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Abstract

Sepsis is a systemic inflammatory response syndrome caused by infection, leading to acute lung injury and acute 
respiratory distress syndrome, which are common life-threatening complications in intensive care units. Mito-
chondrial autophagy, a process that selectively removes damaged mitochondria, is essential for maintaining the 
stability of the intracellular environment and cellular function. In recent years, the role of mitochondrial autophagy 
in sepsis-associated acute lung injury and acute respiratory distress syndrome has garnered significant attention. 
This review summarizes the research progress of mitochondrial autophagy in sepsis-associated acute lung injury 
and acute respiratory distress syndrome, focusing on its mechanism, influencing factors, and potential therapeutic 
agents.
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Highlights
● Mitochondrial autophagy is essential for maintaining mitochondrial health by selectively degrading damaged mi-
   tochondria. This process involves two main pathways: ubiquitin-dependent and ubiquitin-independent autophagy.
● Sepsis causes organ dysfunction due to infection, with acute lung injury (ALI) being a common secondary condi-
   tion. ALI is characterized by excessive inflammation in the lungs, leading to mitochondrial dysfunction.
● Understanding the mechanisms of mitochondrial autophagy can provide new insights for treating sepsis-asso-
   ciated ALI. Continued research could identify novel therapeutic targets to improve outcomes for patients with ALI 
   and sepsis.
● In the early stages of sepsis-related ALI, mitochondrial autophagy is enhanced. In severe or prolonged cases, ex-
   cessive mitochondrial autophagy may occur. In the later stages, particularly in severe or chronic cases, mitochon-
   drial autophagy may be impaired or completely lost.
● Mitochondrial autophagy holds therapeutic potential for the perioperative assessment and management of sep-
   sis-related ALI. Further investigation into this potential is warranted.

Introduction

Sepsis is a clinical complication resulting from 
infection-induced organ dysfunction, which is 
associated with high morbidity and mortality 
rates. It is the leading cause of death among 
critically ill patients [1]. In 2017, there were ap-
proximately 48.9 million cases of sepsis glob-

ally, with 11 million sepsis-related deaths, ac-
counting for 19.7% of all deaths worldwide [2]. 
Acute lung injury (ALI) is the most common dis-
ease associated with sepsis [3]. ALI is charac-
terized by an excessive inflammatory response 
in the lungs, involving immune cell activation, 
secretion of pro-inflammatory mediators, and 
disruption of membrane function [4]. During 
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ALI, mitochondria lose their ability to regulate 
calcium and reactive oxygen species (ROS) lev-
els, leading to excessive mitochondrial free rad-
ical leakage, mitochondrial DNA damage, and 
the production of mitochondrial ROS. The accu-
mulation of mitochondrial ROS activates NOD-
like receptor pyrin domain-containing protein 3 
(NLRP3) inflammasomes, which in turn trigger 
caspase-1-dependent pyroptosis, a key driver 
of cellular focal death in ALI [5]. In contrast, mi-
tochondrial autophagy, a cellular process that 
maintains mitochondrial health, plays a critical 
role in the development and progression of ALI. 
In this process, damaged mitochondria due to 
pathological conditions such as hypoxia, oxida-
tive stress, and inflammation, are selectively 
cleared and degraded, thereby maintaining 
homeostasis and normal lung tissue function 
[6]. This paper aims to elucidate the molecular 
mechanisms underlying mitochondrial auto-
phagy and the pathogenesis of mitochondrial 
autophagy disorders in sepsis-associated ALI, 
providing new insights for clinical treatment 
strategies.

Mitochondrial autophagy

Mitochondria are bioenergetic, biosynthetic, 
and signaling organelles that play a key role 
in stress perception, enabling cellular adap-
tation to environmental changes [7]. Many 
mitochondrial components and metabolites 
act as damage-associated molecular patterns, 
promoting inflammation when released into 
the cytoplasmic lysate or extracellular space. 
To prevent harmful inflammatory responses, 
organisms employ mitochondrial quality control 
systems, including the autophagic clearance 
of damaged mitochondria. However, when 
these systems’ homeostatic capacity is over-

whelmed or defective, mitochondria-induced in-
flammatory responses may become pathogenic 
and contribute to the development of various 
diseases such as neurodegenerative diseases, 
cardiovascular diseases, cancers, metabolic 
disorders, and infections [8].

Mitochondrial autophagy plays a critical role 
in eliminating dysfunctional mitochondria and 
maintaining mitochondrial homeostasis. Under 
conditions such as starvation, hypoxia, and en-
doplasmic reticulum stress, the damaged mito-
chondria depolarize and lose membrane poten-
tial, initiating selective autophagy of damaged 
mitochondria [9]. These mitochondria are en-
gulfed by autophagosomes, forming mitochon-
drial autophagosomes (a double-membrane 
structure). The mitochondrial autophagosomes 
then fuse with lysosomes to form autophagic 
lysosomes, where the mitochondrial contents 
are degraded by lysosomal enzymes and sub-
sequently recycled for cellular use (Figure 1).

Molecular mechanisms of mitochondrial auto-
phagy

Mitochondrial autophagy mechanisms are gen-
erally divided into two categories: ubiquitin-de-
pendent mitophagy and ubiquitin-independent 
mitophagy.

Ubiquitin-dependent mitochondrial autophagy

As the name suggests, ubiquitin-dependent au-
tophagy involves the extensive ubiquitination of 
damaged mitochondria, which are then recog-
nized and degraded by the proteasome. Current 
research highlights that the Phosphatase and 
tensin homolog (PTEN)-induced putative kinase 
1 (PINK1)/Parkin pathway is a key regulator 

Figure 1. The main processes of mitophagy.
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of mitochondrial autophagy [10]. PINK1 is a 
mitochondrial serine/threonine protein kinase 
containing mitochondrial-targeting sequences 
that direct its localization to the mitochondria. 
Under normal mitochondrial conditions, PINK1 
is imported into mitochondria via the outer 
membrane translocase and inner membrane 
translocase complexes. Upon translocation to 
the inner mitochondrial membrane, PINK1 is 
cleaved by matrix processing peptidase and the 
inner membrane protease PINK1/Phosphoglyc-
erate mutase family member 5 (PGAM5)-associ-
ated rhodopsin-like protease and subsequently 
degraded by the proteasome via the N-terminal 
rule pathway.

However, when mitochondria are damaged, the 
loss of membrane potential prevents PINK1 
from being imported into the inner membrane, 
causing the accumulation of PINK1 on the out-
er mitochondrial membrane (OMM), where it 
undergoes autophosphorylation and dimeriza-
tion. PINK1 then phosphorylates Parkin, acti-
vating its E3 ubiquitin ligase activity. In turn, 
Parkin ubiquitinates several outer membrane 
proteins, forming polyubiquitin chains that are 
subsequently phosphorylated by PINK1, acting 
as “eat-me” signals for the core autophagy ma-
chinery [11].

Parkin, an E3 ubiquitin ligase encoded by the 
PARK2 gene, ligates ubiquitin to substrate 
proteins. The proteasome recognizes the ubiq-
uitin tag and degrades the substrate protein. 
After mitochondrial damage, PINK1 promotes 
a conformational change of Parkin into an 
active E3 ubiquitin ligase, which enhances mi-
tochondrial autophagy. Simultaneously, PINK1 
phosphorylates ubiquitin on substrates of OMM 
proteins, recruiting Parkin from the cytoplasm 
to the OMM with high affinity. Activated Parkin 
can then ubiquitinate OMM proteins, such as 
mitofusin-2 and voltage-dependent anion chan-
nel 1, promoting the formation of polyubiquitin 
chains [12]. Parkin ubiquitinates OMM protein 
substrates, and PINK1 phosphorylates the 
ubiquitin chains, further recruiting and activat-
ing Parkin, thus creating a feedback loop that 
amplifies the phosphorylation of ubiquitin [13].

Autophagy receptors, including Optineurin, 
NDP52, Sequestosome 1 (SQSTM1)/p62, 
NBR1, and TAX1BP1, recognize the phosphor-
ylated polyubiquitin chains and anchor the 
mitochondria to autophagosomes by binding to 
microtubule-associated protein 1 light chain 3 
(LC3). The formation of autophagosomes is ini-
tiated by the recruitment of autophagy initiation 
factors, including unc-51-like autophagy-activat-
ing kinase 1 (ULK1), WD-repeat domain, phos-

phatidylinositol-interacting protein 1 (WIPI1), 
and double FYVE domain-containing protein 1 
(DFCP1). TANK-binding kinase 1 is also activat-
ed and phosphorylated, enhancing the binding 
of NDP52 and Optineurin to polyubiquitinated 
chains. These receptors further promote the 
synthesis of phagocytic vesicles, the precursors 
of autophagosomes that eventually fuse with 
lysosomes for degradation, by recruiting key au-
tophagosome biogenesis components (WIPI1, 
ULK1, and DFCP1) [5].

In addition to the PINK1-Parkin pathway, other 
E3 ubiquitin ligases, such as Gp78, SMURF1, 
Siah1, MUL1, and ARIH1, play roles in regulat-
ing mitochondrial autophagy independent of 
Parkin [14-18]. Once localized on the mitochon-
drial surface, these ligases generate ubiquitin 
chains. The autophagy receptor then recogniz-
es the phosphorylated polyubiquitin chains and 
anchors the mitochondria to the autophago-
some by binding to LC3 (Figure 2).

Ubiquitin-independent mitochondrial autopha-
gy

Ubiquitin-independent mitochondrial autophagy 
is mediated by a set of OMM proteins that act 
as mitochondrial autophagy receptors. These 
include Nip3-like protein X (NIX), BCL2-interact-
ing protein 3-like (BNIP3L), BCL2-interacting 
protein 3 (BNIP3), and FUN14 Domain Contain-
ing 1 (FUNDC1). These receptors initiate mito-
chondrial autophagy by binding directly to LC3, 
independent of ubiquitylation. NIX, also known 
as BNIP3L, was initially identified when mice 
with NIX gene deletion exhibited impaired matu-
ration of reticulocytes, leading to the accumula-
tion of excessive mitochondria due to defective 
mitochondrial autophagy, ultimately resulting 
in anemia [19]. NIX proteins can directly bind 
to LC3 through their BH3 structural domain, 
inducing mitochondrial autophagy. Similarly, 
BNIP3, which also contains the BH3 structural 
domain, shares 56% homology with NIX, as 
both belong to a subfamily of the anti-apoptotic 
B-cell lymphoma-2 (Bcl-2) family, characterized 
by the presence of the BH3 domain [20]. BNIP3 
deficiency significantly inhibits mitochondrial 
autophagy, thereby exacerbating apoptosis. 
FUNDC1, another conserved mitochondrial au-
tophagy receptor, also binds to LC3. It induces 
Parkin-independent mitochondrial autophagy in 
mammalian cells under hypoxic conditions (Fig-
ure 2).

Mitochondrial autophagy and sepsis-related 
ALI

Under normal physiological conditions, cells 
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maintain mitochondrial quality control through 
basal levels of autophagy. In lung cells, mito-
chondrial autophagy plays a crucial role in elim-
inating damaged or dysfunctional mitochon-
dria, thereby preventing the accumulation of 
ROS and preserving cellular homeostasis. This 
basal process is regulated by the PINK1/Parkin 
pathway and mitochondrial autophagy recep-
tors, such as NIX/BNIP3, ensuring lung tissue 
integrity and proper cellular function, especially 
in lung epithelial and endothelial cells.

The balance between pro- and anti-inflamma-
tory mediators governs the progression of the 
inflammatory response following sepsis-asso-
ciated ALI. Maintaining this balance is critical 
for controlling infection in patients. However, 
disruption of this homeostasis results in the 
release of pro-inflammatory mediators into the 
bloodstream, triggering a broader inflamma-
tory cascade and organ dysfunction [21]. The 
lungs, which play a key role in gas exchange 
by oxygenating the blood and removing carbon 
dioxide, receive large amounts of blood and are 
therefore primary sites for the diffusion of in-
flammatory mediators during sepsis [22]. These 
mediators can cause inflammation, increase 
oxidative stress, and damage lung tissue.

Oxidative phosphorylation in mitochondria 
is a major route for ROS production due to 
abnormal electron leakage [23]. Although mi-
tochondria possess antioxidant proteins that 
can neutralize ROS, excessive ROS production 

can impair the endothelial barrier function in 
the pulmonary vasculature and alveolar epithe-
lium, leading to immune cell infiltration (e.g., 
neutrophils) secretion of cytotoxic substances, 
and mitochondrial damage. In sepsis-induced 
ALI, ultrastructural changes in mitochondria 
include reduced mitochondrial mass, disrupted 
cristae, and extensive mitochondrial swelling 
[24]. Mitochondrial autophagy removes aged 
and damaged mitochondria through selective 
segregation and lysosomal degradation, thus 
limiting ROS production.

ROS-induced mtDNA damage reduces mito-
chondrial membrane potential and leads to 
protein and lipid oxidation. In response, mi-
tochondrial autophagy plays a critical role in 
maintaining mitochondrial function and facil-
itating DNA repair. Inhibition of mitochondrial 
autophagy has been shown to disrupt mito-
chondrial Ca2+ homeostasis, impair ATP pro-
duction, and hinder DNA repair [25]. Suliman 
et al. observed widespread activation of mito-
chondrial autophagy in the alveolar region of a 
mouse model of S. aureus-induced pneumonia 
[26]. This quality control process contributes to 
the removal and replacement of damaged mi-
tochondria in lung cells, thereby enhancing cell 
survival and supporting alveolar function.

Nuclear factor erythroid 2-related factor 2 
(Nrf2) is a transcription factor that regulates 
mitochondrial quality, cytoprotective gene 
expression, oxidative stress response, and an-

Figure 2. Mechanistic overview of mitophagy. TBK1, TANK-Binding Kinase 1; OPTN, Optineurin; NDP52, Nuclear 
dot protein 52; SQSTM1, Sequestosome 1; LC3, Microtubule-associated protein 1 light chain 3; PINK1, PTEN-in-
duced kinase 1; Parkin, Parkinson protein 2, E3 ubiquitin protein ligase; MUL1, Mitochondrial E3 Ubiquitin Ligase 
1; Gp78, Glucose-regulated protein 78; SMURF1, SMAD specific E3 ubiquitin protein ligase 1; BNIP3, BCL2 Inter-
acting Protein 3; BNIP3L, BCL2 Interacting Protein 3 Like; FUNDC1, FUN14 Domain Containing 1.
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ti-inflammatory and anti-apoptotic processes 
through downstream factors such as HO-1, Bcl-
2, and B-cell lymphoma-extra large [27]. Nrf2 
activation has been shown to reduce ROS pro-
duction by counteracting mitochondrial toxins 
and regulating the production of reduced glu-
tathione [28]. Additionally, Nrf2 deficiency may 
impair mitochondrial fatty acid oxidation and 
reduce ATP production [29]. Downregulation of 
classical autophagy during sepsis exacerbates 
lung inflammation, whereas Nrf2 activation 
promotes mitochondrial autophagy in the alve-
olar region. This process selectively removes 
damaged mitochondria, facilitates tissue repair, 
and enhances cell survival, thereby attenuating 
sepsis-induced ALI and acute respiratory dis-
tress syndrome (ARDS).

However, in cases of severe or prolonged ALI, 
excessive mitochondrial autophagy can lead 
to cellular energy depletion and impaired mito-
chondrial biogenesis. This can cause significant 
mitochondrial loss, leading to further energy 
deficits and worsening tissue damage. Addition-
ally, excessive mitochondrial autophagy also re-
leases damage-associated molecular patterns, 
which amplify the inflammatory response, 
creating a vicious cycle of damage. In the later 
stages of ALI, especially in severe or chronic 
cases, mitochondrial autophagy may become 
impaired or absent. This dysfunction leads to 
the accumulation of damaged mitochondria, 
increased ROS production, mitochondrial frag-
mentation, and heightened oxidative stress.

The time-dependent effects of mitochondrial 
autophagy in ALI are critical for determining 
the trajectory of injury and recovery. Early mito-
chondrial autophagy is protective, as it removes 
damaged mitochondria and limits inflamma-
tion. However, in cases of prolonged or exces-
sive injury, mitochondrial autophagy becomes 
detrimental, leading to mitochondrial depletion 
and further tissue damage. In the later stages, 
mitochondrial autophagy dysfunction exac-
erbates oxidative stress and hinders cellular 
repair. Therefore, interventions should focus on 
enhancing mitochondrial autophagy during the 
early stages of injury, controlling excessive mi-
tochondrial autophagy during prolonged injury, 
and restoring mitochondrial autophagy function 
in later stages to optimize recovery from sep-
sis-induced ALI and ARDS [30].

PINK1/Parkin signaling pathway and acute 
lung injury

The PINK1/Parkin pathway is a classical mi-
tochondrial autophagy signaling pathway that 
plays a crucial role in ALI. It has been shown 

that resveratrol may improve ALI in mice by 
inhibiting the activation of NLRP3 inflam-
masomes, activating the PINK1/Parkin path-
way, and promoting mitochondrial autophagy 
[31]. In the absence of PINK1, mitochondrial 
autophagy was found to be halted; Howev-
er, resveratrol upregulated the expression of 
PINK1, Parkin, Beclin-1, autophagy-related 5, 
and microtubule-associated protein 1A/1B light 
chain 3B, which enhanced mitochondrial auto-
phagy, offering a new therapeutic target for the 
treatment of ALI.

In addition, targeting Bcl-2 family proteins, in-
cluding Bcl-2 and Bad, can modulate sepsis-in-
duced ALI through the PINK1/Parkin signaling 
pathway. The anti-apoptotic role of Bcl-2 in 
various apoptotic cells and animal models is 
well documented [32, 33]. Bad, an upstream 
member of the Bcl-2 family, acts as a sensor 
for cellular stress, injury, infection, growth fac-
tor deprivation, and apoptosis [34]. Bad is a 
BH3-like protein that interacts with Bcl-2. The 
BH1-BH4 structural domains of Bcl-2 form a 
hydrophobic groove that binds to Bad, thus reg-
ulating autophagy. Hollville et al. demonstrated 
that Bcl-2 family proteins can inhibit mitochon-
drial autophagy by preventing translocation of 
Parkin to depolarized mitochondria in HeLa and 
HEK293T cells [35]. Additionally, in lipopoly-
saccharide (LPS) induced A549 cell injury and 
ALI in mice, elevated apoptosis, enhanced mi-
tochondrial autophagy, decreased Bcl-2 expres-
sion, increased Bad expression, and activation 
of the PINK1/Parkin pathway were observed 
in both cells and lung tissues [36]. However, 
both Bcl-2 overexpression and Bad knock-
down attenuated LPS-induced injury, inhibited 
apoptosis and mitochondrial autophagy, and 
increased survival. Furthermore, Bcl-2 family 
proteins regulated mitochondrial autophagy by 
promoting the recruitment of Parkin from the 
cytoplasm to the mitochondria through direct 
protein interactions [36].

Mitochondrial autophagy receptors and sep-
sis-related ALI

Mitochondrial autophagy, mediated by recep-
tors such as BNIP3L/NIX and FUNDC1, plays a 
vital role in mitochondrial network reorganiza-
tion during cell differentiation. Knockdown of 
these receptors during differentiation results in 
sustained mitochondrial fission and the forma-
tion of damaged mitochondria, thereby increas-
ing the likelihood of cell death [37]. Therefore, 
mitochondrial autophagy receptors are crucial 
for maintaining the integrity and health of lung 
cells.
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FUNDC1

FUNDC1 is a key receptor for mitochondrial au-
tophagy. Under normoxic conditions, FUNDC1 
is phosphorylated by the protein kinase Src, 
which reduces the interaction between phos-
phorylated FUNDC1 and LC3, thereby inhibiting 
FUNDC1-mediated mitochondrial autophagy 
[38]. Under hypoxic conditions, reduced Src 
kinase activity leads to decreased phosphory-
lation of FUNDC1, which facilitates the interac-
tion between dephosphorylated FUNDC1 and 
LC3, thus promoting mitochondrial autophagy 
[39]. Autophagy is significantly increased in 
response to ALI, especially in alveolar epithelial 
cells and pulmonary vascular endothelial cells. 
Study has shown that autophagy is activated 
under hypoxic conditions, making FUNDC1 a 
key molecule involved in hypoxia-induced mito-
chondrial autophagy [40]. Following LPS inter-
vention, the autophagic proteins FUNDC1 and 
LC3-II were elevated, while P62/SQSTM1 was 
decreased. Notably, FUNDC1 knockdown led to 
reduced autophagic activity and more severe 
lung injury following LPS treatment. Addition-
ally, survival curves showed higher mortality in 
FUNDC1 knockout mice compared to wild-type 
mice [41].

BNIP3 and BNIP3L/NIX

BNIP3 and BNIP3L/NIX are target genes of HIF-
1 that contain an LC3-interacting region. These 
proteins can recruit LC3 autophagosomes, 
thereby inducing mitochondrial autophagy [42]. 
BNIP3 has a dual function: it can promote cell 
survival through autophagy or induce cell death 
via apoptosis. BNIP3 binds to Bcl-2, which ac-
tivates Beclin1 from its inactivation complex, 
initiating autophagy.

Simultaneously, BNIP3 interacts with mitochon-
drial fusion protein optic atrophy 1 to promote 
cell death [43]. It has been shown that inhibit-
ing mitochondrial autophagy and apoptosis by 
regulating BNIP3 with the HIF-1α inhibitor YC-1 
significantly reduces lung injury [44]. Luo et al. 
identified the transcription factor Runt-related 
transcription factor 1 (RUNX1) as a key regula-
tor of injury-induced mitochondrial autophagy, 
and silencing RUNX1 significantly suppressed 
the expression of BNIP3 and BNIP3L. RUNX1 
regulates mitochondrial autophagy by upreg-
ulating the expression of mitochondrial auto-
phagy receptors [45]. The transcription factor 
RUNX1 plays a crucial role in regulating inju-
ry-induced mitochondrial autophagy, activating 
autophagy, and reducing lung inflammation 
during acute lung injury.

Drugs that ameliorate ALI by affecting mito-
chondrial autophagy

Small molecule modulators of mitochondrial 
autophagy are valuable pharmacological tools 
for studying complex biological processes and 
translating these insights into potential thera-
peutic drugs. In recent years, pharmacological 
modulation of mitochondrial autophagy has 
demonstrated promising therapeutic effects 
in ALI models. This section summarizes the 
current state of research on mitochondrial 
autophagy modulators, analyzes the available 
chemical tools, and discusses their advantag-
es, limitations, and current applications (Table 
1).

Nrf2 inducers

Radish thiols

Radish thiols, found in broccoli, possess sig-
nificant biological properties. One of the most 
notable compounds is Sulforaphane, a potent 
natural activator of the transcription factor 
Nrf2, which is known for its antioxidant and an-
ti-inflammatory effects [46]. Sulforaphane pro-
motes the translocation of Nrf2 to the nucleus, 
thereby activating the expression of antioxidant 
enzymes. Interestingly, activation of the Nrf2 
pathway can also increase the production of 
ROS in mitochondria. At moderate levels, ROS 
acts as a signaling molecule for mitochondrial 
damage and trigger the process of mitochon-
drial autophagy. In an animal model of oleic 
acid-induced ARDS, sulforaphane treatment 
was found to reduce lung injury and exert a pro-
tective effect by upregulating NRF2 expression 
[47].

P62-mediated mitochondrial autophagy induc-
er (PMI)

A recently developed compound, PMI, enhanc-
es the expression and signaling of the auto-
phagy adaptor protein P62/SQSTM1, which 
drives mitochondria into autophagy [48]. PMI 
promotes the accumulation of Nrf2 by target-
ing the interactions between Nrf2 and Keap1, 
specifically inhibiting Keap1 and thus enhanc-
ing Nrf2 signaling. Importantly, PMI does not 
disrupt the mitochondrial membrane potential. 
Therefore, PMI holds significant therapeutic po-
tential for the treatment of ALI [49].

Sirtuin 1 (SIRT1) activators

Sirtuin 1

SIRT1 is a deacetylase that regulates various 
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cellular activities by controlling biological pro-
cesses such as gene expression, DNA repair, 
metabolism, and mitochondrial function. SIRT1 
may initiate mitochondrial autophagy by pro-
moting the deacetylation and subsequent acti-
vation of LC3. The most well-known activators 
of SIRT1 include resveratrol, fexofenadine, and 
synthetic small molecules such as SRT1720.

Resveratrol

Resveratrol, a polyphenolic compound found in 

grapes and peanuts, is renowned for its potent 
antioxidant and anti-inflammatory properties 
[50]. As a well-known activator of SIRT1, resver-
atrol, upon activation, regulates mitochondrial 
autophagy through deacetylation. Specifically, 
SIRT1 activates the PINK1/Parkin pathway, 
enhancing selective mitochondrial autophagy 
(mitophagy). Additionally, SIRT1 also facilitates 
autophagy by deacetylating ULK1, a core pro-
tein of the autophagy initiation complex [51]. 
As an antioxidant, resveratrol reduces the 
production of ROS, which, in excess, can dam-

Table 1. Drugs that ameliorate acute lung injury by affecting mitochondrial autophagy

Classification Names   Chemical 
  structure Mechanisms Advantages or 

limitations References

Nrf2 
inducers

Sulforaphane Activating Nrf2 Low specificity [46, 47]

PMI Inhibiting Keap1
High therapeutic 
potential;
High specificity

[48, 49]

SIRT1 
activators

Resveratrol Activating SIRT1 
directly

Low specificity;
Induction of general 
autophagy

[50, 51]

Fisetin Activating SIRT1 
directly Non-toxic, and safe [52, 53]

SRT1720 Activating SIRT1 
directly

High therapeutic 
potential [54, 55]

Amine 
hormone Melatonin

Upregulating the PINK1/
Parkin pathway and inhib-
iting mTOR.

Strong antioxidant; 
High safety [56-59]

Superoxide 
generator

Sodium 
selenite

Activating MUL1, ROS-de-
pendent, down-regulation 
of MCL-1

Nontoxic
Low cost
Se Supplementation

[17, 60-64]

Natural 
products

Curcumin Activation via AMPK

Reference effect on the 
treatment of ALI.
Risk of contact dermati-
tis with excessive intake

[65-68]

Berberine
Upregulating the 
PINK1/Parkin pathway High therapeutic 

potential [69-74]

Note: Nrf2, Nuclear factor erythroid 2-related factor 2; PMI, P62-mediated mitochondrial autophagy inducer; 
SIRT1, Sirtuin 1; PINK1, PTEN-induced kinase 1; mTOR, mechanistic target of rapamycin; MUL1, Mitochondrial E3 
Ubiquitin Ligase 1; ROS, reactive oxygen species; AMPK, AMP-activated protein kinase; MCL-1, Myeloid Cell Leuke-
mia-1ALI, acute lung injury; Se, Selenium.
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age mitochondria and inhibit autophagy. By 
lowering ROS levels, resveratrol helps maintain 
normal mitochondrial function and promotes 
the removal of damaged mitochondria, thereby 
protecting cells from oxidative stress.

Fisetin

Fisetin is a natural flavonoid found abundantly 
in vegetables and fruits, known for its broad 
pharmacological effects, including anti-inflam-
matory, anti-apoptotic, antioxidant, anti-tumor, 
and anti-angiogenic properties [52]. SIRT1 
facilitates the recognition and clearance of 
damaged mitochondria by deacetylating pro-
teins such as PINK1 and Parkin. Studies have 
shown that Fisetin enhances the stability and 
activity of PINK1, enabling its accumulation on 
damaged mitochondria, which subsequently 
recruits Parkin [53]. Parkin then ubiquitinates 
the damaged mitochondria, marking them for 
degradation. Additionally, laccasein has been 
reported to accelerate the clearance of dam-
aged mitochondria by modulating this pathway 
[53].

SRT1720

SRT1720 is a synthetic small molecule that 
activates SIRT1, leading to the deacetylation of 
PINK1, which stabilizes PINK1 and enhances 
its accumulation and function on damaged mi-
tochondria [54]. The accumulation of PINK1 on 
the mitochondrial membrane recruits Parkin, 
an E3 ubiquitin ligase, which tags damaged 
mitochondria for degradation via the autophagy 
pathway. By deacetylating PINK1, SRT1720 en-
hances the activity of the PINK1/Parkin path-
way, thereby facilitating mitochondrial autopha-
gy (mitophagy) [55].

Melatonin

Melatonin is an indole heterocyclic compound 
primarily secreted by the pineal gland, well 
known for its role in regulating sleep and its 
anti-inflammatory, antioxidant, anti-aging, and 
antiviral properties [56]. Additionally, melatonin 
also regulates mitochondrial autophagy. Mela-
tonin inhibits excessive mitochondrial autoph-
agy through the PINK1/Parkin pathway [57]. It 
reduces oxidative damage and improves mito-
chondrial function by directly scavenging ROS 
and activating antioxidant enzymes, such as su-
peroxide dismutase, catalase, and glutathione 
peroxidase. Furthermore, melatonin promotes 
mitochondrial repair and autophagy by upreg-
ulating endogenous antioxidants like glutathi-
one. In addition, Melatonin inhibits the mech-
anistic target of rapamycin (mTOR) pathway, a 

critical regulator of cell growth, proliferation, 
and autophagy inhibition. By inhibiting mTOR, 
melatonin activates the autophagic process, 
promoting mitochondrial clearance and renewal 
[58]. Several clinical studies have investigated 
melatonin’s potential in treating ALI and ARDS, 
focusing on its antioxidant, anti-inflammatory, 
and lung function-improving effects [59]. These 
studies have shown that melatonin improves 
oxygenation, reduces inflammatory markers, 
and decreases lung injury. However, direct 
clinical evidence supporting melatonin’s ability 
to ameliorate ALI through mitochondrial auto-
phagy remains limited. Despite this, melatonin 
has been found to improve the survival rate of 
critically ill septic patients in the perioperative 
period.

Sodium selenite

Selenium is an essential trace element in the 
human body, and its deficiency is linked to a 
variety of diseases. It has been reported that 
serum or plasma selenium levels tend to de-
crease early in critically ill patients, especially 
those suffering from sepsis or infectious shock 
[60]. Research has demonstrated that sodium 
selenite activates the E3 ubiquitin ligase MUL1 
in a ROS-dependent manner. This activation 
recruits ULK1 to the mitochondria, promoting 
its autophagic degradation [17]. Additionally, 
intravenous sodium selenite has been found 
to restore lung antioxidant capacity, modulate 
the inflammatory response, and significantly 
improve respiratory mechanics in ALI patients 
[61]. Several clinical studies have shown that 
low selenium status may be associated with the 
severity of ALI, and that selenium supplemen-
tation, including sodium selenite, can help re-
duce oxidative stress and inflammation [62-64]. 
By improving the antioxidant defense system, 
sodium selenite contributes to the alleviation of 
lung injury [61].

Natural products

Curcumin

Curcumin, a polyphenolic compound found in 
the rhizome of Curcuma longa, regulates the 
expression of receptor complexes, growth fac-
tors, and other molecules, ultimately exerting 
biological functions such as anti-inflammatory, 
anticancer, and antidiabetic properties [65]. 
In an energy-deficient state (e.g., low ATP/AMP 
ratio), AMP-activated protein kinase (AMPK) is 
activated. AMPK, a crucial intracellular ener-
gy-sensing enzyme of the serine/threonine ki-
nase family, plays a crucial role in maintaining 
energy homeostasis by regulating various meta-
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bolic pathways [66]. Activated AMPK promotes 
autophagy by mTOR, a key cellular signaling 
protein that regulates biological processes such 
as cell growth, proliferation, and protein syn-
thesis. mTOR exists in two complexes: mTORC1 
and mTORC2, with mTORC1 playing a signifi-
cant role in regulating mitochondrial autophagy. 
mTORC1 inhibits autophagy by phosphorylating 
and tinhibiting ULK1, a core enzyme that initi-
ates mitochondrial autophagy [67]. Additionally, 
the mitochondrial permeability transition pore 
(mPTP) plays a crucial role in cellular stress 
responses, particularly during apoptosis and 
autophagy. Excessive mPTP opening leads to a 
loss of mitochondrial membrane potential, trig-
gering apoptosis. Curcumin regulates mPTP by 
reducing oxidative stress, potentially prevent-
ing excessive opening and thereby preserving 
mitochondrial function and integrity. Moderate 
mPTP opening may also promote mitochondrial 
autophagy, and curcumin enhances mitochon-
drial quality control by optimizing this process 
[68].

Berberine

Berberine, a quaternary isoquinoline alkaloid 
isolated from several herbs such as Coptis 
chinensis, is known for its wide range of bio-
logical activities, including anti-inflammatory, 
anti-diarrheal and anti-colitis effects. It is char-
acterized by low toxicity and low cost, which has 
led to its widespread use over-the-counter for 
treating gastroenteritis, colitis, diarrhea, and 
dysentery [69]. Berberine can be oxidized to 
8-oxoberberine, known as oxyberberine, which 
has been found to possess superior anti-inflam-
matory, antifungal, and antiarrhythmic proper-
ties compared to berberine [70]. Studies have 
shown that oxyberberine reduces lung injury by 
inhibiting inflammatory responses through the 
inhibition of Parkin/Pink1-mediated mitochon-
drial autophagy in LPS-induced ALI [71, 72]. 
Additionally, oxyberberine inhibits LPS-induced 
translocation of Parkin1 from cytoplasm to 
mitochondria [73]. Furthermore, berberine acti-
vates the AMPK/mTOR pathway and promotes 
mitochondrial autophagy by inhibiting mTOR 
[74].

Conclusion

Modulating mitochondrial autophagy to amelio-
rate ALI has emerged as a promising therapeu-
tic strategy in recent years. While enhancing 
mitochondrial autophagy has shown promise in 
alleviating ALI in animal models, several chal-
lenges remain in translating this strategy into 
effective clinical treatments. For instance, phar-
macological interventions targeting mitochon-

drial autophagy—such as those involving the 
PINK1/Parkin pathway or small molecules that 
modulate autophagy factors—are not yet widely 
used in clinical practice. Moreover, the selec-
tivity and potential side effects of these drugs 
require comprehensive evaluation. To effective-
ly regulate mitochondrial autophagy, the devel-
opment of highly selective, low-toxicity drugs 
remains a critical research focus. Currently, 
several small molecules capable of modulating 
mitochondrial autophagy, either by enhancing 
the PINK1/Parkin pathway or by modulating 
the NIX/BNIP3 pathway, have been identified. 
Future advancements may lead to the develop-
ment of small molecule drugs targeting these 
pathways, with their efficacy in treating acute 
lung injury further validated through animal 
studies.
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