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Abstract: Background: Lipopolysaccharide (LPS) induces acute lung injury (ALI), a condition characterized by oxida-
tive stress, inflammation, and apoptosis, ultimately leading to respiratory failure. Dual-specificity phosphatase 1 
(DUSP1), a key regulator of MAPK signaling, may offer protection against inflammatory damage. Objective: This study 
aimed to investigate the protective effects of DUSP1 overexpression against LPS-induced inflammatory injury and to 
explore the underlying molecular mechanisms using both in vitro and in vivo models. Methods: Cellular and murine 
ALI models were established using LPS. DUSP1 was overexpressed via plasmid transfection for in vitro experiments 
and viral vectors for in vivo studies. Cell viability, apoptosis, reactive oxygen species (ROS), and pro-inflammatory 
cytokine levels (IL-1β, IL-6, TNF-α) were assessed. In mice, lung injury was evaluated through bronchoalveolar lavage 
fluid (BALF) analysis, lung mechanics, and histopathology. DUSP1-SHP2 interactions were predicted using bioinfor-
matics and validated through co-immunoprecipitation. JNK pathway activation was analyzed by Western blotting, 
and dual-luciferase reporter assays confirmed the regulatory interaction between DUSP1 and SHP2. Results: In 
vitro, DUSP1 overexpression significantly enhanced cell viability while reducing apoptosis, ROS, malondialdehyde 
(MDA), and inflammatory cytokines in LPS-stimulated cells. In vivo, DUSP1 overexpression substantially alleviated 
LPS-induced lung injury, evidenced by decreased BALF protein, reduced lung water content, lower airway resistance, 
improved pulmonary function, and less tissue damage. Mechanistically, DUSP1 directly interacted with SHP2, in-
hibiting its phosphorylation, which in turn suppressed the phosphorylation of p53 and JNK. DUSP1 overexpression 
also downregulated PINK1/Parkin-mediated mitophagy, key pro-apoptotic proteins (Cytochrome C, Caspase-3, Bax), 
and the NLRP3 inflammasome. Anisomycin treatment reversed these protective effects, confirming the dependence 
of DUSP1’s protective action on JNK pathway inhibition. Conclusion: DUSP1 overexpression alleviates LPS-induced 
lung inflammation and injury by targeting the SHP2-JNK axis and restoring mitochondrial homeostasis. These find-
ings position DUSP1 as a promising therapeutic target for inflammatory lung disorders.
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Introduction

Acute lung injury (ALI) and its more severe form, 
acute respiratory distress syndrome (ARDS), 
are critical pulmonary disorders with high mor-
bidity and mortality [1]. These syndromes are 
marked by extensive alveolar epithelial disrup-
tion, pulmonary fluid accumulation, elevated 
oxidative stress, and an uncontrolled inflamma-
tory response. Among the etiological factors, 
lipopolysaccharide (LPS), a bacterial endotoxin, 
is frequently employed to replicate the patho-
physiological features of ALI in experimental 
models, due to its potent ability to induce 

innate immune activation and cytokine amplifi-
cation, culminating in respiratory failure [2]. 
Despite advancements in intensive care man-
agement, effective pharmacological interven-
tions that address the core mechanisms of ALI 
pathogenesis are still lacking.

Central to LPS-induced tissue injury is the acti-
vation of mitogen-activated protein kinase 
(MAPK) pathways, which orchestrate a variety 
of stress responses [3]. Within this family, the 
c-Jun N-terminal kinase (JNK) cascade is par-
ticularly implicated in promoting apoptotic cell 
death, oxidative imbalance, and inflammatory 
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mediator release in pulmonary tissues [4]. 
Dual-specificity phosphatase 1 (DUSP1, also 
known as MKP-1), a key endogenous sup- 
pressor of MAPK signaling, modulates these 
responses by dephosphorylating JNK, p38,  
and ERK [2, 5]. The study by Pu et al. found  
that Ginsenoside Rb1 alleviates heart failure  
by modulating the DUSP-1 - TMBIM-6 - VDAC1 
axis, thereby orchestrating crosstalk between 
inflammation and mitochondrial quality control 
[6]. Although DUSP1 has been recognized for 
its inducibility under inflammatory stimuli and 
its potential to temper immune activation [7], 
the mechanistic basis of its interaction with 
JNK signaling and its influence on mitochondri-
al stability under inflammatory stress remains 
incompletely defined.

Emerging evidence highlights SHP2, a non-
receptor protein tyrosine phosphatas, as a cru-
cial player in various cell signaling pathways 
activated by growth factors, cytokines, and hor-
mones that regulate cell survival, growth and 
differentiation [8, 9]. SHP2 acts as a pivotal 
upstream regulator of MAPK signaling and facil-
itates JNK pathway activation [10, 11]. Aberrant 
phosphorylation of SHP2 has been associated 
with heightened pulmonary injury, possibly by 
promoting JNK-driven mitochondrial dysfunc-
tion, suppressing mitophagy, and enhancing 
pro-apoptotic signaling cascades [12, 13]. How- 
ever, the potential interaction between DUSP1 
and SHP2 in modulating this signaling axis in 
ALI remains to be clarified.

This study aims to investigate the functional 
roles of DUSP1 in LPS-induced lung injury, 
using both cell-based systems and a murine ALI 
model. Elucidating this regulatory framework 
may offer mechanistic insight and therapeutic 
direction for the treatment of inflammatory lung 
disease.

Materials and methods

Materials and instruments

C57BL/6 mice (5-7 weeks old) were pur- 
chased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. The animal experi-
ments in this study were approved by the  
Ethics Committee of the Union Hospital of 
Fujian Medical University (approval number: 
2021KJT063). LPS was purchased from 
Solabio, MLE-12 cells were purchased from 
Wuhan Procell, and fetal bovine serum was 

sourced from Gibco (USA). RIPA lysis buffer and 
PVDF membrane IPVH20200 were obtained 
from American Millipore, while pre-stained pro-
tein marker, skim milk powder, PBS, 4% para-
formaldehyde solution, 0.25% trypsin diges- 
tion solution, Hi TransGP infection enhancer, 
DUSP1-OE, PHPS1, and a 95% air, 5% CO2 cell 
culture incubator were purchased from Themo 
Fisher (USA). The transilluminator and imaging 
system, as well as Western blot electrophoresis 
apparatus were all purchased from Bio-Rad 
(USA). 

Establishment and grouping of mouse models

Male C57BL/6 mice (5-7 weeks old) were  
purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. and housed under 
specific pathogen-free (SPF) conditions for 
acclimatization. After one week of adaptation, 
the mice were randomly divided into three 
groups (n = 3 per group): normal control (NC), 
lipopolysaccharide-treated (LPS), and LPS com-
bined with DUSP1 overexpression (LPS+DUSP1-
OE). Septic lung injury was induced in the  
LPS and LPS+DUSP1-OE groups via a single 
intraperitoneal injection of LPS (5 mg/kg). After 
successful model establishment, mice in the 
LPS group received daily intraperitoneal injec-
tions of normal saline (0.9% NaCl, 3 mg/kg/
day). In contrast, mice in the LPS+DUSP1-OE 
group were administered a single intraperito-
neal injection of a DUSP1-overexpressing lenti-
viral vector (1 × 108 transduction units per 
mouse). Mice in the NC group received equiva-
lent volumes of sterile saline without LPS or 
vector administration.

Collection, processing and determination of 
BALF protein concentration

Bronchoalveolar lavage fluid (BALF) was col-
lected by surgically exposing the trachea at  
the cervical level. A sterile 1 mL aliquot of  
phosphate-buffered saline (PBS) was gently 
infused into the left lung via a syringe inserted 
through the tracheal incision. The lavage pro- 
cedure was repeated three times to ensure 
adequate sampling of the alveolar compart-
ment. The collected BALF was pooled and 
immediately subjected to centrifugation at 
800×g for 10 minutes to separate cellular  
components. The resulting supernatant was 
harvested, and total protein concentration was 
quantified using a bicinchoninic acid (BCA) 
assay kit (Beyotime, Shanghai, China).
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ELISA

BALF samples were centrifuged at 1500 rpm 
for 5 minutes at 4°C to separate cellular com-
ponents. The resulting cell pellet was resus-
pended in 0.5 mL of PBS, while the cell-free 
supernatant was collected for downstream 
analysis. Levels of inflammatory cytokines, 
including MDA, IL-1β, IL-10, and TNF-α, were 
quantified using enzyme-linked immunosor-
bent assay (ELISA) kits according to the manu-
facturer’s instructions (Beyotime, Shanghai, 
China).

Lung wet-to-dry ratio

Pulmonary edema was assessed by calculating 
the lung wet-to-dry (W/D) weight ratio. Following 
euthanasia, the left lung was carefully excised, 
blotted to remove excess surface fluid, and 
immediately weighed to record the wet weight. 
The tissue was then dried in an oven at 60°C 
for 72 hours until a stable dry weight was 
obtained. The W/D ratio was calculated by 
dividing the wet weight by the dry weight, serv-
ing as an indicator of lung water content.

Intracellular ROS measurement

Intracellular reactive oxygen species (ROS) lev-
els were quantified using the fluorescent probe 
2’,7’-dichlorofluorescein diacetate (DCFH-DA; 
10 μmol/L; Beyotime, Shanghai, China). Cells 
were seeded into 24-well plates and incubated 
with DCFH-DA at 37°C for 30 minutes in the 
dark. After incubation, cells were washed three 
times with PBS to remove unincorporated dye. 
The fluorescence intensity of the oxidized prod-
uct (DCF) was measured using a microplate 
reader with excitation and emission wave-
lengths set at 488 nm and 525 nm, respective-
ly. ROS levels were normalized to total protein 
content to account for variations in cell density 
across samples.

Lung function measurements

Lung function was measured using the Buxco 
Lung Function Test System. Airway resistance, 
lung compliance, and lung ventilation were cal-
culated as follows.

Airway resistance: Ri Flow
P Ppeak plat=

- , where Ppeak is the 
highest pressure during ventilator delivery, Pplat 

is the plateau pressure, and Flow is the gas flow 
velocity.

Lung compliance: Cdyn P
V=

3

3 , where ΔV is the vol-
ume change and ΔP is the pressure change.

Pulmonary ventilation: VE = respiratory rate × 
tidal volume.

HE staining experiment

Following tissue collection, paraffin-embedded 
sections were deparaffinized by sequential 
immersion in xylene I (10 minutes) and xylene  
II (2 minutes). Rehydration was performed 
through a graded ethanol series: absolute etha-
nol I (5 minutes), absolute ethanol II (5 min-
utes), 95% ethanol (5 minutes), 85% ethanol (5 
minutes), and 70% ethanol (5 minutes), fol-
lowed by a 5-minute rinse in distilled water. 
Hematoxylin staining was performed for 4 min-
utes, after which the sections were rinsed 
under running tap water for 10 minutes. Nuclei 
were briefly differentiated using hydrochloric 
acid in ethanol (3 seconds) and rinsed again for 
10 minutes. Counterstaining with eosin was 
carried out for 25 seconds to 1 minute, fol-
lowed by dehydration, clearing, and mounting 
using neutral resin. The slides were air-dried 
and examined under a light microscope.

Protocol for cell culture and experimental 
design

For in vitro experiments, MLE-12 murine lung 
epithelial cells were seeded into 24-well plates 
at a density of 2 × 107 cells/mL (500 μL/well) 
and incubated at 37°C for 24 hours. To en- 
hance transduction efficiency, 20 μL of 25 × 
HiTransGP infection enhancer was added per 
well. The lentiviral vector was applied based on 
the calculated viral dose using the formula: 
viral load = (multiplicity of infection × number of 
cells)/viral titer. The lentiviral solution was 
mixed with complete culture medium and incu-
bated for 16 hours at 37°C. After incubation, 
the medium was replaced, and the cells were 
cultured until approximately 80% confluency. 
Transfection efficiency was evaluated via fluo-
rescence microscopy, and overexpression of 
the target protein was confirmed by Western 
blot, verifying the successful generation of 
MLE-12 cells with stable DUSP1 overexpres- 
sion.
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Flow cytometric analysis of apoptosis

Apoptotic cell death was quantified by Annexin 
V-FITC and propidium iodide (PI) double stain-
ing followed by flow cytometry. MLE-12 cells 
were collected, washed twice with cold PBS, 
and resuspended in 1 × binding buffer. Each 
sample was incubated with 5 μL Annexin V-FITC 
and 5 μL PI (Annexin V-FITC/PI Apoptosis 
Detection Kit; Beyotime, Shanghai, China) for 
15 minutes in the dark at room temperature. 
Samples were then analyzed using a BD 
FACSCanto II flow cytometer, and data were 
processed with FlowJo software. The propor-
tions of early apoptotic (Annexin V+/PI-) and late 
apoptotic or necrotic (Annexin V+/PI+) cells were 
calculated.

Cell viability assay

Cell viability was assessed using the Cell 
Counting Kit-8 (CCK-8; Dojindo, Japan) in accor-
dance with the manufacturer’s instructions. 
MLE-12 cells were plated in 96-well plates at  
a density of 5 × 103 cells per well and allowed 
to adhere overnight. After 72 hours of treat-
ment under the specified experimental condi-
tions, 10 μL of CCK-8 reagent was added to 
each well, followed by incubation at 37°C for  
2 hours. Absorbance was measured at 450  
nm using a microplate reader. Viability was 
expressed as a percentage relative to untreat-
ed control.

Western blotting

Total protein was extracted from MLE-12 cells 
in each experimental group using a commer-
cially available lysis kit, followed by quantifi- 
cation using a BCA protein assay. Equal 
amounts of protein were resolved via SDS-
PAGE and transferred onto polyvinylidene  
difluoride (PVDF) membranes. Membranes 
were blocked at room temperature for 2 hours 
and then incubated overnight at 4°C with the 
following primary antibodies: DUSP1 (1:2,000), 
SHP2 (1:2,000), phospho-SHP2 (1:20,000), 
P53 (1:2,000), phospho-JNK (1:2,000), PINK1 
(1:20,000), Parkin (1:2,000), cytochrome c (1: 
2,000), caspase-3 (1:20,000), Bax (1:2,000), 
NLRP3 (1:2,000), and GAPDH (1:10,000) (all 
from specified commercial sources). After 
washing, membranes were incubated with goat 
anti-rabbit HRP-conjugated secondary antibody 

(1:2,000) at 37°C for 90 minutes. All antibo- 
dies were purchased from Abcam, USA. Protein 
bands were visualized using chemilumines-
cence, and densitometric analysis was per-
formed using ImageJ software to quantify rela-
tive protein expression levels, normalized to 
GAPDH.

Target prediction

To investigate the potential interaction between 
DUSP1 and SHP2 (PTPN11), protein-protein 
interaction (PPI) data were collected from mul-
tiple publicly available databases, including 
STRING (version 11.0), BioGRID, GeneMANIA, 
and ENCORI. DUSP1 was used as the query 
gene, and putative interacting proteins were 
retrieved based on experimental evidence, 
database annotations, and prediction algori- 
thms.

The retrieved interaction pairs were imported 
into Cytoscape (version 3.7.1) to construct a 
DUSP1-centered PPI network. Network topolo-
gy analysis was performed using the CytoNCA 
plugin to evaluate node degree, betweenness, 
and closeness. 

Dual-luciferase reporter gene assay

To validate the direct regulatory relationship 
between DUSP1 and SHP2, a dual-luciferase 
reporter assay was performed. Wild-type (WT) 
and mutant (MUT) sequences of the predicted 
DUSP1-responsive region within the SHP2 pro-
moter were cloned into the pmirGLO dual-lucif-
erase reporter vector (Promega, USA). HEK293T 
cells were seeded into 24-well plates and co-
transfected with either WT or MUT reporter 
plasmids along with a lentiviral vector overex-
pressing DUSP1 or control using Lipofectamine 
2000 (Invitrogen, USA). After 24 hours, lucifer-
ase activity was measured using the Dual-
Luciferase® Reporter Assay System (Promega), 
and the firefly luciferase activity was normal-
ized to Renilla luciferase. The relative luciferase 
activity (FLUC/RLUC) was compared between 
groups to determine the regulatory effect of 
DUSP1.

Statistical data analysis

All data were analyzed using GraphPad Prism 9 
software. Results were expressed as mean ± 
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standard deviation (SD). Comparisons bet- 
ween two groups were performed using 
unpaired two-tailed Student’s t-test. For com-
parisons involving more than two groups, one-
way analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test was used to determine 
significant differences among the groups. A 
p-value < 0.05 was considered statistically sig-
nificant. Statistical significance was denoted as 
P < 0.05, *P < 0.01, and P < 0.001, where 
applicable.

Results

DUSP1 overexpression alleviated LPS-induced 
oxidative stress, apoptosis, and inflammation 
in vitro

LPS stimulation markedly suppressed endoge-
nous DUSP1 protein expression, which was 
successfully reversed via targeted overex- 
pression (Figure 1A). Restoring DUSP1 levels  
conferred profound cytoprotection against the 
LPS challenge. Specifically, cells overexpress-
ing DUSP1 exhibited a significantly enhanced 
survival rate compared to the controls (Figure 
1B), coupled with a substantial reduction in 
apoptosis, as quantified by flow cytometry 
(Figure 1C). This protective effect was mecha-
nistically linked to the mitigation of cellular 
stress, as evidenced by a substantial reduction 
in reactive oxygen species (ROS) accumulation 
in DUSP1-overexpressing cells (Figure 1D). 
Additionally, the inflammatory response elicited 
by LPS was significantly reduced, as evidenced 
by the diminished expression of pro-inflamma-
tory cytokines IL-1β, IL-6, and TNF-α (Figure 
1E). Collectively, these findings establish that 
DUSP1 counteracts LPS-induced cellular injury 
by concurrently inhibiting apoptosis, oxidative 
stress, and the inflammatory cascade.

DUSP1 overexpression ameliorated LPS-in-
duced lung injury and dysfunction in mice

The in vivo protective effects of DUSP1 were 
subsequently validated in a murine model of 
LPS-induced acute lung injury. LPS challenge 
precipitated a sharp rise in bronchoalveolar 
lavage fluid (BALF) protein levels, indicating 
impaired alveolar-capillary barrier integrity, 
which was markedly attenuated by DUSP1 
overexpression (Figure 2A). This restoration of 
barrier function was further evidenced by a sig-

nificant reduction in lung water content, indi-
cating that DUSP1 effectively mitigated the  
formation of pulmonary edema (Figure 2B). 
Functionally, the severe impairment of pulmo-
nary ventilation and airway mechanics - charac-
terized by decreased compliance and eleva- 
ted maximal respiratory resistance - observed 
in the LPS-treated cohort was substantially 
reversed in animals overexpressing DUSP1 
(Figure 2C-E). Furthermore, DUSP1 overexpres-
sion robustly suppressed the systemic oxida-
tive stress, as evidenced by the significantly 
lower levels of malondialdehyde (MDA) (Figure 
2F). Histopathological examination of lung tis-
sue corroborated these functional and bio-
chemical data, revealing that DUSP1 markedly 
ameliorated the extensive inflammatory infiltra-
tion and structural damage inflicted by LPS 
(Figure 2G). Taken together, these results com-
pellingly demonstrate that DUSP1 protects 
against LPS-induced lung injury by preserving 
pulmonary mechanics and attenuating edema, 
oxidative stress, and inflammation.

DUSP1 overexpression downregulated SHP2 
phosphorylation and interacted directly with 
SHP2

To delineate the molecular mechanism by 
which DUSP1 exerts its anti-inflammatory 
effects, we investigated its functional relation-
ship with SHP2, a key upstream regulator of 
MAPK signaling. In silico analyses using multi-
ple PPI databases (including STRING, BioGRID, 
and GeneMANIA) consistently predicted a 
direct regulatory link between DUSP1 and 
SHP2 (PTPN11). Experimentally, we found that 
LPS stimulation induced robust phosphoryla-
tion of SHP2. While DUSP1 overexpression did 
not alter total SHP2 levels, it potently inhibited 
LPS-induced SHP2 phosphorylation by approxi-
mately 40% (Figure 3A), suggesting a direct 
regulatory effect. This hypothesis was con-
firmed using co-immunoprecipitation (Co-IP) 
assays, which provided unequivocal evidence 
of a physical association between the two pro-
teins, as Myc-SHP2 was efficiently pulled down 
with FLAG-DUSP1 (Figure 3B). To verify a direct 
physical interaction between DUSP1 and SHP2, 
co-immunoprecipitation (Co-IP) assays were 
conducted. FLAG-tagged DUSP1 efficiently 
pulled down Myc-tagged SHP2, confirming the 
existence of a specific protein - protein interac-
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Figure 1. Impact of DUSP1 overexpression on cell viability, apoptosis, ROS production, oxidative stress, and inflam-
mation in LPS-treated cells. A. Western blot analysis showing DUSP1 expression levels across experimental groups. 
B. Cell viability was assessed at multiple time points following LPS exposure, with or without DUSP1 overexpression. 
C. Flow cytometric detection of apoptosis rates in each group. D. ROS levels were detected using fluorescence imag-
ing and quantified as the positive rate (10×). E. ELISA quantification of inflammatory cytokines IL-1β, IL-6, and TNF-α. 
Data are presented as mean ± SD. **P < 0.01, ***P < 0.001, NC vs. LPS; ns, LPS vs. LPS+OE-ctrl; #P < 0.05, ##P 
< 0.01, ###P < 0.01, LPS+OE-ctrl vs. LPS+DUSP1-OE. Scale bar 100 μm.

tion (Figure 3C). Furthermore, a dual-luciferase 
reporter assay was performed to evaluate the 

functional relevance of this interaction. Com- 
pared to the control, DUSP1 overexpression 
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Figure 2. DUSP1 overexpression improved pulmonary function and reduced histological injury in LPS-induced lung 
injury. A. BALF protein concentration indicating alveolar-capillary barrier integrity. B. Lung water content expressed 
as percent wet lung weight. C. Pulmonary ventilation capacity across groups. D. Airway compliance (mL/cmH2O) indi-
cating lung elasticity. E. Maximum respiratory system resistance (Max Rrs). F. Malondialdehyde (MDA) levels in lung 
tissue. G. Representative H&E-stained lung sections showing histopathological changes across treatment groups. 
Data are presented as mean ± SD. **P < 0.01, ***P < 0.001, NC vs. LPS; ns, LPS vs. LPS+OE-ctrl; #P < 0.05, ##P 
< 0.01, ###P < 0.01, LPS+OE-ctrl vs. LPS+DUSP1-OE. Scale bar 100 μm.

significantly reduced luciferase activity driven 
by the wild-type SHP2 reporter construct, 
whereas no change was observed in the mu- 
tant construct lacking the DUSP1-responsive 
domain, indicating that the inhibitory effect of 
DUSP1 on SHP2 is domain-specific (Figure 3D). 
The specificity of this regulatory interaction was 
further validated through mutational analyses 
in a dual-luciferase reporter assay, which dem-
onstrated that the binding is dependent on  
specific protein domains. These results sup-
port a model in which DUSP1 directly binds to 
SHP2, suppressing its phosphorylation and dis-
mantling a critical node in the proinflammatory 
signaling cascade.

DUSP1 protected lung cell inflammatory 
response by regulating SHP2/JNK signaling 
pathway

To confirm that the JNK signaling axis is the 
principal downstream mediator of DUSP1’s pro-

tective actions, we conducted rescue experi-
ments using anisomycin, a pharmacological 
activator of the JNK pathway. As hypothesized, 
activating JNK with anisomycin completely  
nullified the survival advantage conferred by 
DUSP1 overexpression, returning cell viability 
to the vulnerable levels observed with LPS 
treatment alone (Figure 4A). This reversal 
extended to key cellular stress responses; the 
potent suppression of pro-inflammatory cyto-
kines (IL-1β, IL-6, TNF-α) and oxidative stress, 
indicated by MDA levels, was significantly coun-
teracted by anisomycin (Figure 4B, 4C). At the 
molecular level, Western blot analysis revealed 
that the DUSP1-mediated downregulation of 
phosphorylated JNK (p-JNK) and its key effec-
tor, p53, was reversed by anisomycin treatment 
(Figure 4D). Critically, this reactivation of the 
JNK/p53 axis led to the disruption of mitochon-
drial integrity and activation of apoptotic signal-
ing. The ability of DUSP1 to preserve mitochon-
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Figure 3. DUSP1 interacted with SHP2 and inhibited its phosphorylation. A. PPI protein interaction analysis. B. West-
ern blot and quantification of total SHP2 (t-SHP2) and phosphorylated SHP2 (p-SHP2) levels in different treatment 
groups. C. Co-immunoprecipitation (Co-IP) analysis showing interaction between FLAG-tagged DUSP1 and Myc-
tagged SHP2. D. The dual-luciferase reporter assays were performed to validate the interaction between DUSP1 
and SHP2. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01 compared with indicated groups.

drial integrity by inhibiting PINK1, Parkin, 
cytochrome c, and the NLRP3 inflammasome 
was abolished by anisomycin, leading to a 
resurgence in the levels of pro-apoptotic pro-
teins Bax and cleaved caspase-3 (Figure 4E). 
These findings demonstrate that the cytopro-
tective effects of DUSP1 are mechanistically 
dependent on its inhibition of the JNK pathway, 
thereby preventing the execution of down-
stream mitochondrial dysfunction and apoptot-
ic cell death.

Discussion

Sepsis continues to pose a formidable chal-
lenge in the emergency and intensive care med-
icine. Defined as a life-threatening organ dys-
function stemming from a dysregulated host 
response to infection, it is associated with mor-

bidity and mortality rates exceeding 25% [14]. 
Among its severe complications, pulmonary 
impairment poses a considerable risk, with 
high mortality rates in septic patients. There- 
fore, elucidating the intricate underlying mech-
anisms of sepsis is indispensable for crafting 
targeted inhibitors and novel therapeutic strat-
egies to mitigate pulmonary damage. This 
investigation reveals that DUSP1 overexpres-
sion alleviates the progression of sepsis-asso-
ciated lung injury (SALI). Specifically, increased 
DUSP1 expression triggers a tripartite defense 
mechanism within pulmonary cells. Initially, it 
bolsters Fundc1-mediated mitophagy, although 
the precise molecular mechanisms remain to 
be fully elucidated. Subsequently, the resulting 
enhancement of mitochondrial autophagy is 
critical for maintaining mitochondrial function, 
with particular influence on cellular respiration 
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Figure 4. Electron microscopic observation of mitochondrial damage in lung tissue. A. Cell viability assessed at 
0, 24, 48, and 72 h using CCK-8 assay in NC, LPS, LPS+DUSP1-OE, and LPS+DUSP1-OE+Anisomycin groups. B. 
ELISA quantification of inflammatory cytokines IL-1β, IL-6, and TNF-α. C. Malondialdehyde (MDA) levels as a marker 
of oxidative stress. D. Representative western blot and quantitative analysis of p53 and phosphorylated JNK (p-
JNK) protein expression. GAPDH was used as an internal control. E. Western blot analysis and quantification of 
mitophagy-related proteins (PINK1, Parkin), mitochondrial apoptosis markers (Cytochrome C, Caspase-3, Bax), and 
inflammation-related protein NLRP3. β-actin or GAPDH served as loading controls. Data are presented as mean ± 
SD (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant (one-way ANOVA with Tukey’s post hoc test).

and metabolic processes. Lastly, the amplified 
expression of DUSP1 concurrently mitigates 
inflammatory reactions and cellular demise 
[15]. Consequently, the strategic upregulation 
of DUSP1 emerges as an innovative approach 
to rehabilitate pulmonary function and restore 
mitochondrial equilibrium during sepsis.

The etiology of SALI is intricately connected  
to mitochondrial dysfunction. A heightened 
inflammatory milieu has been shown to corre-
late with aberrant mitochondrial division and 
atypical organelle morphology [16]. Notably, 
the PTPN11-encoded SHP2 protein, is recog-
nized as an attenuator of inflammatory cas-
cades within the NLRP3 inflammasome com-
plex [17, 18]. Given that NLRP3 itself is im- 
plicated in oxidative stress and the activation 
of p53 - a pivotal factor in maintaining DNA 
integrity and mediating stress-induced senes-
cence [19] - the functional role of p53 is par-
ticularly relevant in this context. Our research 
reveals that DUSP1 exerts a potent inhibitory 
effect on NLRP3 expression by disrupting the 

SHP2-JNK-p53 signaling axis. Overexpression 
of DUSP1 attenuated SHP2 phosphorylation, 
which subsequently led to the deactivation of 
JNK and p53, kinases known to promote NLRP3 
activation. Importantly, treatment with aniso-
mycin, a JNK activator, reversed the suppres-
sive effect of DUSP1 on NLRP3, highlighting the 
dependence of this regulatory mechanism on 
the SHP2-JNK pathway. This DUSP1-driven reg-
ulatory mechanism stands in contrast to the 
pronounced NLRP3 upregulation observed fol-
lowing LPS challenge in acute lung injury. 
Collectively, these findings reveal a novel regu-
latory circuit where DUSP1 indirectly restrains 
NLRP3 inflammasome activation through the 
SHP2-JNK cascade, while also enhancing mito-
chondrial stability. 

Mitochondrial fragmentation, a key feature of 
cellular stress, is characterized by reduced 
membrane potential and impaired respiratory 
function [20]. Furthermore, in established LPS-
induced lung injury models, a compromised 
antioxidative defenses is associated with oxida-
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tive damage, which culminates in mitochon-
dria-induced apoptosis [21]. Considering the 
mitochondria’s central role in cellular meta- 
bolism, their biogenesis and proper function 
are vital for the sustenance of lung epithelial 
cells. This study uncovers significant altera-
tions in mitochondrial autophagy and its  
governing pathways during SALI. It is plausible 
that impaired mitochondrial autophagy, cou-
pled with organelle dysfunction and pneumo-
cyte death, may synergistically provoke inflam-
mation and compromise respiratory capacity. 
These insights pave the way for novel under-
standings of mitochondrial dynamics in SALI, 
suggesting that interventions aimed at mitigat-
ing mitochondrial impairment in pulmonary tis-
sue could offer significant therapeutic potential 
for SALI patients, pending future empirical clini-
cal corroboration.

Prior investigations have established DUSP1 as 
a pivotal modulator of angiotensin II-mediated 
cellular responses, controlling three critical 
mitogen-activated protein kinase (MAPK) path-
ways: the extracellular signal-regulated kinase 
(ERK), c-Jun N-terminal kinase (JNK), and p38 
[22]. Our recent experimental findings, ascer-
tained through Western blot analysis, demon-
strated that DUSP1 elevated SHP2 protein  
levels and its enzymatic function while concur-
rently suppressing the expression of p53 and 
JNK proteins following SHP2 activation. Con- 
sidering that active JNK is known to promote 
mitochondrial autophagy, the role of SHP2 in 
this context, marked by PINK1 and Parkin, 
appears critical for reducing apoptotic events 
in alveolar epithelial cells. 

Our research solidifies the functional connec-
tion between DUSP1 and SALI. The upregu- 
lation of DUSP1 preserves mitochondrial integ-
rity, thereby mitigating the lung damage insti-
gated by inflammatory processes. In light of 
DUSP1’s established anti-inflammatory effects 
in various pulmonary conditions, it stands as a 
strong potential pharmacological candidate for 
novel treatments aimed at correcting dysregu-
lated inflammatory responses in lung cells, with 
SHP2 now identified as a significant contributor 
to this protective mechanism. Synthesizing our 
findings, DUSP1 plays a pivotal role in diminish-
ing the severity of alveolar damage during sep-
sis. The heightened expression of DUSP1 
enhances mitochondrial autophagy, which in 
turn fortifies mitochondrial respiration and met-
abolic stability. By safeguarding mitochondrial 

integrity, DUSP1 promotes the viability of alveo-
lar cells and curtails inflammatory res- 
ponses, culminating in improved pulmonary 
function. In essence, our study proposes that 
DUSP1 orchestrates the modulation of the 
JNK/P53/NLRP3 signaling axis through the 
upregulation of SHP-2 expression and activity, 
thus impeding the progression of SALI.

Conclusion

This study establishes DUSP1 as a pivotal regu-
lator of the cellular response to LPS-induced 
inflammatory lung injury. Functionally, our find-
ings demonstrate that DUSP1 confers compre-
hensive cytoprotection by mitigating oxidative 
stress, suppressing apoptosis, and dampening 
the release of pro-inflammatory cytokines. 
Mechanistically, we reveal that DUSP1 exerts 
its regulatory function through a direct inter- 
action with the protein tyrosine phosphatase 
SHP2. This binding subsequently suppresses 
the downstream activation of the JNK signal- 
ing pathway, which in turn enhances mitochon-
drial stability via the coordinated inhibition of 
both mitophagy and pro-apoptotic signaling. 
Collectively, these findings illuminate a novel 
protective mechanism and position DUSP1 as 
a promising therapeutic candidate for the 
future management of ALI and sepsis-associat-
ed pulmonary dysfunction.
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