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Abstract
Background: Acute lung injury (ALI) is a critical clinical condition with high mortality, necessi-
tating the development of more effective therapeutic strategies. Rho Guanine nucleotide dis-
sociation inhibitor (GDP) beta (ARHGDIB) has been shown to exert protective effects against 
noxious stimuli in various disease models. 
Objective: In this study, we investigated whether ARHGDIB knockdown had a protective 
effect on lipopolysaccharide (LPS)-induced injury in alveolar epithelial cells and elucidated its 
underlying molecular mechanisms. 
Material and Methods: Mouse alveolar epithelial cells that were isolated from the lung of 
a 5-month-old female mouse (MLE-12) were treated with LPS, followed by ARHGDIB knock-
down and overexpression of protein kinase A (PKA)-activated catalytic subunit β (PRKACB). 
Oxidative stress and apoptosis were assessed, while inflammatory cytokine levels were quan-
tified using enzyme-linked immunosorbent serologic assays. Autophagy and PRKACB/nuclear 
factor kappa B (NF-κB) pathway activation was evaluated by Western blot analysis. Results: 
LPS upregulated ARHGDIB expression in alveolar epithelial cells. Silencing ARHGDIB signifi-
cantly reduced oxidative stress inflammation, and promoted autophagy in LPS-treated MLE-12 
cells. ARHGDIB knockdown modulated the PRKACB/NF-κB signaling pathway, thereby promot-
ing autophagy and alleviating LPS-induced cellular injury. 
Conclusion: This regulatory mechanism significantly reduced oxidative stress and inflamma-
tory responses in alveolar epithelial cells, highlighting the protective role of ARHGDIB silenc-
ing in LPS-induced lung injury.
© 2025 Codon Publications. Published by Codon Publications.
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Introduction

Acute lung injury (ALI) is a severe and debilitating condi-
tion characterized by widespread pulmonary inflammation 
and impaired oxygen uptake in the lungs.1 The progres-
sion of ALI involves a pronounced inflammatory response 
that leads to cellular apoptosis, necrosis, and release of 
fibrotic mediators.2 The endotoxin lipopolysaccharide (LPS) 
is produced from the outer membrane of Gram-negative 
bacteria. It induces ALI through toll-like receptor 4 (TLR4)-
mediated oxidative stress and inflammation, and is widely 
used as a standard agent to induce ALI in experimental 
models.3 To date, existing therapies for ALI are often lim-
ited in their efficacy and may cause significant adverse 
effects. Consequently, there is an urgent need to develop 
novel treatment strategies that are both effective and 
associated with minimal adverse effects.

Autophagy is a critical intracellular degradation mech-
anism responsible for the clearance of damaged proteins 
and organelles. It plays a vital role in regulating lung injury 
and tissue repair processes.4 Emerging studies suggest that 
inhibiting autophagy can exacerbate LPS-induced ALI in 
human bronchial epithelial cells via nuclear factor kappa B 
(NF-κB) signaling pathway.5 Conversely, rapamycin (RAPA), 
a well-known autophagy activator, has been shown to mit-
igate LPS-induced lung injury and suppress the associated 
inflammatory response.6 Based on this evidence, targeting 
autophagy represents a promising therapeutic strategy for 
the treatment of ALI.

A recent study utilized a consensus machine-learning 
approach to diagnose sepsis-induced ALI and identified 
Rho Guanine nucleotide dissociation inhibitor (GDP) beta 
(ARHGDIB) as a potential biomarker for ALI.7 ARHGDIB is a 
pivotal molecule in cell signaling, predominantly expressed 
in hematopoietic tissues, including B and T lymphocyte 
cell lines.8 Past studies have shown that by modifying the 
activity of nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase in phagocytic cells, overexpression of 
ARHGDIB can improve macrophage infiltration and increase 
the generation of reactive oxygen species (ROS).9 Moreover, 
ARHGDIB has been shown to inhibit endothelial cell migra-
tion and modulate various vascular functions, including the 
regulation of vascular tone.10 These findings suggest that 
ARHGDIB may contribute to the pathogenesis and progres-
sion of ALI through its effects on immune responses and 
vascular homeostasis.

In light of these findings, the role and mechanisms of 
ARHGDIB signaling in the context of ALI remain unclear. 
Thus, in this work, we assessed the impact of ARHGDIB 
knockdown on LPS-induced autophagy, inflammation, and 
oxidative stress in alveolar epithelial cells.

Methods

Cell culture

Mouse alveolar epithelial cells (MLE-12) were obtained from 
the American Type Culture Collection (ATCC). Cells were 
cultured in Dulbecco’s modified eagle medium (DMEM) sup-
plemented with 10% fetal calf serum and maintained at 
37°C in a humidified incubator containing 5% CO2. For LPS 

stimulation, cells were treated with 1-µg/mL LPS (Sigma, 
MA, USA) and incubated for 12 h.

Cell transfection

Small interfering RNA (siRNA)-mediated gene silencing 
was performed using either negative control siRNA (si-NC,  
5′-GTCGAACGTCGTGAACCTACCATG-3′) or ARHGDIB-specific 
siRNA (si-ARHGDIB, 5′-GGAAGGTTCTGAATATAGA-3′) 
transfected into cells with lipofectamine 2000 reagent 
(Invitrogen, Carlsbad, CA, USA), following the manu-
facturer’s protocol. Overexpression of protein kinase A 
(PKA)-activated catalytic subunit β (PRKACB) was achieved 
by transfecting cells with plasmid cloning DNA (pcDNA)–
PRKACB plasmid using the same reagent. 

Apoptosis analysis

In 24-well plates, cells were seeded at a density of 2×10⁵ 
cells/well (n = 3), followed by LPS stimulation and transfec-
tion as indicated. Apoptosis was assessed using the Annexin 
V-Enhanced Green Fluorescent Protein (EGFP) apoptosis 
detection kit (Beyotime, Shanghai, China) according to the 
manufacturer’s protocol. Samples were analyzed with a BD 
Accuri™ C6 Plus flow cytometer.

Enzyme-linked immunosorbent serologic assay 
(ELISA)

Cells were seeded in 12-well plates at a density of 2×105 
cells/well (n = 3). After stimulation with LPS and transfec-
tion, culture supernatants were collected, and cytokine 
levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-
1β), and interleukin-6 (IL-6) were quantified using ELISA kits 
(Beyotime) according to the manufacturer’s protocol.

Detecting oxidative stress damage

Reactive oxygen species (ROS) were measured with a dihy-
droethidium fluorescent probe (KeyGen Biotech, Nanjing, 
China). Following the treatment, cells were harvested 
and analyzed for oxidative stress markers. Superoxide dis-
mutase (SOD) activity and malondialdehyde (MDA) levels 
were determined using commercial assay kits (Beyotime) 
according to the manufacturer’s protocol.

Immunofluorescence

After fixing the cells with 4% paraformaldehyde, they were 
permeabilized with 0.1% Triton X-100 for 10 min at room 
temperature. Following this, the cells were blocked with 
10% bovine serum for 30 min to prevent nonspecific bind-
ing. Subsequently, the cells were incubated with antibodies 
targeting ARHGDIB (ab181252; Abcam, Cambridge, UK) and 
LC3B (ab192890; Abcam), both diluted in 1:200 ratio over-
night at 4°C. After three washes with phosphate-buffered 
saline solution (PBS), the cells were treated for an hour 
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at room temperature with a fluorescein isothiocyanate 
(FITC)-conjugated secondary antibody. Nuclei were coun-
terstained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 
min, and fluorescence signals were visualized using a fluo-
rescence microscope.

Real-time quantitative polymerase chain reaction 
(RT-qPCR)

Real-time quantitative polymerase chain reaction assays 
were performed according to previous studies.11 The 
sequences used were as follows: ARHGDIB, “F” variant 
(ARHGDIB-F) 5′-ctcggcctgaggagtatgag-3′; ARHGDIB, “R” vari-
ant (ARHGDIB-R) 5′-gtggtcttgcttgtcatcgt-3′; PRKACB “F” vari-
ant (PRKACB-F) 5′-AGTGGTTTGCCACGACAGATTG-3′; PRKACB 
“R” variant (PRKACB-R) 5′-TTGCTGGTACCAGAGCCTCTAA-3′; 
glyceraldehyde 3-phosphate dehydrogenase, “F” variant 
(GAPDH-F) 5′-GCACCGTCAAGGCTGAGAAC-3′; GAPDH, “R” 
variant (GAPDH-R), 5′-TGGTGAAGACGCCAGTGGA-3′.

Western blot analysis

A bicinchoninic acid (BCA) protein assay kit (Beyotime) 
was used to determine protein concentration after cells 
were lysed in radioimmunoprecipitation assay (RIPA) 
buffer. Equal amount of protein was separated by 10% 
sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto polyvinylidene flu-
oride (PVDF) membranes. The membrane was blocked 
with 5% non-fat dry milk and then incubated with the 
following listed primary antibodies: ARHGDIB (ab181252; 
Abcam), LC3B (ab192890; Abcam), Beclin-1 (ab302669; 
Abcam), p62 (ab109012; Abcam), PRKACB (ab258603; 
Abcam), p65 (ab32536; Abcam), p-p65 (ab53489; Abcam), 
Ikb-α (ab32518; Abcam), p-Ikb-α (ab92700; Abcam), and 
GAPDH (ab9485; Abcam), and incubated overnight at 4°C. 
Secondary antibodies labeled with peroxidase were added 
to the membrane after it was washed. Using an enhanced 
chemiluminescence (ECL) detection kit and quantified using 
the ImageJ software, GAPDH was used for normalization.

Immunofluorescent staining for p65

Cells were fixed with 4% paraformaldehyde and incubated 
with rabbit monoclonal antibody against p65 (cat. #4764; 
Cell Signaling Technology [CST], Beverly, MA, USA). After 
washing, cells were incubated with a HiLyte Fluor 555-con-
jugated goat anti-rabbit immunoglobulin G (IgG) (AnaSpec, 
Fremont, CA, USA). Nuclei were counterstained with DAPI. 
A Zeiss Axio Imager Z1 (Zeiss, Jena, Germany) was used to 
capture fluorescence images.

Statistical analysis

Data were analyzed using the SPSS software, version 19.0 
(SPSS Inc., Chicago, IL, USA). Results were presented as 
the mean ± standard deviation (SD). Two-tailed Student’s 
t-test was used for comparisons between two groups, while 

one-way ANOVA was used for comparisons between multi-
ple groups. Post hoc testing was performed using Tukey’s 
multiple comparison test; P < 0.05 was considered statis-
tically significant. All experiments were independently 
repeated for three times.

Results

LPS induced high expression of ARHGDIB in 
alveolar epithelial cells

In order to investigate the effect of LPS on ARHGDIB expres-
sion, mouse alveolar epithelial MLE-12 cells were treated 
with LPS for 12 h. Western blot analysis revealed a signif-
icant upregulation of ARHGDIB protein levels in response 
to LPS stimulation (Figure 1A). Consistent with these find-
ings, immunofluorescence staining demonstrated increased 
ARHGDIB fluorescence intensity in the LPS-treated group, 
compared to controls (Figure 1B), confirming the elevated 
expression of ARHGDIB under inflammatory conditions.

Knockdown of ARHGDIB alleviated LPS-induced 
oxidative stress and inflammatory damage in 
alveolar epithelial cells

In order to confirm successful silencing of ARHGDIB, MLE-12 
cells were transfected with ARHGDIB-specific siRNA, and 
protein expression was assessed by Western blot analysis. 
A marked reduction in ARHGDIB expression was observed 
in transfected cells, indicating effective knockdown 
(Figures  2A and 2B). Increased oxidative stress is a key 
driver in the pathogenesis of ALI, marked by an imbalance 
between oxidants, including ROS and MDA, and antioxi-
dants, such as SOD. In response to LPS stimulation, MLE-12 

(A)

(B)

Figure 1  LPS-induced high expression of ARHGDIB in 
alveolar epithelial cells. (A) Detection of ARHGDIB expression 
in alveolar epithelial cells by Western blot analysis.  
(B) Immunofluorescence examination of ARHGDIB fluorescence 
expression in alveolar epithelial cells. Values are presented as 
mean ± SD. ***P < 0.001; n = 3. 
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(F)

(B)

Figure 2  Knockdown of ARHGDIB-alleviated LPS-induced oxidative stress and inflammatory damage in alveolar epithelial cells. 
(A) The mRNA expression of ARHGDIB in alveolar epithelial cells was detected by RT-qPCR. (B) Detection of ARHGDIB expression 
in alveolar epithelial cells by Western blot analysis. Detection of ARHGDIB expression in alveolar epithelial cells by Western blot 
analysis. (C) Detection of apoptosis rate by flow cytometry. (D) Dihydroethidium fluorescent probe to check ROS fluorescence 
expression. (E) Kit detects MDA and SOD levels in alveolar epithelial cells. (F) ELISA detects IL-1β, IL-6, and TNF-α levels in alveolar 
epithelial cells culture fluid. Values are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; n = 3.

cells exhibited significantly increased apoptosis, ROS pro-
duction, and MDA levels along with reduced SOD activity. 
Notably, ARHGDIB knockdown reversed these changes, sig-
nificantly mitigating oxidative damage (Figures 2C–2E). 

Excessive infiltration of inflammatory cells and dys-
regulated cytokine secretion are intricately linked to the 
pathogenesis of ALI. Our results demonstrated that LPS 
treatment markedly elevated the secretion of IL-1β, IL-6, 
and TNF-α, while ARHGDIB knockdown significantly sup-
pressed the levels of these cytokines (Figure 2F). These 
results indicate that knockdown of ARHGDIB can alleviate 

LPS-induced oxidative stress and inflammatory injury in 
alveolar epithelial cells.

Knockdown of ARHGDIB enhanced autophagy 
inhibited by LPS in alveolar epithelial cells

Autophagy plays a complex role in lung diseases, exerting 
both protective and detrimental effects depending on the 
context.12 To determine whether ARHGDIB regulates auto-
phagy in LPS-induced injury, we assessed autophagic flux 
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stress observed following ARHGDIB knockdown (Figures 3C 
and 3D), indicating that the protective effects of ARHGDIB 
silencing are mediated through autophagy activation.

ARHGDIB modulated the PRKACB/NF-κB pathway

Next, we explore the molecular mechanism by which 
ARHGDIB exerts its effects in regulating the PRKACB/NF-κB 
signaling pathway. The findings demonstrated that alveolar 
epithelial cells’ expression of PRKACB and phosphorylation 
of p65 and Ikb-α increased in LPS environment whereas 
the same cells’ expression and phosphorylation of p65 
and Ikb-α decreased following the knockdown of ARHGDIB 
(Figure 4A). We consistently observed significant nuclear 

in MLE-12 cells. LC3 is a well-established marker of autoph-
agy, where the conversion of LC3-I to LC3-II reflects auto-
phagosome formation. Western blot analysis revealed that 
LPS stimulation significantly increased the expression of 
p62, a substrate of autophagic degradation while decreas-
ing Beclin-1 expression and the LC3-II:LC3-I ratio. However, 
knocking down of ARHGDIB reversed these effects of LPS 
(Figure 3A). Immunofluorescence analysis was further 
employed to detect autophagy activation. The results 
revealed that LC3 punctate formation was increased fol-
lowing ARHGDIB knockdown (Figure 3B). To investigate the 
functional relevance of autophagy in the protective effects 
of ARHGDIB silencing, the autophagy inhibitor 3-methylad-
enine (3-MA, 5 mM) was applied.13 Treatment with 3-MA sig-
nificantly reversed the reduction in apoptosis and oxidative 

(A)

(C)

(D)

(B)

Figure 3  ARHGDIB enhanced LPS-induced autophagy inhibited by LPS in alveolar epithelial cells. (A) Western blot analysis to 
detect the expression of LC3II/I, p62, and Beclin-1 in alveolar epithelial cells. (B) Immunofluorescence examination of LC3B 
fluorescence expression in alveolar epithelial cells. (C) Detection of apoptosis rate by flow cytometry. (D) Kit detects MDA and 
SOD levels in alveolar epithelial cells. Values are presented as mean ± SD. **P < 0.01, ***P < 0.001; n = 3.
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(A)

(B)

Figure 4  ARHGDIB modulated the PRKACB/NF-κB pathway. (A) Western blot analysis to detect PRKACB, p65, p-p65, Ikb-α, and 
p-Ikb-α protein expression. (B) Immunofluorescence staining image of p65. Values are presented as mean ± SD. **P < 0.01, ***P < 
0.001; n = 3.

translocation of NF-κB in LPS-treated cells. However, 
knockdown of ARHGDIB effectively blocked this transloca-
tion, further supporting its role in modulating NF-κB signal-
ing (Figure 4B).

PRKACB overexpression reversed the protective 
effects of ARHGDIB silencing in LPS-stimulated 
alveolar epithelial cells 

In order to explore whether the role of ARHGDIB is related 
to PRKACB, we overexpressed PRKACB. As confirmed by 
Western blot analysis, PRKACB was successfully overex-
pressed in alveolar epithelial cells, which led to reactiva-
tion of the NF-κB signaling pathway (Figures 5A and 5B).

Functionally, PRKACB overexpression reversed the anti-
oxidant and anti-inflammatory effects induced by ARHGDIB 
knockdown. Specifically, LPS-induced oxidative stress and 
inflammatory cytokine production were reinstated upon 
PRKACB overexpression in cells with ARHGDIB knockdown 
(Figures 5C–5F). Moreover, the autophagy-promoting effect 
of ARHGDIB silencing was also attenuated by PRKACB 
overexpression, as indicated by reduced LC3-II levels and 
increased p62 expression (Figures 5G and 5H). These find-
ings suggest that knocking down of ARHGDIB promotes 
autophagy by regulating the PRKACB/NF-κB pathway, 
thereby improving the oxidative stress and inflammatory 
response of LPS-induced alveolar epithelial cells.

Discussion

Acute lung injury is a severe pulmonary condition asso-
ciated with high mortality, often triggered by infection, 
trauma, and chemical exposure.14 When the lungs are 
exposed to endogenous or exogenous insults, alveolar mac-
rophages are activated initially. These cells release pro-
inflammatory mediators, which in turn stimulate alveolar 
macrophages, epithelial cells, and fibroblasts to produce 
excessive ROS.15 Recent studies have identified ARHGDIB 
as a contributor to the pathogenesis of ALI.7,16 While 
ARHGDIB has been shown to exert regulatory effects on 
alveolar macrophages, its role in alveolar epithelial cells 
remains unclear.17 In this study, LPS caused high expression 
of ARHGDIB in alveolar epithelial cells, and knocking down 
ARHGDIB promoted autophagy, thereby improving inflam-
mation and oxidative stress damage caused by LPS.

An abnormal inflammatory response is a key factor in 
the development and progression of ALI, especially in LPS-
induced cases. The balance of pro- and anti-inflammatory 
cytokines in the ALI microenvironment is a key determinant 
of lung tissue injury and repair.18 Among these cytokines, 
TNF-α is known to accelerate the migration of neutrophils 
to the sites of injury, enhance the activity of proteolytic 
enzyme , and elevate the production of reactive ROS, all of 
which contribute to the lung injury.19 In addition, IL-1β and 
IL-6, two potent pro-inflammatory mediators, further acti-
vate immune cells and promote the release of downstream 
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(C)

(D)

(F)

(G)

(E)

(H)
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Figure 5  PRKACB overexpression reversed the protective effects of ARHGDIB silencing in LPS-stimulated alveolar epithelial cells. 
(A) The mRNA expression of PRKACB in alveolar epithelial cells was detected by RT-qPCR. (B) Western blot analysis to detect 
PRKACB, p65, p-p65, Ikb-α, and p-Ikb-α protein expression. (C) Detection of apoptosis rate by flow cytometry. (D) Dihydroethidium 
fluorescent probe to check ROS fluorescence expression. (E) Kit detects MDA and SOD levels in alveolar epithelial cells. (F) ELISA 
detects IL-1β, IL-6, and TNF-α levels in alveolar epithelial cells culture fluid. (G) Western blot analysis to detect the expression 
of LC3II/I, p62, and Beclin-1 in alveolar epithelial cells. (H) Immunofluorescence examination of LC3B fluorescence expression in 
alveolar epithelial cells. Values are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; n = 3.
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therapeutic target, and suggest that ARHGDIB-based inter-
ventions can offer a promising strategy for the prevention 
and treatment of ALI.
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