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Abstract: Bronchial asthma is a complex heterogeneous airway disease, which has emerged as a global health issue. 
A comprehensive understanding of the different molecular mechanisms of bronchial asthma may be an efficient means to improve 
its clinical efficacy in the future. Increasing research evidence indicates that some types of programmed cell death (PCD), including 
apoptosis, autophagy, pyroptosis, ferroptosis, and necroptosis, contributed to asthma pathogenesis, and may become new targets for 
future asthma treatment. This review briefly discusses the molecular mechanism and signaling pathway of these forms of PCD focuses 
on summarizing their roles in the pathogenesis and treatment strategies of asthma and offers some efficient means to improve clinical 
efficacy of therapeutics for asthma in the near future. 
Keywords: asthma, bronchial asthma, programmed cell death

Introduction
Asthma is a complex heterogeneous airway disease identified by pulmonary inflammation, airway hyperresponsiveness, 
mucus hypersecretion, and airway remodeling.1 Asthma has become a global health challenge with more than 
300 million patients worldwide. Due to its rising prevalence,2 its sufferers may reach 400 million in 2025.3 Although 
great improvement has been made in the treatment of asthma in recent decades, there are still 5% to 10% patients are 
suffering from uncontrollable severe asthma.4 Asthma remains a great cause of heavy disease burden, including reduced 
quality of life and premature death at all ages.5 Therefore, it is compulsory to further evaluate more effective treatment 
options for asthma. Fully comprehending the molecular mechanism of asthma may be an effective method to discover 
new drug targets and enrich asthma treatments.

Cell death is deemed to be the final stage of cell physiology, has physiological and pathological functions, and 
functions more importantly in the organism onset, the maintenance of physiological homeostasis, and the development of 
diseases. In adults, 5~70 billion cells will die every day.6 Initially, it was presumed that there were only two different 
types of cell death: One is necrosis, which is regarded as a passive and accidental cell death with the release of a large 
number of inflammatory cytoplasmic contents to the extracellular space; The other is apoptosis, also known as 
programmed cell death (PCD), which is regarded as an active, programmed process of autonomous cellular dismantling 
without the release of cytoplasmic concentration to the extracellular space.7,8 In recent years, some other types of PCD 
were found and defined.9 As the study advanced, several studies demonstrated that some forms of PCD, including 
autophagy, pyroptosis, ferroptosis, and necroptosis, contributed to asthma pathogenesis, and may become new targets for 
future asthma treatment. In this review, we temporarily described the molecular mechanisms of these PCD forms and 
summarized and examined their key functions in the pathogenesis and treatment strategies of asthma, to offer some 
references for future research and PCD application in asthma (Table 1).
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Apoptosis
Apoptosis is the most thoroughly studied and described form of programmed cell death. In 1972, Kerr, Wyllie, and Currie 
introduced the concept of apoptosis and described the morphological characteristics of apoptosis, including cell 
shrinkage, cell membrane blebbing, nuclear fragmentation, and high chromatin condensation.10 The signal pathway of 
apoptosis can be classified into intrinsic and extrinsic pathways(Figure 1).

The intrinsic pathway of apoptosis also referred to as the mitochondrial pathway of apoptosis, is stimulated by the 
disruption of cellular homeostases such as oxidative stress, endoplasmic reticulum stress, or DNA damage. The intrinsic 
pathway of apoptosis is a method of cell suicide via mitochondrial outer membrane permeability (MOMP). MOMP 
causes the release of pro-apoptotic factors, including cytochrome c and the second mitochondria-derived activator of 
Caspases (SMAC), from the mitochondrial intermembrane space into the cytoplasm. Cytochrome C combines with 
apoptotic protease activating factor-1 (APAF-1) and pro caspase 9 to form apoptosomes. In the apoptosomes, caspase-9 
activates itself and cleaves pro-caspase-3 and pro-caspase-7. The cleavaged caspase-3 and caspase-7 have the function of 
“executioner” of apoptosis, which ultimately induces apoptosis. Meanwhile, SMAC encourages apoptosis by obstructing 
the function of the inhibitor of apoptosis proteins (IAPs).11,12

Extrinsic apoptosis is controlled by several B-cell lymphoma 2 (BCL-2) family proteins, which can be categorized 
into three: (1) pro-apoptotic proteins, including Bcl-2-associated X protein (BAX) and Bcl-2 antagonist/killer 1 (BAK). 
When receiving apoptosis signals, they will be stimulated and oligomerized at the outer membrane of mitochondria 
leading to increased permeability of the mitochondrial membrane, which is regarded as a core step of apoptosis;13 (2) 
anti-apoptosis proteins, including Bcl-2, Bcl-xl, Bcl-w, and Mcl-1, which contributed to the stability of mitochondrial 
membrane; (3) BH3-only proteins, including BAD, BID, Bim, and Bik, can promote apoptosis by activating pro- 
apoptotic proteins or neutralizing anti-apoptotic proteins.9,12

The extrinsic pathway of apoptosis also called the death receptor pathway, is activated by the perturbation of the 
extracellular microenvironment and the signal transduction of the death receptor. Death receptors are some transmem
brane proteins that can bind to extracellular specific ligands and transduce apoptotic signals into cells. Death receptors 

Table 1 Comparison of Apoptosis, Autophagy, Pyroptosis, Ferroptosis, and Necroptosis

Programmed 
Cell Death

Apoptosis Autophagy Pyroptosis Ferroptosis Necroptosis

Morphological 

characteristic

Cell shrinkage Intracellular 

vacuole

Cell swelling Small and round cell Cell swelling

Cytomembrane Plasma membrane 
blebbing

Focal plasma 
membrane 

rupture

Plasma membrane 
pore formation, 

plasma membrane 

rupture

No blebbing or rupture of 
the cell membrane

Plasma membrane 
pore formation, 

plasma membrane 

rupture
Cytoplasm Pseudopods retracted 

and organelles arranged 

closely

Cytoplasm 

vacuolation and 

amorphous

Osmotic swelling Reduced or absent 

mitochondrial cristae, 

shrunken and ruptured 
mitochondrial membranes

Cytoplasmic swelling, 

organelle swelling

Nucleus Nuclear condensation 

and fragmentation, highly 
condensed chromatin, 

DNA ladder

Mild to 

moderate 
chromatin 

condensation

Nuclear pyknosis, 

random DNA 
fragmentation

Normal nucleus Nuclear pyknosis, 

chromatin 
fragmentation, 

random DNA 

fragmentation
Biochemical 

halmarkers

Activation of caspase-3/7 

and its substrate cleavage

Autophage 

assembly and 
degradation

Inflammatory caspase 

activation, GSDMD 
cleavage, IL-1β, and IL- 

18 release

Iron metabolism disorder, 

GSH depletion and/or 
GPX4 inactivation, lipid 

peroxidation

RIPK1, RIPK3 MLKL 

activation

Executioner Caspases (caspase-3/7) Autolysosomes GSDMD-N Lipid peroxidation P-MLKL
Special 

microstructure

Apoptotic bodies Autophagosomes Pyroptotic bodies Mitochondrial membrane 

rupture

Necroptotic bodies

https://doi.org/10.2147/JIR.S417801                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2023:16 2728

Liu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


belong to the tumor necrosis factor receptor gene superfamily and have a cysteine-rich extracellular domain and an 
intracellular domain comprising homologous amino acid residues. This intracellular domain has a proteolytic function 
and is called the Death Domain (DD), which is a key structure in apoptosis signal transduction. Currently known death 
receptors include TNFR1, Fas, DR3, DR4, and DR5, of which FAS is the most renowned.14 When FAS and FAS ligands 
(FasL) are integrated, FAS will be activated by trimerization. FAS interacts with FAS-linked protein with death domain 
(FADD) through DD, which results in the conformational change of FADD. The conformational altered FADD recruits 
pro-caspase-8 via its death effector domain to form the Death-inducing signaling complex (DISC), which can initiate pro- 
caspase-8. Activated caspase-8 can directly activate caspase-3 and caspase-7 to induce apoptosis, or cleaves BID into 
tBID and triggers MOMP to mediate apoptosis.15,16

Although the provoking signals of the two apoptotic pathways vary, they both undergo a series of caspase activation. 
The finally activated apoptotic “executioner” caspase-3/7 cleaves the cell substrate and causes apoptosis. Apoptotic cells 
will discharge some “find me” signals (adenosine triphosphate, uridine triphosphate, etc.), and express some “eat me” 
molecules (phosphatidylserine, phosphatidylcholine, phosphatidylethanolamine, etc.) on the surface, which gathers 
phagocytes to engulf them before the loss of cytomembrane integrity.8 Therefore, the cytoplasmic and nuclear contents 
of apoptotic cells will not be discharged into the extracellular space.

Apoptosis in Asthma
It is well known that multiple cell types, including airway epithelial cells, eosinophils, neutrophils, and immune cells, 
contribute to chronic airway inflammation, mucus hypersecretion, and airway hyperresponsiveness in asthma. Next, we 
tried to separately describe the role of apoptosis of different cell types in the pathogenesis of asthma.

Figure 1 Signaling pathway of apoptosis. Intrinsic apoptotic pathway: Intracellular damage signals make mitochondrial outer membrane permeabilization (MOMP) release 
cytochrome C and the second mitochondria-derived activator of caspases (SMAC) into the cytoplasm. Cytochrome C integrates with apoptotic protease activating factor-1 
(APAF-1) and pro-caspase - 9 to establish apoptosomes. In the apoptosomes, caspase-9 self-activates and reactivates the apoptotic “executioner” function of caspase-3/7. At 
the same time, SMAC impedes the function of inhibitors of apoptosis proteins (IAPs) and fosters apoptosis. BH3-only proteins can activate pro-apoptotic proteins and inhibit 
anti-apoptotic proteins, thereby fostering apoptosis. Extrinsic apoptotic pathway: after the death ligand binds to the death receptor, the death receptor interacts with the 
adapter protein FAS-associated protein with death domain (FADD) and recruits pro-caspase-8 to create the death-inducing signaling complex (DISC), and caspase-8 is 
activated, which can directly activate caspase-3/7, and can also cleave Bid into active tBID, thereby inducing MOMP-mediated apoptosis.
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Airway epithelial cells comprise the physical barrier between the respiratory system and the external environment, 
which is at the forefront of defense against harmful inhaled substances and plays a crucial role in inflammatory 
responses, immune responses, and airway repair.17 The destruction of the airway epithelial barrier is a major issue in 
the pathogenesis of asthma.18 Injury and abscission of airway epithelium were found in bronchoscopic biopsy tissues of 
patients with moderate to severe asthma,19,20 which may be a result of excessive apoptosis of airway epithelial cells.21 

Prior studies observed that clusters of apoptotic bronchial epithelial cells, called Creola bodies, linger in the induced 
sputum of asthmatic patients, particularly those with severe asthma.22,23 Apoptotic epithelial cells were discovered in 
bronchial biopsy specimens of children and adults with asthma, whereas there were no or few in normal controls.24–27 

Through immunofluorescence staining, Jiangbo Wang et al discovered that the expression of caspase-3 in bronchial 
epithelial cells of asthma patients increased, and the increase was most evident in samples from patients with severe 
asthma.28 Increased apoptosis of airway epithelial cells was also found in asthma mice influenced by OVA,29 HDM,30 

and the fungal allergen Alternaria alternata.31 Studies have shown that the increased apoptosis of epithelial cells is 
a crucial mechanism by which some external factors cause the worsening of asthma. For example, in vitro and in vivo 
experiments revealed that PM2.5 exposure influenced the severity of experimental asthma by stimulating more epithelial 
cell apoptosis.32,33 However, the extent of pathological airway epithelial cell apoptosis in asthmatic patients is still 
unknown, and its importance to the pathogenesis of asthma has not been comprehensively established.

Studies have determined that nearly 50% of patients with slight to moderate asthma have increased eosinophils in the 
respiratory tract, and the increase of eosinophil count in the peripheral blood is linked to the severity of the disease.34,35 

Eosinophils accumulate in the lung tissue of asthma patients and contribute to inflammation and tissue damage by 
releasing granular cytotoxic substances.36 Unlike healthy individuals, the apoptosis of eosinophils in peripheral blood and 
lung tissues of asthmatic patients is prolonged,37,38 which was linked to the severity of asthma. Jennifer M Felton et al 
discovered that, unlike wild-type (WT) mice, mice overexpressing Mcl-1 revealed less eosinophil apoptosis and more 
severe airway allergic inflammation after OVA sensitization.39 Currently, there is no definitive outcome on the cause of 
delayed eosinophil apoptosis in asthma, which may be linked to cytokines that improve eosinophil survival rates, such as 
GM-CSF, IL-5, and IL-3, and may also be linked to thymic stromal lymphopoietin (TSLP) and IL-33 secreted by 
damaged airway epithelial cells.40 Enhanced adhesion of eosinophils themselves may also be one of the factors.41 

Inducing eosinophil in apoptosis has become a treatment strategy for asthma. For example, glucocorticoids can accelerate 
eosinophil apoptosis, which is deemed to be one of its therapeutic mechanisms for asthma.42 Benralizumab is 
a humanized IgG1 monoclonal antibody. One the one hand, benralizumab can target the IL-5Rα and IL-5RβC subunits 
of IL-5R, which results in a sharp decrease in the number of eosinophils in the airway and blood. On the other hand, 
benralizumab can act on neutrophils, macrophages, and natural killer cells, leading to apoptosis of eosinophils by 
enhancing the effect of antibody-dependent cell-mediated cytotoxicity.43 In 2017, the FDA approved benralizumab for 
patients with severe eosinophilic asthma 12 years and older with steroid- resistance.

It was initially presumed that airway inflammation in asthma was primarily eosinophilic inflammation driven by TH2 
immune response.44 However, with intensifying studies, it has been discovered that more than 50% of asthmatic patients 
had no evident eosinophil increase in their airways.45 According to the classification proportion of inflammatory cells in 
induced sputum, asthma can be classified into eosinophilic asthma, neutrophilic asthma, mixed asthma, and paucigra
nulocytic asthma.46 Among them, neutrophilic asthma is closely linked to severe asthma and refractory asthma, which 
has garnered the attention of clinicians and researchers.47 The study revealed that the apoptosis of neutrophils in the 
airways of patients with severe asthma was prolonged, and culturing blood-derived neutrophils in sputum sols from 
patients with severe asthma can prolong their apoptosis.48,49 Apoptotic-delayed neutrophils accrue in the airways and 
contribute to the presence and exacerbation of asthmatic airway inflammation.50

Toluene diisocyanate (TDI) is a commonly used industrial organic compound, which is a prevalent cause of 
occupational asthma.51 In TDI-induced asthma model mice, the expression defect of TLR4 causes impaired neutrophil 
apoptosis by up-regulating BCL-2, which exasperates the pathological changes of asthma.52,53 The apoptosis of 
neutrophils is controlled by multiple cytokines such as IL-6, IL-8, GM-CSF, G-CSF, and MCP-1, but the exact 
mechanism of delayed apoptosis in asthma remains unclear.54 Inducing neutrophils to apoptosis has become a new 
strategy for severe asthma treatment. For example, tamoxifen, a non-steroidal estrogen receptor modulator with an 
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immune regulation role, can mitigate the pathological changes of asthma by inducing neutrophil apoptosis in the blood 
and lung tissue of the horse asthma model.55

The dysfunctional apoptosis of some other forms of cells also causes the pathogenesis of asthma. Research revealed 
that the number of activated T lymphocytes in the peripheral blood and airways of asthma patients was augmented.56 

Unlike healthy controls and COPD patients, mononuclear cells in the airways of asthmatic patients have multiplied Bcl-2 
expression, lowered Fas expression, and blocked apoptosis, which may be a critical reason for the accumulation of 
activated lymphocytes in the airways of asthmatic patients and the long-term persistence of asthmatic airway 
inflammation.57,58 Unlike TH1 lymphocytes, Th2 lymphocytes are more immune to activation-induced apoptosis, and 
increasing Th2 apoptosis can help to relieve allergic asthma.56,59

Therapeutic Strategies for Asthma Targeting Apoptosis
Apoptosis has both physiological and pathological effects on asthma. Furthermore, apoptosis of various cell types will 
indicate different impressions on asthma, which causes a few contradictory treatment effects of drugs regulating cell 
apoptosis. For example, glucocorticoids, while inducing apoptosis of eosinophils and lymphocytes to suppress inflam
mation, also augmented the apoptosis of airway epithelial cells, causing harm to the airway barrier.60 Given this reason, 
although there are several drugs targeting apoptosis, they are less employed in asthma treatment.61

Small molecule inhibitors of Bcl-2, ABT-737, and ABT-199, were found to be more effective in inducing 
eosinophils and neutrophils to apoptosis than glucocorticoids, may be a promising drug for asthma, particularly severe 
glucocorticoid-insensitive asthma.62 Bao Ping Tian et al synthesized a nano preparation of ABT-199, Nf-ABT-199, 
which can explicitly deliver ABT-199 to the mitochondria of airway inflammatory cells, has been confirmed in 
asthmatic mice that it can specifically and effectively induce eosinophil apoptosis, and considerably reducing airway 
inflammation.63

Some studies discovered that traditional Chinese medicine ingredients, such as Ephedrae Herba-Armeniacae Semen 
Amarum,64 Osthole,65 and Apigenin,66 were advantageous to asthma by inhibiting airway epithelial cells from apoptosis. 
Combined Extracts of Epimedii Folium and Ligustri Lucidi Fructus were determined to induce apoptosis in lung tissue 
and relieve airway remodeling in asthmatic rats.67

Autophagy
Autophagy, a process of cellular “self-eating”, allows for the degrading of redundant or dysfunctional cellular elements in 
eukaryotic cells, such as damaged organelles and misfolded proteins, to sustain cellular homeostasis.68 However, 
excessive or unbridled autophagy has been linked to various forms of caspase-independent cell death coined “autophagic 
cell death”.69 Here, this section mainly discusses autophagy as the core component of autophagic cell death in asthma.

The morphological feature of autophagy is the formation of a double-membrane autophagosome comprising cyto
plasmic components or damaged organelles. Autophagy can be classified into three types: macro-autophagy, micro- 
autophagy, and chaperone-mediated autophagy, usually, macro-autophagy is called autophagy.70 The entire process of 
autophagy is tightly regulated by autophagy-related genes (ATG). More than 40 genes encoding Atg proteins have been 
observed in yeast, most of which are conservative between yeast and mammals, indicating that autophagy is an 
evolutionarily conserved degradation system(Figure 2).71

The autophagy process comprises several closely related steps, including Induction, assembly, and formation of 
autophagosome, the fusion of autophagosome and lysosomes, and degradation and recirculation of autophagosomal 
contents.72 Autophagy can be inducted by nutrition deficiency, organelle damage, protein folding error or aggregation, 
microbial infection, and other internal and external factors. When the mTORC1 complex is prevented or 5 ‘- AMP- 
activated protein kinase (AMPK) is activated, the Unc-51-like kinase 1 (ULK1) complex is activated and subcellular 
localized to the endoplasmic reticulum.73 The ULK1 complex phosphorylates and activates the Beclin-1-PI3KC3 
complex, inducing the nucleation phase of autophagy. Then, the Beclin-1-PI3KC3 complex enhanced the activity of 
phosphatidylinositol 3-phosphate (PI3P) and triggered the formation of the autophagosome membrane. Furthermore, the 
combination of ATG5, ATG12, and ATG16L results in the extension of the autophagosome membrane. With the aid of 
ATG5, ATG12, ATG16L, ATG3, and ATG7, microtubule-associated protein 1 light chain 3 (LC3) was modified by 
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cellular lipid phosphatidylethanolamine (PE) and transformed into LC3-II. The recruitment of LC3-II helps to further 
isolate ubiquitinated substances into advancing autophagosomes. Sealing of the autophagosomal membrane causes the 
double-membraned mature autophagosome, which is transferred to the perinuclear region and merged with lysosomes to 
establish autophagic lysosomes. The components of autophagosomes are degraded by lysosomal enzymes, and nutrients 
are recycled.74,75

Mitochondria are the energy factory of cells and play a significant role in cell physiological activities. It is crucial to 
clear damaged mitochondria timely and appropriate. The process of overtly degrading damaged mitochondria via 
autophagy is called mitochondrial autophagy.76 Mitochondrial autophagy can be classified into ubiquitin-mediated 
mitochondrial autophagy and receptor-mediated mitochondrial autophagy. The PINK1/Parkin pathway of ubiquitin- 
mediated mitochondrial autophagy is primarily introduced below. PINK1 (PTEN-induced putative kinase 1) is 
a protein kinase. Normally, PINK1 synthesized in the cytoplasm will enter the inner mitochondrial membrane and be 
cleaved by presenilins-associated rhomboid-like (PARL), then quickly degraded by the ubiquitin/proteasome system. 
When mitochondria are destroyed, the continuous depolarization of the inner mitochondrial membrane prevents PINK1 
from entering the inner mitochondrial membrane, causing the buildup of PINK1 in the outer mitochondrial membrane. 
PINK1 is activated by autophosphorylation, and Parkin is moved to the surface of mitochondria. Parkin has E3 ubiquitin 
ligase activity, ubiquitinates numerous substrates at the outer mitochondrial membrane, and recruits mitochondria to the 
autophagy pathway after being identified by ubiquitin-binding proteins such as p62 so that ubiquitinated mitochondria are 
phagocytosed by autophagosomes.77,78

Figure 2 Signaling pathway of Autophagy. Macroautophagy: When a mechanistic target of rapamycin complex 1 (mTORC1) is blocked or 5’-AMP-activated protein kinase 
(AMPK) is activated, the Unc-51-like kinase (unc-51-like kinase, ULK) complex activates and phosphorylates the PI3K3 complex to start the nucleation phase of the 
autophagosome. Under the action of ATG4, ATG7, and ATG3, microtubule-linked protein1 light chain 3 (LC3) transforms into mature LC3-II, isolating ubiquitin-like 
substances into evolving autophagy. The binding of ATG5, ATG12, and ATG16 further stimulate autophagic membrane elongation. Finally, the autophagosome membrane 
seals to create mature autophagosomes, which merge with a lysosome to form autolysosomes, and the contents of the autophagosome are degraded by lysosomal enzymes. 
PINK1/Parkin-mediated mitophagy: When mitochondria are damaged, the protein kinase PINK1 is blocked from entering the inner mitochondrial membrane, but accrues in 
the outer mitochondrial membrane and is activated by autophosphorylation, and then recruits and activates Parkin. Parkin ubiquitinates several mitochondrial membranes 
substrates on the mitochondrial outer membrane. After these ubiquitinated substances are identified by ubiquitin-binding proteins such as p62, the damaged mitochondria 
are phagocytized and cleared by autophagosomes. Molecular chaperone-mediated autophagy: Molecular chaperone HSC70 particularly identifies and binds target proteins 
with KFERQ-like motifs, and transports these target proteins to lysosomes for degradation via the lysosomal membrane protein LAMP-2A.
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Unlike the preceding two autophagy modes, highly-selective chaperone-mediated autophagy does not depend on 
double-membrane vesicles. Instead, the molecular chaperone protein HSP70 explicitly recognizes and binds target 
proteins with KFERQ-like motifs, and induces their transport to lysosomes via the lysosomal membrane protein 
LAMP-2A.79

Autophagy in Asthma
Studies have demonstrated that the single nucleotide polymorphism of AGT5 is linked to childhood asthma, and the 
expression level of ATG5 mRNA in children with asthma is greater than that in normal children.80,81 In adults, ATG5 and 
ATG7 gene polymorphisms are linked to neutrophil counts in the induced sputum of asthmatic patients.82 In patients with 
refractory asthma, the expression level of ATG5 was positively related to the expression level of Collagen Type V Alpha 
1 Chain (COL5A1) in the airway.83 Fan Yang et al determined 66 autophagy-related genes (ARGs) with differential 
expression levels between mild and severe asthma patients, and classified asthma into high autophagy subtypes and low 
autophagy subtypes on this premise. There were substantial differences between the two asthma subtypes in the level of 
symptom control and the reversibility of FEV1. The construction of an autophagy-related risk model may help to forecast 
the difficulty of asthma clinical control.84 Through electron microscopy, Audrey. H. Poon et al found double-membrane 
autophagosomes in fibroblasts and epithelial cells of bronchoscopic biopsy tissues from asthma patients, and few or none 
were found in normal controls.85 Tian Liu et al also got consistent results, and they discovered increased autophagosomes 
in the lung tissue of OVA asthma mice.86 The above genetic and histological evidence indicates that autophagy 
contributes to asthma pathogenesis.

Autophagy of airway epithelial cells is linked to airway mucus hypersecretion in asthma. In the airway epithelium of 
asthmatic patients and asthmatic mice, MTOR activity was decreased and autophagy level was augmented. Specific 
knockdown of MTOR in mouse bronchial epithelial cells improved allergen-induced airway inflammation and mucus 
hypersecretion, while knockdown of LC3B had a conflicting effect.87 IL-13 stimulated bronchial epithelial cells in vitro 
to increase the expression and secretion of intracellular mucin MUC5AC. After using small interfering RNA to reduce 
the expression of intracellular ATG5 or ATG14, several MUC5AC accumulated in the cells and could not be secreted 
outside the cells. After lowering the expression of ATG5 or ATG14 with small interfering RNA, numerous MUC5ACs 
accrued in the cells and could not be secreted. Unlike WT mice, ATG16L1-/- asthmatic mice had more and larger goblet 
cells in the airways but lowered MUC5AC content in bronchoalveolar lavage fluid (BALF).88 These outcomes indicate 
that autophagy is important for airway mucus secretion in asthma. However, J M Sweet et al89 found that during peak 
and resolution phases of mucous metaplasia, autophagy activity rather than secretion is required for the elimination of 
remaining mucin granules, which suggests that the interplay between autophagy and asthmatic epithelium is complex.

Airway remodeling is one of the major pathological features of asthma, which is linked to epithelial-mesenchymal 
transition (EMT) and airway fibrosis.90 EMT is a process in which epithelial cells gradually transform into mesenchymal- 
like cells and lose their epithelial functions and features, manifested by decreased expression of epithelial cell markers 
such as E-cadherin and increased expression of mesenchymal cell markers such as vimentin.91 Tian Liu et al discovered 
that inhibition of autophagy with the PI3K inhibitor LY-294002 or AGT5 si-RNA could lower FSTL1-induced EMT in 
bronchial epithelial cells, and LY-294002 could also lower EMT in the airways of asthmatic mice in vivo.86 TDI- 
stimulated EMT of bronchial epithelial cells was augmented by the autophagy activator rapamycin and mitigated by the 
autophagy inhibitor 3-methyladenine (3-MA).92 These outcomes indicate that autophagy contributes to EMT regulation 
in asthma.

Asthmatic airway fibrosis implies the excessive deposition of extracellular matrix proteins such as interstitial 
collagen, fibronectin, and proteoglycans in the subepithelial reticular layer, which are mostly controlled by fibroblasts 
and myofibroblasts.93 TGF-β1, a cytokine significantly increased in asthma, can boost the expression of fibrosis-related 
proteins by inducing autophagy in bronchial fibroblasts.94 The bioinformatics analysis demonstrated that, unlike healthy 
controls, mitochondrial autophagy genes were common in fibroblasts from patients with severe asthma, along with 
increased expression of PINK1, Parkin. Furthermore, the mitochondrial metabolic activity of fibroblasts from patients 
with severe asthma decreased considerably, implying that the mitochondria of fibroblasts from patients with severe 
asthma were damaged and autophagy levels increased.95 Rakhee K Ramakrishnan et al indicated that, unlike healthy 
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controls, bronchial fibroblasts from severe asthma patients had more mitophagy, collagen, and fibronectin expression, and 
extracellular matrix deposition when activated with IL-17 in vitro. Furthermore, the blockade of autophagy with 
Bafilomycin-A1 attenuated these airway fibrotic changes, indicating that enhanced mitophagy in severe asthma is closely 
linked to airway fibrosis.96

Group 2 innate lymphoid cells (ILC2) can yield and secrete numerous type 2 cytokines, such as IL-5 and IL-13, 
which induce eosinophilic infiltration in the asthmatic airways.97 Lauriane Galle-Treger et al activated ILC2s from WT 
and Atg5 -/- mice with IL-33 in vitro, and the findings revealed that ILC2s from Atg5 -/- mice secreted less IL-5, IL-13, 
IL- 9, IL-6, and GM-CSF. In vivo, the increase of ILC2s in bone marrow, pulmonary inflammation, and airway 
hyperresponsiveness of Atg5 -/- asthmatic mice were not as prevalent as those of WT mice.98 In asthma, multiple 
activated B lymphocytes gather in the lung parenchyma and contribute to the pathogenesis of asthma by producing 
antigen-specific antibodies and processing and presenting antigens.99 One research demonstrated that the autophagy level 
of B lymphocytes in the lung tissue of asthmatic mice was increased, and the defective expression of AGT5 in 
B lymphocytes mitigated airway inflammation in asthmatic mice.100 Unlike healthy controls and patients having slight 
to moderate asthma, autophagy levels in peripheral blood eosinophils and neutrophils were both augmented in patients 
with severe asthma.101,102 Autophagy level was also augmented in eosinophils in the airways of asthmatic mice,103 and 
blocking the autophagy pathway can enhance airway inflammation in asthmatic mice.103,104 These pieces of evidence 
show that autophagy is closely linked to inflammation in asthma, and controlling autophagy may be a new target for 
asthma treatment.105

All the preceding studies indicate that enhanced autophagy can worsen asthma, but other studies have discovered that 
autophagy defect is also not tolerant to asthma. Yuzo Suzuki et al discovered that, unlike WT mice, the proportion of 
inflammatory cells in the BALF of Atg5 -/- asthmatic mice were substantially increased, and the peribronchial 
inflammation and tracheobronchial wall thickening were also even worse. The impaired autophagy pathway appeared 
to aggravate neutrophilic airway inflammation in asthma.106 Further in vitro experiments revealed that the dendritic cells 
of Atg5 -/- mice secreted more IL-1, IL-23, and IL-17, which led to more severe glucocorticoid-resistant neutrophilic 
asthma.106 Yuzo Suzuki et al indicated that the level of autophagy in the airway epithelial cells of obese asthmatic mice 
was not increased like that of non-obese mice, and obesity may hinder the autophagy mechanism of the airway epithelial 
cells, which caused more adverse airway inflammation and glucocorticoid resistance.107 Surprisingly, one research 
discovered that P62, a multifunctional adaptor protein that plays a crucial role in autophagy, was increased in the spleen 
cells of asthmatic mice while decreased in BALF neutrophils, indicating that autophagy is individually regulated in these 
two systems.108 Recent research found that Apelin-13, an innovative multifunctional protein, increased the pathway of 
mitophagy and induced mitochondrial homeostasis by activating PINK1/Parkin signaling in bronchial epithelial cells, 
thereby decreasing the oxidative damage of the airway in asthmatic mice.109 These outcomes reflect the complexity of 
autophagy in asthma, the impact of autophagy on asthma cannot be generalized, and more studies are required to evaluate 
the refined regulatory mechanisms.

Therapeutic Strategies for Asthma Targeting Autophagy
The typically used autophagy inhibitors are 3-MA, chloroquine, and bafilomycin A1. 3-methyladenine (3-MA), 
a selective inhibitor of PI3K, has been confirmed in many in vivo and in vitro studies that it can enhance airway 
inflammation, AHR, and airway remodeling of asthma by inhibiting autophagy.92,104,110,111 However, 3-MA is not 
appropriate for clinical treatment due to its toxicity (eg, induction of apoptosis).112 Bafloromycin A1 (BafA1) is 
a macrolide antibiotic that can hinder the fusion of autophagosomes and lysosomes.113 BafA1 can counteract IL-17- 
related fibrotic response in bronchial fibroblasts,94 and can also enhance glucocorticoid insensitivity of refractory 
asthma.114 Chloroquine and its derivative hydroxychloroquine can enhance the pH value of lysosomes and hamper the 
formation of autophagic lysosomes.115 In asthmatic mice, inhibition of autophagy by chloroquine can relieve airway 
inflammation, mucus hypersecretion, and airway remodeling.94 Both chloroquine and hydroxychloroquine are well- 
tolerated drugs, and hydroxychloroquine has obtained satisfactory outcomes in Phase II clinical trials in cancer.116 

However, the pharmacological effects of chloroquine are very complex and vague, which restricts its use in asthma 
treatment. P140 peptide, a therapeutic peptide targeting chaperone-mediated autophagy, which is currently examined in 
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Phase III clinical trial in lupus, can substantially lower the accumulation of eosinophils and lymphocytes in BALF in 
asthmatic mice, indicating the potential of molecular chaperone-mediated autophagy modulator in asthma.108 Several 
other autophagy inhibitors such as ULK-1 inhibitors SBI-0206965 and MRT68921 are under innovation in cancer and 
may be employed in asthma treatment in the future.117 Future studies should also evaluate the site-specificity of 
autophagy modulators, such as developing novel inhalers or nanoparticle-based cell-targeting approaches to prevent 
potential side effects from action-site nonspecificity.118

Rapamycin (RAPA), also called “sirolimus”, is a macrolide drug that initiates autophagy by inhibiting the activity of 
mTOR protein. It has been authorized by the US Food and Drug Administration (FDA) for the prevention of immune 
rejection after organ transplantation and the treatment of sporadic lymphangioleiomyomatosis.119 The function of RAPA in 
asthma is contentious. Fredriksson et al discovered that the simultaneous administration of RAPA during the development of 
the HDM asthma model can well inhibit airway inflammation, airway hyperresponsiveness, and goblet cell proliferation. 
However, when the HDM asthma model is effectively established, PAPA actually magnified these pathological reactions.120 

Further studies discovered that RAPA can mitigate airway inflammation in asthmatic mice by limiting the ability of ILC2s to 
yield IL-5, regulating the balance of Th1/Th2 cytokines, and inhibiting eosinophil differentiation.121–123

Statins, such as simvastatin, can also relieve asthma by regulating autophagy. In asthmatic mice, simvastatin lowered 
airway remodeling by increasing autophagy levels in bronchial smooth muscle cells, lowering IL-4, IL-5, and IL-13 
secretion, and reversing extracellular matrix deposition.124 Statins enhanced the anti-inflammatory effect of inhaled 
glucocorticoids by modulating autophagy and may become an innovative method for the treatment of glucocorticoid- 
resistant asthma.125 Research revealed that yeast fermentation prebiotics126 and vitamin D127 can relieve asthma by 
regulating autophagy.

Some traditional Chinese medicine ingredients, including Chrysophanol,128 Luteolin,129 Rhynchophylline,130 

Vitexin,131 Cycloastragenol,132 Astragalin,133 Paeoniflorin,134 Sesamin,135 and some Chinese medicine mixtures, includ
ing Wuhu decoction,136 Qingfei oral liquid,137 Pingchuanning decoction,138 have been shown to relieve airway inflam
mation, AHR, and airway remodeling in asthmatic mice by regulating autophagy. Furthermore, acupuncture, as a widely 
used TCM treatment, was determined to treat asthma by inhibiting ATG5-mediated autophagy to regulate endoplasmic 
reticulum stress and CD4+ T lymphocyte differentiation.139

Pyroptosis
Pyroptosis is an inflammatory PCD described by Cookson and Brennan 2001.140 Pyroptosis is the formation of pores in 
the cell membrane, and the cells continue to swell until rupture, resulting in the release of inflammatory factors into the 
extracellular space, which causes a strong inflammatory response.141 The signaling pathways of pyroptosis mostly 
include the classical pathway and the non-classical pathway (Figure 3).

The classical pyrolytic pathway is mediated by the assembly of inflammasomes and depends on Caspase-1. Most 
inflammasomes comprise three components: (1) Receptor proteins, such as NLRP1, NLRP3, NLRC4, AIM2, and pyrin, 
of which NLRP3 is the most researched. (2) The adaptor protein ASC, contains CARD. CARD is essential for the 
recruitment of pro-caspase-1. Some pattern recognition receptors, such as PRR, also have CARD and can directly recruit 
pro-caspase-1.142 (3) The effector protein pro-caspase-1.143 After the inflammasome is formed, pro-caspase-1 is hydro
lyzed to mature cleaved caspase-1. On the one hand, caspase-1 can cleave GSDMD to create GSDMD-C and GSDMD- 
N. Multiple GSDMD-Ns oligomerize and transfer to the cell membrane, creating non-selective pores with an inner 
diameter of about 10–14 nm, leading to cell swelling and rupture. On the other hand, caspase-1 also cleaves pro-IL-1β 
and pro-IL-18 into mature IL-1β and IL-18, which are released to the extracellular space via the membrane pores 
mentioned above, which induces a strong inflammatory response.12,143,144

The non-classical pyroptotic pathway does not rely on caspase-1 but on caspase-4/5/11. Caspase-4/5 (the mouse 
orthologous caspase-11) can be directly stimulated by LPS in the cytoplasm. Activated caspase-4/5/11 can cleave 
GSDMD, but not pro-IL-1β and pro-IL-18. The membrane pores comprising GSDMD-Ns cause the efflux of intracellular 
potassium ions, which in turn activates the NLRP3 inflammasome and the classical pathway of pyroptosis, and ultimately 
results in the cleavage and release of pro-IL-1β and pro-IL-18.34,143
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Furthermore, GSDME may also be cleaved to GSDME-N by caspase-3/8 when cells are stimulated by a viral 
infection, chemotherapeutic drugs, and tumor necrosis factor (TNF). Notably, GSDME-Ns can also assemble into 
cytoplasmic membrane pores and induce pyroptosis.145,146 In recent years, studies have discovered that granzyme 
A and granzyme B can also hydrolyze GSDMB to create cytoplasmic membrane pores, thus proposing a granzyme- 
mediated pathway of pyroptosis.147,148

Pyroptosis in Asthma
Developing researches indicate that pyroptosis is linked to the pathogenesis of asthma. Queiroz, G.A. et al discovered 
that SNPs in NLRP3 and caspase-1 were linked to susceptibility to asthma, and the higher their risk alleles, the higher the 
risk of asthma.149 Unlike the healthy control, the levels of NLRP3 and caspase-1 in BALF supernatant of asthma patients 
were greatly increased,150 and the expressions of NLRP3 and IL-18 in airway epithelial cells of lung biopsy tissues were 
also greatly increased.151 There was also a substantial variation between the levels of pyroptosis in airway epithelial cells 
between mild-moderate and severe asthma patients.152 In the lung tissue of asthmatic mice caused by OVA alone or OVA 
in combination with adjuvant aluminum hydroxide, the expression levels of NLRP3, caspase-1, and IL-1β were greatly 
increased. Furthermore, NLRP3-/-, ASC-/-, and IL-1R-/- mice had more slight pathological changes in AHR, airway 
mucus secretion, and airway inflammation than WT mice.153,154 Consistent findings were also found in the asthma 
murine models induced by HDM, Der f1, and TDI.155–157

GSDMB is highly demonstrated in well-differentiated airway epithelial cells, and studies discovered that exon-coding 
variants of the GSDMB gene were linked to a lowered risk of asthma. For instance, a splice variant in GSDMB 
(rs11078928) skipped a key exon from the transcript, inhibiting the pyroptotic activity of GSDMB, thereby reducing the 

Figure 3 Signaling pathway of pyroptosis. Classic pathways of pyroptosis: Pathogen-linked molecular patterns (PAMPs) or damage-linked molecular patterns (DAMPs) 
activate the corresponding receptor proteins (NLRP3, NLRP1, NLRC4, AIM2 or Pyrin) and recruit ASC and pro-caspase-1 to form inflammasomes, and activate caspase-1. 
Caspase-1 hydrolyzes GSDMD to create GSDMD-C and GSDMD-N. GSDMD-N multimerizes and forms non-selective membrane pores on the cell membrane, elevating 
the permeability of the cell membrane, and resulting in cell swelling and rupture. Caspase-1 can also segment pro-IL-1β and pro-IL-18 into mature IL-1β and IL-18, and 
release them into the extracellular space through the above-mentioned membrane pores, inducing a strong inflammatory response. Non-canonical pathway of pyroptosis: 
Intracellular LPS directly binds and stimulates caspase-4/5/11. Activated caspase-4/5/11 can also cleave GSDMD, but cannot activate pro-IL-1β and pro-IL-18. In some cases, 
GSDME can also be hydrolyzed to GSDME-N by caspase-3/8, and the oligomerization of GSDME-N can also create plasma membrane pores. Notably, the hydrolysis of 
GSDMB by granzyme A and granzyme B can also form membrane pores, inducing pyroptosis.
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disease risk of asthma.158 Xingnan Li et al indicated that SNPs of GSDMB were linked to asthma severity and 
exacerbation frequency.159 Other researchers discovered that GSDMB expression was up-regulated in the airway 
epithelial cells of asthma patients,160 and asthmatic mice overexpressing GSDMB showed more severe airway hyperre
sponsiveness and airway remodeling.159 These outcomes indicate that GSDMB-mediated pyroptosis is one of the 
molecular mechanisms influencing asthma susceptibility and severity.

Among the multiple phenotypes of asthma, pyroptosis appears to be more markedly linked to severe, corticosteroid- 
resistant, neutrophilic asthma. Unlike patients with mild to moderate asthma, the levels of NLRP3 activators such as C5a 
in the induced sputum of patients with serious neutrophilic asthma were augmented,161 and the expression of NLRP3, 
caspase-1, caspase-4, and caspase-5 in induced sputum cells were increased.162 Furthermore, there was a connection 
between the level of pyroptosis and airway inflammation, asthma symptom control, and lung function in neutrophilic 
asthma.163 Some studies demonstrated that there were numerous activated neutrophils in the airways of patients with 
severe asthma, and the extracellular traps of neutrophils and their products can stimulate the pyroptosis pathway, which 
may be a crucial reason why these patients are not sensitive to glucocorticoid treatment and their symptoms are hard to 
control.164,165

It was discovered that, unlike the control group, the protein expressions of NLRP3, caspase-1, IL-1β, and IL-18 in the 
airway tissue of the neutrophilic asthma group were markedly increased. Furthermore, highly-selective NLRP3 inhibitor 
MCC950 and specific caspase-1 inhibitor Ac-YVAD-cmk substantially lowered AHR and airway inflammation in 
asthmatic mice.150,166 Hern-Tze Tina Tan et al built three different phenotypes (eosinophilic, mixed, and neutrophilic) 
in asthma mouse models through several sensitization and challenge methods. The whole-transcriptome sequencing of 
the lung determined that Pyroptosis-related genes such as Nlrp3, Nlrc4, Casp-1, and IL-1β were common in neutrophilic 
asthma.167 Furthermore, Richard Y. Kim et al showed that in the process of eosinophilic asthma turning into glucocorti
coid-resistant neutrophilic asthma induced by chlamydia and Haemophilus infection, the pyroptotic pathway in mouse 
lung tissue was markedly activated, and targeted blockade of pyroptotic signaling with MCC950, z-VAD-fmk, Ac-YVAD 
-cho can hinder this transition process.163 These outcomes indicate that pyroptosis may advance the refractory, 
glucocorticoid-resistant, neutrophilic asthma and may be a possible therapeutic target for these asthma subtypes. These 
outcomes indicate that pyroptosis may advance the refractory, glucocorticoid-resistant, neutrophilic asthma and may be 
a possible therapeutic target for these asthma subtypes.

Obese-asthma is a unique asthma phenotype that responds minimally to traditional treatment and is predisposed to 
severe refractory asthma.168 Unlike non-obese patients, obese asthmatic patients had elevated levels of NLRP3 and IL-1β 
in induced sputum and were positively linked to body mass index.169,170 In animal experiments, obesity brought on by 
a high-fat diet aggravates lung lesions in asthmatic mice, and prevention of NLRP3 or blockade of IL-1β decreased 
airway allergic inflammation and glucocorticoids resistance in obese mice,170,171 which indicates that pyroptosis may be 
a potential mechanism of obesity-induced asthma exasperation. Glucagon-like peptide 1 receptor agonists can lower 
airway inflammation in obese asthmatic mice by preventing NLRP3 inflammasome activation and have been recom
mended as a novel drug for obese-asthma.172

Virus infection is a significant cause of asthma worsening, and cell death contributes to virus infection causing asthma 
exacerbation. One study revealed that virus infection of bronchial epithelial cells in vitro induced NLRP3 and NLRC5 
inflammasome activation.173 Furthermore, bronchial epithelial cells from asthmatic patients showed higher levels of 
pyroptosis following influenza virus infection than healthy controls.174 Viral infection also increases macrophage 
pyroptosis in the lung tissue of asthmatic patients, thus worsening asthma.175 Unlike WT asthmatic mice, NLRP3-/- 
asthmatic mice did not have asthma exacerbation after human rhinovirus infection, indicating that inhibition of 
pyroptosis can hinder virus-induced asthma exacerbations.176 Pyroptosis is also linked to severe illness after SARS- 
CoV-2 infection in patients with severe asthma. Jeong, J.S.et al discovered that pyroptosis was also linked to critical 
illness after SARS-CoV-2 infection in patients with severe asthma. Unlike mild asthmatic mice, the protein expressions 
of NLRP3, ASC, caspase-1, and IL-1β in the lungs of severe asthmatic mice caused by Aspergillus fumigatus were 
substantially increased after SARS CoV-2 infection. It is presumed that pre-existing severe asthma may elevate 
pyroptosis induced by SARS-CoV-2 infection, and targeting pyroptosis may be a promising technique for the early 
treatment of COVID-19 in severe asthma patients.177
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Silica nanoparticles, an extensively used chemical material and a critical element of air pollution in Asia can damage 
the respiratory system of healthy people and also exasperate the clinical symptoms of patients with respiratory 
diseases.178 SiONPs nasal drip dose-dependently augmented the activation of NLRP3 in the lung tissue of asthmatic 
mice, followed by the worsening of asthma pathological changes,179 implying that pyroptosis also contributed to the 
aggravation of asthma caused by SiONPs. Studies demonstrated that the polymorphism of human NLRP3 was linked to 
the susceptibility to aspirin-related asthma.180 Prostaglandin E2 (PGE2) is an endogenous inhibitor of caspase-11, which 
can efficiently inhibit pyroptosis in the lung tissue of asthmatic mice. Zbigniew Zasłona et al discovered that indo
methacin lowered PGE2 production and increased pyroptosis and inflammation in the lung tissue of asthmatic mice, 
which appears to explain nonsteroidal antiinflammatory drugs-induced asthma exacerbations, but it should be further 
validated.181

The preceding studies all indicate that pyroptosis is not conducive to the onset of asthma, but some studies have 
acquired inconsistent outcomes. In the analysis of Irving C. Allen et al, there was no considerable difference in airway 
inflammation, airway mucus secretion, and AHR between WT and Nlrp3-/- asthmatic mice. The authors recommended 
that some modifications in the gut microbiome of Nlrp3-/- mice affected the immune response to external allergens, thus 
masking the effect of pyroptosis on asthma.182,183 Fahima Madouri et al discovered that activation of NLRP3 and 
caspase-1 attenuated HDM-induced allergic airway inflammation. The authors presumed that this was when the caspase- 
1 expression was deficient, macrophages generated and released large amounts of IL-33, thereby indirectly worsening 
allergic asthma.184 That is to say, impaired pyroptosis mechanism is not the direct cause of asthma exacerbation. 
However, the function of pyroptosis in asthma remains unknown.

Therapeutic Strategies for Asthma Targeting Pyroptosis
There are several small molecule inhibitors targeting NLRP3 for the treatment of inflammatory diseases. So far, 
MCC950, OLT1177, and RRx-001 have been researched in asthma.185 MCC950 can directly and specifically bind to 
the NACHT domain of NLRP3, inhibiting the assembly of inflammasomes.186 In asthmatic mice, MCC950 reduced 
airway inflammation and mucus hypersecretion and lowered serum IgE and cytokine levels.187,188 Comparable results 
have been found in mouse models of bacterial infection mimicking neutrophilic asthma,163 fungal asthma,187 and TDI 
occupational asthma.189 However, the clinical trial of MCC950 has been discontinued because MCC950 had inflamma
tory hepatotoxicity in the phase II clinical trial in rheumatoid arthritis.190

OLT1177 can efficiently reduce allergic airway inflammation in experimental asthma mice.191 OLT1177 has demon
strated a favorable safety profile in preclinical toxicology studies and is currently in Phase IIa clinical trials for the 
treatment of gout.192 RRx-001 binds covalently to cysteine 409 of NLRP3 via its bromoacetyl group, inhibiting the 
NLRP3-NEK7 interaction, which is crucial for the assembly and activation of the NLRP3 inflammasome.193 Currently, 
RRx-001 is in phase III clinical trials for lung cancer and has a good curative effect in asthmatic mice, and is believed to 
be an innovative drug for asthma treatment.155 Some novel NLRP3 inhibitors such as dapansutra and IZD-174 have also 
entered clinical trials, but have not been researched in asthma.194

VX-765 is an effective and nontoxic small-molecule inhibitor of caspase-1 that has been demonstrated to be safe in 
humans.195 VX-765 attenuated airway inflammation and airway hyperresponsiveness in asthmatic mice,166 and also 
enhanced the response to glucocorticoid therapy in refractory neutrophilic asthma.163 Ac-YVAD-CHO is also a potent 
and specific caspase-1 inhibitor, which can efficiently reduce AHR, airway inflammation, and airway remodeling in TDI 
asthmatic mice.189 Other inhibitors of caspase-1, such as CrmA, z-VAD-fmk, Ac-FLTD-CMK, etc., have not been 
studied in asthma. GSDMD is the executor of cell death, some recognized GSDMD inhibitors, such as necrotizing 
sulfonamide, dimethyl fumarate, disulfiram, and Ac-FLTD-CMK, have revealed therapeutic effects in some inflammatory 
diseases, but there is no substantial study in asthma.196

Considering the excessive release of IL-1β in pyroptosis, blocking IL-1β may be an innovative strategy for the 
treatment of asthma. Canakinumab, a humanized anti-IL-1β monoclonal antibody, was found to safely and effectively 
attenuate the response to inhaled allergens in asthmatic patients in a randomized controlled clinical trial.197 However, 
because the role of IL-1β is complex, in addition to being a product of pyroptosis, it is also a very important 
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inflammatory factor, which plays many other functions such as anti-infection and induction of immune differentiation in 
asthma.

So far, canakinumab is no longer being studied as an asthma treatment because of its limited efficacy in asthmatic 
patients.198

Some traditional Chinese medicine ingredients and formulations, including Oridonin,199 parthenolide,200 curcumin,201 

Schisandrin B,202 Abscisic acid,203 Yanghe Pingchuan Granules,204 Yupingfeng San,205 and Suhuang antitussive 
capsule206 were also shown to have a protective effect on asthma by controlling the pyroptosis pathway.

Ferroptosis
Ferroptosis, first suggested by Dr. Brent R. Stockwell in 2012, is an iron-dependent PCD brought on by lipid peroxida
tion. Unlike other forms of PCD, there is no cell swelling, plasma membrane rupture, chromatin condensation, and 
nuclear fragmentation during ferroptosis, and its major manifestations are increased mitochondrial density, outer 
membrane rupture, and reduced or even disappearance of mitochondrial cristae (Figure 4).207

The abnormal accumulation of iron ions in the cytoplasm is considered the trigger of ferroptosis. Extracellular Fe3+ 
integrates with the transferrin receptor (TfR) on the cell membrane and enters the endosomes of the cell. Then Fe3+ is 
reduced to Fe2+ by ferredoxin. Under the mediation of divalent metal transporter 1 (DMT1), Fe2+ is released from 
endosomes into the cytoplasmic labile iron pool (LIP). Nuclear receptor co-activator 4 (NCOA4) is a unique transport 
receptor for ferritinophagy, which can transport ferritin to autophagosomes and deliver it to lysosomes for degradation to 
release free iron.208,209 The dysfunction of these iron-related proteins will cause an imbalance of intracellular iron 

Figure 4 Signaling pathway of Ferroptosis. Extracellular Fe3+ is integrated with transferrin receptor 1 (TfR1) and then transported into the endosome, where it is lowered 
to Fe2+. Fe2+ is transported by divalent metal transporter-1 (divalent metal transporter 1, DMT1) and stored in the labile iron pool (LIP) in the cytoplasm. Nuclear receptor 
co-activator 4 (NCOA4) can transport ferritin to autophagosomes for lysosomal degradation and release Free iron. When iron metabolism is unbalanced, over-accumulated 
iron in cells will partake in lipid peroxidation via the Fenton reaction and iron-dependent enzymes such as lipoxygenases (LOXs). Acyl-CoA synthetase long-chain family 
member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) are major enzymes that control the percentage of polyunsaturated fatty acids (PUFA) in 
phospholipid membrane, which identifies the difficulty of lipid peroxidation. PUFA in membrane phospholipids is oxidized to phospholipid hydroperoxides (PLOOH) by the 
Fenton reaction or LOXs enzymatic reaction. GPX4 is a glutathione (GSH)-dependent enzyme that converts GSH into oxidized glutathione (GSSG) while reducing PLOOH 
to PL-OH, reducing oxidative stress, thereby negatively regulating ferroptosis. System Xc- consists of two subunits: the solute carrier family 3 member 2 (SLC3A2) and the 
solute carrier family 7 member 11 (SLC7A11). It is the common transport mode of cysteine, the main synthetic raw material of GSH. Inhibition of System Xc- will cause the 
depletion of GSH and the inactivation of GPX4, thus aggravating ferroptosis.
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concentration. When Fe2+ extremely accumulates in LIP, it will contribute to the process of lipid peroxidation via the 
Fenton reaction and iron-dependent oxidase such as lipoxygenase (LOX).210

Lipid peroxidation is a central step in ferroptosis. Because polyunsaturated fatty acids comprise more double bonds, 
they are more easily oxidized, so the percentage of polyunsaturated fatty acids in the plasma membrane determines the 
difficulty of lipid peroxidation. Acyl-CoA synthase long-chain family member 4 (ACSL4) and lysophosphatidylcholine 
acyltransferase 3 (LPCAT3) are core enzymes that control the synthesis of polyunsaturated fatty acids in phospholipid 
membranes.211 There are two pathways for cellular lipid peroxidation, namely non-enzymatic lipid peroxidation and 
enzymatic lipid peroxidation. In non-enzymatic lipid peroxidation, polyunsaturated fatty acids are oxidized to lipid 
hydroperoxides by hydroxyl radicals formed by the Fenton reaction. In enzymatic lipid peroxidation, LOX directly 
catalyzes the oxidation of free polyunsaturated fatty acids to lipid hydroperoxides. The lipid hydroperoxides produced by 
both pathways can yield lipid peroxyl radicals under the catalysis of iron ions, and then conduct the chain reaction of 
lipid peroxidation.212 Currently, the exact mechanism by which lipid peroxidation results in ferroptosis remains unclear. 
It may be linked to the modifications in cell membrane fluidity and permeability due to diminished polyunsaturated fatty 
acids, structural lipid gap formation, and loss of membrane integrity.213

Glutathione (glutathione, GSH) and glutathione peroxidase (Glutathione Peroxidase 4, GPX4) are major regulators of 
ferroptosis. GPX4 is a GSH-dependent enzyme. While converting GSH to oxidized glutathione (GSSG), GSH lowers 
lipid hydroperoxides to the corresponding lipid alcohols or free hydrogen peroxide to water, thereby negatively 
controlling ferroptosis.214–216 Cysteine is a crucial raw material for GSH synthesis and is typically transported into 
cells through System Xc- on the cell membrane.217 System Xc - comprises two subunits, namely, the solute carrier family 
3 Member 2 (SLC3A2) and the solute carrier family 7 Member 11 (SLC7A11). When System Xc- is damaged, the 
synthesis of GSH is hindered, and the intracellular antioxidant capacity is decreased, which will worsen lipid peroxida
tion and ferroptosis.215,218

Ferroptosis in Asthma
Currently, little is known regarding the role of ferroptosis in asthma. Studies have demonstrated that there is abnormal 
iron metabolism in the airway cells of asthmatic patients. Unlike healthy controls, free iron was mitigated in BALF 
supernatants of asthmatic patients, conversely, the iron load was augmented in BALF cells. The expression of DMT1 and 
Transferrin Receptor 1 (TFR1) in the lung tissue of asthma patients was also augmented. Furthermore, these iron 
metabolism abnormalities are linked to the lung function decline and airway inflammation of asthma patients. Consistent 
results were found in asthmatic mice, indicating that abnormal iron metabolism in lung tissue contributes to the 
pathogenesis of asthma.219 Ferritin phagocytosis is a selective autophagy that depends on nuclear receptor coactivator 
4 (NCOA4) to transport ferritin to autophagosomes for degradation, promoting the generation of unstable iron ions.220 In 
a murine asthmatic model, HDM-induced ferritin phagocytosis in lung tissue generated large amounts of free iron, which 
caused ferroptosis in airway epithelial cells, and contributed to the airway inflammation in asthma.221

The phosphatidylethanolamine-binding protein 1 (PEBP1)/15-lipoxygenase (15-LO) complex is a major regulator of 
lipid peroxidation. Sally E. Wenzel et al demonstrated higher co-localized levels of PEBP1 and 15-LO in the airway 
epithelial cells of asthmatics than in healthy controls.222 Unlike healthy controls, GSSG levels were increased and GSH: 
GSSG lowered in the BALF supernatants of patients with severe asthma, implying that the redox balance in the lung 
tissue of patients with asthma was modified, and this change was linked to 12/15-lipoxygenase and airway inflammation. 
IL-13 stimulated bronchial epithelial cells in vitro to activate 15 lipoxygenase-1 to produce hydroperoxyphospholipids, 
reducing intracellular GSH and increasing extracellular GSSG, and increasing the susceptibility of bronchial epithelial 
cells to iron death. Based on this, prevention of SLC7A11 further decreased GSH and promoted ferroptosis, meanwhile, 
increasing TH2 inflammatory factors expression.223 In vitro stimulation of bronchial epithelial cells by IL-6 disrupted 
intracellular iron homeostasis, causing lipid peroxidation and ferroptosis. Furthermore, pretreatment with the ferroptosis 
inhibitor Ferrostatin-1 (Fer-1) and the antioxidant N-Acetyl-L-cysteine (NAC) relieved these changes.224 In animal 
experiments, unlike the control group, the expressions of ACSL4 and 15-LO1 in the lung tissue of asthmatic mice were 
up-regulated, the activity of GPX4 was lowered, and the morphological changes of mitochondria were found under the 
electron microscope, implying that the ferroptosis pathway was activated in experimental asthma. Inhibition of 
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ferroptosis with deferoxamine mesylate (DFO), Fer-1, and 3-methyladenine (3-MA) attenuated iron accumulation and 
lipid peroxidation in lung tissue of asthmatic mice, improving airway inflammation in asthmatic mice.225,226 

Furthermore, 12/15-LO-deficient asthmatic mice had reduced serum IgE antibody levels and less airway inflammation 
than WT mice.227

Ferroptosis is also critical in neutrophilic asthma. Simultaneous stimulation of bronchial epithelial cells by LPS and 
IL-13 reduced the expression of GPX4 and SLC7A11 in vitro, and the reduction of intracellular mitochondrial cristae, 
outer membrane rupture, mitochondrial vacuolar degeneration, and swelling were found under the electron microscope, 
implying that bronchial epithelial cells had undergone ferroptosis. In the lung tissue of OVA/LPS-induced neutrophilic 
asthmatic mice, the expressions of SLC7A11 and GPX4 were lowered, and the ferroptosis inhibitor Liproxstatin-1 
relieved the pathological changes of asthma.228 These outcomes indicate that ferroptosis contributes to the pathogenesis 
of asthma, and inhibition of ferroptosis may be an innovative strategy for asthma treatment.

Therapeutic Strategies for Asthma Targeting Ferroptosis
Currently prevalently used ferroptosis inhibitors are deferoxamine (DFO), Liproxstatin-1, Ferrostatin-1, 3-methyladenine 
(3-MA), and N-acetyl -L-cysteine (N-Acetyl-L-cysteine, NAC). The mechanisms by which they inhibit ferroptosis vary: 
DFO is an iron chelator that can bind to excess iron ions and mitigate the accumulation of iron ions in cells;229 

Ferrostatin-1 is a synthetic antioxidant that can inhibit lipid peroxidation through a reducing mechanism;230 Liproxstatin- 
1 inhibits lipid peroxidation by lowering the accumulation of ROS;231 NAC is a sulfhydryl-containing antioxidant that 
helps increase intracellular cysteine levels; Although 3-methyladenine is an autophagy inhibitor, it can also prevent 
ferroptosis by regulating system Xc- and activating GPX4.232 Till this moment, the therapeutic effects of DFO, Fer-1, 
Liproxstatin-1, and 3-MA on asthma by inhibiting ferroptosis have been confirmed in in vitro cell experiments and 
asthma mouse models,222,224,226,228 NAC has only been researched in vitro.224

Surprisingly, the ferroptosis inducers FINs also improved allergic airway inflammation. One study demonstrated FIN- 
induced ferroptosis in eosinophils in vitro. In vivo, FIN alone or in combination with dexamethasone-induced eosinophil 
ferroptosis in the airways of asthmatic mice, thus reducing allergic airway inflammation.233

A recent analysis indicated that quercetin, a conventional Chinese medicine, could mitigate ferroptosis-associated 
neutrophil airway inflammation in asthmatic mice.234 Furthermore, the mechanism of acupuncture to relieve asthma may 
also involve the regulation of ferroptosis. The expression of SLC3A2 is elevated in the lung tissue of asthmatic mice, and 
acupuncture can down-regulate its expression, indicating that acupuncture may regulate SLC3A2-related ferroptosis.235 

Weifeng Tang et al also discovered that acupuncture can reduce lipid peroxidation and ferroptosis in the lung tissue of 
asthmatic mice, causing reduced airway inflammation in asthma.236 However, the theory that acupuncture has 
a regulating effect on ferroptosis still requires more rigorous experiments to be validated. Mesenchymal stem cell 
treatment is an innovative approach to asthma that has been demonstrated to be effective in several studies.237 Studies 
have shown that increasing intracellular GSH levels can improve the function of mesenchymal stem cells and lead to 
better therapeutic effects.238 Ruth Lee Kim et al discovered that Liproxstatin-1-pretreated mesenchymal stem cells had 
a stronger ability to inhibit inflammation. In IL-13-induced chronic asthmatic mice, Liproxstatin-1-treated human 
umbilical cord blood mesenchymal stem cells also revealed better asthma therapeutic effects. It is indicated that 
inhibiting ferroptosis may be a modification method for mesenchymal cell therapy.239

So far, the analysis of ferroptosis in asthma is still far from inadequate. Although the effect of ferroptosis inhibitors in 
asthma has been confirmed in animal experiments, there is no major research on clinical translation. In the future, 
researchers should evaluate the mechanism of ferroptosis in asthma comprehensively and search for ferroptosis-targeting 
drugs that can be employed clinically.240

Necroptosis
Necroptosis, suggested by Degterev et al in 2005,241 is identified as a caspase-independent PCD with morphological 
features comparable to necrosis but a regulated death process. The triggers of necroptosis are comparable to those of 
apoptosis, while the morphological changes are cell swelling, plasma membrane rupture, chromosome condensation, and 
release of damage-associated molecular patterns (DAMPs), inflammatory cytokines, and chemotaxis Factor.11,242,243 
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Necroptosis is stimulated when specific death receptors such as TNFR1, FAS, PRRs, and TLR3 identify extracellular and 
extracellular danger signals, and caspase-8, which mediates apoptosis, is inhibited (Figure 5).244

In response to TNFα binding, the intracellular segment of TNFR1 recruits various proteins to create a signaling 
complex called complex I. In complex I, a cellular inhibitor of apoptosis proteins (cIAPs) keep Receptor Interacting 
Serine/Threonine Kinase 1 (RIPK1) ubiquitinated,245 while CYLD deubiquitinates RIPK1 and converts complex I to 
complex II. In complex II, FADD recruits procaspase-8, while RIPK1 recruits RIPK3. When RIPK3 is absent or at a low 
level, caspase-8 is activated and causes apoptosis. In RIPK3-rich cells with caspase-8 inhibited, RIPK1 recruits RIPK3 
and mixed lineage kinase domain-like protein (MLKL) to create necrosomes. The kinase activity of RIPK3 is a required 
condition for necroptosis, aside from being activated by RIPK1 phosphorylation, it can also be directly activated by TIR- 
domain-containing adapter-inducing interferon-β (TRIF), an adapter protein of Toll-like receptors (TLRs). Activated 
RIPK3 phosphorylates MLKL, which oligomerizes and moves to the cell membrane to form plasma membrane pores, 
which encourage the inflow of extracellular calcium ions and the outflow of intracellular potassium ions, increase the 
permeability of the cell membrane to water, and eventually results in cell swelling and disintegration. Cellular elements 
such as DAMP, HMGB1, mitochondrial DNA, uric acid, histones, and ATP are also simultaneously released into the 
extracellular space via the plasma membrane pores, inducing an inflammatory response.243,246,247

Necroptosis in Asthma
Airway eosinophil infiltration is a hallmark of TH2 asthma, and particulate matter released after the lysis of adherent 
eosinophils promotes airway epithelial damage, which is closely linked to asthma severity.248 Radonjic-Hoesl et al 
discovered that MLKL was phosphorylated in adherent eosinophils under inflammatory conditions in vivo and in vitro, 
and pharmacological inhibition of RIPK3 and MLKL blocked eosinophil lysis,249 which indicated that eosinophil lysis in 

Figure 5 Signaling pathway of Necroptosis. The binding of TNF-α to tumor necrosis factor receptor 1 (TNFR1) promotes the assembly of complex I, including TNFR1, 
TNFR1-associated death domain (TRADD), receptor-interacting serine/threonine protein kinase 1 (RIPK1), TNFR-linked factor 2 (TRAF2), apoptosis protein (cIAP), and 
deubiquitinating enzymes such as CYLD. Complex I offers a platform for a series of subsequent ubiquitination and de-ubiquitination reactions, in which cIAP keeps RIPK1 
ubiquitinated, while CYLD makes RIPK1 de-ubiquitinated. When caspase-8 is blocked, the ubiquitination of RIPK1 causes the formation of complex IIb. In complex IIb, RIPK1 
is autophosphorylated, which subsequently recruits and stimulates RIPK3. PIPK3 further recruits and phosphorylates MLKL to create necrosomes. RIPK3 can also be 
independently stimulated by TIR-domain-containing adapter-inducing interferon-β (TRIF), an adapter protein of Toll-like receptors (TLRs). Eventually, phosphorylated MLKL 
oligomerizes and translocates to the cell membrane to develop plasma membrane pores, inducing plasma membrane rupture and cell disintegration.
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asthmatic airways may be RIPK3-MLKL-dependent necroptosis. In recent research, immunofluorescence staining 
demonstrated that the expression of p-MLKL in lung biopsies from asthmatic patients was considerably higher than 
that in healthy individuals, and comparable results were found in asthmatic mice. It is presumed that necroptosis 
contributes to the disease process of asthma. Furthermore, p-MLKL mainly emerged in eosinophils rather than 
neutrophils.250 Unlike neutrophils, eosinophils had lower levels of caspase-8 and higher levels of RIPK1, which could 
be a reason why eosinophils are more vulnerable to necroptosis. However, research revealed that neutrophils in the 
airways of neutrophilic asthma mice also had necroptosis and contributed to the formation of neutrophil extracellular 
traps, exasperating airway inflammation in asthmatic mice.251

IL-33 is a pro-inflammatory cytokine that can trigger TH2 immune responses by activating immune cells and contributes 
to the formation of eosinophilic airway inflammation in asthma.252–254 Due to the absence of secretory signal sequences, the 
mechanism of IL-33 release is a mystery. Inbar Shlomovitz et al discovered that the MLKL inhibitor GW806742X can block 
the secretion of IL-33 by bronchial epithelial cells in vitro and in vivo, and lower airway eosinophil inflammation in asthmatic 
mice, suggesting that necrotic apoptosis may be a mechanism for the release of IL-33 from epithelial cells.255

In FADD -/- mice, inhibition of RIPK1 significantly enhanced HDM-induced allergic airway inflammation. However, in WT 
mice with normal expression of FADD, inhibition of necrotic apoptosis cannot promote airway inflammation in asthmatic 
mice,256 which indicates that necroptosis is a backup mechanism for apoptosis, which functions more when apoptosis is inhibited. 
This situation is better explained by viral infection. In the process of trying to evade host defenses and multiply in cells, viruses 
have aided some mechanisms to interfere with apoptosis, such as expressing some caspase inhibitors.257 At this time, necroptosis 
becomes a critical antiviral defense mechanism.258 Replication of Rhinovirus in infected cells activates the synthesis and release 
of interferon β (IFN-β), thereby causing peripheral cells to go into an antiviral state.259 Bao, Cet al discovered that bronchial 
epithelial cells from asthmatic patients could not produce IFN-β upon rhinovirus infection and dsRNA stimulation, and could not 
fully utilize their antiviral function.260 When using dsRNA to imitate viral infection, the expression of RIPK3 and p-MLKL was 
elevated in the lung tissue of WT asthmatic mice, and even more in IFN-β-/- mice. It is presumed that necroptosis contributes to the 
antiviral response in asthmatic states, however, the release of inflammatory factors during necroptosis will worsen asthma.261

Bronchiolitis from Respiratory syncytial virus (RSV) infection in infants is an identified risk factor for asthma.262 A study 
discovered that RSV infection-induced bronchial epithelial cell death was linked to increased expression of RIPK1 and 
MLKL, but not with caspase-3 activity. Inhibition of RIPK1 or MLKL reduced HMGB1 release from bronchial epithelial cells 
upon RSV infection. In animal experiments, RIPK1 and MLKL expression was elevated in the airway epithelium of mice after 
pneumovirus infection, and this was linked to airway epithelial shedding, HMGB1 release, and airway inflammation. Genetic 
or pharmacological inhibition of RIPK1 or MLKL considerably attenuated these pathological changes and inhibited 
subsequent airway remodeling and TH2 immune responses. It is believed that inhibition of necroptosis may be a viable 
method to limit the severity of viral bronchiolitis and prevent its advancement to asthma.263

PM2.5 exposure exasperates asthma and augments the risk of asthma exacerbations.264,265 Yunxia Zhao et al 
discovered that PM 2.5 exposure elevated the expression of RIPK3 and MLKL in mouse lung tissue, and blocking 
necroptosis lowered PM2.5-induced airway inflammation and airway hyperresponsiveness.266 TNF-α is 
a proinflammatory cytokine closely linked to neutrophilic asthma and could be beneficial in refractory asthma.267 

TNF-α activates necroptosis of bronchial epithelial cells in vitro while up-regulating the expression of Mucin 1 
(MUC1). Decreasing the expression of MUC1 significantly increased TNF-α-induced necroptosis and glucocorticoid- 
resistance of bronchial epithelial cells, and these changes could be partially transposed by Nec-1. It is presumed that 
necroptosis mediates the protective effect of MUC1 and the therapeutic effect of glucocorticoids on asthma.268,269

Therapeutic Strategies for Asthma Targeting Necroptosis
Necrostatins are a sequence of small-molecule inhibitors of necroptosis, among which Necrostatin-1 (Nec-1) is the most 
utilized. Nec-1 can efficiently and explicitly inhibit the kinase activity of RIPK1 and block the signal transduction of 
RIPK1-RIPK3-MLKL.270,271 Nec-1 has been determined to relieve asthma severity in vitro experiments and mouse 
asthma models,251,268 but there is no significant clinical trial currently. To date, there is minimal clinical evidence to 
correlate necroptosis with asthma, and the function of necroptosis in asthma has not been comprehensively studied, 
which limits the possibility of necroptosis as a therapeutic target for asthma.
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Table 2 Therapeutic Strategies for Asthma Targeting Programmed Cell Death

Targeted 
Programmed 
Cell Death

Name of Drugs or Compounds Mechanism Function in Asthma Prospect of Clinical 
Application

References

Apoptosis ABT-737 Bcl-2 inhibitor Induce apoptosis in ex vivo granulocytes from 
severe asthmatic patients more effectively than 
steroids and reduce airway inflammatory cell 
infiltration in asthmatic mice

The clinical trial has been 
stopped due to difficulties in 
patent medicine

[62,63]

ABT-199 (Venetoclax) FDA-approved for some 
hematological malignancies

Ephedrae Herba-Armeniacae Semen 
Amarum, Osthole, Apigenin

Nonspecific apoptosis regulator Inhibit the apoptosis of airway epithelial cells 
in vitro and reduce airway damage in asthmatic 
rat or mouse models

Unknown [64–66]

Combined Extracts of Epimedii Folium 
and Ligustri Lucidi Fructus

Nonspecific apoptosis regulator Induces cell apoptosis in lung tissue, relieves 
airway remodeling in asthmatic rats, and has 
a better effect when combined with budesonide

Unknown [67]

Autophagy 3-Methyladenine PI3K inhibitor Improves airway inflammation, AHR, and airway 
remodeling in asthma by inhibiting autophagy

Obvious hepatotoxicity, not 
suitable for clinical use

[92,104,110,111]

Bafilomycin A1 Blocks the fusion of autophagosome and 
lysosome

Reverses IL-17-associated fibrotic responses in 
fibroblasts in vitro and attenuates glucocorticoid 
resistance in severe asthmatic mice

Unknown [94,112]

Chloroquine and its derivatives Blocks the fusion of autophagosome and 
lysosome

Reduces airway inflammation, airway 
hyperresponsiveness, and airway remodeling in 
asthmatic mice

Phase II clinical trial in cancer [94,116]

Rapamycin mTOR inhibitor Regulates Th1/Th2 cytokine balance, inhibits 
eosinophil differentiation, and reduces airway 
inflammation in asthmatic mice

FDA-approved for the 
prevention of immune rejection 
after organ transplantation and 
the treatment of sporadic 
lymphangioleiomyomatosis

[121–123]

P140 peptide Inhibits chaperone-mediated autophagy Significantly reduces airway resistance and 
reduces the number of inflammatory cells in 
bronchoalveolar fluid in asthmatic mice

Phase III clinical trial for lupus [108]

Statins (Simvastatin) Nonspecific autophagy regulator Increases the autophagy level of bronchial 
smooth muscle cells in asthmatic mice, alleviates 
airway remodeling, and regulates airway 
macrophage autophagy to enhance the anti- 
inflammatory effect of inhaled glucocorticoids

Unknown [124,125]

Chrysophanol, Luteolin, 
Rhynchophylline, Vitexin, 
Cycloastragenol, Astragalin, 
Paeoniflorin, Sesamin, and Wuhu 
decoction, Qingfei oral liquid, 
Pingchuanning decoction

Nonspecific autophagy regulator Alleviate airway inflammation, airway 
hyperresponsiveness, and airway remodeling in 
animal asthma models

Unknown [128–138]
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Pyroptosis MCC950 NLRP3 inhibitors Improves airway inflammation, airway 
hyperresponsiveness, and airway remodeling in 
various asthma mouse models

The hepatotoxicity, clinical trial 
has been stopped

[163,187– 
189,272]

OLT1177 NLRP3 inhibitors Reduces the infiltration of inflammatory cells in 
the lung tissue of asthmatic mice

Phase IIa clinical trial of gout 
treatment

[191,192]

RRx-001 NLRP3 inhibitors Reduces airway inflammation and mucus 
secretion in asthmatic mice

Phase III Clinical Trials for Lung 
Cancer

[155,193]

VX-765 Caspase-1 inhibitor Attenuates airway inflammation and airway 
hyperresponsiveness in asthmatic mice and 
improves response to glucocorticoid therapy in 
refractory neutrophilic asthma

Phase II Clinical Trials for 
Psoriasis and Epilepsy

[163,166]

Ac-YVAD-CHO Caspase-1 inhibitor Alleviates airway hyperresponsiveness, airway 
inflammation, and airway remodeling in asthmatic 
mice

Unknown [189]

Canakinumab Neutralizing antibody of IL-1β Reduces the response of asthma patients to 
inhaled allergens

Complex but limited effects, no 
longer studied as a treatment 
for asthma

[197,198]

Oridonin, parthenolide, curcumin, 
Schisandrin B, Abscisic acid, Yanghe 
Pingchuan Granules, Yupingfeng San, 
Suhuang antitussive capsule

Nonspecific Pyroptosis regulator Reduce airway inflammation, airway 
hyperresponsiveness, and airway remodeling in 
animal models of asthma

Unknown [199–206]

Ferroptosis Deferoxamine Iron ion chelating agent Alleviates airway inflammation in asthmatic mice Unknown [221]

Ferrostatin-1 Anti-oxidation Reverses the ferroptosis of airway epithelial cells 
induced by IL-6 and IL-13 in vitro and alleviates 
airway inflammation in asthmatic mice

Unknown [221,224,226]

N-acetyl-L-cysteine Inhibits lipid peroxidation Reverses the ferroptosis of airway epithelial cells 
induced by IL-6 in vitro

Unknown [224]

3-Methyladenine Regulates system Xc-or activates GPX4 Reverses the ferroptosis of airway epithelial cells 
induced by IL-13 in vitro and alleviates airway 
inflammation in asthmatic mice

Obvious toxicity, not suitable 
for clinical use

[226]

Ferroptosis inducers Induce ferroptosis Induce eosinophilic ferroptosis and alleviate 
eosinophilic airway inflammation in the airway of 
asthmatic mice

Unknown [233]

Quercetin Nonspecific Pyroptosis regulator Ameliorates ferroptosis-associated neutrophilic 
airway inflammation in asthmatic mice

Unknown [234]

Necroptosis Necrostatin-1 RIPK1 inhibitor Reduces TNF-α-induced airway epithelial cell 
damage in vitro and reduces airway inflammation 
in neutrophil asthmatic mice

Unknown [252,268]
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Conclusion
In this research, we summarize the existing PCD-related studies in asthma and concluded thus: (1) Several types of PCD, 
including apoptosis, autophagy, pyroptosis, ferroptosis and necroptosis, have been determined to contribute to the 
pathogenesis of asthma in clinical samples, in vitro cell experiments and animal models of asthma. Furthermore, the 
functions of various forms of PCD in asthma seem to have different focuses. For instance, autophagy appears to have 
a considerable influence on airway remodeling in asthma, pyroptosis is more closely linked to refractory asthma such as 
neutrophilic asthma and obesity asthma, and necroptosis is mostly involved in the antiviral response in asthma. However, 
these findings cannot be determined as artifacts caused by research bias. The real function and exact molecular 
mechanism of these PCD forms in asthma are still unknown; (2) Multiple studies have found some connections between 
these PCD forms and clinical indicators of asthmatic patients, so the identification of PCD levels in asthmatic patients 
allows for asthma diagnosis and prognostic assessment. However, the current research in this aspect is still inconclusive; 
(3) Drugs targeting PCD have been studied in asthma, but there is insufficient evidence to indicate that intervention in 
any PCD can be safe and effective in the treatment of asthma, and most of the PCD-targeted drugs have no indications of 
clinical translation. Some traditional Chinese medicines have been discovered to have a protective effect on asthma by 
regulating certain PCD pathways, but their particular targets and mechanisms are unclear, which restricts the use of these 
drugs in clinical asthma treatment (Table 2).

Following these conclusions, we make some suggestions for future research: (1) The study of PCD in asthma should 
be more in-depth and specific. For example, the study of apoptosis in asthma has been specific to various cells, and 
different types of cells have different effects on asthma, which may be advantageous or detrimental. Most studies of other 
types of PCD in asthma have fixated on an ambiguous overall effect, and whether these PCD forms also have two- 
sidedness in asthma needs additional investigation. (2) Some studies have revealed that there are some correlations 
between various forms of PCD, but there are few studies on this aspect in asthma, and then the cross-pathway between 
these PCDs in asthma should be thoroughly studied, to determine which type of PCD functions more in different aspects 
of asthma. Furthermore, the correlation between PCD and other asthma-related mechanisms should also be investigated, 
and attention should be given to the upstream and downstream regulatory molecules of PCD in asthma, which is of great 
importance in perfecting the pathogenesis of asthma. (3) In future research, it is important to assess the link between 
various PCD forms and clinical indicators of asthma patients, to offer a clinical basis for PCD-targeted asthma treatment. 
(4) Concerning the treatment research of PCD-target drugs in asthma, it is crucial, however, to validate the possibility of 
existing drugs in asthma, and also, it is necessary to develop safer and more effective new drugs.
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