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A B S T R A C T

Our previous study revealed that mice exposed to 1-nitropyrene (1-NP) develop pulmonary fibrosis and senescent 
alveolar cells. However, the impacts of chronic 1-NP on chronic obstructive pulmonary disease (COPD) and the 
underlying mechanism are unclear. Our research suggested that chronic 1-NP evoked alveolar structure damage, 
inflammatory cell infiltration, and pulmonary function decline in mice. Moreover, 1-NP increased p53 and p21 
expression, the number of β-galactosidase-positive cells, and cell cycle arrest in mouse lungs and MLE-12 cells. 
Moreover, 1-NP promoted glycolysis and upregulated lactic dehydrogenase A (LDHA) and lactate production in 
mouse lungs and MLE-12 cells. Elevated glycolysis provoked histone lactylation, but not histone acetylation in 
pulmonary epithelial cells. Mechanistically, histone H3 lysine 14 lactylation (H3K14la) was upregulated in 
pulmonary epithelial cells. P53 knockdown mitigated 1-NP-induced cell cycle arrest and senescence in MLE-12 
cells. CUT&Tag and ChIP-qPCR experiments confirmed that increased H3K14la directly upregulated p53 tran
scription in pulmonary epithelial cells. As expected, LDHA knockdown alleviated 1-NP-triggered cell cycle arrest 
and senescence in MLE-12 cells. In addition, supplementation with oxamate, an inhibitor of LDH, attenuated 1- 
NP-incurred premature senescence and the COPD-like phenotype in mice. These data revealed for the first time 
that histone lactylation-induced the increase in p53 transcription contributes to pulmonary epithelial cell 
senescence during 1-NP-induced COPD progression. Our results provide a basis for repressing lactate production 
as a promising therapeutic strategy for COPD.

1. Introduction

1-Nitropyrene (1-NP) is a representative environmental pollutant 
belonging to the class of nitro polycyclic aromatic hydrocarbons (nitro- 
PAHs), primarily produced by the incomplete combustion of carbon-rich 
organic fuels, manufacturing, and mining [1,2]. 1-NP is also detected in 
rice grains, vegetables, river water, indoor kitchen air, dust, and the 
atmosphere [3-5]. 1-NP exposure occurs in the human body 

predominantly via the respiratory and digestive tracts, but dietary 
intake is one of the most frequent exposure routes [6-8]. Owing to its 
mutagenicity and carcinogenicity, 1-NP has been classified as a Group 
2A carcinogen [9,10]. Previous studies have revealed that 1-NP exhibits 
reproductive and developmental toxicity and endocrine-disrupting ac
tivity [11-13]. Additionally, recent investigations have suggested that 
1-NP exposure affects the respiratory system, evokes acute lung injury 
and pulmonary fibrosis, and increases the susceptibility to asthma in 
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adolescent offspring [14-16]. However, the influence of chronic 1-NP on 
chronic obstructive pulmonary disease (COPD) and the specific mech
anism involved remain obscure.

COPD is typified by enduring respiratory difficulties and chronic 
inflammation which changes the structures of the lung parenchyma and 
peripheral airways and leads to significantly irreversible and progressive 
airflow limitation [17]. An epidemiological survey revealed that 544.9 
million people experienced chronic respiratory diseases worldwide in 
2017, and approximately half of the subjects progressed to COPD [18]. 
More recent research has shown that the total incidence of COPD is 
nearly one hundred million in Chinese adults [19]. Owing to the 
increasing aged population, COPD became the third most common cause 
of death globally and one of the main contributors to the disease burden 
[17,20]. To date, COPD is become a significant public health issue [21]. 
The traditional view has suggested that tobacco use is the main cause of 
COPD. However, an increasing number of environmental pollutants play 
important roles in COPD progression [22]. Although 1-NP exposure 
initiates a variety of respiratory diseases, reports on the link between 
1-NP and COPD are scarce. Cellular senescence manifests as a prolonged 
cell cycle linked to alternations in cell morphology, secretory pheno
type, telomere shortening, and epigenetics [23,24]. According to 
numerous research, cellular senescence can be divided into three cate
gories: replicative senescence, premature senescence brought on by 
stress, and developmentally programmed cellular senescence [25,26]. 
Senescent cells secrete a plethora of factors, consisting of chemokines, 
cytokines, growth factors, and proteases, collectively called the sen
escence-associated secretory phenotype (SASP) [27]. The SASP medi
ates many pathophysiological effects, most of which are harmful to 
physical health [28]. Pulmonary epithelial cell senescence is involved in 
the initiation of COPD [29]. Our previous investigation has confirmed 
that 1-NP evokes alveolar cell senescence [30]. In addition, 1-NP 
exposure increases lactic dehydrogenase (LDH) levels in macrophages 
[31]. The most significant function of LDH is converting pyruvate to 
lactate and disrupting the cell redox balance [32]. Research has revealed 
that lactate binds to the lysine residues of histone and promotes histone 
lactylation. As a new epigenetic modification, histone lactylation in
creases gene transcription [33]. Moreover, histone lactylation regulates 
cellular senescence [34]. Overall, we hypothesize that 1-NP may induce 
COPD through histone lactylation-mediated pulmonary cell senescence.

Therefore, the intention of this finding was to assess the effects of 
chronic exposure to 1-NP on the premature senescence of pulmonary 
epithelial cells and COPD, as well as the underlying mechanisms 
involved. We assessed the impact of chronic 1-NP on cell cycle arrest and 
cellular senescence in both pulmonary epithelial cells and lung tissues. 
Additionally, the role of 1-NP treatment in regulating histone lactylation 
was examined in mouse lungs and pulmonary epithelial cells. Conse
quently, this study provides the first mechanistic explanation for chronic 
1-NP-evoked COPD.

2. Materials and methods

2.1. Dose selection

A previous study has confirmed that the mice were exposed to 1-NP 
(5 μg) through intratracheal instillation for 29 times within four months, 
COPD-like phenotypes were observed in mice [35]. This meant that the 
chronic exposure of 145 μg 1-NP can evoke COPD model in mice within 
four months. However, the administration manner of intratracheal 
instillation is inconsistent with the exposure manner in the real world. 
Based on previous study from our research team, a non-invasive 
whole-body inhalation may be more suitable for the administration 
manner in the establishing process of COPD mouse model [36]. In the 
current research, the mice in the 1-NP group were exposed to 1-NP 
aerosol (200 mg/L) for 4 h per day, once every 2 days, for 16 weeks 
via a dynamic inhalation exposure chamber (DIEC). The total does of 
1-NP deposition was calculated as following: 145 μg 1-NP = 24 mL/min 

× X μg/m3 × 60 min × 4 h × 3 d × 16 w × 70 %== 24 × 10− 3 × 10− 3 m3 

/min × X μg/m3 × 60 min × 4 h × 3 d × 16 w × 70 % [37]. According to 
the above data, the inhalation concentration of 1-NP is about 700 μg/m3. 
Based on the parameters of the dynamic inhalation contamination de
vice: Inlet airflow rate: 4.200 m3/h; Drug concentration: 100 %; Drug 
density: 1040 mg/mL; Drug delivery rate: 0.404 mL/min; Total drug 
volume: 97.0 mL. Thus, the final concentration of 1-NP solution is about 
200 mg/L in this study for animal experiments. Moreover, the previous 
studies have confirmed that cigarette smoke exposure induce a COPD 
model in mice for about four months [38,39]. After 16 weeks of expo
sure to 1-NP, pulmonary function was detected and the remaining mice 
were killed. The results indicated chronic exposure to 1-NP can incur a 
COPD-like phenotype in mice. According to the two reports from our 
team, we found that the concentration of 5 μM can incur cytotoxicity in 
pulmonary epithelial cells [16,30]. Therefore, the concentration of 5 μM 
was selected for cellular experiment.

2.2. Animal models and treatments

Beijing Vital River provided the male C57BL/6 mice, which were six 
weeks old. Every mouse was raised in a specific pathogen-free (SPF) 
animal facility with controlled temperature and light, and had free ac
cess to food and water. Two independent animal experiments were 
involved in this study:

In Experiment 1, we assessed the impacts of chronic 1-NP treatment 
on COPD in mice. Mice were randomly assigned to either the 1-NP or 
control (Ctrl) group. Mice in the 1-NP group were exposed to 1-NP 
aerosol (700 μg/m3) for 4 h per day, three days a week, via a dynamic 
inhalation exposure chamber (DIEC). Control mice were subjected to the 
same conditions but received DMSO exposure under standard housing 
conditions.

In Experiment 2, we aimed to investigate the impact of lactylation on 
cellular senescence and COPD. Mice were assigned to different groups: 
Ctrl, oxamate (OXA), 1-NP, and OXA+1-NP. Mice in the OXA and 
OXA+1-NP groups received an intraperitoneal injection of OXA (100 
mg/kg) before 1-NP exposure. Mice were exposed to 1-NP aerosol (700 
μg/m3) in the 1-NP and OXA+1-NP groups for 4 h per day, five days a 
week.

After 16 weeks of exposure to 1-NP, pulmonary function was 
assessed. The animals were then euthanized, and blood and lung tissues 
were harvested. For histological analysis, the left lung was preserved in 
4 % paraformaldehyde solution, and the right lung was stored in liquid 
nitrogen for subsequent experiments.

2.3. Examination of pulmonary function

Pulmonary function was assessed via the AniRes 2005 lung function 
system (Beijing, China). Following anesthesia, the trachea of each mouse 
was carefully exposed, and a catheter was securely inserted into the 
trachea, connecting it to the pulmonary function analyzer. Measure
ments were performed under either pressure control or volume control 
modes. Key parameters, including forced vital capacity (FVC), forced 
expiratory volume in 1 s (FEV1), and the FEV1/FVC ratio, were 
recorded.

2.4. Treatments and cell cultures

The American Type Culture Collection (USA) provided the mouse 
lung epithelial (MLE)-12 cells, which were cultivated in DMEM with 10 
% FBS. The cells were maintained in a temperature-controlled incubator 
at 37 ◦C with 5 % CO2. This investigation involved two separate cellular 
experiments. 

(1) To observe the influence of acute 1-NP on cellular senescence and 
lactylation, MLE-12 cells were cocultured with 1-NP (5 μM). MLE- 
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12 cells were gathered at diverse times after 1-NP coculture, and 
markers of cellular senescence and lactylation were detected.

(2) To evaluate the role of lactylation on cellular senescence, LDHA 
siRNA (siLDHA) was used to repress the expression of LDHA in 
MLE-12 cells. siLDHA plasmids were transfected into MLE-12 
cells before 1-NP. Twenty-four hours after siLDHA transfection, 
the cells were cocultured with 1-NP (5 μM) for varying durations. 
The siRNA sequences were shown in Supplemental Table 1.

2.5. Extraction of protein and western blotting

Lung tissues or MLE-12 cells were lysed with RIPA buffer supple
mented with protease and phosphatase inhibitors. The lysates were 
centrifuged and then the supernatants were obtained. The protein con
centrations were ascertained via a BCA protein assay kit. Proteins in 
equal quantities were subsequently isolated via SDS-PAGE and trans
ferred to a PVDF membrane. After blocking the membrane with nonfat 
milk, primary antibodies were incubated at 4 ◦C for one night. After 
being washed, the membrane was subsequently incubated with sec
ondary antibodies conjugated to horseradish peroxidase. Protein bands 
were then visualized using an enhanced chemiluminescence detection 
system. The primary antibodies used were shown in Supplemental 
Table 2.

2.6. Reverse transcription (RT)-qPCR

TRIzol reagent was used to extract total RNA from mouse lungs or 
MLE-12 cells. The extraction process involved chloroform separation, 
followed by isopropanol precipitation and purification with 75 % 
ethanol. cDNA synthesis was performed using a commercial reverse 
transcription kit (Takara, Cat# RR036A). Primers specific to this study 
were designed with the NCBI Primer Design Tool (Supplemental 
Table 3). The cDNA, TB Green Master Mix (Takara, Cat# RR820A), and 
primers were combined and subjected to quantitative PCR analysis. 
Gene expression levels were determined by calculating the threshold 
cycle (CT) values.

2.7. Senescence-associated beta-galactosidase (SA-β-gal) staining

In brief, MLE-12 cells or frozen sections of mouse lungs were washed 
in PBS and subsequently fixed in β-galactosidase staining solution for 15 
min at room temperature. After that, the cells or sections were cleaned 
with PBS, stained using a Beyotime C0602 kits, and sealed with sealing 
film. The positive cells were visible under a microscope during an 
overnight incubation at 37 ◦C until the color was changed to blue.

2.8. Flow cytometry

A Cell Cycle and Apoptosis Analysis Kit (Beyotime, Cat# C1052) was 
used. First, MLE-12 cells were collected and dissociated via trypsin. 
Following a 70 % ethanol fixation, the cells were cleaned and resus
pended in PBS. Subsequently, the cells were subjected to propidium 
iodide staining solution for the detection of the DNA content. The cells 
were incubated for 30 min at 37 ◦C in the dark and then stored at 4 ◦C. 
Finally, flow cytometry was used to analyze the red fluorescence and 
light scattering of the cells at an excitation wavelength of 488 nm to 
assess the DNA content and cellular senescence.

2.9. Lactate level detection

Lung tissues, serum samples, or MLE-12 cells were ultrasonically 
sonicated on ice for 5 min, followed by 10 min of centrifugation at 4 ◦C 
and 12000 rpm. The supernatant was collected, and the concentration of 
lactate was determined via a Lactate Assay Kit (Solarbio, BC2230) 
following the guidelines provided by the manufacturer.

2.10. Histone protein extraction

Histone protein was extracted from MLE-12 cells or lung tissues via 
the EpiQuik Total Histone Extraction Kit (Epigentek Group, Inc., Cata
log# OP-0006). To extract histones from MLE-12 cells or lung tissues, 
prelysis buffer was added to lyse the samples at 0~4 ◦C. After centri
fuging the homogenized materials for 5 min at 3000 rpm, the superna
tants were gathered. The cell or tissue supernatants were resuspended in 
3 vol of lysis buffer and dissociated. After centrifugation, the superna
tant was obtained for subsequent western blotting.

2.11. Histological analysis, immunohistochemistry (IHC), and 
immunofluorescence (IF)

7. In short, fresh lung tissues were embedded in paraffin, fixed with 
4 % paraformaldehyde for a whole night, and then sliced into 5-μm-thick 
sections. For histopathological evaluation, these sections were stained 
with hematoxylin-eosin (H&E). The degree of pulmonary injury was 
estimated by the pathological score. According to the criteria of the 
American Thoracic Society, neutrophil infiltration, thickness of alveolar 
and alveolar congestion are used to evaluate the severity of pulmonary 
injury [40]. For IHC, the sections were incubated with primary and 
secondary antibodies at 4 ◦C. The color reaction was determined via the 
use of an HRP-linked polymer. For IF, MLE-12 cells or frozen sections of 
lung tissues were fixed for 20 min with 4 % paraformaldehyde, per
meabilized for 30 min at room temperature with 3 % Triton X-100, then 
blocked for 30 min at room temperature with 10 % goat blocking serum. 
The cells or lung sections were subsequently incubated with primary and 
fluorescent secondary antibodies overnight. DAPI staining was used for 
nuclear visualization. Finally, the positive cells or nuclei were counted 
via a Zeiss microscope.

2.12. CUT&Tag

The cells were collected and counted at room temperature using a 
Countstar Rigel S2 (Shanghai Ruiyu, FL20447, CHINA). The cells were 
lysed for 5 min, after which the cellular nuclei were extracted. The 
cellular nuclei were used to bind to the ConA beads. Then, the primary 
and secondary antibodies were treated with the attached cellular nuclei. 
Then, the bound nuclei were cultivated with the pA/G-transposome 
adapter complex, and the transposase was activated. The genomic 
DNA was liberated by proteinase K digestion and retrieved. Next, the 
genomic DNA was exposed to PCR amplification and purification. Li
brary fragments of approximate 200-700 bp were obtained through bead 
selection. The concentration of the library fragments was measured via a 
Qubit instrument (Thermo, Qubit 3.0, USA), and the integrity of the 
fragments was assessed via a Bioanalyzer 2100 instrument (Agilent, CA, 
USA). PE150 sequencing was performed via the Illumina NovaSeqXP 
according to standard protocols.

2.13. Chip-qPCR

After the treatment of MLE-12 cells, the samples were treated with 
125 mM glycine for 5 min at room temperature after being cross-linked 
for for 10 min with 1 % formaldehyde. After three rounds of cold PBS 
washing, the cells were scraped and centrifuged at 4 ◦C to remove the 
supernatants. The chromatin DNA was then sheared by sonicating the 
nuclei after they had been treated with nuclear lysis buffer. We desig
nated 10 % of the sonicated chromatin as the "input" sample. The 
remaining 80 % underwent immunoprecipitation using an anti-H3K14la 
antibody (PTM-1414RM, PTM BIO, China) and was named as "IP". As a 
negative control, 10 % was treated with rabbit IgG (Cell Signaling 
Technology), which was referred to as "IgG". The phenol-chloroform 
extraction procedure was used to extract DNA from the input and IP 
samples respectively. Using the VAHTS Universal DNA Library Prep Kit 
for Illumina V3 (Catalog No. ND607, Vazyme), the DNA sequencing 
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libraries were created. The DNBSEQ-T7 sequencer (MGI Tech Co., Ltd., 
China) was used to enrich, quantify and sequence the libraries with 200- 
500 bp fragments in PE150 mode. The primer sequence for ChIP-qPCR 
was as follows: p53, 5’-ACTGTGTGTGATGAGTGACG-3’ 3’- AAGA
TAACCAGAGGCACTTCC-5’.

2.14. Case-control study

In order to compare the proteins expressions of H3K14la and p53 in 
lung tissues of COPD patients and control subjects, a case-control was 
designed and executed. COPD patients were diagnosed on the basis of 
the diagnostic criteria and lung tissues were collected [41]. According to 
the previous studies, control subjects were selected from paracancerous 
tissues in lung cancer patients without other pulmonary diseases, and 
matched by gender and age with COPD cases [42,43]. All volunteers 
were selected in the Second Affiliated Hospital of Anhui Medical Uni
versity. The clinical characteristics and demographic information were 

compared and represented in Supplemental Table 4. The expressions of 
H3K14la and p53 were detected in lung tissues and the relationship was 
evaluated.

2.15. Statistical analysis

Data analysis was executed by GraphPad Prism software (version 
9.5.0; GraphPad Inc., located in San Diego, California, USA). Results 
were displayed in the form of mean ± standard error of the mean (SEM). 
When assessing data between two groups, the student t-test was adop
ted. For comparing data among multiple groups, one-way ANOVA was 
applied, followed by Tukey’s post-hoc test. Moreover, the associations 
between p53 and H3K14la were estimated in COPD patients and control 
subjects via Pearson correlative analysis. Statistical significance was 
determined as a P value < 0.05. All experiments were conducted bio
logically for at least three times.

Fig. 1. 1-NP exposure caused a COPD-like phenotype in mice. (A-N) All the mice were exposed to 1-NP aerosol (200 mg/L, 4 h/day, once every 2 days) or DMSO 
through the respiratory tract for 4 months. All the mice were harvested, and pulmonary function was detected. (A) Body weight. (B) Lung weight. (C) Lung coef
ficient. (D, E) Lung sections were stained with hematoxylin and eosin. Original magnification: 100 × . (D) Pulmonary interstitium. (E) Pulmonary small airway. (F) 
Mean linear intercept. (G) Airway wall area. (H) Airway wall thickness. (I) Inflammatory cells. (J) Pathological scores. (K-N) Pulmonary function was measured. (K) 
FVC. (L) FEV1. (M) FEV1/FVC. (N) PEF. All the data were expressed as the means ± S.E.M. (N=5). *P < 0.05, **P < 0.01.
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3. Results

3.1. Chronic 1-NP exposure caused a COPD-like phenotype in mice

Chronic 1-NP treatment prominently decreased body weight and 
increased the lung weight and lung coefficient in mice (Fig. 1A-C). In 

addition, chronic 1-NP evoked sensible lung injury, structural changes in 
the interstitium and small airway, and inflammatory cell infiltration 
(Fig. 1D, E). Quantitative analysis revealed that the lung tissues of mice 
had a higher mean linear intercept after 1-NP (Fig. 1F). In addition, 
chronic 1-NP exposure increased the airway wall area and airway wall 
thickness in the lungs of the mice (Fig. 1G, H). Moreover, the number of 

Fig. 2. 1-NP exposure induced cell cycle arrest and premature senescence in mouse lungs and MLE-12 cells. (A-K) All the mice were exposed to 1-NP aerosol (200 
mg/L, 4 h/day, once every 2 days) or DMSO through the respiratory tract for 4 months. All the mice were harvested, and cell cycle arrest and cellular senescence were 
evaluated. (A) Lung sections were stained with SA-β-gal. Original magnification: 100 × and 200 × . (B) The number of SA-β-gal-positive cells was calculated. (C) The 
protein expression of cellular senescence markers was assessed via western blotting. (D-F) Quantitative analyses were conducted. (D) Lamin B1. (E) P53. (F) P21. (G- 
H) The mRNA levels of senescence markers were detected via RT-qPCR. (G) P53. (H) P21. (I, J) The colocalization of SPC with p53 was evaluated by IF. (I) 
Representative images were shown. Original magnification: 100 ×. (J) The number of colocalized cells was evaluated. (K, L) The colocalization of Lamin B1 with p53 
was evaluated by IF. (K) Representative images were shown. Original magnification: 100 ×. (L) The number of colocalized cells was evaluated. (M) The mRNA levels 
of cyclins and cyclin-dependent kinases were detected via RT-qPCR. (N-X) MLE-12 cells were treated with 1-NP (5 μm) for different durations. Then, cell cycle arrest 
and senescence were evaluated. (N) SA-β-gal staining was performed in MLE-12 cells. Original magnification: 100 × and 400 × . (O) The number of SA-β-gal-positive 
cells was calculated. (P) The protein expression of cellular senescence markers was assessed with western blotting. (Q-S) Quantitative analyses were conducted. (Q) 
Lamin B1. (R) P53. (S) P21. (T) p53-positive nuclei were detected via IF. Original magnification: 630 × . (U) The number of p53-positive nuclei was assessed. (V) Cell 
cycle distribution was measured via flow cytometry. (W) Cell cycle distribution was analyzed. (X) Cyclin and cyclin-dependent kinases mRNA levels were detected 
via RT-qPCR. All the data were expressed as the means ± S.E.M. (N=6). *P < 0.05, **P < 0.01.
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Fig. 3. 1-NP exposure incurred glycolysis and lactate production in mouse lungs and MLE-12 cells. (A-F) All the mice were exposed to 1-NP aerosol (200 mg/L, 4 h/ 
day, once every 2 days) or DMSO through the respiratory tract for 4 months. All the mice were harvested, and the protein expression of glycolysis-related genes in 
mouse lungs was assessed via western blotting. (A) Representative bands were shown. (B-F) Quantitative analyses were conducted. (B) HK2. (C) PFKFB3. (D) PKM2. 
(E) LDHA. (F) LDHB. (G-L) MLE-12 cells were treated with 1-NP (5 μm) for different durations. The expression levels of glycolytic enzymes were subsequently 
measured. (G) Representative bands were shown. (H-L) Quantitative analyses were conducted. (H) HK2. (I) PFKFB3. (J) PKM2. (K) LDHA. (L) LDHB. (M − O) The key 
enzyme involved in the conversion of pyruvate to acetyl-CoA and its inhibitor were assessed via western blotting. (M) Representative bands were shown. (N, O) 
Quantitative analyses were conducted. (N) PDH. (O) PDK1. (P-S) Lactate levels were detected. (P) Serum lactate. (Q) Pulmonary lactate. (R) Supernatant lactate. (S) 
Intracellular lactate. (T) The content of intracellular acetyl-CoA was measured in MLE-12 cells. (U) Schematic of glycolysis. All the data were expressed as the means 
± S.E.M. (N=6). *P < 0.05, **P < 0.01.
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inflammatory cells per high-power field (HPF) and pathological scores 
in mouse lungs were significantly elevated following 1-NP exposure 
(Fig. 1I, J). Finally, the influence of long-term exposure to 1-NP on 
pulmonary function was evaluated. As shown in Fig. 1K-N, FEV1, FVC, 
FEV1/FVC, and peak expiratory flow (PEF) noticeably decreased in the 
1-NP-exposed mice. Moreover, the types of infiltrated inflammatory 
cells were evaluated. The results suggested that chronic 1-NP exposure 
elevated the numbers of neutrophils and macrophages in mouse lungs 
(Supplemental Fig. 1A–D). Additionally, extracellular matrix (ECM) 
collagen was obviously deposited around the small airways in mouse 
lungs (Supplemental Fig. 1E and F). Besides, 1-NP increased collagen 
deposition in mouse lungs (Supplemental Fig. 1G and H). In addition, 
chronic 1-NP exposure inhibited the expression of E-cadherin, an 

epithelial marker, and promoted the expression of N-cadherin and 
vimentin, two mesenchymal indices, in lung tissues (Supplemental 
Fig. 1I–L).

3.2. Chronic 1-NP exposure induced cell cycle arrest and senescence in 
pulmonary epithelial cells

The effect of chronic 1-NP exposure on cellular senescence was 
estimated in mouse lungs. As shown in Fig. 2A and B, a greater number 
of SA-β-gal-positive cells in the lungs of the mice was caused by long- 
term exposure to 1-NP. In addition, the expression of Lamin B1, an 
intracellular marker of cellular senescence, was reduced in mouse lungs 
in the 1-NP group (Fig. 2C, D). P53 is a tumor suppressor that regulates 

Fig. 4. 1-NP exposure promoted histone lactylation in mouse lungs and MLE-12 cells. (A-D) All the mice were exposed to 1-NP aerosol (200 mg/L, 4 h/day, once 
every 2 days) or DMSO through the respiratory tract for 4 months. All the mice were harvested and histone lactylation in mouse lungs was evaluated. (A) Pan Kla 
levels were measured via western blotting. (B) Quantitative analysis was conducted. (C) Different histone lactylation levels were determined by western blotting. (D) 
Quantitative analyses were performed. (E-H) MLE-12 cells were treated with 1-NP (5 μm) for 24 h. (E) Pan Kla was detected via western blotting. (F) Quantitative 
analysis was performed. (G) The levels of different types of histones lactylation were evaluated via western blotting. (H) Quantitative analyses were performed. (I-L) 
The effects of 1-NP exposure (5 μm) on histone lactylation and acetylation were explored in MLE-12 cells at 0 h, 6 h, 12 h, and 24 h. (I) Pan Kla was detected via 
western blotting. (J) Quantitative analysis was performed. (K) H3K14la and H3K14ac expression was determined via western blotting. (L) Quantitative analyses were 
performed. (M − P) Effects of 1-NP exposure at different concentrations (0 μmol/L, 5 μmol/L, 10 μmol/L, 15 μmol/L, and 20 μmol/L) on histone lactylation and 
acetylation were analyzed in MLE-12 cells after 24 h. (M) Pan Kla expression was determined via western blotting. (N) Quantitative analysis was performed. (O) 
H3K14la and H3K14ac protein expressions levels were evaluated via western blotting. (P) Quantitative analyses were performed. All the data were expressed as the 
means ± S.E.M. (N=6). *P < 0.05, **P < 0.01.
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the cell cycle, and p21 is a cyclin-dependent kinase inhibitor that is 
activated by p53 to halt the cell cycle. As expected, the protein and 
mRNA levels of p21 and p53 were elevated in the lungs of 1-NP-treated 
mice (Fig. 2C, 2E-H). Besides, 1-NP treatment substantially promoted 
the colocalization of surfactant protein C (SP-C), the marker of alveolar 
type II cells, with p53 in mouse lungs (Fig. 2I, J). Not only that, 1-NP 
exposure promoted the colocalization between Lamin B1 and p53 in 
mouse lungs (Fig. 2K, L). Moreover, the mRNA levels of cyclins and 
cyclin-dependent kinases were decreased in mice after chronic 1-NP 
(Fig. 2M). Additionally, 1-NP treatment markedly increased the mRNA 
expression levels of SASP genes in the lungs, including chemokines 
(Cxcl1, Ccl2, Cxcl9), metalloproteinases (Mmp2, Mmp7, Mmp13), and 
cytokines (Il-1β, Il-6, Tnf-α) (Supplemental Fig. 2A). These results 
revealed that chronic 1-NP induced cell cycle arrest and senescence in 
the alveolar type II cells of the mice. The effect of 1-NP treatment on 
cellular senescence was then examined in MLE-12 cells. The results 

indicated that chronic 1-NP cultivation increased the number of SA- 
β-gal-positive MLE-12 cells (Fig. 2N, O). Additionally, 1-NP exposure 
reduced Lamin B1 expression and upregulated p53 and p21 expressions 
in MLE-12 cells (Fig. 2P-S). IF also confirmed that the number of p53- 
positive nuclei was increased after 1-NP (Fig. 2T, U). Flow cytometry 
revealed that 1-NP led to a decrease in the proportion of MLE-12 cells in 
the G0/G1 phase, whereas the proportions of those in the S and G2/M 
phases increased, indicating that cell cycle arrest occurred in the S and 
G2/M phases (Fig. 2V, M). Not only that, the mRNA levels of cyclins and 
cyclin-dependent kinases in MLE-12 cells were decreased after 1-NP 
(Fig. 2X), whereas the expression of SASP mRNAs were increased 
(Supplemental Fig. 2B).

Fig. 5. LDHA knockdown alleviated histone lactylation, cell cycle arrest, and premature senescence in MLE-12 cells. (A) Diagrammatic sketch of lactate production. 
(B-J) The impact of LDHA knockdown on 1-NP-mediated histone lactylation was analyzed in MLE-12 cells. LDHA siRNAs were transfected, and then, MLE-12 cells 
were cocultured with 1-NP (5 μM). (B, C) LDHA protein expression was measured via western blotting. (D) The content of intracellular lactate was measured. (E) 
Lactate levels in the supernatant were determined. (F) Pan Kla and Pan Kac proteins expression was measured via western blotting. (G) H3K14la and H3K14ac 
proteins expression was measured via western blotting. (H) Quantitative analyses were performed. (I, J) H3K14la-positive nuclei were identified via IF and analyzed. 
Original magnification: 400 ×. (K-W) The influences of LDHA knockdown on 1-NP-evoked cell cycle arrest and premature senescence were explored in MLE-12 cells. 
(K) Senescent cells were evaluated by SA-β-gal staining. Original magnifications: 100 × and 400 × . (L) The number of SA-β-gal-positive cells was calculated. (M) The 
protein expression of cell cycle markers was detected via western blotting. (N-P) Quantitative analyses were performed. (N) Lamin B1. (O) P53. (P) P21. (Q, R) p53 
and p21 mRNA levels were detected via RT-qPCR. (Q) P53. (R) P21. (S) P53-positive nuclei were tested by IF. Original magnification: 400 ×. (T) The number of p53- 
positive nuclei was calculated. (U) The cell cycle distribution was determined by flow cytometry. (V) Cell cycle distribution was analyzed. (W) The mRNA levels of 
SASP genes were detected by RT-qPCR. All the data were expressed as means ± S.E.M. (N=6). *P < 0.05, **P < 0.01.
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3.3. 1-NP exposure promoted glycolysis and lactate production in 
pulmonary epithelial cells

The impacts of chronic 1-NP exposure on glycolysis and lactate 
production were evaluated in mouse lungs. As shown in Fig. 3A-D, three 
key glycolytic enzymes, hexokinase 2 (HK2) and phosphofructokinase 2 
(PFKFB3) were significantly elevated in mouse lungs following 1-NP 
exposure. Surprisingly, 1-NP exposure didn’t affect the pyruvate ki
nase M2 (PKM2) expression in mouse lungs. Chronic 1-NP increased the 
expression of lactate dehydrogenase A (LDHA), which is a crucial 
enzyme for lactate production (Fig. 3A, E). However, chronic 1-NP did 
not influence LDHB expression (Fig. 3A, F). Additionally, acute 1-NP 
treatment upregulated HK2, PFKFB3, LDHA, and LDHB expressions in 
MLE-12 cells (Fig. 3G-L). Pyruvate dehydrogenase (PDH), which con
verts pyruvate to acetyl-CoA, was reduced in MLE-12 cells treated with 
1-NP (Fig. 3M, N), whereas its inhibitor, pyruvate dehydrogenase kinase 
1 (PDK1), remained unchanged after 1-NP (Fig. 3M, O). Additionally, 
chronic 1-NP promoted lactate production in serum and lung tissues of 
mouse (Fig. 3P, Q). As expected, lactate concentrations in the superna
tant and cell lysate were upgraded in MLE-12 cells following 1-NP 
cultivation (Fig. 3R, S). However, the content of acetyl-CoA did not 
change in MLE-12 cells following 1-NP processed (Fig. 3T). In addition, 
the levels of glycolysis-related genes were detected. Supplemental Fig. 3
showed that hypoxia-inducible factor 1α (HIF-1α), HK2, PFKFB3, LDHA, 
and LDHB were elevated after treatment with 1-NP. However, PKM2 did 
not change. Fig. 3U showed the glycolysis flowchart.

3.4. 1-NP exposure evoked histone lactylation but not histone acetylation 
in pulmonary epithelial cells

The effect of exposure to 1-NP on lactylation in pulmonary epithelial 
cells was analyzed. As illustrated in Fig. 4A-D, chronic 1-NP exposure 
increased Pan Kla, H3K14la, and H4K12la expression levels in mouse 
lungs compared with those in the control group. In addition, chronic 1- 
NP upregulated Pan Kla and H3K14la expressions in MLE-12 cells 
(Fig. 4E-H). The time effect of acute 1-NP treatment on lactylation was 
explored in MLE-12 cells. The results suggested that acute 1-NP upre
gulated Pan Kla and H3K14la expressions at 12 h, and the levels 
remained elevated at 24 h. However, acute 1-NP did not affect Pan Kac 
and H3K14ac levels in MLE-12 cells (Fig. 4I-L; Supplemental Fig. 4A and 
B). The dosage impact of acute 1-NP on lactylation was subsequently 
estimated in MLE-12 cells. The data revealed that the higher the dosage 
of 1-NP was, the greater the Pan Kla and H3K14la levels were. Similarly, 
there was no influence of 1-NP on Pan Kac or H3K14ac in MLE-12 cells 
(Fig. 4M-P; Supplemental Fig. 4C and D). Moreover, IF suggested that 
exposure to 1-NP raised the counts of Pan Kla- and H3k14la-positive 
cells in lung tissues and MLE-12 cells (Supplemental Fig. 4E–L).

3.5. 1-NP exposure induced cell cycle arrest and cellular senescence 
through histone lactylation in pulmonary epithelial cells

Lactate production is determined mainly by LDH (Fig. 5A). There
fore, the effect of LDHA knockdown on lactate production was explored 

Fig. 5. (continued).
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in MLE-12 cells. As shown in Fig. 5B and 5C, LDHA siRNA transfection 
obviously decreased LDHA protein expression in MLE-12 cells, and the 
most efficacious sequences were siLDHA-2 and siLDHA-3. Pretreatment 
with siLDHA dramatically mitigated 1-NP-provoked lactate production 
in MLE-12 cells and supernatants (Fig. 5D, E). Additionally, the 1-NP- 
induced increase in overall lactylation and H3K14la levels were atten
uated by siLDHA transfection, whereas total acetylation and H3K14ac 
levels were not affected (Fig. 5F-H). IF also confirmed that siLDHA 
transfection repressed 1-NP-mediated increase in H3K14la-positive cells 
(Fig. 5I, J). The impacts of siLDHA transfection on cell cycle arrest and 
senescence caused by 1-NP were subsequently assessed in MLE-12 cells. 
As shown in Fig. 5K and 5L, LDHA knockdown downregulated 1-NP- 
induced increase in SA-β-gal-positive cells. Moreover, siLDHA trans
fection obviously restored 1-NP-provoked upregulation of p21 and p53 
expressions, and the decrease in Lamin B1 expression (Fig. 5M-P). 

Similarly, 1-NP-induced increase in p53 and p21 mRNA levels was 
inhibited by siLDHA transfection (Fig. 5Q, R). In addition, siLDHA 
transfection obviously abolished 1-NP-evoked p53 nuclear translocation 
in MLE-12 cells (Fig. 5S, T). In addition, flow cytometry revealed that 1- 
NP-induced cell cycle arrest in the S and G2/M phases was inhibited by 
siLDHA transfection (Fig. 5U, V). Moreover, 1-NP-induced SASP upre
gulation was obviously mitigated in the 1-NP + siLDHA group (Fig. 5W).

3.6. 1-NP exposure increased p53 transcription through histone H3 lysine 
14 lactylation

It is well-known that histone modifications can influence the tran
scriptional activity and promote the expression of target genes. In order 
to investigate the plausible mechanism of H3K14la-mediated cell 
senescence, the top 20 genes related to cellular senescence from the 

Fig. 6. Histone lactylation activated p53 transcription in pulmonary epithelial cells. (A) 1-NP-affected genes, COPD-related genes, and senescence-associated genes 
were analyzed via a Venn diagram. (B) The proteins affected by 1-NP exposure were predicted. (C) The heatmap revealed the binding density of H3K14la, among 
which existed distinct binding peaks of H3K14la in the 1-NP group and the control group, sorted by signal intensity. (D) A pie chart showed the genomic distribution 
of H3K14la peaks in the 1-NP group. (E) The bubble plot revealed the KEGG analysis of the increased binding peak of H3K14la in the 1-NP group. (F) IGV tracked for 
Trp53-enriched in the genomic positions. (G) ChIP-qPCR was used to analyze the binding efficiency of H3K14la to the p53 promoter region. (H, I) The levels of 
mRNAs associated with cell cycle arrest were detected via RT-qPCR. (H) P53. (I) P21. (J-N) The impact of p53 knockdown on 1-NP-evoked cell cycle arrest was 
evaluated in MLE-12 cells. (J, K) The effect of p53 siRNA on p53 protein expression was assessed. (L, M) P21 protein expression was determined by western blotting 
and quantified. (N) P21 mRNA expression was evaluated by RT-qPCR. (O, P) The effect of p53 siRNA on 1-NP-induced cell cycle arrest was explored. (O) Cell cycle 
distribution was determined by flow cytometry. (P) Cell cycles distribution was analyzed. (Q-R) The effect of p53 knockdown on 1-NP-triggered premature 
senescence was estimated in MLE-12 cells. (Q) Senescent cells were detected via SA-β-gal staining. Original magnifications: 100 × and 400 × . (R) The number of SA- 
β-gal-positive cells was calculated. (S-W) The mRNA levels of SASP components were measured via RT-qPCR. (S) Il-1β. (T) Il-6. (U) Tnf-α. (V) Mmp-2. (W) Cxcl-9. All 
the data were expressed as the means ± S.E.M. (N=6). *P < 0.05, **P < 0.01.
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GeneCards database (http://www.genecards.org/) and the top 20 genes 
of the interacting with 1-NP-affected and COPD-related to genes from 
the CTD website (http://ctdbase.org/) were analyzed using a Venn di
agram. As illustrated in Fig. 6A, there was merely one mutually inter
sected gene, namely Trp53. Moreover, the Stitch website (http://stitch. 
embl.de/) predicted that 1-NP exposure may affect the expressions of 
potential proteins, and p53 was also a target protein (Fig. 6B). Then, 
CUT&Tag assay was conducted. The results showed that 1-NP-induced 
significant aggregation of H3K14la peaks (Fig. 6C), among which 
11,166 (21.75 %) H3K14la binding peaks were located within the pro
moter region (≤ 3 kb) (Fig. 6D). KEGG analysis revealed that H3K14la- 
regulated genes were significantly enriched in the signaling pathways of 
p53, cell cycle, and senescence in the 1-NP-exposed cells (Fig. 6E). 
Compared to the control group, H3K14la signal was significantly 
enriched at the p53 promoter of 1-NP group (Fig. 6F). Meanwhile, ChIP- 
qPCR further revealed that H3K14la was enriched at the p53 promoter in 
pulmonary epithelial cells (Fig. 6G). As presented in Fig. 6H and I, 1-NP 
increased p53 and p21 mRNA levels from 6 h to 24 h in MLE-12 cells. In 
addition, p53 protein expression was significantly reduced after trans
fection with p53 siRNA (Fig. 6J, K). As expected, pretreatment with p53 
siRNA obviously attenuated 1-NP-induced increases in p21 protein and 
mRNA expressions (Fig. 6L-N). In addition, flow cytometry suggested 
that p53 siRNA alleviated 1-NP-induced cell cycle arrest (Fig. 6O, P) and 
cellular senescence (Fig. 6Q, R). Moreover, p53 knockdown inhibited 
the secretion of 1-NP-induced SASP proteins, including Il-1β, Il-6, Tnf-α, 
Mmp-2, and Cxcl-9 (Fig. 6S-W). In addition, the expressions of p53 with 
H3K14la were evaluated and confirmed in COPD patients and age- and 
sex- matched control volunteers via a case-control study. The results 
indicated that the expressions of p53 and H3K14la were obviously 
elevated in lung tissues of COPD patients compared with control subjects 
(Supplemental Fig. 5A and B). Not only that, Pearson Correlative 

analysis found the significant and positive correlation between p53 and 
H3K14la in COPD patients (R=0.671; P=0.020) (Supplemental Fig. 5C). 
Further analysis revealed that the expressions of p53 and H3K14la were 
higher in COPD patients with smoke compared with nonsmoker 
(Supplemental Fig. 5D).

3.7. Pharmacological inhibition of lactate production mitigated 1-NP- 
induced cell cycle arrest and senescence in mouse lungs

The impact of lactate production repression on 1-NP-induced histone 
lactylation was assessed in mouse lungs. The results revealed that OXA 
pretreatment alleviated chronic 1-NP-evoked lactate production in 
serum and lung tissues (Fig. 7A, B). Moreover, pretreatment with OXA 
attenuated chronic 1-NP-induced upregulation of Pan Kla and H3K14la 
in mouse lungs (Fig. 7C-F). In addition, pretreatment with OXA 
repressed 1-NP-induced increase in H3K14la-positive cells in mouse 
lungs (Fig. 7G, H). The influences of lactate production inhibition on 1- 
NP-induced cell cycle arrest and senescence were subsequently evalu
ated in mouse lungs. The results indicated that chronic 1-NP-mediated 
increase in SA-β-gal-positive cells was inhibited in mouse lungs by 
OXA pretreatment (Fig. 7I, K). Additionally, chronic 1-NP-induced in
creases in p53-positive nuclei were mitigated in 1-NP + OXA mice 
(Fig. 7J, L). Encouragingly, chronic 1-NP-mediated upregulation of p53 
and p21, as well as downregulation of Lamin B1, were restored by OXA 
pretreatment in mouse lungs (Fig. 7M-P). Similarly, pretreatment with 
OXA alleviated chronic 1-NP-induced increase in p53 and p21 mRNA 
levels (Fig. 7Q, R) and the number of p21-positive cells (Fig. 7S, T) in 
mouse lungs. Finally, the effect of lactate production inhibition on 
chronic 1-NP-induced increase in the SASP was estimated in mouse 
lungs. As shown in Fig. 7U, OXA pretreatment markedly repressed the 
SASP upregulation induced by 1-NP.

Fig. 6. (continued).
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3.8. Pharmacological inhibition of lactate production alleviated the 1-NP- 
induced COPD-like phenotype in mice

The effect of OXA on the 1-NP-induced COPD-like phenotype was 
analyzed in mice. As shown in Fig. 8A-C, although OXA pretreatment 
had no effect on the chronic 1-NP-induced decrease in body weight, 
chronic 1-NP-mediated increase in lung weight and lung coefficient 
were obviously attenuated by OXA pretreatment. Furthermore, supple
mentation with OXA relieved chronic 1-NP-evoked COPD-like alveolar 
structural damage and airway obstruction (Fig. 8D, E). In addition, OXA 
supplementation obviously decreased airway wall area, the mean linear 
intercept, airway wall thickness, inflammatory cell infiltration and 
pathological scores increment in mouse lungs (Fig. 8F-J). Finally, the 
effect of OXA supplementation on the decrease in pulmonary function 
induced by chronic 1-NP was analyzed. As expected, the decreases in 
FVC, FEV1, FEV1/FVC%, and PEF induced by chronic 1-NP were all 
alleviated in 1-NP + OXA mice (Fig. 8K-N).

4. Discussion

The present investigation explored the impact of chronic 1-NP 
exposure on COPD in mice and on the senescence in pulmonary 
epithelial cells. The significantly innovative findings were as follows: (1) 
1-NP exposure induced a COPD-like phenotype in mice; (2) 1-NP 
exposure increased p53 transcription, promoted cell cycle arrest, and 
induced premature senescence in mouse lungs and pulmonary epithelial 
cells; (3) 1-NP exposure promoted glycolysis and lactate production in 
pulmonary epithelial cells; (4) 1-NP exposure triggered histone lacty
lation in pulmonary epithelial cells; (5) 1-NP exposure upregulated p53 
transcription through H3K14la; and (6) Pharmacological inhibition of 
lactate production attenuated 1-NP-mediated cell cycle arrest and pre
mature senescence in pulmonary epithelial cells, as well as the COPD- 
like phenotype in mice.

Cellular senescence is characterized by cell cycle arrest, altered cell 
morphology, telomere shortening, increased SASP, etc. [24,44]. Several 
studies have demonstrated that cellular senescence is involved in COPD 

Fig. 7. OXA supplementation alleviated 1-NP-triggered cell cycle arrest and cellular senescence in mouse lungs. (A-H) The effect of OXA supplementation on 1-NP- 
mediated histone lactylation was analyzed in mice. In the OXA and 1-NP + OXA groups, the mice were pretreated with OXA (100 mg/kg) through intraperitoneal 
injection. In the 1-NP and 1-NP + OXA groups, the mice were exposed to 1-NP aerosol (200 mg/L, 4 h/day, once every 2 days). Four months after 1-NP exposure, all 
the mice were harvested, and histone lactylation was measured in the lungs. (A) Serum lactate level was measured. (B) Pulmonary lactate level was quantified. (C, D) 
Pan Kla protein expression was detected via western blotting and quantified. (E, F) H3K14la protein expression was detected via western blotting and quantified. (G, 
H) The number of H3K14la-positive nuclei was assessed via IHC and analyzed. Original magnification: 100 × and 400 × . (I-S) The influences of OXA supple
mentation on 1-NP-induced cell cycle arrest and premature senescence were explored in mouse lungs. (I, K) Senescent cells were evaluated by SA-β-gal staining and 
the number of SA-β-gal-positive cells was calculated. Original magnifications: 100 × and 400 × . (J, L) The number of p53-positive nuclei was measured via IHC and 
calculated. Original magnification: 100 × and 400 × . (M) The protein expression of cell cycle markers was assessed by western blotting. (N-P) Quantitative analysis 
was performed. (N) Lamin B1. (O) P53. (P) P21. (Q, R) The mRNA levels of cell cycle markers were detected via RT-qPCR. (Q) P53. (R) P21. (S, T) The number of p21- 
positive cells was detected via IF and calculated. Original magnification: 630 × . (U) The mRNA levels of SASP factors were detected by RT-qPCR. All the data were 
expressed as the means ± S.E.M. (N=6). *P < 0.05, **P < 0.01.
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progression [29,45]. In previous research from our laboratory, 1-NP 
provokes telomere damage and cellular senescence in the progression 
of pulmonary fibrosis [30]. Therefore, we hypothesized that chronic 
1-NP exposure may cause COPD through premature senescence in pul
monary epithelial cells. Our animal experiments revealed that chronic 
1-NP exposure resulted in alveolar structural damage, increased 
inflammation, decreased pulmonary function, and a COPD-like pheno
type in mice. In addition, in vivo and in vitro experiments revealed that 
1-NP exposure induced cell cycle arrest and premature senescence in 
mouse lungs and MLE-12 cells. Therefore, these outcomes suggest that 
chronic 1-NP exposure triggers COPD through initiating cell cycle arrest 
and premature senescence in pulmonary epithelial cells.

P53 is recognized as a powerful transcription factor that plays an 
important role in tumor suppression and cellular response to stress [44,
46]. Recent studies have shown that p53 is involved in deciding the 
cellular fate and impacting the cell cycle. The activation of p53 can 
transcriptionally upregulate p21, inhibit many cell cycle genes, and ul
timately induce cell cycle arrest [47,48]. Moreover, p53 nuclear trans
location promotes p21 transcription and cellular senescence [49]. Not 
only that, p53 posttranslational modification also exerts significate roles 
on regulating p53 activation and cellular senescence in different cell 
types. UFMylation, a recently found ubiquitin-like modification, stabi
lizes p53 via repressing p53 ubiquitination degradation and then facil
ities p21 transcription in human renal epithelial cells [50]. Moreover, 
p53 acetylation upregulates p21 expression and incurs cell cycle arrest 
in human diploid fibroblast line [51]. A recent study found that p53 
SUMOylation provokes p53 phosphorylation, and upregulates the 
transcriptional activity of p53 and excites senescence in neurons [52]. 
Therefore, these results all hinted that p53 activation is implicated in the 
process of cellular senescence. In the present study, we found that 1-NP 
exposure increased p53 mRNA and protein expressions, activated the 
p53/p21 signaling axis and downregulated the expressions of cell 

cycle-related genes in mouse lungs and MLE-12 cells. Additional, p53 
knockdown obviously relieved 1-NP-mediated cell cycle arrest and 
senescence in MLE-12 cells. Hence, p53 activation-mediated cell cycle 
arrest is involved in pulmonary epithelial cell senescence during 
1-NP-induced COPD. However, the mechanism by which 1-NP activates 
the p53 transcription factor in pulmonary epithelial cells is unknown.

Recent research revealed that histone lactylation, as a new epige
netic modification, regulates gene transcription and cellular senescence 
[33,34]. Therefore, the impact of histone lactylation on cellular senes
cence was explored in pulmonary epithelial cells. The results revealed 
that the lactate levels were significantly increased in the mouse lungs 
and MLE-12 cells after 1-NP. Gene knockdown and pharmacological 
inhibition of lactate production all alleviated histone lactylation, p53 
activation, cell cycle arrest, and premature senescence in mouse lungs 
and MLE-12 cells. Moreover, CUT&Tag and ChIP-qPCR experiments 
confirmed that H3K14la was enriched at the p53 promoter and directly 
regulated p53 transcription in MLE-12 cells. Increased pyruvate can be 
converted to acetyl-CoA and lactyl-CoA [53,54]. Elevated acetyl-col 
levels induce histone acetylation and regulate gene transcription [55,
56]. Therefore, the effect of histone acetylation on p53 upregulation 
needs to be eliminated. According to our findings, 1-NP exposure in 
MLE-12 cells only raised lactate levels, not acetyl-CoA. In addition, acute 
1-NP did not evoke H3K14ac in mouse lungs and MLE-12 cells. These 
findings demonstrate that exposure to 1-NP induces cell cycle arrest and 
premature senescence through H3K14la, which positively regulates p53 
transcription in pulmonary epithelial cells. It was reported that H4K12la 
upregulates the transcription of SASP genes and drives smooth muscle 
cell senescence [34]. In addition, H4K12la activates NF-κB signaling via 
enhancing binding to the promoters of NF-κB p65 and p50, and then 
incurs cellular senescence [57]. These results hinted that there are other 
proteins lactylation which drive cellular senescence. Therefore, the roles 
of the more proteins lactylation on 1-NP-induced senescence will be 

Fig. 7. (continued).
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explored in pulmonary epithelial cells in the next investigation.
Lactate, an end product of glycolysis, was initially thought to be a 

metabolic waste product. However, increasing evidence has suggested 
that lactate can be used as a metabolic fuel for normal tissues and to 
determine cell fate [58,59]. Additionally, several studies have suggested 
that lactate acts as a signaling molecule with different regulatory func
tions, including cellular homoeostasis modulation and lipolysis [60,61]. 
In the process of glycolysis, under both anaerobic and aerobic condi
tions, pyruvate is converted to lactate by LDH [62]. Elevated levels of 
lactate bind to the lysine of histones and evoke histone lactylation, 
which regulates gene transcription [33]. In this study, three key glyco
lytic enzymes, HK2, PFKFB3, and PKM2, were upregulated in 1-NP-ex
posed mouse lungs and MLE-12 cells. In addition, 1-NP exposure 
significantly elevated LDHA and lactate levels in pulmonary epithelial 

cells. As predicted, LDHA siRNA and oxamate, which are inhibitors of 
LDHA, attenuated lactate production and histone lactylation in pulmo
nary epithelial cells. Further investigations revealed that LDHA knock
down and pharmacological inhibition relieved 1-NP-mediated cell cycle 
arrest and premature senescence in pulmonary epithelial cells. In 
addition, supplementation with oxamate effectively repressed 1-NP-in
duced COPD in mice. Collectively, these findings demonstrated that 
exposure to 1-NP exacerbates lactate production through upregulating 
glycolysis and LDHA expression in pulmonary epithelial cells.

The two important clinical phenotypes of COPD are emphysema and 
bronchiolitis [63]. The previous studies have revealed that airway 
inflammation and remodeling exert important roles in the occurrence 
and development of COPD [64,65]. Additionally, cellular senescence in 
pulmonary epithelial cells and fibroblasts are observed in CS-induced 

Fig. 8. OXA supplementation attenuated 1-NP-evoked a COPD-like phenotype in mice. (A-N) The effect of OXA supplementation on 1-NP-induced COPD was 
analyzed in mice. In the OXA and 1-NP + OXA groups, the mice were supplemented with OXA (100 mg/kg) through intraperitoneal injection. In the 1-NP and 1-NP 
+ OXA groups, the mice were exposed to 1-NP aerosol (200 mg/L, 4 h/day, once every 2 days). Four months after 1-NP exposure, all the mice were harvested, 
pulmonary function was tested and lung tissues were collected. (A) Body weight. (B) Lung weight. (C) Lung coefficient. (D-E) The lung interstitium and small airways 
were stained with hematoxylin and eosin. Original magnification: 400 × . (F) Mean linear intercept. (G) Airway wall area. (H) Airway wall thickness. (I) Inflam
matory cells. (J) Pathological scores. (K-N) Pulmonary function was measured. (K) FVC. (L) FEV1. (M) FEV1/FVC. (N) PEF. All the data were expressed as the means 
± S.E.M. (N=6). *P < 0.05, **P < 0.01.
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the progression of emphysema [66], hinting these phenotypes have 
different mechanisms in COPD. However, due to the limitation of actual 
situation and experimental funding, only the effects of 1-NP exposure on 
senescence and histone lactylation were evaluated in pulmonary 
epithelial cells in our research. The knowledge of 1-NP exposure on 
other types of cells were obscure. These mechanisms were not confirmed 
in other cell models. This was a research flaw. The current results may 
restrict the promotion of the findings. So, the influences of 1-NP expo
sure will be further explored in other types of cells next.

5. Conclusion

In conclusion, this study revealed that chronic exposure to 1-NP, a 
prevalent environmental pollutant, results in the initiation of COPD 
through evoking cell cycle arrest and premature senescence in pulmo
nary epithelial cells. Additionally, 1-NP exposure promotes lactate 
production and histone lactylation via upregulating glycolysis and 
LDHA expression in pulmonary epithelial cells. Mechanistically, 
elevated lactate positively regulates p53 transcription through H3K14la 
and promotes to cell cycle arrest and then premature senescence in 
pulmonary epithelial cells. Conversely, the inhibition of lactate pro
duction attenuates 1-NP-mediated H3K14la, cell cycle arrest, premature 
senescence, and COPD. These results indicate that glycolysis-derived 
lactate and H3K14la may be the potential therapeutic targets for 
COPD progression via repressing cell cycle arrest and premature 
senescence in pulmonary epithelial cells. Our data provide a novel 
approach for inhibiting environmental pollutant-mediated COPD in the 
future.
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