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Abstract

Acute lung injury (ALl) is a common critical respiratory disease in clinical practice, especially in the ICU, with a high
mortality rate. The pathogenesis of ALl is relatively complex, mainly involving inflammatory response imbalance,
oxidative stress, cell apoptosis, and other aspects. However, currently, the treatment measures taken based on the
above mechanisms have not had significant effects. Recent research shows that mitochondrial dysfunction and
pyroptosis play an important role in AL, but there is not much analysis on the relationship between mitochondrial
dysfunction and pyroptosis at present. This article reviews the situation of mitochondrial dysfunction in AL,
pyroptosis in ALl, whether mitochondrial dysfunction is related to pyroptosis in ALl, and how to do so, and further
analyzes the relationship between them in ALl This review describes how to alleviate mitochondrial dysfunction,
and then suppress the associated immunological pyroptosis, providing new ideas for the clinical treatment of ALl
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Introduction

Acute lung injury (ALI) is a serious clinical syndrome
characterized by diffuse alveolar cell injury, destruction
of endothelial and alveolar epithelial barrier, increase
of microvascular permeability, and influence of gas
exchange function [1, 2]. In the ICU, the morbidity and
mortality rate is as high as 40-60% [3, 4]. Both direct and
indirect factors lead to ALI such as aspiration pneumo-
nia, pulmonary embolism, oxygen toxicity, drowning,
etc., which are direct factors. Sepsis, shock, severe pan-
creatitis, disseminated intravascular coagulation, etc. are
indirect factors [5-8].

Although symptomatic and supportive treatment can
be provided for AL there is still a lack of effective means.
Lung-protective mechanical ventilation can significantly
reduce the mortality rate of this disease, but it is prone to
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ventilator-induced lung injury [9, 10]. Medications such
as diuretics, antiplatelet drugs, antioxidants, vasodilators,
and glucocorticoids can improve the pathological dam-
age of ALL but have no significant impact on the mortal-
ity rate of ALI [11, 12]. Mesenchymal stem cells may be
effective, but they are still in the experimental stage and
the mechanism of action is not very clear, also stem cell-
based therapy exists some worrying issues, for instance,
low stability, the risk of pulmonary embolism, and tumor
formation [13, 14].

The pathogenesis of ALI is complex and not fully
understood, so exploring the mechanism of ALI and
seeking new treatment methods based on the mecha-
nism to improve patient prognosis and reduce mortality
is very important. Oxidative stress, as one of the mecha-
nisms of ALL it balances the production and removal of
oxygen free radicals in the lungs. Once the imbalance
occurs, it will damage lung histiocyte and activate inflam-
matory reaction. Studies have found that mitochondrial
dysfunction will increase the production of reactive oxy-
gen free radicals. Imbalance of inflammatory response
is an important cause of ALI, and when pro-inflamma-
tory and anti-inflammatory factors are imbalanced, it
will increase inflammatory cascade activation response.
Mitochondrial dysfunction can induce the secretion of
a large number of pro-inflammatory factors. In addition,
another important mechanism of action is cell apoptosis.
When proapoptotic factors dominate, a large number of
cells undergo apoptosis, leading to cascading amplifica-
tion effects and ultimately causing lung tissue damage.
Furthermore, severe damage to cell oxygen consumption,
known as cytopathic hypoxia, is one of the pathological
markers of the lungs in patients with pathogen induced
ALI but its mechanism is still unclear. Mitochondrial
dysfunction is involved in impaired cellular oxygen con-
sumption, and may play an important role in the patho-
genesis of ALL. Mitochondria function involves oxidative
phosphorylation, tricarboxylic acid cycle, electron trans-
port chain, maintenance of dynamic balance of Ca®*
concentration, regulation of cell metabolism, cholesterol
synthesis and some hemes [15-17]. Mitochondrial dys-
function can activate different types of cysteine aspar-
tate specific enzymes (caspases), inducing pyroptosis
of immune cells such as macrophages through classical
or non-classical pyroptosis pathways, causing pores on
the cell membrane, leading to cell swelling and rupture,
thereby releasing interleukin(IL-)18 and interleukin(IL-
)1B inflammatory factors can cause alveolar inflamma-
tion or vascular interstitial edema, participate in the
occurrence and development of ALI, or promote pulmo-
nary inflammation, leading to worsening of the patient’s
condition.

This article reviews mitochondrial dysfunction, pyrop-
tosis and the relationship between them in acute lung
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injury, so as to provide a theoretical basis for exploring
the pathogenesis of ALI and looking for potential thera-
peutic targets.

Mitochondrial dysfunction and acute lung injury
As the “energy factory” of cells, mitochondria provide
energy for cell life activities through a series of reactions.
Moreover, mitochondria are also involved in intracellular
signal transmission, biosynthesis, cell metabolism and
other activities [18, 19]. Recent evidence suggests that
mitochondrial dysfunction will influence the occurrence
and development of ALIL. Mitochondrial functions related
to this disease mainly include the oxidative phosphoryla-
tion, Ca" steady state, electron transfer chain, tricarbox-
ylic acid cycle.

Oxidative phosphorylation and ALI

Oxidative phosphorylation (OXPHOS) consists of four
complexes, two mobile electron carriers, ubiquinone and
cytochrome c(Cytc) [20]. It participates in ALI by inhibit-
ing complex enzyme activity.

After lipopolysaccharide(LPS) treatment of macro-
phages, the activities of complex I, complex II, complex
III and complex IV are inhibited, thus inhibiting the
function of OXPHOS, weakening M2 activation of mac-
rophages, and then inducing macrophages to polarize
toward M1, inducing a series of inflammatory reactions,
and aggravating the severity of ALI [21].

The OXPHOS function is inhibited. In addition to the
reduction of ATP production, it also produces mitochon-
drial reactive oxygen species(ROS) through complex
I, thus secreting IL-1B, Tumor necrosis factor(TNF-a)
inflammatory cytokines can enhance pulmonary inflam-
mation and exacerbate ALI [22] (Fig. 1A).

Ca2+ homeostasis and ALI

Mitochondria are calcium storage organelle with dou-
ble membranes, and Ca®" is distributed in their inter-
membrane space and matrix [23]. Ca’* is the second
messenger of cells, closely related to cell proliferation,
programmed cell death, gene transcription, signal trans-
duction, etc [24].

Ca** is involved in the regulation of ATP generation
and ROS signaling, which is a key factor in regulating
mitochondrial function by stimulating the Tricarbox-
ylic acid cycle (TCA). This causes the TCA to produce
nicotinamide adenine dinucleotide(NAD), which is
used for the Electron transfer chain(ETC) pathway to
produce ATP and nicotinamide adenine dinucleotide
phosphate(NADP), which is used to eliminate ROS [25].

Through research, it has been found that Ca?* homeo-
stasis imbalance participates in ALI by activating inflam-
matory signaling pathways, stimulating the release of
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Fig. 1 Mechanism of mitochondrial dysfunction related to acute lung injury. A: Oxidative phosphorylation dysfunction participates in the mechanism of
ALI:Through the enhancement of complex | activity, mitochondrial ROS is produced and IL-1B3 is secreted, and then enhance pulmonary inflammation. B:
The mechanism of Ca?* homeostasis imbalance participating in ALI: LPS induces Ca’* overload and regulates NF-kB activity, activates NLRP3 inflamma-
some, promotes the secretion of inflammatory cytokines IL-13, TNF-a and etc. C: The mechanism by which electron transfer chain disorders participate
in ALL: The enhanced activity of respiratory chain complex | promotes IkB- a to be degradated, thereby activating more NF-kB. Upregulate the expression
of cytokines IL-8 and TNF-a can exacerbate pulmonary inflammation. In addition, it also leads to increased ROS production, exacerbating mitochondrial
damage and inducing mitochondrial oxidative stress. D: The mechanism of involvement of tricarboxylic acid cycle disorders in ALI: Inhibition of itaconic

acid production increases the generation of ROS, furthermore, the accumulation of succinic acid increases the expression of IL-13

inflammatory mediators, and regulating the integrity of
pulmonary microvascular endothelial barrier.

LPS-induced ALI can lead to an increase in macro-
phage cytoplasmic calcium ions, increase the activity
of myeloperoxidase(MPO) in lung tissue, and regulate
the activity of NF-kB and activate NLRP3 inflamma-
somes, promoting the secretion of the inflammatory
factorTNF-a and IL-1f, can induce inflammatory reac-
tions and exacerbate the degree of lung injury [26, 27]
(Fig. 1B).

The increase in intracellular Ca** concentration
increases the permeability of endothelial cells, triggering
a cascade reaction of vascular activation, such as increas-
ing the expression of vascular adhesion molecules, which
can lead to the release of inflammatory mediator IL-8
and exacerbate inflammation [28, 29].

Electron transfer chain and ALI

ETC, also known as suction chain, is composed of hydro-
gen and electron transmitters on the inner mitochondrial
membrane of eukaryotes [30]. Research has shown that
respiratory chain dysfunction can participate in ALI by
inducing oxidative stress, activating inflammation related
protein complexes, and promoting the release of pro-
inflammatory cytokines.

ETC, as the main source of cellular energy, plays an
important role in the production of ATP and ROS [31].
All mitochondrial enzyme complexes can produce ROS,
with the main sources of production being complex I
and complex III [32]. When ETC dysfunction occurs, it
will lead to increased ROS production, which will aggra-
vate the degree of mitochondrial damage and induce
mitochondrial oxidative stress. ROS mediated inflam-
matory reaction will cause the destruction of cytoskel-
eton proteins and connexins, increase the gap between
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endothelial cells, cause vascular permeability, and
affect the occurrence and development of ALI [33-35]
(Fig. 1C).

Coenzyme Q is an important component of ETC and
an important cofactor for this function, serving as an
antioxidant and free radical scavenger. The lack of coen-
zyme Q can lead to oxidative stress and the inhibitory
effect of NF-«B expression level is weakened and partici-
pates in the process of ALI [36, 37].

After LPS treatment, the activity of respiratory chain
complex I increases, which will promote the degradation
of IkB-a, activation of more NF-«B. Thereby regulating
NF-«xB dependent cytokine expression, such as IL-8 and
TNF-«, aggravating pulmonary inflammation [38, 39]
(Fig. 1C).

Tricarboxylic acid cycle and ALI

The reaction site of the TCA is in the linear granu-
lar matrix, which is an important metabolic path-
way to produce cell energy and fatty acid and other
biosynthetic precursors. It also provides Nicotinamide
adenine dinucleotide(NADH) and Flavine adenine
dinucleotide(FADH)2 for OXPHOS. When TCA is dys-
functional, it will reduce ATP and increase ROS produc-
tion [40, 41].

In the early stages of ALI inflammation can be regu-
lated through mitochondrial TCA. Studies have shown
that after stimulation with LPS, the transient accumula-
tion of succinic acid, an intermediate product of TCA
in mitochondria in macrophages during the early stages
of inflammation, can lead to the increased expression of
pro-inflammatory factor IL-1pB and inhibition of itaconic
acid production will increase the generation of ROS, ulti-
mately inhibiting inflammatory response [42] (Fig. 1D)

After abnormal metabolism of TCA, it can partici-
pate in ALI by activating inflammation related signaling
pathways, inhibiting anti-inflammatory related signaling
pathways, and inhibiting fatty acid oxidation.

When glutamine metabolism is abnormal, its products
a-Ketoglutaric acid(a- KG) is also decreased, inhibiting
the mTORC1/p70S6K signaling pathway and weakening
the inhibition of macrophage polarization towards M1
type, exacerbating pulmonary inflammation, and thus
promoting the occurrence and development of ALI [43].

Pyroptosis and acute lung injury

ALI is a clinical syndrome characterized by damage to
pulmonary capillary endothelial cells and epithelial cells,
with sustained damage to airway epithelium and chronic
inflammation as the main markers of its pathogenesis
[44]. Previous research has established that the pyrop-
tosis of alveolar macrophages, neutrophils and natural
killer cell play an significant role in the occurrence and
development of ALI [45, 46].

Page 4 of 13

Macrophage pyroptosis and ALI

Pulmonary alveolar macrophages (AM) are located on
the inner surface of the lung, accounting for 55% of lung
immune cells. They play an important role in natural
immunity and host defense, and their phenotypic differ-
entiation affects the process of pulmonary inflammation
[47]. After being stimulated by infection and non-infec-
tion, it affects the development of ALI by synthesizing
and releasing various inflammatory cytokines [48, 49].

LPS activates NLRP3 inflammasomes in macrophages.
As a protein complex, inflammasomes can activate cas-
pase-1 and promote the release of inflammatory factor
IL-1P and IL-18, triggering inflammatory cascade effect,
and it can damage alveolar capillary barrier, increase vas-
cular permeability, and induce ALI [50, 51] (Fig. 2).

In addition, NLRP3-mediated macrophage pyroptosis
induces the secretion of high mobility group protein Bl
(HMGB1), and the increase of HMGB1 expression will
positively enhance the activation of NLRP3 and further
activate caspase-1, thus enhancing macrophage pyrop-
tosis, aggravating inflammatory response, and ultimately
aggravating ALI [52, 53] (Fig. 2).

In addition, experiments have shown that macrophages
rely on caspase-1 to secrete pyroptosis PyrBDs, which
can trigger vascular interstitial edema and enhance the
inflammatory response of ALI, exacerbating lung injury
[54]. (Fig. 2) The pyroptosis of macrophages also pro-
motes the migration of neutrophils to the lungs, promot-
ing the secretion of IL-6, IL-1 and TNF-«, exacerbating
the histological manifestations of lung injury [53]. There-
fore, inhibiting the inflammatory response in macro-
phages plays an important role in reducing the severity
of ALL

Neutrophil pyroptosis and ALI
Neutrophils (NE), also known as polymorphonuclear
leukocytes, account for 40 -70% of the total number of
white blood cells, and their cellular components mainly
include antimicrobial peptides and neutrophil specific
proteolytic enzymes. It has been found that neutrophil
pyroptosis participates in ALI by activating inflammatory
signaling pathway and releasing inflammatory cytokines.
It can produce ROS and Neutrophil Extracellular Traps
(NET), so this cell has strong antibacterial and antifun-
gal abilities and is the first immune cell to reach the site
of infection or inflammation [55, 56]. Among them, NET
has been identified as a potential mediator of systemic
inflammatory diseases, which can exacerbate alveo-
lar capillary barrier damage and promote the release of
inflammatory cytokines. Experimental measurements
have been conducted to determine the expression levels
of MPO-DNA complex, caspase-1, and inflammatory
cytokines in the supernatant of bronchial aspirates from
ALI patients, and has been found significant differences
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Fig. 2 Mechanism of pyroptosis associated with acute lung injury. Neutrophils (NE): LPS activates the NLRP3/caspase-11/pannexin-1/P2 x 7/caspase-1
pathway, induces pyroptosis, and releases IL-1(3, IL-18, leads to the occurrence and development of ALL. IL-1(3 and IL-18 can also be significantly increased
through the NLRC-4-caspase-1 pathway, further enhancing the inflammatory response and increasing the degree of ALl damage. Macrophages (AM):
LPS activates the NLRP3/caspase-1 pathway and releases IL-1(3 and IL-18, trigger inflammatory waterfall effect, increase vascular permeability, and induce
AL NLRP3 also induces the secretion of high mobility group protein 1(HMBGT1), activates caspase-1, enhances pyroptosis, and aggravates inflammatory
reaction. Caspase-1 can secrete PyrBDs, which can trigger vascular interstitial edema and enhance ALl inflammatory response. Endothelial cells (EC):
LPS induces pyroptosis and participates in ALl through TLR4/NLRP3/caspase-4 or TLR11/caspase-4. Natural killer cell (NK): LPS activates TLR4 /caspase-1
pathway, cleaves GSDMD, causes pyroptosis, and secretes IL-1(3, IL-18, inducing inflammatory response. Monocytes (M): After LPS stimulation, the NLRP3/
caspase-1 pathway is activated, cleaving GSDMD. Its N-terminal binds to phospholipids in the plasma membrane to form membrane pores and secrete
IL-1B, enhance pulmonary inflammation and exacerbate ALI. Dendritic cells (DCs): LPS activates the TLR4 /NLRP3 /caspase-1 pathway, thereby cleaving
GSDMD. Its active N-terminal oligomers and forms pores in the plasma membrane, leading to pyroptosis and secretion of IL-1B, IL-18, enhances inflam-

matory response and exacerbates ALl

were observed between survivors and non survivors with
IL-18 and IL-1f, and MPO-DNA complexes were found
there is a significant correlation to interact with cas-
pase-1 and IL-1pB. The above all indicate that NET plays
an inflammatory role in ALI [57, 58].

Neutrophil serine proteases (NSPs) can activate and
cleave Gasdermin D(GSDMD) independently of caspase.
Functional N-terminal fragments form transmembrane
pores on the plasma membrane, release inflammatory
factors such as IL-18, induce inflammatory responses,
and participate in ALI [59].

LPS in cells will combine with caspase-11 to trigger the
oligomerization of caspase-11. The activated caspase-11
will cut down pannexin-1 and open its channel to release
ATPD, activate P2X7 receptor on the cell surface, regulate

the generation and release of caspase-1, induce pyropto-
sis, and release inflammatory cytokines, thus participat-
ing in the occurrence and development of ALI [60, 61]
(Fig. 2).

In addition, studies have found that neutro-
phil pyroptosis, IL-1p and IL-18 can be significantly
increased through the NLR Family CARD Domain
Containing(NLRC)-4-caspase-1 and NLRP3 caspase-11
pathways, further enhancing the inflammatory response
and leading to an increase in the degree of damage to ALI
[62] (Fig. 2).

Natural killer cell pyroptosis and ALI
Natural killer cell (NK) is the cytotoxic lymphocyte of
innate immune system and the most effective immune



Yang et al. Respiratory Research (2024) 25:398

cell participating in immune surveillance. It is the first
line of defense for the immune system to control patho-
gens, tumor growth, metastasis and diffusion, account-
ing for 15% of the resident lung lymphocytes [63]. It can
participate in ALI by activating caspase and cleaving
GSDMD.

Studies have shown that LPS can bind to TLR4 recep-
tors on the cell membrane, transform pro-caspase-1
into active caspase-1, cut GSDMD into C-terminal and
N-terminal, and the active N-terminal polymerizes in
the plasma membrane, leading to NK pyroptosis and the
secretion of IL-1f, inducing inflammatory reactions and
affecting the development process of ALI [64] (Fig. 2).

Another study found that LPS activates caspase-11, and
activated caspase-11 cleaves GSDMD, which ultimately
induces NK pyroptosis, secretes IL-18, and exacerbates
pulmonary inflammation [65].

Monocyte pyroptosis and ALI

Monocytes participate in the coordination between
innate immunity and adaptive immunity. As the first
line of defense of the human body, they can eliminate
pathogens through phagocytosis or release inflammatory
mediators [66].

Studies have shown that monocytes stimulated by
LPS activate NLRP3 inflammasomes, thereby activating
caspase-1, which then cleaves GSDMD. Its N-terminal
binds to phospholipids in the plasma membrane to form
membrane pores and secrete IL-1(, enhance pulmonary
inflammation, thereby exacerbating the condition of ALI
[67, 68] (Fig. 2).

Dendritic cell pyroptosis and ALI
Dendritic cells (DCs) can coordinate and regulate adap-
tive immune responses, as well as secrete pro-inflamma-
tory cytokines. They are considered the most effective
antigen presenting cells [69, 70].

Relevant experiments have proved that LPS can acti-
vate TLR4 in dendritic cells, induce its dimerization and
endocytosis, activate NLRP3 inflammasome, thus acti-
vate caspase-1, cut GSDMD, and its active N-terminal
oligomers in the plasma membrane and forms a hole,
leading to DC pyroptosis, and eventually secretes the
inflammatory cytokines IL-1p and IL-18, which enhances
the inflammatory response and ultimately exacerbates
the severity of ALI [71, 72] (Fig. 2).

Other pyroptosis and ALI
In addition to immune pyroptosis participating in the
occurrence and development of ALJ it is also found that
endothelial pyroptosis also participates in ALL

LPS upregulates the expression of caspase-4 in endo-
thelial cells through TLR11, thereby inducing endothelial
pyroptosis. Furthermore, the activation of caspase-4 can
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also be induced by LPS stimulating TLR4-NLRP3 signal-
ing pathway [73] (Fig. 2).

In addition, it was found that the removal of caspase-4
or caspase-5 by siRNA could prevent LPS induced endo-
thelial pyroptosis. Similarly, caspase-11 deficiency pre-
vented an increase in the lung wet/dry weight ratio in
ALI mice. Experimental results using lethal LPS doses
showed an increased survival rate in caspase-11 defi-
cient mice [46]. Therefore, the above experimental results
demonstrate that caspase-11 plays a central role in the
LPS induced pyroptosis mechanism of endothelial cells,
which is the reason for pulmonary vascular high perme-
ability and mortality. Pulmonary endothelial dysfunc-
tion caused by extensive endothelial pyroptosis is also
regarded as a sign of ALI [74].

Mitochondrial dysfunction induces pyroptosis to
participate in ALI

In recent years, a great number of studies have found
that mitochondrial dysfunction can induce pyroptosis
by stimulating inflammatory signaling pathways, secret-
ing inflammatory cytokines and other ways, thus par-
ticipating in the occurrence and development of ALL
Among them, related mitochondrial dysfunction mainly
includes TCA, OXPHOS, ETC, and imbalance of Ca?*
homeostasis.

Mechanism of pyroptosis induced by disturbance of
tricarboxylic acid circulation

The research found that the disorder of TCA induced
pyroptosis through oxidative stress, secreted relevant
inflammatory cytokines, and participated in ALL

When the circulation of tricarboxylic acid is impaired,
it will induce the dissolution of glial cells, trigger the acti-
vation of inflammasome and induce pyroptosis in macro-
phages. It has been found that the knockout of glutamate
pyruvate transaminase (GPT2) will promote the polar-
ization of macrophages to M1 type. When the reaction
substrate catalyzed by GPT2 is glutamine, its product is
a-KG, which is a metabolite in the TCA, will be reduced
to L-2HG by metabolic enzyme malate dehydrogenase
in the TCA under acidic conditions, which will increase
ROS to induce the internalization of plasma membrane
death receptor (DR) 6, further recruit pro-caspase-8 and
GSDMC into DR6 receptor, providing a platform for
caspase-8 to cut GSDMC, and then induce macrophage
pyroptosis, H&E staining showed inflammatory cell infil-
tration, pulmonary edema, and alveolar collapse [75-77]
(Fig. 3).

The above research is only limited to the effect of TCA
on the occurrence and development of ALI by inducing
macrophage pyroptosis, while mechanism between den-
dritic cells and other immune pyroptosis and this func-
tion has not been studied.
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Fig. 3 The mechanism of mitochondrial dysfunction and pyroptosis. Mechanism of TCA inducing pyroptosis: metabolites a-KG under acidic conditions,
will be reduced to L-2HG, increase ROS to induce DR6 internalization, activate caspase-8 and cut GSDMC to induce macrophage pyroptosis. The dys-
function of OXPHOS participates in the mechanism of pyroptosis: the activity of coenzyme Q is inhibited, the release of cytochrome c is promoted, the
production of ROS in macrophages is increased, caspase-3 and caspase-9 are activated, the activation of NLRP3 is enhanced, and the expression of IL.-13
is increased. The mechanism of ETC disorder involved in pyroptosis: NADH activity was inhibited, increased ROS production, activated NLRP3/caspase-1,
cut GSDMD, induced macrophage pyroptosis, and secreted IL-1(3. Furthermore, in neutrophils, the activity of mitochondrial complex lll is inhibited, which
increases the production of ROS, thus activating NLRP3 and inducing pyroptosis. The mechanism of Ca®* dysfunction inducing pyroptosis: Ca’* overload

activates NLRP3 /caspase-1, causes macrophage pyroptosis and secretes IL-18, IL-18. In addition, Ca®*

endothelial pyroptosis

Oxidative phosphorylation dysfunction participates in the
mechanism of pyroptosis

OXPHOS is involved in ALI through related enzymes
and proteins that induce pyroptosis and stimulate the
release of inflammatory cytokines such as IL-1p.

The dysfunction of OXPHOS will up regulate the
expression of related proteins such as NDUFB3,
NDUEBS, ATP5B, etc. Leading to a significant increase
in the expression of mtROS and activation of inflamma-
some NLRP3 [78, 79]. NLRP3 activates caspase-1, con-
verting inactive IL-1p and IL-18 cut into active IL-1p
and IL-18, thereby amplifying the inflammatory reaction,
leading to highly inflammatory cell death, that is, pyrop-
tosis, and aggravating ALI pulmonary inflammation [80].

Mitochondrial coenzyme Q, a lipid soluble mem-
brane component, exists in the inner mitochondrial
membrane of cells and participates in OXPHOS [81].

overload also activates TLR4 /caspase-4, leading to

Coenzyme Q activity is inhibited, which can promote the
release of Cytc, increase ROS production in LPS treated
macrophages, and activate caspase-3 and caspase-9,
significantly enhancing the activation of NLRP3 inflam-
masomes, thereby significantly increasing the expression
of pro-inflammatory cytokines IL-1 and IL-6 levels [82,
83]. (Fig. 3) Further studies have shown that after coen-
zyme Q treatment, the wet/dry weight (W/D) ratio of
lung tissue in LPS-induced acute lung injury rats is signif-
icantly reduced, which alleviates pulmonary edema and
reduces the expression levels of related pro-inflammatory
cytokines such as IL-6, indicating that this enzyme can
also reduce inflammatory responses in ALI [84].

At present, the research only focuses on the effect of
macrophage charring induced by oxidative phosphory-
lation dysfunction on ALI, while mechanism between
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other immune pyroptosis such as natural killer cell and
this function remains to be studied.

Electron transport chain disorder participates in the
mechanism of pyroptosis

The ETC disorder induces pyroptosis by activating rel-
evant inflammatory signal pathways, stimulating rele-
vant protein of pyroptosis, etc., producing inflammatory
response and participating in ALIL

Ubiquinone oxidoreductase complex I (NADH) is
the first enzyme in the ETC and the key factor for the
production of steady-state ROS. When its activity is
inhibited, it will lead to the increase of ROS produc-
tion, activation of NLRP3 and caspase-1, thus cutting
GSDMD, and eventually inducing pyroptosis in macro-
phage and secretion of IL-1p [85-88]. (Fig. 3) In which,
NADPH oxidase can oxidize NADPH to produce super-
oxide, when the ETC dysfunction and NADPH oxidase
overexpression, the ROS expression level will increase.
Increased alveolar cell death was found by tunel fluores-
cent staining [89, 90]. Correspondingly, experiments have
shown that when cytosine at position 5178 in the DNA
sequence of mitochondrial NADH dehydrogenase sub-
unit 2 is replaced by adenine, it increases the stability of
the ETC system complex, thereby increasing ATP synthe-
sis and reducing ROS generation [91].

When the activity of mitochondrial complex III is
inhibited, the production of ROS in neutrophils is
increased, thus activating NLRP3 and inducing pyropto-
sis [92] (Fig. 3).

After ETC is disrupted, electrons cannot be transferred
from complex I or complex II to complex IV through
complex III, resulting in an increase in ROS production
and activation of more NLRP3, thereby activating cas-
pase-1, cleaving GSDMD protein. It induces pyroptosis
and promotes the release of IL-1f and IL-18, which leads
to inflammatory cascade and aggravates ALI [93, 94].

Cytc is involved in cellular respiration. It is the electron
carrier of complexes III and IV, and forms an ETC with
other oxidases at the mitochondrial crest [95]. Cytc com-
bines with apoptotic protein activating factor 1 (Apaf-1)
to form a complex, cleaves pro-caspase-9, thus activating
caspase-9, and then activates caspase-3, while GSDME is
specifically cut and activated by caspase-3, finally induc-
ing pyroptosis. H&E staining revealed a thickened alveo-
lar septa, and an increased number of neutrophils in the
interstitial gap [96, 97].

At present, the study on the relationship between ETC
dysfunction and immune pyroptosis only focuses on
macrophages and neutrophils, while the study on other
immune cells is still lacking.
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Mechanism of pyroptosis induced by abnormal Ca2+
steady-state imbalance
After the imbalance of Ca®>" homeostasis, pyroptosis is
induced by activating inflammatory proteins and pyrop-
tosis related enzymes, secreting inflammatory cytokines,
causing inflammatory response, and participating in ALL

The overload of calcium ions in mitochondria will
activate the inflammasome NLRP3, and then activate
caspase-1, which will lead to the pyroptosis of macro-
phages, and finally lead to IL-1( and IL-18 was cut and
matured [98-100]. In addition, calcium overload can also
activate the TLR4 receptor, thereby activating caspase-4
and leading to endothelial cell pyroptosis, and it leads
to increased permeability of pulmonary microvascular
endothelial cells, inducing ALI [28] (Fig. 3).

However, there is still a lack of research on dendritic
cells, natural killer cell, monocytes and other immune
cells due to pyroptosis induced by dysfunction of Ca**.

Treatment of pyroptosis induced by mitochondrial
dysfunction

Mitochondrial dysfunction and pyroptosis play an indis-
pensable role in the occurrence and development of ALIL
Factors related to mitochondrial dysfunction and related
molecular proteins in the process of pyroptosis may be
potential therapeutic targets for ALL

The therapy of mitochondrial function

Improving mitochondrial function can reduce the sever-
ity of ALL FuC et al. found that dexmedetomidine (DEX)
alleviates LPS induced ALI by improving oxidative stress
and mitochondrial dysfunction. The experimental results
show that DEX inhibits the generation of ROS after
LPS stimulation, and effectively inhibits histopathology
changes such as alveolar wall thickening, edema, inflam-
matory cell infiltration, furthermore, it also prevents
excessive vascular permeability [101]. (Table 1) Li W et al.
found that oxaloacetic acid treatment of ALI effectively
reduces the accumulation of ROS, significantly reduces
the expression of malondialdehyde (MDA), and signifi-
cantly increases the expression of superoxide dismutase
(SOD), thereby alleviating cell oxidative stress. And the
mRNA expression of peroxisome prolilorators-activated
receptor y coactivator 1 alpha(PGC-1a) and cyclooxy-
genase-2 (COX-2) are significantly increased, improving
mitochondrial respiratory function and enhancing bio-
genesis and energy metabolism in damaged cells [102].
(Table 1) HeW et al. found that Liangge Tang increased
the expression level of a-KG in TCA, thereby inhibiting
the activation of NF- kB to inhibit macrophage conver-
sion to M1 type and reduce the release of inflammatory
cytokine IL-1f and reduce pulmonary inflammation
[103]. (Table 1) For the ETC process, the application
of melatonin prevents the inhibition of mitochondrial



Yang et al. Respiratory Research (2024) 25:398 Page 9 of 13
Table 1 Examples of acute lung injury treated by mitochondrial function or pyroptosis
Treatment Classification Specific examples References

Improve mitochondrial dysfunction

Improving tricarboxylic acid cycle

Improving electronic transmission chain
Decrease macrophage pyroptosis

Decrease pyroptosis

Decrease endothelial pyroptosis

Improve the oxidative phosphorylation

Dexmedetomidine,
AdMsc-EXOS

Oxaloacetic acid,
Liang-Ge decoction
Melatonin
Ligustrazine,
Tetracycline,
Dexamethasone

Hepatocyte growth factor

complexes I and IV in ALI and improves the genera-
tion of mitochondrial ATP [104]. (Table 1) Recovery of
OXPHOS function can also improve the extent of ALI
damage. After application of adipose derived mesenchy-
mal stem cell derived exosomes (AAMSC Exos), it can
reduce the production of ROS in mitochondria, increase
the activity of OXPHOS, and reduce the expression of
IL-1p and TNEF-a after LPS stimulation, ultimately reduc-
ing pulmonary inflammatory response [105] (Table 1).

To sum up, the lung damage of ALI can be improved by
alleviating the dysfunction of TCA, ETC and OXPHOS,
thereby reducing oxidative stress, inflammatory cyto-
kines release, etc., but there is no drug to treat ALI with
Ca’* homeostasis, which can be used as a potential thera-
peutic approach.

Treatments of pyroptosis
It is found that inhibiting pyroptosis and reducing the
secretion of inflammatory cytokines can participate in
the treatment of ALIL

Konrad Peukert et al. found that treatment of ALI with
tetracycline reduced the accumulation of protein, albu-
min and neutrophils in bronchoalveolar lavage fluid,
namely effective relief of ALIL Immunoblot analyses
showed that tetracycline reduced cleavage and activa-
tion of the p45 caspase-1 precursor into its p20 subunit
in a dose-dependent fashion, thereby inhibiting the
conversion of pro-IL-18 and pro-IL-1p to IL-18 and
IL-1pB. Furthermore, tetracycline significantly inhibited
pyroptosis, which was manifested by reduced lactate
dehydrogenase(LDH) release [106]. (Table 1) Yang et al.
treated ALI with dexamethasone and found that disrup-
tion of alveolar structures and reduced infiltration of
inflammatory cells in the lung tissue. Results from flow
cytometry and confocal microscopy showed that dexa-
methasone negatively regulated NLRP3 inflammasome
activation by inhibiting NF-kB signaling pathway and
mtROS production. Western blot showed that the acti-
vation affected caspase-1, prevented the transcription
of IL-1p and IL-18, decreased secretion of inflamma-
tory cytokines, and significantly decreased LDH expres-
sion. Ultimately play a protective role in inflammation
induced by LPS-induced ALI [107]. (Table 1) Jiang et al.

found that TMP could inhibit the expression of TLR4
and TRAF6 as upstream molecules, and then prevent the
phosphorylation of NF-«xB p65 transcription factors into
the nucleus to reduce the expression of NLRP3, inhibit
the formation of inflammasome complex, reduce the lysis
of caspase-1, and lead to reduced macrophage pyroptosis.
In addition, when IL-1p and IL-18 are cut and activated
by caspase-1, they can be released outside the cell, so the
release of inflammatory cytokines was correspondingly
reduced [108]. Among them, H&E staining found that
it could effectively relieve pulmonary interstitial edema
and hemorrhage, alveolar wall thickness and inflamma-
tory cell infiltration caused by LPS [109]. (Table 1) In
addition, Peng F et al. found through experiments that
high expression of hepatocyte growth factor (HGF) can
avoid the disruption of high permeability and integrity of
lung endothelial cell monolayer induced by LPS, thereby
reducing the degree of ALI damage caused by LPS tra-
cheal infusion. In addition, after intravenous injection
of recombinant HGF, the expression of caspase-1 and
GSDMD decreased. Flow cytometry and immunofluo-
rescence results showed that mitochondrial integrity was
protected, and the ROS produced by endothelial pyrop-
tosis was reduced [110] (Table 1).

At present, there are only specific drug researches on
macrophages, while the therapeutic mechanism of other
drugs that inhibit neutrophils and other immune pyrop-
tosis on ALI remains to be studied.

Combined treatment approach

Studies have shown that mitochondrial targeted anti-
oxidants reducing the ROS produced by LPS stimulation
and increased ATP production and mitochondrial mem-
brane potential, it protected the mitochondrial function.
The mitochondrial targeted antioxidants increase the
expression of the anti-apoptotic factor Bcl-2 and that
of the pro-apoptotic factor BAK, which would decrease
the permeability of the mitochondrial outer membrane,
further reduce Cytc release from mitochondria and
inhibit the caspase cascade, reducing the activity of cas-
pase-3 and thereby inhibiting pyroptosis. Moreover, the
results of lung histopathological examination showed
that the mitochondrial targeted antioxidants group could
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significantly improve lung inflammation during ALIL
including interstitial edema, congestion and infiltration
of inflammatory cells into the lung parenchyma and alve-
olar spaces [111].

Conclusion and prospects

The pyroptosis induced by mitochondrial dysfunction
plays an important role in the process of ALL. When the
dysfunction of TCA, OXPHOS, ETC and Ca** homeo-
stasis occurs, it will induce immune cells such as mac-
rophages, natural killer cell to produce pyroptosis and
release inflammatory cytokines, induce a series of inflam-
matory reactions, and ultimately promote the occurrence
of ALI or aggravate the degree of lung injury.

At present, mitochondrial functional therapy mainly
focuses on alleviating the TCA, OXPHOS, ETC dysfunc-
tion, inhibiting inflammatory signal pathways, reducing
the release of inflammatory cytokines and other mecha-
nisms, but has not specifically involved improving Ca?*
homeostasis to play a role. On the other hand, it is to
reduce macrophage pyroptosis, alleviate pulmonary
inflammation by reducing inflammatory cytokines, and
has not yet reduced the pyroptosis of dendritic cells, nat-
ural killer cell and other immune pyroptosis to treat ALL

It may provide a new therapeutic direction and target
for clinical prevention and treatment of ALI to reduce
pyroptosis by improving mitochondrial dysfunction.

In addition, it was also found that mitochondrial
dynamics, such as improving fusion and reducing fis-
sion, participated in the treatment of ALI by reducing
the secretion of inflammatory cytokines and alleviating
oxidative stress damage, and it was also found that it can
induce immune pyroptosis, so the mechanism of pyrop-
tosis induced by mitochondrial dynamics in ALI could
also be studied in the future.
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