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A B S T R A C T   

The inhalation of zinc chloride (ZnCl2) smoke is one of common resources of lung injury, 
potentially resulting in severe pulmonary complications and even mortality. The influence of 
ZnCl2 smoke on lysine succinylation (Ksucc) in the lungs remains uncertain. In this study, we used 
a ZnCl2 smoke inhalation mouse model to perform global proteomic and lysine succinylome 
analyses. A total of 6781 Ksucc sites were identified in the lungs, with injured lungs demon-
strating a reduction to approximately 2000 Ksucc sites, and 91 proteins exhibiting at least five 
differences in the number of Ksucc sites. Quantitative analysis revealed variations in expression of 
384 proteins and 749 Ksucc sites. The analysis of protein-protein interactions was conducted for 
proteins displaying differential expression and differentially expressed lysine succinylation. 
Notably, proteins with altered Ksucc exhibited increased connectivity compared with that in 
differentially expressed proteins. Beyond metabolic pathways, these highly connected proteins 
were also involved in lung injury-associated pathological reactions, including processes such as 
focal adhesion, adherens junction, and complement and coagulation cascades. Collectively, our 
findings contribute to the understanding of the molecular mechanisms underlaying ZnCl2 smoke- 
induced lung injury with a specific emphasis on lysine succinylation. These findings could pave 
the way for targeted interventions and therapeutic strategies to mitigate severe pulmonary 
complications and mortality associated with such injuries in humans.  
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1. Introduction 

Inhalation of thermal or chemical irritants, for example zinc chloride (ZnCl2), usually causes lung injury with symptoms of diffi-
culty breathing, asthma, nausea, vomiting, suffocation, and mortality [1,2]. Smoke inhalation is one of the main causes of lung injury 
[3,4]. Particularly, smoke bombs are frequently employed in military operations and military personnel undergo elevated risks of lung 
injury than civilians [5,6]. Despite many years of research, the pathogenesis of smoke induced-lung injury has not yet been fully 
elucidated [4,6–8]. 

Lysine succinylation (Ksucc), a posttranslational modification discovered in 2011 [8], involves in multiple metabolic pathways and 
abnormalities of Ksucc associated with various diseases [9–11]. A recent study documented the widespread presence of Ksucc in 
human lungs [12]. However, whether Ksucc is implicated in molecular changes during lung injury has not been explored. 

We aimed to address existing gaps in the literature by employing liquid chromatography–tandem mass spectrometry (LC-MS/MS)- 
based "omics" strategies to study Ksucc of lung injury in a zinc chloride smoke inhalation mouse model [13]. We sought to identify 
differentially expressed proteins and Ksucc in the lungs of mice exposure to ZnCl2 and characterize functions of these differentially 
expressed proteins and proteins with differentially expressed Ksucc sites. Collectively, our findings could provide insights into the 
molecular mechanisms underlying lung injury, as well as enhance our understanding of the complex processes involved in 
smoke-induced lung injury, offering a foundation for future research and therapeutic interventions aimed at mitigating the severity of 
such injuries. 

2. Methods 

2.1. Collection of biological samples and histopathological validation 

A mouse model of lung injury was established following a previously published protocol [13]. Briefly, 6 male Institute of Cancer 
Research (ICR) mice (25 ± 2 g, SPF Biotechnology Co. Ltd. Beijing, China) were randomly assigned to two groups (n = 3 per group). 
One group served as the healthy control, whereas the other was exposed in a smoke-producing experimental chamber (1 m × 0.8 m ×
0.6 m) with a 3 g smoke bomb ignition. The mice were removed from the cage after 3 min. After 48 h, the mice were euthanized and 
dissected. The lungs were excised and the upper lobes of the right lungs were immersed in 10% (v/v) formalin, embedded in paraffin, 
sliced, stained with hematoxylin and eosin (H&E), and observed under a light microscope. The left lung was used for proteomic 
analysis. All experimental procedures and animal welfare protocols adhered to the National Institute of Heahth guidelines for labo-
ratory animal care. 

2.2. Sample preparation for LC-MS/MS 

Fresh samples were rinsed three times in pre-cooled phosphate-buffered saline (PBS) to remove blood. Approximately 50 mg of 
lung tissue was pulverized in a liquid nitrogen-cooled mortar. 200 μl lysis buffer [8 M urea (Sigma-Aldrich, Saint Louis, USA), 1% (w/v) 
protease inhibitor (Merck Millipore, Saint Louis, USA), 2 μM trichostain A (TSA) (MedChemExpress, South Brunswick, USA), and 50 
mM N-acetylmuramic acid (NAM) (Sigma-Aldrich, Saint Louis, USA)] was added to re-suspend samples, followed by ultrasonication. 
After centrifugation at 12,000 g, 4 ◦C for 10 min, the supernatant was transferred to a clean Eppendorf tube. Proteins (500 mg) were 
precipitated by adding 20% (v/v) trichloroacetic acid (TFA) (Sigma-Aldrich, Saint Louis, USA) and vertexing for 2 h. Samples were 
centrifuged at 4500 g for 5 min and the supernatant was discarded. The pellet was washed three times with pre-cooled acetone 
(Hangzhou Hannuo Chemical Co., Ltd., Hangzhou, China) and vacuum dried. Proteins were re-suspended in 200 mM tetraethy-
lammonium bromide (TEAB) (Sigma-Aldrich, Saint Louis, USA) and dithiothreitol (DTT) (Sigma-Aldrich, Saint Louis, USA) was added 
to a final concentration of 5 mM and this solution was incubated at 56 ◦C for 30 min. Iodoacetamide (IAA, Sigma-Aldrich, Saint Louis, 
USA) was then added to a final concentration of 20 mM, and the mixture was incubated in the dark for 15 min at room temperature. 
Trypsin (Promega, Madison, USA) was added in a protease: protein (w/w) ratio of 1:30 to digest protein overnight at 37 ◦C and the 
peptides were ready for proteome analysis. 

Vacuum dried peptides were dissolved in immunoprecipitation (IP) buffer (100 mM NaCl, 1 mM EDTA (Sigma-Aldrich, Saint Louis, 
USA), 50 mM Tris-HCl, and 0.5% (v/v) NP-40; pH 8.0) and incubated with a resin coated with anti-succinyl antibodies (Antibody Resin 
No. Ptm-402; Hangzhou Jingjie Biotechnology Co. Ltd., Hangzhou, China) overnight at 4 ◦C on a rotating shaker. The next day, the 
resin was washed four times with the IP buffer and rinsed twice with deionized water. The enriched peptides were eluted with 0.1% (v/ 
v) TFA and freeze-dried. Peptide cleanup was performed using homemade C18 tip columns. 

2.3. LC-M/MS 

Peptides were dissolved in 0.1% formic acid and 200 ng equivalent was injected into a self-packed C18 analytical column (100 μm x 
300 mm) kept at 50 ◦C using the nanoElute UHPLC system (Bruker, Bremen, Germany). The peptides were eluted at a flow rate of 450 
nl/min with a multi-step gradient [solvent A: 0.1% formic acid （Fluka, Saint Louis, USA) in water, solvent B: 0.1% formic acid in 
acetonitrile (ThermoFisher Scientific, Waltham, USA)] to 6% B at 0 min, 24% B at 70 min, 35% B at 84 min, 80% B at 87 min held until 
90 min. A shorter elution gradient was used for the analysis of the Ksucc peptides: to 6% B at 0 min, 22% B at 43 min, 30% B at 56 min, 
80% B at 58 min held until 60 min. 
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Eluted peptides were sprayed by the emitter coupled to the column into a captive spray source with a capillary voltage of 1.75 kV, a 
source gas flow of 3 L/min of nitrogen and a dry temperature of 180 ◦C, attached to a timsTOF pro 2 mass spectrometer (Bruker, 
Bremen Germany). The TOF scan range was 100–1700 m/z and 1/K0 = 0.75–1.40 V s/cm2. The timsTOF was operated in the parallel 
accumulation–serial fragmentation (PASEF) mode of acquisition. Precursors above the minimum intensity threshold of 2500 were 
isolated with 2 Th at < 700 m/z or 3 Th > 800 m/z and the target intensity was 10,000 considering a dynamic exclusion of 30 s. The 
collision energy (CE) was uplifted as increasing mobility starting from 20 eV at 1/K0 = 0.6 V s/cm2 to 59 eV at 1/K0 = 1.6 V s/cm2. Ten 
PASEF MS/MS scans were scheduled, and a charge state range of 0–5 was used. The complete mass spectrometry method is presented 
in Supplementary File S1. The mass spectrometry method for Ksucc samples is presented in Supplementary File S2. The TOF 1/K0 
range was 0.7–1.2 V s/cm2. The precursor target intensity was 20,000 and the dynamic exclusion was 24 s. The remainder of the 
method was the same as described earlier. 

2.4. Data processing and bioinformatic analysis 

MaxQuant (version 1.6.15) was used to process raw MS data [14]. The Mus musculus proteome database was acquired from Uniprot 
(https://www.uniprot.org/) with proteome ID UP000000589 on December 14, 2020 [15]. The digestion enzyme was trypsin/P, with a 
maximum of two missed cleavages. The minimum peptide length was seven. Cysteine carbamidomethylation was set as a fixed 
modification, and methionine oxidation and acetylation of the protein N-terminus were set as variable modifications, with a maximum 
of five modification sites per peptide. The mass tolerance for both precursor and fragment ions was set to 20 ppm. False discovery rate 
(FDR) was controlled to 1% for peptides and proteins. LFQ quantification and match between run were enabled. The other parameters 
were set to default values. R software version 4.2.2 (https://www.r-project.org/) was used to process the proteinGroups.txt of Max-
Quant outputs. Potential contaminants and reverse proteins were excluded. Proteins identified at least twice in three biological 
replicates were subjected to further analyses. The relative expression quantity (R) of proteins was calculated by centralizing the LFQ 
intensity (I) according to equation (1), where i represents the samples and j represents the proteins. 

Rij = Iij
/

Mean
(
Ij
)

(1) 

The fold change in protein expression was calculated using the average value of the relative expression of biological replicates in 
one condition divided by the average value of the relative expression of biological replicates in the other condition. Student’s t-test was 
used to calculate the p-value, and the FDR was controlled using the Benjamini–Hochberg procedure [16]. 

A similar MaxQuant search was performed on the raw MS data for lysine succinyalation. Additionally, succinylation on lysine was 
set as an extra variable modification. Digestion enzyme was trypsin/P with a maximum of four missed cleavages. The Succi (K)Sites.txt 
of MaxQuant outputs was used for further analysis. Potential contaminants and reverse sites were removed from the results. The 
localization probability cutoff for lysine succinylation was 0.75. Ksucc sites identified at least twice in three biological replicates were 
subjected to further analyses. The relative expression quantity (R) of Ksucc sites was calculated by centralizing the intensity (I) ac-
cording to equation (1), where i represents the samples and j represents the Ksucc sites. Normalized relative expression quantity (NR) 
was calculated according to equation (2). 

Fig. 1. Overall workflow and histopathology. A. Schematic workflow of the study. B. General appearance of the lungs and H&E staining of the 
histological sections. Arrows indicate regions of alveolar hemorrhage. 
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NRij =Rij
/

Median(Ri) (2) 

To mitigate the impact of protein expression on the quantification of Ksucc sites, the normalized relative expression of Ksucc sites 
was divided by the relative expression of the corresponding proteins. The calculation of the Ksucc site expression fold change and 
statistical p-value followed the same procedure as described earlier. Differentially expressed proteins or Ksucc sites were defined as 
having a fold change greater than 1.5 and an adjusted p value less than 0.05, unless otherwise stated. 

The online software MoMo version 5.5.0 (https://meme-suite.org/meme/tools/momo) was utilized to discover sequence motifs 
associated with Ksucc [17]. Protein-protein interaction analysis was performed using the STRING 11.5 database (http://www.string- 
db.org) with a minimum interaction score of 0.9 [18]. The interactions were visualized using Cytoscape 3.9.1 [19]. DAVID Bioin-
formatics Resources tool (version 2021) was used to retrieve Gothe Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment of proteins [20,21]. 

3. Results 

3.1. Workflow for proteomic and lysine succinylome analysis and histopathology 

We previously established a mouse model of lung injury induced by zinc chloride smoke inhalation [13]. To comprehensively map 
the proteome and succinylome changes in injured lungs, we performed LC-MS/MS-based proteome and lysine succinylation analyses 
on both normal and injured lung tissues. The workflow of the study is illustrated in Fig. 1A. Before further analysis of lung tissues, we 
monitored and confirmed the histopathological changes (Fig. 1B). The injured lungs exhibited a dark red color and signs of pulmonary 
oedema. H&E staining of histological sections revealed noticeable pulmonary interstitial oedema and minor hemorrhage. These 
changes were consistent with that observed in a previous study [13]. 

3.2. Identification of proteome and lysine succinylation 

The tryptic samples underwent LC-MS/MS analysis to identify the proteomes of lungs exposed to ZnCl2 smoke and those without 
exposure. A total number of 6484 and 6503 proteins were identified in the model (M) and normal (N) samples, respectively, with at 
least two identifications out of three replicates (Fig. 2A, refer to Supplementary Table S1 for a proteomic study summary). Approx-
imately 97% (6401) of the identified proteins were common to both normal and model samples (Fig. 2B). Pearson’s correlation 
analysis yielded a minimum r of 0.971 (Supplementary Fig. S1), indicating the proteomics analysis system was robust (including 
Supplementary Table S1). 

Ksucc peptides were enriched from the digests and analyzed using LC-MS/MS. Approximately 14000 peptides were identified from 

Fig. 2. Identification summary of proteome and lysine succinylation. A. Bar plot for the identification of proteins, Ksucc peptides, sites and proteins. 
B. Venn diagram of the identified proteins, Ksucc sites and Ksucc proteins in normal(N) and model tissues (M). C. Bar plot of the cumulative counts 
of proteins with different number of Ksucc sites. D. Bar plot for the number of proteins with certain differences in the number of Ksucc sites between 
the normal and model Ksucc proteins. E. Volcano plot for proteins exhibiting a minimum of 5 Ksucc site differences. Red dots indicate a protein 
expression ratio greater than two-fold. 
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each sample. However, 45% of the peptides in model samples and 54% in normal samples are lysine succinylated with a localization 
probability >0.75 (see Supplementary Table S2 for identification summary), resulting in 4437 (M) and 6424 (N) Ksucc sites, i.e., 1021 
(M) and 1354 (N) Ksucc proteins (Fig. 2A). A typical MS/MS spectrum of the Ksucc peptide identified in the patty acid beta-oxidation 
enzyme, Hadha, is presented in Supplementary Fig. S2. Over 2000 Ksucc sites and 300 Ksucc proteins were exclusively identified in 
normal samples, accounting for one-third of the total Ksucc sites and one-fourth of the total Ksucc proteins (Fig. 2B). Multiple Ksucc 
sites were identified in several proteins (Fig. 2C), which is consistent with previous studies on lysine succinylation [22,23]. Moreover, 
exposure to ZnCl2 smoke reduced the number of Ksucc sites in some proteins (Fig. 2D). Among proteins with at least five Ksucc site 
difference, most revealed a protein expression ratio within two-fold (Fig. 2E, based on proteome data, see below for more results), 
which could partially explain why the reduced number of Ksucc sites was not owing to downregulation of their proteins. 

3.3. Quantification of proteome and lysine succinylation 

Label-free quantification (LFQ) was performed on both the proteome and succinylome data. Of the 5500 quantified proteins 
(proteome data) and 4020 Ksucc sites, 384 proteins and 749 Ksucc sites were significantly differentially expressed (Supplementary 
Fig. S3, Supplementary Tables S3 and S4). Fig. 3A depicts the M/N ratios of Ksucc site and their corresponding protein ratios. This 
indicates that succinylation displayed larger fluctuations than their respective proteins. the proteins and enzymes involved in the 
regulation of lysine succinylation were examined. Succinate dehydrogenase (SDH), histone acetyltransferase 1 (hat1) and dihy-
drolipoyl succinyltransferase (E2k, Dlst in mice) could regulate succinylation by affecting the accumulation of succinyl CoA [24–28]. 
We detected a significant difference in the expression of Hat1, E2k, and the subunits of SDH (Fig. 3B). These proteins may play a role in 
regulating succinylation in response to ZnCl2 smoke exposure. Other succinylation regulators, such as Sirt5 [29], Cpt1A [30], and 
Ogdh [31], did not show significant differences in protein expression. A similar proteomic study was performed in rats [32]. The 
authors investigated the proteomic changes in the lungs after ZnCl2 smoke inhalation. Of the 27 DEPs, we identified 12 with identical 
regulation and nine with differential regulation (Supplementary Table S5). 

3.4. Identification of lysine succinylation motifs 

Amino acid sequences around the Ksucc sites may exhibit certain preferences under different conditions. Hence, the motif-x al-
gorithm was used to detect Ksucc motifs [17]. Six conserved motifs were identified among the sequences surrounding all the identified 
Ksucc sites (Fig. 4A). Alanine (A), Glutamic Acid (E), glycine (G), lysine (K), arginine (R) and valine (V) were the most common 
residues surrounding Ksucc sites. Two conserved motifs were identified in the sequence around the Ksucc sites with significantly 
differential expression (Fig. 4B), with lysine (K) and arginine (R) was the most prominent residues. 

Fig. 3. Overview of expression of lysine succinylation and their putative regulators. A. Scatter plot of the expression of Ksucc sites and their 
corresponding proteins. Dashed lines indicate an expression fold change of 1.5 (M/N ratio = 1.5 or N/M ratio = 1.5). DEPs or Ksucc sites were 
defined as expression fold change >1.5 and p value < 0.05. Dots in gray indicate that the expression is not significant for both Ksucc and proteins. 
Blue indicates the significant expression was only occurred to proteins. Dots in green represents significant expression for Ksucc only. Dots in red 
state the protein and Ksucc are both significantly differentially expressed. The number of proteins in different classifications is shown in the plot. B. 
Expression of Ksucc regulators Hat1, E2k and subunits of SDH. ns, not significant; *, p < 0.05; **, p < 0.01; ****, p < 0.0001. 

R. Zhou et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e27450

6

3.5. Functional analysis of proteins with fewer ksucc sites, DEPs, and DEKsuccs 

A total of 803 proteins were involved in the functional analysis, including proteins exhibiting a minimum of 5 Ksucc site differences 
and an expression fold change of the corresponding protein smaller than 2 after exposure to ZnCl2 smoke (PLKsuccs), differentially 
expressed proteins (DEPs) and proteins with differentially expressed Ksucc sites (DEKsuccs). Some proteins were repeated when 
characterizing them into three classes (Fig. 5A). These proteins were mainly found in the cytoplasm, extracellular regions and 
mitochondria (Supplementary Fig. S4A). Molecular function analysis indicated that they possessed oxidoreductase and peptidase 
activities and binding properties to proteins, nucleotides, and actins (Supplementary Fig. S4B). GO biological process and KEGG 

Fig. 4. Motif analysis of succinylated peptides. A. Conserved motifs identified from sequences surrounding all identified Ksucc sites. B. Conserved 
motifs identified from sequences surrounding Ksucc sites with differential expression. 

Fig. 5. Protein-protein interaction analysis of proteins with fewer Ksucc sites (PLKsuccs), differentially expressed proteins (DEPs) and proteins with 
differentially expressed Ksucc sites (DEKsuccs). A. Venn diagram of proteins of three groups. B. Protein-protein interaction network of proteins of 
three group. A full network in these proteins of three groups is displayed. Nodes represent proteins, and edges indicate that the proteins were 
connected in the analysis with a minimum interaction score of 0.9. The color of the nodes is represents the number of proteins connected (degree) 
according to the legend. The border of nodes is colored to indicate the classification of three groups. C. Box plot for the degrees of proteins in three 
groups. ns, not significant; **, p < 0.01; ****, p < 0.0001. 
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pathway analysis indicated they were involved in focal adhesion, nucleosome assembly, blood coagulation, as well as the metabolism 
of amino acids, carbon, fatty acids, and lipids (Supplementary Figs. S4C and S4D). 

Protein-protein interaction information was obtained from the STRING database (http://string-db.org/) to analyze the correlations 
between these proteins [18]. A total of 497 proteins displayed at least one connection with other proteins (Fig. 5B). Additionally, 
proteins with alterations in Ksucc from either DEKsuccs or PLKsuccs had higher levels of protein-protein interactions than those from 
DEPs (Fig. 5B and C). Subsequently, we focused on proteins with a higher level of connectivity, i.e., proteins with node degrees ≥8, as 
they may have more important roles. These proteins were involved in several metabolic and functional pathways (Fig. 6). Details of the 
highly connected proteins that were not enriched in the functional pathways are listed in Table 1. It is conceivable that different 
regulatory ways act together to regulate a specific pathway, such as carbon metabolism; some proteins have fewer Ksucc sites, and 
some proteins are differentially expressed in Ksucc. These functional pathways also interact with each other through shared proteins 
and connections, as indicated by the STRING database. Among these, DNA replication proteins were independent of the others and 
comprised only DEPs. 

4. Discussion 

Smoke inhalation is frequently encountered during fire disasters, military operations, and exposure to toxic chemical gases [53]. 
Over one–fifth of burn patients endure lung injuries caused by smoke inhalation, contributing to 30% of fire related fatalities [53,54]. 
Moreover, military personnel are at significant risk of smoke inhalation–induced lung injury during the deployment of smoke bombs, 
which commonly contain ZnCl2 as the main component [5,6,55]. The incidence of clinical cases related to smoke bomb-induced lung 
injuries has been steadily increasing since 1945 [56]. To enhance our understanding of the molecular mechanisms underlying lung 
injury induced by zinc chloride, we established a robust mouse model of lung injury induced by smoke bombs containing zinc chloride 
as the primary component [13]. In this study, we elucidated the role of lysine succinylation in ZnCl2-injured lungs for the first time. 
Approximately 2000 Ksucc sites were not identified in the injured lungs, potentially owing to succinylation occurring at an ultra-low 
level beyond the detection limit of the mass spectrometer or even complete de-succinylation. Regardless of the condition, Ksucc level 
on lysine were downregulated in response to the smoke stimulation. Over 60% of the Ksucc sites were identified and quantified in both 
normal and injured lungs. Ksucc displayed a larger dynamic range of up- or down-regulation compared with the expression of their 
corresponding proteins, indicating a more pronounced response of Ksucc in lung injury. 

Additionally, STRING analysis revealed a higher protein-protein connectivity of Ksucc proteins, suggesting a potentially distinct or 
more critical role of Ksucc in lung injury induced by zinc chloride smoke. Two conserved residues, arginine (R) and lysine (K) 
constitute the Ksucc motif in the lungs of human [12]. While we also identified them during our analysis of mouse models, their 
positions were two amino acids closer to the Ksucc sites. Minor differences between the two species are reasonable and expected. 
Nevertheless, the results of this study provide insights for investigating zinc chloride smoke–induced lung injury in humans. 

Protein lysine succinylation occurs across various subcellular locations, including the cytosol, mitochondria, and nucleus, as well as 
in enzymes participating in metabolic pathways related to processed such as fatty acid synthesis, amino acid degradation, and the TCA 
cycle [57–59]. Our findings align with existing literature. Furthermore, proteins with high connectivity are implicated in focal 
adhesion, adherens junctions, complement and coagulation cascades. These functional pathways play a role in pathological reactions 
to lung injury [60]. However, further investigation is necessary to confirm the role of Ksucc in these proteins in responses to the 
inhalation of zinc chloride smoke. Proteins, mRNAs and signaling pathways have been reported to associate with adherens junctions, 
pulmonary epithelial barrier dysfunction and abnormal coagulation reaction in smoke induced lung injury [61–65] and protein 
phosphorylation has been reported in ventilator-induced lung injury [66]. However, our study is the first to elucidate the involvement 
of Ksucc in smoke-induced lung injury. 

The study’s findings may hold significant implications for clinical practice, especially in the context of military professionals 
exposed to smoke bombs containing zinc chloride. Understanding the molecular mechanisms, specifically lysine succinylation, 
associated with lung injury induced by such exposure could pave the way for targeted therapeutic interventions. This insight may 
guide the development of novel treatments or preventive measures tailored to mitigate the impact of smoke-induced lung injuries in 
military personnel. By elucidating the role of Ksucc in the pathological responses to zinc chloride smoke, the study may contribute to 
improved medical strategies and healthcare practices for addressing lung injuries in a military setting. This knowledge could 
potentially enhance the overall health and well-being of military professionals facing the risk of smoke inhalation during operations 
involving the deployment of smoke bombs. 
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Table 1 
Proteins with high connectivity but not enriched in KEGG pathways.  

Protein Function Reference 

Wdr43 Associated with ribosome biogenesis and colorectal cancer [33,34] 
No16 Promote cell proliferation and inhibit apoptosis [35] 
Tpt1 Negatively regulates autophagy [36] 
Eef1a1 Enhance oncogenesis, block apoptosis, and increase viral pathogenesis [37] 
Rack1 Participate airway epithelial mesenchymal transition and apoptosis [38] 
Ttn Increase right ventricular diastolic stiffness in pulmonary arterial hypertension [39] 
Myh9 Involve in cytoskeleton reorganization [40] 
Ezr Promote cancer cell migration and lymph node metastasis [41] 
Stip1 Inhibit glycolysis and participate in cancer tumorigenesis and progression [42,43] 
Ptges3 Involve in cell cycle and act as an independent predictive prognostic in lung adenocarcinoma [44] 
Hnrnpd Antagonizes ferroptosis and alleviate sepsis-induced acute lung injury [45] 
Ahsg Promotes the proliferation of bladder cancer cells [46] 
Ambp Attenuate vascular endothelial cell apoptosis in sepsis [47] 
Lrp2 Regulating muscle glucose metabolism and insulin sensitivity [48] 
Canx Participate in collagen degradation of idiopathic pulmonary fibrosis [49] 
Alb Increase antioxidant capacity, protects against lung injury [50–52]  
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