearance during red blood cell maturation, likely due to
its role in inducing mitochondrial depolarization and
direct interaction with LC3 and GABARAP. NIX may
also promote ROS generation, which contributes to
autophagy induction by inhibiting the mTOR signaling
pathway and enhancing LC3 association with autopha-
gosomal membranes.

Two models have been proposed to explain NIX-
dependent mitophagy. The first model suggests that
NIX triggers mitochondrial depolarization, which in turn
causes mitochondrial autophagy and clearance. This
model is supported by evidence that BNIP3 and NIX can
trigger mitochondrial depolarization, which is sufficient

Fig. 1. Mechanisms of mitophagy. PINK1,
PTEN-induced putative kinase1; Parkin,
Parkin RBRE3 ubiquitin protein ligase;
ΔΨm, mitochondrial membrane potential;
Ub, ubiquitin; P, phosphorylation; NDP52,
nuclear dot protein 52; ULK1, Unc-51-like
kinase 1; OPTN, optineurin; LC3, protein 1
light chain 3; TBK1, TANK-binding kinase
1; p62, sequestosome-1; FUNDC1, FUN14
domain containing 1; BNIP3, BCL-2/ade-
novirus E1B interacting protein 3; Nix,
Nip3-like protein X.
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to cause mitophagy. Studies have shown that reticulocyte
mitochondria depolarize over time in culture and that the
mitochondrial clearance defect caused by NIX deficiency
can be rescued by compounds that cause mitochondrial
depolarization. However, it is also plausible that NIX-
dependent mitochondrial depolarization occurs after
autophagosome formation but before elimination as
mitophagy in reticulocytes occurs independent of BAX
and BAK [14]. The second model proposes that NIX may
have a novel function of recruiting autophagy compo-
nents independent of triggering mitochondrial depolar-
ization. This model suggests that NIX functions as an
adaptor protein that recruits components of the auto-
phagy machinery to mitochondria. Preliminary studies
indicate that NIX directly interacts with LC3, supporting
this hypothesis. This interaction is critical for targeting
mitochondria to autophagosomes in erythroid cells,
suggesting a role for NIX in the specific activation of
mitophagy near the mitochondrial outer membrane [15].

Bnip3-Driven Mitophagy
Asmitophagy receptors, Bcl-2 homology 3 (BH3)-only

protein Nix (BNIP3L) and its homologue BCL-2/ade-
novirus E1B interacting protein 3 (BNIP3) interacting
directly with LC3 are both important for efficient turn-
over of mitochondria under hypoxic conditions [16].
BNIP3 is a pro-apoptotic mitochondrial protein con-
taining a BH3 domain and a C-terminal transmembrane
domain. Its expression is highly induced under hypoxic
conditions via HIF1a signaling, with additional regulation
during neurogenesis and germline development. Post-
translational modifications of BNIP3 include ubiq-
uitination by the FBXL4 E3 ligase complex, leading to
proteasomal degradation and phosphorylation at Ser17
by ULK1 kinase and Ser24, which are crucial for its
binding to ATG8 proteins and initiation of mitophagy.
Homodimerization via C-terminal transmembrane do-
mains is necessary for BNIP3 to interact with ATG8
proteins, driving mitophagy [17].

BNIP3 is expressed in various tissues under physio-
logical conditions, including the liver, skeletal muscle,
heart, kidney, and brain. Its expression is regulated by
hypoxia-inducible factor-1 (HIF-1) and the Foxo3 tran-
scription factor, with increased expression during hypoxia
and starvation [18]. BNIP3 promotes mitochondrial de-
polarization, ROS generation, and dissociation of the Bcl-
2-Beclin 1 complex, contributing to autophagy induction
and recruitment of autophagy machinery to damaged
mitochondria. BNIP3 has also been implicated in necrosis
and autophagic cell death, differentiating its role from
other BH3-only pro-apoptotic proteins [19].

FUNDC1/SRC-Driven Mitophagy
FUN14 domain containing 1 (FUNDC1), an OMM

protein, plays a critical role in hypoxia-induced mitophagy.
Under normal conditions, phosphorylation of tyrosine
residues within the LIR motif by CK2 and Src kinases
inhibits the interaction between FUNDC1 and LC3 due to
steric hindrance, thus inhibiting mitophagy [20]. Upon
mitophagy induction, FUNDC1 is activated through de-
phosphorylation at Ser13 by PGAM5 and phosphorylation
at Ser17 by ULK1, enabling its interaction with ATG8
proteins. The E3 ubiquitin ligase MARCH5 ubiquitinates
FUNDC1, promoting its proteasomal degradation and
regulating its mitochondrial levels [21]. Unlike NIX and
BNIP3, FUNDC1-mediated mitophagy does not rely on
transcriptional upregulation and exhibits a stronger binding
affinity with LC3B. Overexpression of FUNDC1 is sufficient
to induce mitophagy in various cell lines, and its interaction
with LC3 through the LIR motif is essential for this process.
FUNDC1 does not promote cell death under hypoxic
conditions and functions independently of Parkin, indi-
cating a distinct mechanism from NIX- and BNIP3-
mediated mitophagy.

Additional Regulatory Factors
Protein kinase C delta (PRKCD) is a kinase that plays a

significant role in receptor-mediated mitophagy. It localizes
tomitochondria and assists in recruiting the ULK1 complex
to initiate mitophagy. This kinase is critical for the regu-
lation of mitophagy through its phosphorylation activities.
PRKCD aids in the coordination of mitophagy processes by
ensuring the proper assembly and activation of the mito-
phagic machinery at the mitochondrial surface. It has been
shown to be involved in HIF1a-induced mitophagy and is
essential in various physiological contexts, including in vivo
studies in zebrafish, demonstrating its importance in
maintaining mitochondrial quality control [22].

Cyclin G-associated kinase (GAK)’s role in mitophagy
is less well defined compared to PRKCD, but it is sug-
gested to be crucial in autophagy processes, specifically
receptor-mediated mitophagy. Inhibition of GAK results
in altered mitochondrial networks that appear more
fused, as well as changes in lysosomal morphology, in-
dicating its specific function in maintaining mitochon-
drial dynamics and autophagic flux. GAK has been im-
plicated in general autophagy processes, although its
activity was initially thought to be dispensable for bulk or
starvation-induced autophagy. Recent studies in glial cells
suggest that GAK is important for overall autophagy
processes, raising questions about how it functions in
different cell types during mitophagy. Defining the kinase
targets of GAK and its role in phosphorylating outer
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Table 2. Mitophagy targets and drugs in kidney diseases: roles and mechanisms

Kidney diseases Drug/target Role Mechanism

AKI
Ischemia/
reperfusion (I/R)

FUNDC1 Protects against I/R-AKI FUNDC1 induces mitophagy to maintain mitochondrial
quality and reduce oxidative stress

BNIP3 BNIP3 promotes mitochondrial depolarization and ROS
generation

PINK1/Parkin PINK1/Parkin activation removes damaged mitochondria

Drp1 Drp1 triggers mitophagy upon translocation to damaged
mitochondria

Cisplatin-
induced AKI

PINK1/Parkin Protects against cisplatin-
induced AKI

PINK1/Parkin enhances mitophagy to reduce oxidative
stress and inflammation

NIX (BNIP3L) NIX promotes mitochondrial depolarization and ROS
generation

Drp1 Drp1 reduces mitochondrial fragmentation

SFP/NGN NFs SFP/NGN NFs inhibit mtDNA-cGAS-STING pathway and
enhance mitophagy

CI-AKI PINK1/Parkin Protects against CI-AKI PINK1/Parkin reduces mitochondrial ROS and NLRP3
inflammasome activation

BNIP3 BNIP3 promotes mitophagy under hypoxia

HIF1A HIF1A enhances BNIP3 expression and mitophagy

NLRP3
Inflammasome

NLRP3 inflammasome inhibition enhances mitophagy

CKD
DN PINK1/Parkin Protects against DN PINK1/Parkin enhances mitophagy, reducing oxidative

stress and improving renal function

SIRT1 SIRT1 promotes mitophagy and improves mitochondrial
function

AMPK AMPK phosphorylates ULK1, promoting mitophagy

mTOR mTOR inhibition promotes interaction between ULK1 and
AMPK, enhancing mitophagy

Nrf2 Nrf2 induces mitophagy and reduces oxidative stress

Kidney fibrosis PINK1/Parkin Crucial in preventing fibrosis PINK1/Parkin promotes clearance of damaged
mitochondria, reducing oxidative stress

NIX (BNIP3L) Protects against mitochondrial
dysfunction and fibrosis

NIX induces mitophagy by promoting mitochondrial
depolarization and ROS generation

SIRT1 Against kidney fibrosis SIRT1 enhances mitophagy and improves mitochondrial
function

AMPK Promotes mitophagy and protects
against fibrosis

AMPK phosphorylates ULK1, promoting mitophagy

mTOR Inhibition enhances mitophagy mTOR inhibition promotes interaction between ULK1 and
AMPK, enhancing mitophagy

Nrf2 Induces mitophagy and protects
against fibrosis

Nrf2 induces mitophagy by enhancing clearance of
damaged mitochondria

Macrophages Mitophagy mediated by PINK1/
MFN2/Parkin pathway protects
against fibrosis

Macrophages regulate mitophagy and mtROS production
via PINK1/MFN2/Parkin pathway

RCC
ccRCC – – –
pRCC
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membrane mitophagy receptors will be crucial for un-
derstanding its regulatory mechanisms. Further research
is needed to elucidate its precise function and the im-
plications of its activity in various cellular contexts [23].

Acute Kidney Injury

Based on routine healthcare data, it has been observed
that the incidence of AKI in the population has signifi-
cantly increased [24]. At present, there is no specific
treatment available for AKI. Studies have revealed that
mitochondrial loss of function and structural damage
occurs earlier than the pathological manifestations of
kidney injury during AKI [25]. As a result, mitochondrial
dysfunction has emerged as a crucial driver of AKI and a
promising therapeutic target [26]. Furthermore, the
health of kidney mitochondria is a critical factor that
influences the onset and recovery of AKI [27].

Ischemia/Reperfusion-Induced AKI
Ischemia reperfusion from trauma and surgery is the main

risk factor of AKI, which also hinders the relevant clinical
treatment [28]. Ischemia-reperfusion injury (I/R) is a path-
ological condition caused by the recovery of subsequent
restoration of perfusion and concomitant reoxygenation to the
ischemic tissue or organ [29]. It has been widely believed that
renal I/R is the main cause of AKI [30] as acute tubular injury
caused by ischemia and the generation of ROS by stimulated
endothelial cells can lead to oxidative damage, apoptosis, and
necrosis in renal tubular epithelial cells (TECs) [31]. Therefore,
there is a pressing need to identify the underlying molecular
mechanisms of I/R-induced AKI and develop novel targets
and potent strategies to address this issue.

Mitochondrial dysfunction is closely related to the
pathogenesis of I/R-AKI [32] since it generates a burst of
ROS and initiates downstream tissue injury [33]. It is

generally believed that pharmacological inhibition of mi-
tochondrial fission or genetic ablation of dynamin-related
protein 1 (Drp1), a key regulator in mitochondrial fission
[31], could attenuate progressive kidney injury after I/R
[30]. Pumilio RNA binding family member 2 (Pum2)
overexpression downregulates Drp1 receptor, mitochon-
drial fission factor, thereby inhibiting Drp1’s translocation
to the mitochondria, which attenuates I/R-AKI [34, 35].

Several studies suggested that under ischemia/
reperfusion (I/R) conditions, FUNDC1 and Parkin are
significantly repressed, leading to inhibitedmitophagy [36].
One study found that FUNDC1 deficiency impaired mi-
tochondrial quality and resulted in excessive Drp1-de-
pendent fission during ischemic preconditioning [37].
Another study demonstrates that BNIP3-dependent mi-
tophagy can protect against I/R, as evidenced by the more
severe kidney damage, stronger inflammation, and in-
creased tubular cell death observed in Bnip3-KOmice after
renal I/R [38]. Additionally, it has been shown that PINK1/
Parkin-dependent mitophagy plays a critical role in con-
trolling the mitochondrial quality for tubular cell viability
[39]. However, one study shows that I/R can cause Drp1 to
transfer to damaged mitochondria and trigger mitophagy
in renal I/R [40]. The contrasting effects of Drp1 may be
due to differences in the concentration ofMidiv-1 used and
the duration of ischemia in the experiments [33].

Despite the important role that mitophagy plays in
maintaining cell homeostasis by clearing damaged mi-
tochondria, excessive mitophagy resulting from self-
amplification may contribute to cell death [41]. A
study has shown that renal dysfunction may be caused by
excessive mitophagy resulting from I/R. Furthermore,
uncoupling protein 2 (UCP2) has a protective role against
AKI by preventing loss of membrane potential and re-
ducing subsequent mitophagy [42]. In summary, mi-
tophagy represents a potential target for the treatment of
ischemia/reperfusion-induced acute kidney injury.

Table 2 (continued)

Kidney diseases Drug/target Role Mechanism

Inherited renal diseases
Alport syndrome Bardoxolone

methyl (BARD)
Under evaluation for treating
Alport syndrome

Activates Nrf2, which targets PINK1, enhancing
mitochondrial quality control

TJ0113 Under clinical study for Alport
syndrome

Induces mitophagy, selectively eliminates damaged
mitochondria, restores cell energy metabolism and
homeostasis balance

ADPKD Bardoxolone
methyl (BARD)

Trial terminated due to insufficient
impact on ESRD prevention

Aimed to improve renal function and manage oxidative
stress via the Nrf2-PINK1 pathway

FD – – –
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Cisplatin-Induced AKI
Cisplatin is a widely used chemotherapy drug for cancer

treatment, but its use can lead to significant kidney toxicity.
Various studies have demonstrated that cisplatin-induced
kidney toxicity is associated with mitochondrial dys-
function, elevated oxidative stress [43], inflammation [43],
and imbalanced expression of endogenous antioxidant
enzymes. mtDNA instability is particularly vulnerable to
the effects of oxidative stress, and when mitochondria are
damaged, mtDNA is released into the cytoplasm, acti-
vating the innate immune system, including the cGAS-
STING pathway [44], and promoting inflammation. Re-
cent research has shown that SFP/NGNNFs can effectively
inhibit cisplatin-induced ROS accumulation and mtDNA
release, while also increasing mRNA levels of SOD, NQO-
1, and HO-1 and reducing levels of inflammatory factors
such as IL-6 and TNF-α. Moreover, further studies have
revealed that SFP/NGNNFs can enhance the expression of
Pink/Parkin in renal tissue, thereby protecting kidney
function by activating mitochondrial autophagy and in-
hibiting the mtDNA-cGAS-STING pathway [45]. There is
a growing body of evidence to suggest that the induction of
mitochondrial autophagy may offer protection against
cisplatin-induced kidney injury [46]. For instance, the use
of self-assembling silk peptide nanofibers has been shown
to mitigate AKI caused by cisplatin by inhibiting the
mtDNA-cGAS-STING pathway and delivering nar-
ingenin. Similarly, curcumin has been found to prevent
cisplatin-induced changes in mitochondrial bioenergetics
and dynamics, thereby inhibiting kidney damage. How-
ever, it should be noted that mitochondrial autophagy can
be a double-edged sword. In fact, researchers using
PINK1-KO rats have discovered that PINK1 deficiency
can reduce mitochondrial autophagy, leading to an im-
provement in cisplatin-induced AKI. These findings
suggest that inhibiting excessive mitochondrial autophagy
may also be an effective strategy for improving cisplatin-
induced AKI [47].

Contrast-Induced AKI
Contrast media are widely used in angiography and

percutaneous coronary intervention. Despite advances in
angiography and percutaneous coronary intervention,
contrast-induced acute kidney injury (CI-AKI) is still a
common cause of hospital-acquired AKI. The survey
showed that the conventional methods of intravenous
sodium bicarbonate and oral acetylcysteine showed no
evidence of obvious benefits in preventing CI-AKI and
related adverse outcomes [48]. Therefore, it is necessary
to take preventive measures to reduce these potential
adverse consequences [49].

The pathogenic mechanism of CI-AKI has not been
fully elucidated. Some researchers believe that oxidative
stress is an important driver of CI-AKI. Contrast agents
can enhance oxidative stress, promote the formation of
renal ROS, and induce hypoxia. Activating mitophagy
can prevent tissue damage. Other studies have shown that
exposure to contrast agents (iohexol and ioxamol) can
induce mitophagy, mitochondrial ROS generation, and
mitochondrial damage in HK-2 cells. Enhancing mi-
tophagy can protect HK-2 cells from contrast agent-
induced apoptosis while inhibiting mitophagy will ex-
acerbate HK-2 cell damage [50].

Some researchers believe that contrast agents (iohexol)
will cause mitochondrial damage in renal TECs and then
induce mitochondrial ROS and NLRP3 inflammasome
activation. In response, PINK1-Parkin-mediated mi-
tophagy will be activated to repair damagedmitochondria
and mitigate renal injury in CI-AKI by reducing mito-
chondrial ROS production and NLRP3 inflammasome
activation [51]. Recent findings suggest that inhibition of
mitophagy can trigger NLRP3 inflammasome activation,
while hypoxia can also induce inflammation. Addition-
ally, hypoxia-inducible factor 1A (HIF1A) can promote
mitophagy during hypoxia. It is widely recognized that
mitophagy can be activated through both PRKN-
dependent and PRKN-independent pathways. BNIP3
serves as a crucial regulator of the PRKN-independent
mitophagy pathway and is also a transcriptional target of
HIF-1 [52]. Additional investigations have demonstrated
that iohexol induces hypoxia and triggers the activation of
the NLRP3 inflammasome. Moreover, it has been dis-
covered that inhibiting the NLRP3 inflammasome can
enhance HIF1A and BNIP3-mediated mitophagy,
thereby mitigating mitochondrial damage in CI-AKI
mice [53]. Hence, it can be inferred that mitophagy plays
a crucial role in promoting the survival of tubular cells in
the CI-AKI cell model. Given its potential significance in
the context of CI-AKI, mitophagy could be explored as a
promising therapeutic target.

Chronic Kidney Disease

CKD, following progressive renal dysfunction, in-
flammation, hemodynamic and vascular change [54], is
predicted to become the 5th leading cause of death by
2040 [55]. However, the relevant knowledge about the
pathological mechanisms and possible treatment of CKD
is relatively few [56]. Many evidences suggest that mi-
tochondrial dysfunction, especially mitophagy disorder,
has high connection with CKD progression [57] since
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kidney is the second highest mitochondrial ATP con-
sumer in human body [58]. In addition, a temporary
accumulation of damaged mitochondria can highly
contribute to CKD [59], and the role of ROS is also
highlighted in many studies [60].

Diabetic Nephropathy
Diabetic nephropathy (DN), a significant microvas-

cular complication of diabetes, is the primary cause of
CKD [61]. A growing body of evidence suggests that
disrupted mitochondrial homeostasis plays a central role
in the pathogenesis of DN, particularly altered mitoph-
agy, which has been extensively studied [62, 63]. It is
believed that mitophagy significantly decreases during
DN, resulting in the accumulation of damaged mito-
chondria, intracellular oxidative stress, and impaired
renal function [63]. In STZ-induced diabetic rat models, a
decrease in PINK1 expression has been observed, indi-
cating a reduction in mitophagy [64].

The regulation of mitophagy in DN involves several
important factors, including the mammalian target of
rapamycin (mTOR), adenosine 5′-monophosphate-ac-
tivated protein kinase (AMPK), and sirtuin-1 (SIRT1)
[65]. Research has shown that SIRT1 promotes mi-
tophagy through the PINK1/Parkin pathway, but its
activity decreases during DN due to the strict regulation
of intracellular NAD+ concentrations [66]. Resveratrol, a
SIRT1 agonist [67], has been found to play a significant
role in treating DN. Additionally, evidence suggests that
AMPK directly phosphorylates ULK1 on Ser467, Ser555,
Thr574, and Ser637, while unc-51-like kinase 1 (ULK1)
can assist in phosphorylating BNIP3 to promote inter-
action with LC3 and mitophagy. Loss of AMPK has been
shown to result in defective mitophagy [68].

The researchers have reported that the activation of
AMPK under hypoxic conditions is regulated by mito-
chondrial ROS. This activation produces an amplified
signal through Ca2+/calmodulin-dependent protein ki-
nase kinase β, which targets AMPK [69] and is down-
regulated in DN [70]. The activity of AMPK could lead to
a decrease in forkhead box 3 (FOXO3), resulting in in-
creased levels of endogenous antioxidants and thus at-
tenuating DN [71, 72]. Additionally, mTOR has been
found to be associated with the proliferation of tubular
cells in DN. However, when the mTOR gene is knocked
out [73], tubular injury is ameliorated. Furthermore,
mTOR could inhibit mitophagy by disrupting the in-
teraction between ULK1 and AMPK [74].

Furthermore, it is widely recognized that Nrf2 has the
ability to facilitate mitophagy in the Parkin or Pink1 KD
genetic backgrounds in a p62-independent manner, in-

dicating its potential to involve other ubiquitin receptors
in the mitophagy process [75]. Additionally, WJ-39, an
inhibitor of aldose reductase, has been discovered to
improve DN by activating the nuclear factor erythroid 2-
related factor 2 (Nrf2) signaling pathway. As a result, a
phase 1 clinical trial has been authorized by the National
Medical Products Administration [76].

Studies indicate that the utilization of mitochondria-
targeted antioxidant (mitoQ) is a promising approach for
safeguarding tubular cells against oxidative damage
caused by hyperglycemia. This method involves the
upregulation of PINK and Parkin expression, as well as
the inhibition of mitochondrial ROS production [77],
which effectively reverses the decrease of mitophagy in
DKD. Additionally, research has shown that placenta-
derived mesenchymal stem cells possess the ability to
mitigate renal injury and promote PINK1/Parkin-me-
diated mitophagy by activating the SIRT1-PGC-1α-
TFAM pathway.

Kidney Fibrosis
Kidney fibrosis is considered as the end stage of

almost all CKD, reducing the capacity for tissue repair
and leading to renal failure [78, 79]. Though the mo-
lecular mechanisms and therapeutic regimens of renal
tubulointerstitial fibrosis are not fully understood,
many studies suggest that appropriate mitophagy could
be a cell self-protection mechanism in fibrosis and a
target for treatment [63, 80] since it can maintain
mitochondrial homeostasis, downregulate TGF-β1/
Smad signaling and alleviating renal TECs injuries in
kidneys [81].

Mouse model studies confirmed that MFN1 and
Parkin levels, downstream of PINK1, are reduced during
kidney fibrosis [82], which happens before inflammatory
and fibrotic onset [83]. Researchers find that RCAN1
attenuated renal interstitial fibrosis by regulating PINK1/
Parkin-induced mitophagy by mediating LC3 accumu-
lation and autophagosome clearance [84]. Also, mela-
tonin improves renal fibrosis through miR-4515 upre-
gulation and suppressive SIAH3 expression, PINK1/
Parkin-mediated mitophagy promotion [85]. AMPK
agonist metformin is reported to be able to alleviate renal
fibrosis through the AMPK-Pink1-Parkin pathway as
well [86]. Another research indicates that loss of legumain
can lead to mitophagy impairment and mtROS accu-
mulation, resulting in aging-related renal fibrosis [87].

Furthermore, it is worth noting that macrophages play
a crucial role in kidney fibrosis [88]. Extensive research
has been conducted to shed light on the fact that mac-
rophage mitophagy, mediated by the PINK1/mitofusin
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(MFN)2/Parkin pathway, serves as a protective mecha-
nism against kidney fibrosis. Additionally, it has been
observed that MFN2, but not MFN1, regulates mitophagy
and mtROS production, thereby preventing macrophage-
derived fibrotic response [81].

Renal Cancers

Renal cell carcinoma (RCC) denotes cancer that rises
from renal TECs, accounting for over 90% of kidney
cancers, and is identified as the most common type of
urogenital cancer [89]. Some studies suggest that there is a
connection between mitophagy and RCC. For example, it
is reported that the knockdown of nuclear receptor
subfamily 3, group C, member 1 (NR3C1) could reduce
proliferation, migration, and invasion in clear cell renal
carcinoma, the most common renal cancer by activating
endoplasmic reticulum stress and inducing mitophagy
through the ATF6-PINK1/BNIP3 [90, 91]. Furthermore,
another study shows that glycerol-3-phosphate dehy-
drogenase 1-like (GPD1L) is positively correlated with
the prognosis of RCC through the PINK1/Parkin path-
way [92]. Similarly, PINK1 and PARK2 are considered to
be potential prognosticators in papillary renal cell car-
cinoma in another report [93].

Inherited Renal Disease

Inherited renal disease is a series of diseases caused by
genetic mutations, inherited from offsprings according to
Mendal’s genetic law. Some of these diseases have been
proven to have connections with mitophagy. Alport
syndrome is a progressive genetic disease that causes
nephritis with sensorineural hearing loss, arising from
genetic mutations in the type IV collagen alpha chain, a
component of the glomerular basement membrane [94].
Though the role mitochondria playing in Alport syn-
drome is still unclear, agents concerning mitochondrial
quality are currently under clinical evaluation [95].
Among them, Reata Pharmaceuticals nuclear submits an
NDA of bardoxolone methyl (BARD) for Alport syn-
drome, which is a small-molecular compound that acti-
vates Nrf2 [96]. Apart from its anti-oxidative and anti-
inflammatory effect, Nrf2 has also proved to be able to
upregulate mitophagy by targeting PINK1 [97], indicating
the play mitophagy gives to in Alport syndrome and
ADPKD. However, the Food and Drug Administration
(FDA) maintains that there is insufficient evidence of
BARD’s safety and efficacy. TJ0113 [98] has been per-

mitted to proceed clinical study for the Alport syndrome
indication by NMPA and FDA. TJ0113 is able to induce
mitophagy, selectively eliminate damaged mitochondria
without affecting normal mitochondria, and restore cell
energy metabolism and homeostasis balance. Autosomal
dominant polycystic kidney disease (ADPKD) is a com-
mon hereditary kidney disease mainly caused by variants
in PKD1 (OMIM#601313) or PKD2 (OMIM#173910)
[99], leading to bilateral renal cysts and progressive kidney
failure. Research has been done to reveal that the impaired
activity of the Nrf2 antioxidant pathway could be a driver
of oxidative damage and ADPKD progression [100]. A
phase 3 trial of BARD in patients separately with ADPKD,
CKD, and ADPKD was conducted and terminated in May
10, 2023. The reason for its termination is that despite
improving renal function, the drug did not significantly
reduce the risk of ESRD development and it also did not
meet some of the secondary goals, such as the time to onset
of ESRD, which made it difficult to seek approval for the
drug in Japan. Fabry disease (FD) is a rare X-linked disease
as the second most popular lysosomal storage disorder,
widely affecting renal cells, cardiac cells, and nerve cells
[101]. Lysosomes are critically involved in mitophagy,
making mitophagy to be a key role in FD pathophysiology.
Several studies report upregulation of LC3-II levels and
decreased activity of mTOR in FD, suggesting overactive
mitophagy.

Conclusions

This review highlights the significance of mitophagy
in kidney diseases (Table 2). The exclusion of kidney
stone disease and lupus nephritis may limit the overall
understanding of mitochondrial dysfunction in vari-
ous kidney disorders. However, the emerging potential
of targeting mitophagy in the treatment of renal
diseases offers hope for patients. Several novel drugs,
such as TJ0113, that are currently undergoing clinical
trials, have shown promising results in promoting
renal diseases, while the discontinuation of all BARD
CKD programs suggests that the efficacy of indirect
mitochondrial mediation is suboptimal and direct
targeting of mitochondria holds greater promise.
Looking ahead, the future development of drugs tar-
geting mitophagy and their clinical practice has the
potential to greatly benefit patients with kidney dis-
eases. Further research on the molecular mechanisms
and regulatory pathways of mitophagy in different
kidney diseases is essential for the development of
effective therapeutic interventions.
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