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Abstract. Acute lung injury (ALI) and acute respiratory 
distress syndrome (ARDS) are severe clinical conditions 
with a high mortality rate. Nucleotide‑binding oligomeriza‑
tion domain (NOD)‑like receptor containing pyrin domain 3 
(NLRP3) and nuclear factor E2‑related factor 2 (Nrf2) have 
been reported to be associated with ALI. However, the 
dynamic changes in the levels of these factors in lipopolysac‑
charide (LPS)‑induced lung injury remain unclear. Thus, the 
present study aimed to determine the LPS‑induced activa‑
tion of immunological cascades, as well as the NLRP3/Nrf2 
signaling pathway at different stages of lung injury. For this 
purpose, mice were divided into six groups as follows: The 
control, LPS‑4 h, LPS‑24 h, LPS‑48 h, LPS‑96 h and LPS‑144 h 
groups. LPS (4 mg/kg) was administered intratracheally to 
induce lung injury. Flow cytometry was used to determine 
the changes in macrophages, neutrophils and T‑cell subsets 
in lung tissue, hematoxylin and eosin staining were used to 
measure the histopathological changes in lung tissues, ELISA 

was performed to evaluate the levels of cytokines, western 
blot analysis was used to measure the levels of inflammatory 
proteins, and reverse transcription‑quantitative PCR used to 
determine the mRNA level of a target gene. Following LPS 
administration, evident histopathological damage with neutro‑
phil infiltration was observed which peaked at 48 h. The levels 
of interleukin‑1β, keratinocyte‑derived chemokine, macro‑
phage inflammatory protein 2 and tumor necrosis factor a were 
markedly increased in bronchoalveolar lavage fluid and serum 
from the mice, and these levels peaked at 4 h. Moreover, LPS 
promoted Toll like receptor‑4 expression and reactive oxygen 
species production, thus activating NLRP3/Nrf2 signaling and 
pyroptosis. Collectively, the present study demonstrates that 
LPS triggers multiple inflammatory molecules and immune 
cells during ALI, which may be closely involved in the 
irregular redox status, NLRP3/Nrf2 pathway and pyroptosis.

Introduction

Acute respiratory distress syndrome (ARDS) is categorized 
as a minor disease, according to the Berlin definition  (1). 
However, ARDS and acute lung injury (ALI) lead to major 
severe respiratory failure worldwide, and are associated with 
a high morbidity and mortality due to increased vascular 
permeability, alveolar‑capillary membrane dysfunction, the 
flooding of protein‑rich fluid, alveolar hemorrhage and fibrin 
deposition (2,3). Following exposure to exogenous irritants, 
such as lipopolysaccharide (LPS), the excessive accumulations 
and responses of immune cells, including macrophages and 
neutrophils in the infected area, are the key factors involved in 
the pathogenesis of ALI/ARDS (4,5).

LPS is a major component of the outer membrane of 
Gram‑negative bacteria that binds to Toll like receptor‑4 
(TLR‑4), thus leading to the secretion of pro‑inflammatory 
cytokines via various signaling pathways  (6,7). Previous 
studies have demonstrated that LPS may directly affect 
T‑cell activity through the TLR ligand (8,9), alter the ratio of 
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CD4+/CD8+ T‑cells, and recruit neutrophils and macrophages 
into the inflamed area (10). Based on their function and loca‑
tion, macrophages present in the lungs are mainly recognized 
as alveolar macrophages (AMs) and interstitial macrophages 
(IMs) (11). Importantly, during the process of ALI, AMs exert 
a host‑protective effect by killing microorganisms, secreting 
large amounts of reactive oxygen radicals and tumor necrosis 
factor‑a (TNF‑a) (12); IMs have more efficient functions by 
releasing immunoregulatory cytokines, such as interleukin 
(IL)‑1β, keratinocyte‑derived chemokine (CXCL1/KC) and 
macrophage inflammatory protein 2 (MIP‑2), inducing 
a specific immune reaction in the pathogenesis of 
ALI/ARDS (13).

There is also evidence to indicate that activated CD4+ T‑cells 
are involved in ALI and regulate cytotoxic T‑lymphocyte 
antigen 4 (CTLA4) following exposure to LPS (14). In addi‑
tion to CD4+ T‑cells, transcription factors, such as retinoic acid 
receptor‑related orphan nuclear receptor γt (RORγt) trigger the 
clonal expansion of pro‑inflammatory Th17 cells (15). Existing 
evidence suggests that the activation of the Th17 immune 
response enhances the inflammatory response in various 
inflammatory and autoimmune disorders (16). Previous studies 
have documented that the number of CD4+/CD8+ cells is 
markedly increased in the lower respiratory tract area of lung 
injury (17,18). The role of excessive immune activation and 
the cytokine storm in lung injury induced by COVID‑19 has 
become a consensus (19,20). However, to date, the interaction 
between T‑cells and lung injury‑mediated dysfunction has not 
yet been fully elucidated. Therefore, further in‑depth, system‑
atic and time‑dependent studies on T‑cell subsets (CD4+/CD8+ 
ratio) and cytokine production, as well as the related molecular 
mechanisms are warranted.

Nuclear factor E2‑related factor 2 (Nrf2) and the 
nucleotide‑binding oligomerization domain (NOD)‑like 
receptor containing pyrin domain 3 (NLRP3) inflammasome 
are both regulated by reactive oxygen species (ROS) under 
inflammatory conditions (21). Previous studies have demon‑
strated that Nrf2 plays a positive role in acute and chronic 
inflammatory diseases (22,23). Under conditions of cellular 
stress, Nrf2 is released from Kelch‑like ECH‑associated 
protein 1 (Keap1) through the proteasomal pathway, and 
subsequently, Nrf2 translocated to the nucleus to initiate 
the gene transcription, such as heme oxygenase 1 (HO‑1), 
NAD(P)H dehydrogenase [quinone] 1 (NQO1) and glutathione 
S‑transferase‑α. (24). The inflammasome is a multifunctional 
protein complex composed of inactive NLRP3, adaptor protein 
apoptosis‑associated speck‑like protein containing a CARD 
(ASC) and caspase‑1. Subsequently, activated caspase‑1 leads 
to changes in the form of IL‑1β and IL‑18 from a premature to 
a mature one. Notably, these are the important indications of 
pyroptosis (25,26). It has also been observed that Nrf2 is critical 
for NLRP3 inflammasome activation by ASC oligomeriza‑
tion (27). Previous studies have suggested that Nrf2 deficiency 
contributes to the alleviation NLRP3 expression in acute and 
chronic inflammatory diseases, and these results demonstrate 
an unexpected pro‑inflammatory effect of Nrf2 (22,23). In 
addition, the time‑dependent, pro‑inflammatory role of Nrf2 
remains a contradictory and undefined issue. To date, the 
immunomodulatory and pro‑inflammatory potential of LPS 
in the NLRP3/Nrf2 pathway has not yet been extensively 

investigated in a time‑dependent manner in an in vivo model, 
at least to the best of our knowledge.

Moreover, caspase‑8 is a critical regulator that activates 
the cleavage of gasdermin D (GSDMD)‑dependent cell 
death (28,29). Cleaved‑GSDMD promotes membrane pores, 
thus leading to the release of cytokine such as IL‑1β and others 
in the inflamed area (30). Therefore, understanding these cell 
death processes is essential for the development of drugs for 
the treatment of ALI.

The present study established acute and sub‑chronic 
models of ALI via the intratracheal instillation of 4 mg/kg LPS. 
Taken together, the present study demonstrated the changes 
of the potential inflammatory molecules and immune‑related 
pathways in the lung injury model at different time points. 
Moreover, the inflammatory cell profiles in bronchoalveolar 
lavage fluid (BALF), and multiple immune cell distribution 
and the redox status in lung tissue, as well as the activation 
of the Nrf2/NLRP3 signaling pathway and pyroptosis in the 
lungs of mice with LPS‑induced ALI were also determined.

Materials and methods

Mouse model of intratracheal injection of LPS and experi‑
mental design. In the present study, 30 male C57/B6 mice, 
6‑7 weeks old and weighing 20‑25 g, were purchased from 
SLAC Laboratory Animal (certificate no: SCXK2017‑0016). 
All animal experiments were approved by the Animal Care and 
Ethics Committee of Zhejiang University, Hangzhou, China. 
All efforts were made to minimize animal suffering. The mice 
were kept under standard day/night (12 h light/12 h dark cycle, 
45‑55% relative humidity and a temperature of 23‑25˚C) and 
pathogen‑free conditions. The mice were randomly divided 
into six groups of 5 mice in each (the control, LPS 4 h, LPS 
24 h, LPS 48 h, LPS 96 h and LPS 144 h groups).

First, the mice were anaesthetized with Avertin 
(2,2,2‑tribromoethanol; 0.2  ml/10  g; MilliporeSigma at 
240 mg/kg by an intraperitoneal (i.p.) injection according to 
body weight. After 5 min, the mice were place on the surgical 
tray in an appropriate position. The neck skin was then 
sterilized with 75% ethanol, the skin was cut using forceps 
and scissors, the neck skin was opened, and the tracheal 
area was isolated very carefully to make the airway visible. 
Subsequently, LPS (4 mg/kg body weight, Escherichia coli, 
0111: B4, MilliporeSigma) was injected intratracheally into 
the mice using a microsyringe. LPS (4 mg/kg) was used as 
previously described (31,32). In the control group, the same 
volumes of 0.9% sodium chloride (NaCl) were administrated 
intratracheally. At the different time points, the mice were 
deeply anaesthetized and sacrificed for further analysis. Of 
note, no mice died during the modelling or treatment process 
in the present study.

Sample collection. The mice were sacrificed at 4, 24, 48, 
96 and 144 h after the LPS administration. For euthanasia, 
the mice (control group and LPS groups) were deeply anes‑
thetized with Avertin (2,2,2‑tribromoethanol; 480 mg/kg 
by i.p. injection. A few minutes later, the heart rate of the 
mice disappeared due to an anesthesia overdose. Blood was 
then collected by enucleating the mouse eyeball and this 
was preserved at 4˚C for 16‑18 h. After 16‑18 h, the blood 
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samples were centrifuged at 2,000 x g, 4˚C for 10 min, and 
the supernatant (upper layer) was collected as serum samples 
and preserved at ‑80˚C for determining cytokine levels. 
Subsequently, a tracheal cannula was used to collect 0.5 ml 
BALF by injecting ice‑cold 1X PBS (Beijing Solarbio Science 
& Technology Co., Ltd.) into the lungs of mice (twice). The 
BALF was then centrifuged at 2,000 x g for 10 min at 4˚C. 
The BALF supernatant and blood serum were then collected 
and kept at ‑80˚C for the measurement of cytokine levels. 
The third part of the right lung was used to perform histo‑
pathological examinations; the first lobe of the left lung was 
used for flow cytometric analysis and the remaining lung 
lobes were frozen at ‑80˚C for use in western blot analysis, 
reverse transcription‑quantitative PCR (RT‑qPCR) and ROS 
generation analysis.

Histopathological examination. For histological analysis, the 
lung tissue was fixed in 10% neutral formalin for 48‑72 h at 
room temperature, embedded in paraffin, and sectioned at a 
thickness of 4 µm. Following deparaffinization and rehydra‑
tion using a series of laboratory graded alcohol at different 
percentages (75%; 85%; 95%‑I; 95%‑II; 95% alcohol‑III, 
dimethyl benzene‑I and dimethyl benzene‑II). Alcohol and 
dimethyl benzene were obtained from Sinopharm Chemical 
Reagent Co., Ltd. and Haoke Biological Technology Co., 
Ltd., respectively and the sections were stained with hema‑
toxylin for 5 min and eosin solution for 10‑12 sec at room 
temperature (Nanjing Jiancheng Technology Co. Ltd.), and 
the tissue sections were rinsed under running water. Finally, 
lung structures were observed under a full slide scanning 
microscope (VS200 digital slide scanner BX51, Olympus 
Corporation). The histopathological findings were then deter‑
mined based on neutrophil infiltration in the lung tissue. The 
histopathological status of lung injury was scored according to 
the Official American Thoracic Society Workshop Report (33). 
The parameters included the following: a) Neutrophils in the 
alveolar space; b) neutrophils in the interstitial space; c) hyaline 
membranes; d) proteinaceous debris filling the airspaces; and 
e) alveolar septal thickening. The total score was calculated 
using the following formula: Score=[(20 x a) + (14 x b) + (7 x c) 
+ (7 x d) + (2 x e)]/(number of fields x100).

Determination of cytokine levels in BALF and serum using 
enzyme‑linked immunosorbent assay (ELISA). The collected 
BALF and blood were centrifuged at 1,000 x g for 8 min at 4˚C, 
and the supernatant of BALF and serum was used to evaluate 
the production of inflammatory cytokines using ELISA kits, 
such as IL‑1β (cat. no. DY401), CXCL1/KC (cat. no. DY453), 
MIP‑2 (cat. no. DY452), TNF‑α (cat. no. DY410) (all from 
R&D Systems, Inc.) following the manufacturer's protocol. 
The optical density was detected at 450 nm using a micro‑
plate reader (BioTek Instruments, Inc.). The result sample 
value was subtracted from the bank value. The levels of 
IL‑1β, CXCL1/KC, MIP‑2 and TNF‑α were finally expressed 
in pg/ml.

Flow cytometric analysis. Single‑cell suspensions were 
prepared from the left lung tissues of the mice by cutting these 
into small sections and digesting these with type I collagenase 
(3 mg/ml, MilliporeSigma) and DNase I (30 µg/ml) for 45 min 

at 37˚C in RPMI‑1640 medium (cat. no. 10040, Corning, Inc.). 
The digested lungs were mechanically disrupted using the flat 
portion of a plunger from a 3‑ml syringe, then through a sterile 
filter (100 µm, Falcon, BD Biosciences) followed by an addi‑
tional 40‑µm strainer (Falcon, BD Biosciences). Red blood cells 
were lysed with 150 mM NH4Cl, 10 mM KHCO3 and 0.1 mM 
EDTA. Following two washes with phosphate‑buffered saline 
(PBS), (Beijing Solarbio Science & Technology Co., Ltd.), the 
cells were stained with the Zombie Aqua™ Fixable Viability 
kit (cat. no. 423101; BioLegend, Inc.) in the dark for 15‑30 min 
at room temperature, followed by washing once with cell 
staining buffer. Following the isolation of live cells, BUV395 
rat anti‑mouse CD45 (1:80; cat. no. 564279), PerCP‑Cy™5.5 
hamster anti‑mouse CD3e (1:80; cat.  no.  551163), FITC 
rat anti‑mouse CD4 (1:80; cat.  no.  557307), APC‑Cy™7 
rat anti‑mouse CD8a (1:80; cat. no. 557654), PE‑Cy™7 rat 
anti‑mouse Ly‑6G (1:80; cat. no. 560601), PE rat anti‑mouse 
F4/80 (1:80; cat. no. 565410), BV650 rat anti‑CD11b (1:80; 
cat.  no.  563402) antibodies were used with incubation at 
4˚C for 30  min. All antibodies were purchased from BD 
Biosciences. Samples were evaluated using a CytoFLEX 
LX flow cytometry analyzer (Beckman Coulter, Inc.). The 
results were analyzed using CytExpert Version 2.4 software 
(Beckman Coulter, Inc.).

Total RNA isolation and RT‑qPCR. RNA was isolated from 
lung tissues using RNAiso plus (Takara Bio, Inc.) according 
to the manufacturer's instructions and reverse transcribed 
into cDNA using the PrimeScript™ RT reagent kit from 
Takara Bio, Inc. qPCR was performed on the Bio‑Rad C1000 
real‑time PCR system using SYBR‑Green Master Mix 
reagent (Bio‑Rad Laboratories, Inc.). The PCR amplifica‑
tion reaction was as follows: 95˚C for 30 sec, and subjected 
to 40 cycles of 95˚C for 3 sec and 62˚C for 30 sec. Primers 
were designed using the primer bank website (https://pga.mgh.
harvard.edu/primerbank/). The data were evaluated using 
the 2‑ΔΔCq formula for relative quantitation and normalized to 
glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH) (34). 
The sequences of the primers for mouse gene expression are 
listed in Table I (forward and reverse).

Western blot analysis. Total protein was extracted from the 
lung tissue using cold radio immunoprecipitation assay (RIPA) 
lysis buffer (including 1% protease inhibitor cocktail (Roche 
Diagnostics), 2% PMSF (MilliporeSigma) and 1X PhosSTOP 
(Roche Diagnostics) and centrifuged at 10,000 x g at 4˚C 
for 10 min. The protein concentration was evaluated using 
quick start Bradford 1X dye reagent (Bio‑Rad Laboratories, 
Inc.). Subsequently, 5X loading buffer (Beyotime Institute 
of Biotechnology, Inc.) was added to the protein sample 
and then denatured at 100˚C for 5 min. Subsequently, 12% 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
(SDS‑PAGE) was used to separate the proteins. The equivalent 
loading of the gel was determined by quantitation of the protein 
and by re‑probing the membranes for GAPDH detection. 
Isolated proteins were electroblotted onto nitrocellulose (NC) 
membranes (BioTrace NT membranes, Gelman Laboratory) 
for 70 to 90 min at 300 mA (Mini‑protein II System, Bio‑Rad 
Laboratories, Inc.) and blocked for   h at room temperature with 
Tris‑buffered saline containing 5% BSA. The membranes were 
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then incubated with the following primary antibodies: TLR‑4 
(1:1,000; cat.  no.  ab13867, Abcam), anti‑NLRP3 (1:1,000; 
cat. no. AG‑20B‑0014, Adipogen Life Sciences); anti‑procas‑
pase‑1/cleaved caspase‑1 (1:1,000; cat. no. ab179515, Abcam), 
p‑Nrf2 (1:1,000; cat. no. db523, Diagbio), (http://www.diagbio.
com/), anti‑Nrf2 antibody (1:1,000; cat. no. ab137550, Abcam); 
anti‑Keap1 antibody (1:1,000; cat.  no.  ab119403, Abcam), 
aAnti‑GSDMD antibody (1:1,000; cat. no. ab155233, Abcam), 
anti‑caspase‑8 (1:1,000; cat. no. ab227430, Abcam), anti‑ASC 
(1:1,000; cat. no. sc‑514559, Santa Cruz Biotechnology, Inc.) 

and anti‑GAPDH (1:5,000; cat. no.  db106, Diagbio) at room 
temperature overnight. After washing with 1X TBST, the 
membranes were incubated with HRP‑conjugated secondary 
antibodies (1:5,000; IRDye 800CW goat anti‑rabbit; IRDye 
680CW goat anti‑mouse; LI‑COR Biosciences) for 1.5 h at 
room temperature. The membranes were washed three times 
with 1X TBST, 5 min for each time. Images were captured 
using an Oddessy CLx infrared laser dual color imaging 
analysis system (Image Studio Ver 5.2, LI‑COR Biosciences). 
The density of each protein band on the membrane is reported 

Table I. Sequences of the primers used in the present study.

Number	 Primer name	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

I	 TLR‑4	 CGCTTTCACCTCTGCCTTCACTACAG	 ACACTACCACAATAACCTTCCGGCTC
II	 Nrf2	 TCTTGGAGTAAGTCGAGAAGTGT	 GTTGAAACTGAGCGAAAAAGGC
III	 GAPDH	 CATCACTGCCACCCAGAAGACTG	 ATGCCAGTGAGCTTCCCGTTCAG

Figure 1. Time‑dependent pathological effects in the model of LPS‑induced acute lung injury. C57BL/6 mice were exposed to 4 mg/kg LPS via intratracheal 
installation and 0.9% NaCl was administered to the control mice. Lung tissues and BALF were collected, after 4, 24, 48, 96 and 144 h of LPS exposure and 
from the control mice. (A) Histological structures of right lung lobes stained with H&E for the LPS groups at different time points and the control group 
(scale bars: Upper panels, 20 µM; lower panels, 5 µM). Representative results from 5 mice are shown for each group. H&E staining represents the structure 
of neutrophils (green arrows). (B) Lung injury scores in lung tissue from mice exposed to LPS. (C) Number of WBCs in BALF. Values are presented as the 
mean ± SEM, n=4‑5 mice per group. (C) One‑way ANOVA followed by the Bonferroni test and (B) the Kruskal‑Wallis test followed by Dunn's post hoc test 
were used to analyze significant differences between the different time points of the LPS groups vs. the control. *P<0.05, **P<0.01 and ***P<0.001, vs. control. 
NS, not significant; LPS, lipopolysaccharide; BALF, bronchoalveolar lavage fluid; H&E, hematoxylin and eosin; WBC, white blood cell.
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as the densitometric ratio between the protein of interest and 
GAPDH.

Measurement of ROS generation. ROS production in lung 
tissues was estimated using the method described in the study 
by Socci et al (35), with minor modifications. Homogenates of 
tissue samples were prepared using ice‑cold 40 mM Tris‑HCl 
buffer (pH 7.4). Following sonication, tissue samples were 
diluted with 0.25% with ice‑cold Tris buffer. Subsequently, 
100 µl sample solution was used to determine the protein 
concentration. The remaining 0.25% pf the solution was 
divided into two equal portions; one portion was mixed with 
5  µM dichlorodihydrofluorescein diacetate (DCFH‑DA; 
MilliporeSigma) in methanol, and the other portion was used as 
a blank (100 µl methanol). All samples were then incubated in a 
water bath (37˚C) for 45 min. The DCF fluorescence intensities 
of the samples were detected using a Varioskan Flash micro‑
plate reader (Thermo Fisher Scientific, Inc.) at excitation and 
emission wavelengths of 485 and 525 nm, respectively.

Statistical analysis. Statistical analysis was performed using 
Graph prism 7 software (Graphpad Software, Inc.). The data 
are presented as the mean ± SEM (n=4‑5 mice per group). 
Differences between groups were determined using one‑way 
analysis of variance (ANOVA) followed by the Bonferroni 

correction for the comparison of selected column pairs, and 
the Kruskal‑Wallis test followed by Dunn's post hoc test. 
A value of P<0.05 was considered to indicate a statistically 
significant difference.

Results

LPS induces lung injury in a time‑dependent manner. The 
most crucial pathological feature of LPS‑induced ALI is the 
accumulation and activation of neutrophils in lung tissues. 
As shown in Fig. 1A, LPS induced pathological changes in 
the lung tissues of the mice at 4, 24, 48, 96 and 144 h when 
compared with the control group, and the highest lung injury 
scores were recorded from the LPS‑4 h to LPS‑96 h groups; 
the scores then exhibited a decreasing trend in the LPS‑144 h 
group (Fig. 1B). Additionally, LPS exposure also resulted in 
the highest number of white blood cells (WBCs) compared 
with the control group, with a significant difference up to 
96 h of LPS administration, with an increasing trend from 4 h 
(Fig. 1C). From 4 to 96 h after LPS administration, the features 
of lung injury were more evident. Notably, no detectable 
histological damage was observed in the control group.

LPS induces the time‑dependent activation of T‑cell subsets 
in lung tissue. T‑cell subsets are critical mediators of immune 

Figure 2. Regulation of CD4+, CD8+ cells and the ratio of CD4+ to CD8+ responses by LPS. C57BL/6 mice were exposed to 4 mg/kg LPS via intratracheal 
installation for 4, 24, 48, 96 and 144 h, and 0.9% NaCl was administered to the control mice orally. Lung tissues were digested and stained with CD4 FIT C A 
(marker of CD4+ T‑cells) CD8a APC‑A750‑A (marker of CD8+ T‑cells). (A and B) The percentages of CD4+ and CD8+ T cells in lung tissue were determined 
using flow cytometry. (C‑E) CD4+, CD8+ T‑cells, and the CD4+/CD8+ ratios are presented in bar graphs. The results are expressed as the mean ± SEM (n=4‑5 
animals in each group). One‑way ANOVA followed by the Bonferroni test were used to analyze significant differences among the different time points of the 
LPS group vs. the control. **P<0.01 and ***P<0.001, vs. control. NS, not significant; LPS, lipopolysaccharide.
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responses. A previous study demonstrated that the function of 
T‑helper cells was associated with the polarization, recruitment 
and activation of immune cells during inflammation (36). The 
present study compared the subpopulation, composition and 
activation/differentiation of T‑cells between the LPS‑exposed 
groups and the control group, in which cells were stained with 
CD4 FITCA (a marker of CD4+ T‑cells) CD8a APC‑A750‑A 
(a marker of CD8+ T‑cells). As shown in the flow cytometry 
images (Fig.  2A  and  B) following exposure to LPS, the 
numbers of CD4+ T‑cells increased to 70.68, 85.52, 40.58, 
88.27 and 94.55% in the LPS‑4 h, LPS‑24 h, LPS‑96 h and 
LPS‑144  h groups, respectively, although there were no 
significant differences relative to the control group (Fig. 2C); 
of note, in lung tissue from mice exposed to LPS, the numbers 
of CD8+ T‑cells were significantly inhibited at the different 
time points [LPS‑4 h (9.85%); LPS‑24 h (7.90%); LPS‑48 h 
(5.48%); LPS‑96 h (11.71%) and LPS‑144 h (25.98%)] (Fig. 2D). 
In addition, all LPS‑exposed groups had significantly higher 
CD4+ to CD8+ ratios than the normal control group, and the 

highest peak of CD4+/CD8+ T‑cell ratios was identified in the 
LPS‑24 h group (Fig. 2E). These results thus indicated that 
the abnormal differentiation of T‑cells in responses to LPS was 
associated with aberrant cytokine production in downstream 
signaling pathways in ALI.

Time‑dependent activation of neutrophil and alveolar/
interstitial macrophages in lung tissue. The recruitment of 
macrophages and neutrophils plays a crucial role in the process 
of ALI. Following LPS stimulation, the whole left lung lobes 
from mice were digested and stained; there was a significant 
increase in the staining for F4/80 (a marker of macrophages) in 
the LPS‑144 h group by 25.1% compared to the control group 
(Fig. 3B and E). Double immunostaining of the lung tissues 
confirmed that the F4/80 and CD11b+ macrophages were 
confined to the interstitial compartment, and the numbers of 
IMs were significantly increased at 4 to 144 h following expo‑
sure to LPS (Fig. 3C and G). Additionally, the intratracheal 
instillation of LPS induced neutrophil recruitment into the 

Figure 3. Neutrophils, macrophages, AMs and IMs respond differentially to LPS in the model of ALI. C57BL/6 mice were exposed to 4 mg/kg LPS via 
intratracheal installation for 4, 24, 48, 96 and 144 h, and 0.9% NaCl was administered to the control mice orally. Lung cells isolated at indicated time points 
and stained for F4/80 (marker of macrophages), F4/80+CD11b‑ (marker of AMs), LY6G PE‑CY7A (stained for neutrophils), and F4/80+CD11b+ (marker of 
IMs). (A‑C) Flow cytometric analysis of neutrophils, macrophages, AMs and IMs. (D‑G) The percentages of indicated cell populations are presented in bar 
graphs. The results are representative of five independent mice in each group (mean ± SEM, n=5). One‑way ANOVA followed by the Bonferroni test were 
used to analyze significant differences among the different time points of the LPS group vs. the control. *P<0.05, **P<0.01 and ***P<0.001, vs. control. NS, not 
significant; LPS, lipopolysaccharide; AMs, alveolar macrophages; IMs, interstitial macrophages.
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lung tissue; however, the actual time point and mechanisms 
involved remain unclear. AMs have previously been reported 
to be involved in the accumulation of neutrophils in lung 
injury (37). In the present study, as shown by flow cytometry, 
the percentage of AMs (stained with F4/80+ CD11b‑) decreased 
from 4 to 144 h following exposure to LPS (Fig. 3C and F); 
however, the number of neutrophils (stained with LY6G 
PE‑CY7A) significantly increased during this time period 
(LPS‑4 h, LPS‑24 h and LPS‑48 h) compared to the control 
group (Fig. 3A and D).

Time‑dependent effects of LPS on pro‑inflammatory cytokines 
BALF and serum. Accumulating evidence suggests that 

macrophages and neutrophils are generally considered to be the 
major sources of IL‑1β, CXCL1/KC, MIP‑2, TNF‑α (38‑40). 
In the present study, to evaluate the time‑dependent effects of 
LPS on the secretion of pro‑inflammatory cytokines in BALF 
and serum, samples were collected at different time points from 
the mice in the LPS groups (4, 24, 48, 96, 144 h) and the control 
group. As shown in Fig. 4, the secretion of IL‑1β, CXCL1/KC, 
MIP‑2 and TNF‑α in BALF and serum increased, and the 
maximal peak of cytokine secretion following LPS exposure 
was reached at 4 h; the levels then exhibited a decreasing 
trend in the from 96 to 144 h following the LPS instillation. 
These results demonstrated that LPS induced time‑dependent 
changes in the secretion of the pro‑inflammatory mediators, 
IL‑1β, CXCL1/KC, MIP‑2 and TNF‑α, in the lungs and serum 
of C57BL/6 mice. Of note, in the control group, the cytokines 
were not constitutively expressed. Similar to the present study, 
Bosnar et al  (41) found that the levels of CXCL1, TNF‑α 
and IL‑1β increased from 4 h following LPS stimulation in 
inflammatory cells and lung tissue.

Time‑dependent effects of LPS on ROS production in lung 
tissue. The present study then examined the redox balance 
as an indicator of oxidative stress at different time points in 
LPS‑induced lung tissue using an H2DCFDA fluorescence 
probe. As shown in Fig. 5, the level of fluorescence intensity in 
the lung tissue significantly increased following LPS exposure 
at 4 h (36.39%), 24 h (48.33%), 48 h (55.40%), 96 h (39.04%) 
and 144 h (20.56%), whereas the highest level was recorded 
in the LPS‑48 h group, with a decreasing trend observed at 
144 h. These data suggested that ROS play a crucial role in 
hindering normal structure in a time‑dependent manner after 
LPS induction.

Figure 4. Time‑dependent effects on pro‑inflammatory cytokines in BALF 
and serum from mice with LPS‑induced lung injury. C57BL/6 mice were 
exposed to with 4 mg/kg LPS via intratracheal installation for 4, 24, 48, 
96 and 144 h, and 0.9% NaCl was administered to the control mice orally. 
BALF and serum were collected after for 4, 24, 48, 96 and 144 h of LPS 
exposure and from the control mice. The cytokine levels in (A‑D) BALF and 
(E‑H) serum were measured using ELISA and are shown as (A and E) IL‑1β, 
(B and F) CXCL1/KC; (C and G) MIP‑2; (D and H) TNF‑α accordingly. 
The results are expressed as the mean ± SEM (n=5 animals in each group). 
One‑way ANOVA followed by the Bonferroni test were used to analyze 
significant differences among the different time points of the LPS group vs. 
the control. *P<0.05, **P<0.01 and ***P<0.001, vs. control. NS, not signifi‑
cant; LPS, lipopolysaccharide; BALF, bronchoalveolar lavage fluid; MIP‑2, 
macrophage inflammatory protein 2. 

Figure 5. Time‑dependent effects of LPS on ROS production in lung tissue. 
C57BL/6 mice were exposed to with 4 mg/kg LPS via intratracheal instal‑
lation for 4, 24, 48, 96 and 144 h, and 0.9% NaCl was administered to the 
control mice orally. Lung tissues were collected after 4, 24, 48, 96 and 144 h 
of LPS exposure and from the control mice. ROS production was determined 
in lung tissue at different time points in the LPS groups and control group. 
Data are presented as the mean ± SEM (n=5 animals in each group). One‑way 
ANOVA followed by the Bonferroni test were used to analyze significant 
differences among the different time points of the LPS group vs. the control. 
*P<0.05, **P<0.01 and ***P<0.001, vs. control. NS, not significant; LPS, lipo‑
polysaccharide; ROS, reactive oxygen species.
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Time‑dependent changes in mRNA levels of TLR‑4 and Nrf2 
in lung tissue induced by LPS. As shown in Fig. 6A and B, the 
mRNA levels of TLR‑4 significantly increased from 4 to 144 h 
following exposure to LPS compared with the control group, 
and the maximal mRNA expression levels were detected after 
24 h (TLR‑4) of LPS stimulation. The mRNA level of Nrf2 was 
significantly increased from 4 to 48 h following exposure to 
LPS. Notably, these data suggested that LPS affected the TLR‑4 
and Nrf2 mRNA levels in the early stages of lung injury.

Time‑dependent responses of NLRP3 inf lammasome 
activation in lung tissue. The present study then evaluated 
the effects of LPS on the activation of NLRP3 and cleaved 
caspase‑1 in lung tissue in a time‑dependent manner. The 
expression levels of NLRP3 and cleaved caspase‑1 were mark‑
edly increased from 4 to 144 h following exposure to LPS; the 
densitometric analysis of the western blots revealed that the 
expression of NLRP3 at 24 h and that of cleaved caspase‑1 at 
48 h were higher when compared to those of the control group 
(Fig. 7). These data suggested that the NLRP3 inflammasome 
and cleaved caspase‑1 activity were altered in a time‑dependent 
manner following exposure to LPS.

Time‑dependent responses of TLR‑4, Keap‑1, Nrf2 and HO‑1 
expression levels in lung tissue. Nrf2 serves as an important 
mediator regulating ROS‑dependent inflammasome activation 
in ALI (27). In the present study, to investigate the possible 
mechanisms relevant to the Nrf2‑related signaling pathway, 
the expression of the pNrf2, tNrf2, keap‑1 and TLR‑4 was first 
assayed using western blot analysis (Fig. 8A). LPS induced an 
increase in TLR‑4 and Keap‑1 expression in a time‑dependent 
manner, with significant induction at 4, 24, 48 and 96  h 
(Fig. 8B and C). However, LPS induced the phosphorylation of 
Nrf2 according to Keap‑1, suggesting that p‑Nrf2 upregulation 
was independent of Keap‑1 expression. As shown in Fig. 8D, 
the p‑Nrf2 level was significantly increased in the LPS‑4 h, 
LPS‑24 h and LPS‑48 h groups, respectively, compared with 

the t‑Nrf2 level, as shown by densitometric analysis. In addition, 
HO‑1 expression was significantly increased following LPS 
exposure from 4 to 96 h (Fig. 8E). Taken together, these results 
prompted us to further investigate the role of TLR‑4 signaling 
components in regulating the initiation and expansion of 
Nrf2/HO‑1 signaling in LPS‑induced lung injury.

Time‑dependent changes in the levels of cleaved caspase‑8 
and cleaved GSDMD in lung tissue. In pyroptosis, IL‑1β 
secretion and caspase‑1 activation are prominent characteris‑
tics. Caspase‑8 has been reported to promote the cleavage of 
GSDMD and gasdermin E (GSDME) in murine macrophages, 
leading to pyroptotic cell death (28). In the present study, the 
levels of caspase‑8, cleaved caspase‑8, and the pyroptosis 
markers, GSDMD and cleaved GSDMD were measured 
at different time points (4, 24, 48, 96 and 144 h) following 
exposure to LPS (Fig. 9A). The protein expression levels of 
cleaved caspase‑8 and cleaved GSDMD were higher at 48 and 
4 h following exposure to LPS (Fig. 9B and C), while from 4 to 
48 h following exposure to LPS, when compared to the control 
group, the levels of these proteins exhibited a significant 
difference. These results indicated that LPS plays a critical 
role in pyroptosis by upregulating the cleaved GSDMD levels 
in parallel with the activation of cleaved caspase‑8 in ALI.

Discussion

The present study demonstrated the changing trends in macro‑
phages and neutrophils along with subsets of T‑cells in the 
lung tissues of mice with LPS‑induced lung injury. Following 
the intratracheal administration of LPS, a significant increase 
in the activation of not only T‑cells, but also macrophages 
and neutrophils was observed during the ALI process in a 
time‑dependent manner. Furthermore, NLRP3/HO‑1 activa‑
tion, the subsequent release of pro‑inflammatory cytokines 
and pyroptosis of lung tissue were found to be possible 
consequences of Nrf2/NLRP3 signaling.

Figure 6.  Time‑dependent changes in the mRNA levels of TLR‑4 and Nrf2 in lung tissue from mice with LPS‑induced lung injury. C57BL/6 mice were exposed 
to with 4 mg/kg LPS via intratracheal installation for 4, 24, 48, 96 and 144 h, and 0.9% NaCl was administered to the control mice orally. Lung tissues were 
collected after 4, 24, 48, 96 and 144 h of LPS exposure and from the control mice. The mRNA levels of (A) TLR‑4 and (B) Nrf2 were determined using reverse 
transcription‑quantitative PCR. The results are expressed as the mean ± SEM (n=5 animals in each group). One‑way ANOVA followed by the Bonferroni test 
were used to analyze significant differences among the different time points of the LPS group vs. the control. *P<0.05, **P<0.01 and ***P<0.001, vs. control. NS, 
not significant; LPS, lipopolysaccharide; TLR‑4, Toll like receptor‑4; Nrf2, nuclear factor E2‑related factor 2.
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LPS has been reported to induce neutrophil accumula‑
tion by stimulating macrophages in the infected area, which 

subsequently express distinct patterns of cytokines, chemo‑
kines and surface markers in ALI  (42). The activation of 

Figure 7.  Time‑dependent responses of NLRP3 inflammasome activation in lung tissue. C57BL/6 mice were exposed to with 4 mg/kg LPS via intratracheal 
installation for 4, 24, 48, 96 and 144 h, and 0.9% NaCl was administered to the control mice orally. Lung tissues were collected after 4, 24, 48, 96 and 144 h 
of LPS exposure and from the control mice. (A) Protein expression levels of NLRP3, ASC, procaspase‑1/cleaved caspase‑1 and GAPDH (internal control) 
were determined using western blot analysis with corresponding antibodies. (B and C) Relative expression levels of the proteins were determined using 
densitometric analysis. Data are presented as the mean ± SEM (n=5 animals in each group). One‑way ANOVA followed by the Bonferroni test were used 
to analyze significant differences among the different time points of the LPS group vs. the control.  *P<0.05, **P<0.01 and ***P<0.001, vs. control.  NLRP3, 
nucleotide‑binding oligomerization domain (NOD)‑like receptor containing pyrin domain 3; LPS, lipopolysaccharide; ASC, apoptosis‑associated speck‑like 
protein containing a CARD; Procas‑1, procaspase‑1; cas‑1, caspase‑1.

Figure 8. Time‑dependent responses of TLR‑4, Keap‑1, Nrf2 and HO‑1 expression in lung tissue. C57BL/6 mice were exposed to with 4 mg/kg LPS via intra‑
tracheal installation for 4, 24, 48, 96 and 144 h, and 0.9% NaCl was administered to the control mice orally. (A) Protein expression levels of TLR‑4, Keap‑1 and 
p‑Nrf2, t‑Nrf2, HO‑1 and GAPDH (internal control) in the lungs of mice were assessed using western blot analysis; (B‑E) Relative protein expression levels were 
determined using densitometric analysis. Data are presented as the mean ± SEM (n=4 animals in each group). One‑way ANOVA followed by the Bonferroni 
test were used to analyze significant differences among the different time points of the LPS group vs. the control.  *P<0.05, **P<0.01 and ***P<0.001, vs. control. 
*P<0.05, **P<0.01 and ***P<0.001, vs. control. NS, not significant; TLR‑4, Toll like receptor‑4; LPS, lipopolysaccharide; Nrf2, nuclear factor E2‑related factor 2; 
p‑, phosphorylated; t‑, total.
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macrophages and their subtypes (AMs and IMs) are dynamic 
processes that release pro‑inflammatory cytokines during 
inflammation (12,43). Therefore, the present study analyzed 
neutrophils, macrophages and their types (AMs and IMs) in a 
mouse model of LPS‑induced lung injury. It was found that LPS 
led to the recruitment of macrophages during the sub‑chronic 
phase of lung injury. The suppression of AMs from LPS‑ 4 to 
144 h was also demonstrated, which had a positive effect on 
lung injury and the increase in IMs. In the model of ALI, the 
number of neutrophils accumulated from 4 to 144 h of LPS 
treatment and was accompanied by the production of inflam‑
matory mediators. Due to certain limitations, the present study 
we did not separate M1 and M2 macrophages. However, it 
was reported that the M2 phenotype was the main form of 
these resident AMs. In the acute phase of ALI/ARDS, resident 
alveolar macrophages, typically expressing the alternatively 
activated phenotype (M2), shift into the classically activated 
phenotype (M1) and release various potent pro‑inflammatory 
mediators (44).

The differentiation of CD4+ and CD8+ T‑cells has gained 
considerable attention in assessing the immune system (45). 
On the other hand, previous studies have suggested that 
LPS‑induced TNF‑α secretion in macrophages is mitigated 
when CD4+ T‑cells are depleted  (46,47). Previously, chal‑
lenge with LPS has been shown to increase the number of 
CD4+ T‑lymphocytes in the inflammatory infiltration during 
ALI (48,49). Furthermore, CD4+ T‑cells have been reported to 
be involved in the phenotypic transformation of macrophages 
and neutrophils (36). At the onset of injury, the activation of 
CD8+ T‑cells protects the injured area by laying the foundation 
for fibroblasts to enter and deposit the collagen scar, as well as 
to begin to resolve neutrophil‑mediated inflammation (50,51). 
den Haan et al (52) suggested that the activation of TLRs led 
to the suppression of CD8+ T‑cell responses after priming 
with OVA plus LPS or poly(I:C). Therefore, the elucidation 

of the role of T‑cells in promoting neutrophil and macrophage 
migration at different stages of ALI is of utmost urgency, as it 
may aid in diminishing inflammation in ALI. Herein, the data 
illustrated that the numbers of neutrophils and macrophage 
were increased along with the suppression of CD8+ T‑cells 
following exposure to LPS. However, LPS had no significant 
effect on CD4+ T‑cell activation. In addition, the present study 
evaluated the ratio of CD4+:CD8+ cells; the flow cytometry 
data revealed that the LPS installation markedly increased 
the percentage of CD4+/CD8+ cells in lung tissues. Similarly, 
the CD4+/CD8+ T‑cell ratio has been found to be significantly 
elevated in virus‑induced lower respiratory tract infection (17). 
Similar to the present study, Hussein et al (53) suggested that 
the higher CD4/CD8 ratio may be the result of recruited CD4+ 

cells with decreased CD8+ T‑cell numbers, and/or the effects 
of the disease with the release of cytokines such as IL‑1β, 
IL‑6, TNF‑α. The regulation of Th1, Th2, Th17 and Tregs, 
plays a critical role in immune mechanisms by interacting 
with other cells, and is associated with several inflammatory 
immune‑mediated disorders, mainly sub‑chronic and chronic 
inflammatory disorders  (54). Moreover, the stimulation of 
these cells can trigger TGF‑β, IL‑6, IL‑1β and MIP‑2 and may 
also activate their transcriptional factor transcription factors, 
T‑bet, GATA‑3, RORγt and Forkhead box protein P3) (55,56). 
A previous study demonstrated that the stimulation of TNF‑α 
triggered the expression of neutrophil‑attracting chemokines, 
such as CXCL1 and CXCL2 (57). The present study investi‑
gated the mechanisms of regulatory T‑cells and the secretion 
of the pro‑inflammatory cytokines, TNF‑α, CXCL1/KC, 
IL‑1β and MIP‑2. However, the results indicated that all 
pro‑inflammatory cytokines aggravated lung inflammation 
from 4 h (acute phase) to 96 h (subacute phase) following the 
LPS administration. Moreover, compared with the control 
group, the protein expression and mRNA levels of TLR‑4 
were notably increased. Overall, a sustained LPS exposure 

Figure 9. Time‑dependent changes of cleaved caspase‑8 and cleaved GSDMD in lung tissue. C57BL/6 mice were exposed to with 4 mg/kg LPS via intratracheal 
installation for 4, 24, 48, 96 and 144 h, and 0.9% NaCl was administered to the control mice orally. Lung tissues were collected, after 4, 24, 48, 96 and 144 h of 
LPS exposure and from the control mice. (A) The protein levels of procaspase‑8, cleaved caspase‑8, GSDMD and cleaved GSDMD in lung tissue were evaluated 
using western blot analysis; (B and C) the protein levels were quantified using densitometry. GAPDH was used as the loading control. The results are expressed 
as the mean ± SEM (n=5 animals in each group). One‑way ANOVA followed by the Bonferroni test were used to analyze significant differences among the 
different time points of the LPS group vs. the control. **P<0.01 and ***P<0.001, vs. control. NS, not significant; GSDMD, gasdermin D; LPS, lipopolysaccharide.
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may exhaust the immune regulation between T‑cell subsets, 
as well as the recruitment of macrophages, neutrophils and 
the secretion of pro‑inflammatory cytokines through down‑
stream TLR‑4 signaling in the area of inflammation. Taken 
together, these data may aid in the future investigations of 
therapeutic approaches for immune abnormalities in models 
of LPS‑induced lung injury.

There is increasing evidence to suggest that inflamma‑
some complexes are activated by various danger signals, 
both endogenous and exogenous. Oxidative stress is known 
to play a critical role in ROS production and inflammasome 
activation (58). Even though researchers have suggested two 
different pathways through which NLRP3 senses changes in 
ROS, this remains an undefined issue. Thioredoxin‑interacting 
protein binds to thioredoxin under homeostatic conditions, is 
liberated by ROS and can then interact with NLRP3, resulting 
in inflammasome inactivation  (59,60). Another important 
pathway is NADPH oxidase and mitochondria dysfunction, 
and their aberrant actions subsequently activate the inflamma‑
some (61). Of note, Nrf2 is a pivotal transcription factor that 
regulates intracellular redox balance by activating antioxidant 
genes (62). Therefore, it was primarily hypothesized that Nrf2 
deletion promotes inflammasome formation by regulating 
a large battery of genes, such as HO‑1, that reduces intracel‑
lular redox homeostasis. However, there is also an urgency to 
develop novel strategies with which to reduce inflammation 
in the early and late stages. The present study demonstrated 
that the intratracheal administration of LPS in mice led to the 
upregulation of Nrf2 activation (4 to 48 h) possibly involved 
in NLRP3 and caspase‑1 expression through the aggrava‑
tion of ROS levels from 4 to 96 h; IL‑1β production and the 
recruitment of neutrophils and other cytokines and chemokines 
were also observed in the model of lung injury. Therefore, it is 
suggested that the positive feedback of the NLRP3/Nrf2/HO‑1 
pathway may be related to LPS‑induced injury in lung tissue 
in the early stages of lung injury via the activation of immune 
cells and the release of various cytokines and chemokines. It 
has been suggested that bone marrow‑derived macrophages 
(BMDMs) release mature IL‑1β via Nrf2 signaling within 2 to 
8 h following the activation of the NLRP3/caspase‑1 complex; 
Nrf2 activation has also been reported to contribute to the LPS‑ 
and nigericin‑induced ASC speck formation in BMDMs (27). It 
is therefore conceivable that Nrf2‑signaling can promote IL‑1β 
responses by sensing the loss of organelle integrity, similar to 
that shown by the NLRP3 inflammasome (61,63). Moreover, 
previous studies have indicated that HO‑1 overexpression can 
lead to deleterious effects (64,65). However, the potential impli‑
cations of the Nrf2/HO‑1 pathway in the crosstalk regulation of 
imbalanced immune responses remain to be elucidated.

In addition to induction via death receptor ligation, 
caspase‑8‑mediated pyroptosis may also be involved in 
inflammasome components (66). Furthermore, the presence 
of caspase‑1 and ‑11 inflammasomes may be involved in 
pyroptosis in macrophages (67), while the absence of cleaved 
caspase‑1 promotes apoptosis  (68). However, macrophages 
and neutrophils are considered as important participators in 
this process (69). In addition, neutrophil extracellular traps 
may contribute to ALI by promoting the pyroptosis of alveolar 
macrophages and systemic inflammation (70). Recently, a study 
indicated that the TLR4‑mediated activation of caspase‑8 led 

to the cleavage of GSDMD and the release IL‑1β, resulting 
in pyroptosis (71). It has also been reported that caspase‑1 
cleaves GSDMD, and its N‑terminal fragment translocates to 
the outer membrane, where macropores are formed, resulting 
in a lytic form of cell death (pyroptosis) (72,73). However, this 
process remains unclear in the model of LPS‑induced ALI. 
Herein, it was found that the LPS‑triggered caspase‑8 and 
cleaved GSDMD activations were markedly enhanced in the 
presence of caspase‑1 expression at similar time points from 
4 to 48 h. This suggested that the time‑dependent recruitment 
of caspase‑8 is sensitive to the pyroptotic cascade, such as 
cleaved GSDMD expression in the model of ALI.

In conclusion, the present study demonstrated that acute 
and sub‑chronic intratracheal administration of LPS enhanced 
multiple inflammatory responses, macrophages, AMs, IMs 
and neutrophils, as well as T‑cell subsets from 4 to 96 h. The 
results of the present study suggest that the aberrant function 
of CD4+/CD8+ T‑cell can exert profound effects on neutrophils 
and macrophage activation, and is associated with intervention 
in lung injury by modulating pro‑inflammatory cytokines in 
both acute and sub‑chronic stages. Moreover, the disruption 
of the redox balance and Nrf2/NLRP3 signaling pathway may 
also be involved in LPS‑induced immune responses by acti‑
vating pyroptosis. Therefore, the epigenetic program of T‑cells 
and their functions, and the inhibition of Nrf2/NLRP3 target 
activation may lead to the development of novel therapeutic 
strategies for acute and sub‑chronic lung disease.
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