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35STAMP2 overexpression alleviates septic lung injury

Abstract
Introduction. Acute lung injury (ALI) is a major cause of death in sepsis patients. The Six-transmembrane protein of 
prostate 2 (STAMP2) is a key regulator of inflammation, while its role in septic ALI remains unclear.
Material and methods. Male C57BL/6 mice were subjected to cecal ligation puncture (CLP) to induce experimental 
sepsis whereas lipopolysaccharide (LPS)-stimulated RAW 264.7 cells were used as the models of septic ALI in vivo 
and in vitro, respectively. Overexpression of STAMP2 in mouse lungs and RAW264.7 cells was performed with an 
adenoviral vector. We measured histological lung injury, lung wet/dry weight (W/D) ratio, and pulmonary myeloperoxi-
dase (MPO) activity to assess lung injury extent. Cell counts in bronchoalveolar lavage fluid (BALF) were measured 
using Giemsa staining. The concentration of inflammatory factors was detected by enzyme-linked immunosorbent 
assay. The polarization of macrophages was evaluated by inducible nitric oxide synthase (iNOS) and F4/80 staining. 
The activation of cell apoptosis and NF-κB pathway was evaluated using Western blot, TUNEL staining, immunoflu-
orescence, and immunohistochemistry.
Results. Overexpression of STAMP2 alleviated CLP-induced lung injury of mice with decreased W/D ratio of the lung, 
and MPO activity in lung tissue. STAMP2 overexpression reduced the lung infiltration of inflammatory cells, and the 
levels of TNF-a, IL-6, and macrophage chemoattractant protein-1 (MCP-1) in BALF. Overexpressed STAMP2 inhibited 
macrophage M1 polarization in lung tissues as indicated by F4/80 and iNOS stainings in lung tissue. STAMP2 ove-
rexpression inhibited RAW 264.7 cell apoptosis by increasing Bcl-2 and decreasing Bax and cleaved-caspase 3 expres-
sion. Besides, STAMP2 overexpression suppressed nuclear factor κB (NF-κB) p65 pathway activation, as evidenced by 
reduced phosphorylation of IκBα, and phosphorylation and translocation of NF-κB p65. In vitro study further proved 
that STAMP2 overexpression suppressed the NF-κB pathway (IκBα/p65) in macrophages and decreased macrophage 
M1 polarization and M1-associated inflammatory factor production (TNF-a, IL-6, and MCP-1).
Conclusions. Our study for the first time demonstrated that STAMP2 might be able to reduce inflammation in sep-
sis-induced ALI by inhibiting macrophage M1 polarization through repressing NF-κB signaling activation. (Folia 
Histochemica et Cytobiologica 2023, Vol. 61, No. 1, 34–46)
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Introduction

Sepsis is a severe disease/state characterized by 
a severe systemic inflammatory response with high 
morbidity and mortality [1, 2]. Sepsis-induced dama-
ge, shock, and multi-organ dysfunction remain the 
leading causes of death in patients with sepsis [3]. As 
one of the main complications of sepsis, acute lung 
injury (ALI) is a destructive disease characterized 
by respiratory failure, alveolar-capillary membrane 
barrier disruption, pulmonary edema, and immune/
inflammatory response [4]. Clinically, ALI is defined 
as acute respiratory distress syndrome (ARDS) and is 
recognized as one of the most direct causes of death in 
septic patients [5]. In lungs, macrophages, important 
innate immunity cells, present two major populations 
that are differently localized: (i) alveolar macropha-
ges (AM) which populate alveoli and airways, and  
(ii) interstitial macrophages (IM) which reside in lung 
parenchyma [6, 7]. Activated macrophages are thought 
to be the pathological hallmark of the immune/in-
flammatory response in ALI [8, 9]. Despite numerous 
studies attempting to explore the mechanisms of ALI, 
the pathogenesis of the disease is not fully understood. 
Meanwhile, most clinical treatments are designed to 

prevent the symptoms of sepsis-induced ALI, which 
cannot effectively reduce mortality [10].

Nuclear factor κB (NF-κB) represents a eukaryotic 
transcription factors family that is involved in many 
aspects of inflammation and immunity. The NF-κB 
family contains five members: p65, RelB, c-Rel, p50, 
and p52  [11]. They can form multiple homodimers 
or heterodimers to further regulate inflammatory 
response by binding to specific target genes. The 
p65/p50 dimers are the main protein complexes that 
regulate the transcription of responsive genes [12]. The 
p65/p50 dimers are present as inactive complexes in 
the cytoplasm by binding to specific NF-κB inhibitor α  
(IκBα) [13]. In response to multiple cell stimuli, 
IκBα undergoes dissociation and phosphorylation. 
The active p65/p50  NF-κB dimers are translocated 
into the nucleus to activate NF-κB-dependent target 
genes including those that encode tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6), and monocyte 
chemoattractant protein-1 (MCP-1) [14, 15]. Enhanced 
NF-κB activation is correlated with poor outcomes in 
septic ALI patients [16]. The expression of NF-κB was 
shown to be markedly induced in lung tissue in the 
septic ALI mouse model, and its activation contributed 
to the development of this condition [17]. Numerous 
studies suggested that inhibition of NF-κB activation 
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might offer a potential treatment approach for sepsis-
-induced ALI [18–20]. 

The Six-transmembrane protein of prostate 
2 (STAMP2), also called six-transmembrane epithe-
lial antigen of prostate 4  (STEAP4), belongs to 
the six-transmembrane protein family with iron 
reductase activities [21]. It is expressed strictly in 
several tissues including the lung, placenta heart, 
and prostate [22]. Several pieces of research have 
shown that STAMP2 was involved in the regulation 
of inflammation, oxidative stress, apoptosis, and 
the metabolism of fatty acid and glucose [23–26]. 
Meanwhile, STAMP2  plays a pro-oncogenic role 
in diverse cancers including prostate [27] and colon 
cancer [28]. It was reported that STAMP2 promoted 
anti-inflammatory activities in multiple tissues, most 
prominently in lung tissues [22]. STAMP2 deficiency 
showed a substantial pro-inflammatory response in 
mice with pulmonary arterial hypertension and incre-
ased release of inflammatory factors [29]. Recently, 
STAMP2 was reported to be highly expressed in the 
peripheral blood of septic patients [30], indicating 
the possible role of STAMP2 in sepsis-induced ALI. 
However, the potential role of STAMP2 in inhibiting 
septic ALI has not been explored yet. In our study, we 
proved that STAMP2 could attenuate sepsis-induced 
ALI by inhibiting the NF-κB signaling pathway in 
macrophages.

Materials and methods

Reagents and antibodies. pShuttle-CMV adenovirus vector 
was purchased from Fenghbio (Changsha, China). HEK-
-293A cell line was purchased from Procell (Wuhan, China). 
Western blotting and IP lysis buffer, Nuclear extraction kit, 
Bicinchoninic acid assay (BCA) kit, Enhanced chemilumi-
nescent (ECL) kit, BeyoRT II M-MLV reverse transcriptase, 
and Triton X–100 were purchased from Beyotime Institute of 
Biotechnology (Shanghai, China). Dulbecco modified Eagle 
medium (DMEM) medium was purchased from Service bio-
technology (Wuhan, China). TRIpure reagent was purchased 
from BioTeke Bio. (Beijing, China). Lipopolysaccharide (LPS), 
hematoxylin, and Reverse transcription quantitative real-time 
polymerase chain reaction (RT-qPCR) reagents were from 
Solarbio Science & Technology, Co., Ltd. (Beijing, China). 
4’, 6-diamidino-2-phenylindole (DAPI) was from Aladdin 
(Shanghai, China) 3, 3’-diaminobenzidine (DAB) was pur-
chased from Maxinm Biotechnology (Fuzhou, China). Eosin 
was from Sangon Biotech (Shanghai, China). Mouse TNF-α, 
IL-6, and MCP-1 enzyme-linked immunosorbent assay (ELI-
SA) kits were from LIANKE Biotech., Co., Ltd. (Hangzhou, 
China). Myeloperoxidase (MPO) activity kit and Giemsa 
staining solution were purchased from Jiancheng Bioengine-
ering Institute (Nanjing, China). In situ cell death detection kit  

(Roche, Basel, Switzerland). The following antibodies were 
used: anti-iNOS, anti-F4/80, anti-phospho-IκBα, anti-IκBα, 
and anti-cleaved-caspase 3 were from Affbiotech (Changzhou, 
China); anti-phospho-p65 was from Novus Biologicals (Little-
ton, CO, USA); anti-p65 was from Cell Signaling Technology 
(Danvers, MA, USA); anti-STAMP2, anti-B cell lymphoma 
2 (Bcl-2) and anti-Bcl2-Associated X (Bax) were from Prote-
intech Group, Inc. (Wuhan, China); anti-Histone H3 was from 
Abgent (San Diego, CA, USA); anti-β-actin was from Santa 
Cruz (Dallas, TX, USA); anti-mouse IgG-horseradish peroxida-
se (HRP) and anti-rabbit IgG-HRP were from Beyotime Institute 
of Biotechnology (Shanghai, China) and Thermo Scientific 
(Pittsburgh, PA, USA). Anti-rabbit IgG-Cy3 and Lipofectamine 
3000 were from Invitrogen (Carlsbad, CA, USA). 

Bioinformatics analysis. Our study downloaded three gene 
expression datasets (GSE2411, GSE60088, and GSE34901) 
from Gene Expression Omnibus (GEO) database (https://www.
ncbi.nlm.nih.gov/geo/). The GEO2R (https://www.ncbi.nlm.
nih.gov/geo/geo2r) web tool was utilized to analyze differential 
expressed genes (DEGs) with a threshold of log2 fold change 
(FC) > 2 and P < 0.01. The overlapping DEGs in three datasets 
were identified using Venn diagrams (https://bioinfogp.cnb.csic.
es/tools/venny/index.html), and the overlapping DEGs were 
retained for additional analysis. Subsequently, Gene ontology 
(GO) analysis and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis were performed on the obtained 
DEGs in DAVID Bioinformatics Resources Database (http://
david.abcc.ncifcrf.gov/).

Animals. Animal procedures were approved by the Ethics Com-
mittee of Jinzhou Medical University. Eight-to-ten-week-old 
male C57BL/6 mice were purchased from Beijing Hua Fukang 
Biotechnology Co. Ltd. (Beijing, China). Mice were housed in 
controlled conditions under a 12:12 light-dark cycle and with 
unrestricted access to food and water. The temperature and hu-
midity of the animal facility were kept at 22 ± 1° and 45–55%. 

The designed sequences of STAMP2  were cloned into 
pShuttle-CMV adenovirus vector to create STAMP2  ove-
rexpression vector, with an empty vector as control. Adenoviral 
particles were generated by transfecting HEK-293A cells with 
all adenoviral vectors using Lipofectamine 3000 according to the 
manufacturer’s instructions. After transfection, whole cell lysa-
tes from HEK-293A cells were harvested and then filtered. The 
virus stock was frozen in –80°C. The viral titer was determined 
using a plaque-forming assay with HEK-293A cells under 1.25% 
low melting point agarose overlay after 9–11 days of culture. 

For STAMP2 overexpression, mice were tail vein-injected 
with adenovirus overexpressing STAMP2 or negative control 
adenovirus [2  × 108  plaque forming unit (pfu) per mouse] 
[31]. Three days after the adenovirus injection, the mice were 
subjected to cecal ligation and puncture (CLP) surgery. CLP 
was performed as described [32]. Under aseptic conditions, 
the cecum was exposed by the laparotomy. Roughly, the cecum 
was ligated with silk and perforated twice with the needle. In 
sham-operated control animals, the cecum was exposed but 
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neither ligated nor punctured. BALF and lung tissues were 
obtained 24 h after surgery. Lungs were weighed at separation 
(wet lung weight), and the lung tissues were dried at 80° in the 
oven to a constant weight (dry lung weight). Pulmonary edema 
was quantified by the wet-to-dry (W/D) ratio. Another batch 
of animals was raised to observe the survival rates of different 
groups for 10 days.

BALF collection and cell counting. BALF was collected by 
flushing the right lung with PBS after ligation of the left lung. 
The aliquots were pooled to obtain the total sample for one 
mouse. BALF was centrifuged and resuspended in 500 μL PBS. 
The total number of cells was measured using a hemacytometer. 
Differential counting of neutrophils and macrophages, and cell 
smears were stained with Giemsa dye and counted under the 
microscope.

Cell culture. RAW 264.7 cells were purchased from iCell Bio-
science Inc. (Shanghai, China). Cells were grown in DMEM 
complete culture medium at 37° in a 5% CO2 incubator. For 
adenoviruses infection, RAW 267.4 cells were infected with 
10 multiplicity of infection (MOI) of adenoviruses in DMEM 
medium for 24 h, and then the medium was replaced with fresh 
medium for another 24 h cultivation. The stimulation of bacterial 
endotoxin LPS is frequently applied to mimic sepsis in vivo [33]. 
Cells were stimulated with 100 ng/mL LPS for up to 24 h [34].

Hematoxylin and eosin (H&E), immunofluorescence (IF), 
and immunohistochemistry (IHC) stainings. H&E, IHC, 
and IF procedures were performed as previously described 
[35]. The fresh lung tissue of mice was dissected, fixed in 4% 
paraformaldehyde, and embedded in paraffin. Paraffin-embed-
ded lung samples were continuously sectioned into 5 μm-thick 
slides. The lung tissue slides were stained with hematoxylin 
(5 min) and eosin (3 min) to determine the extent of lung injury 
[36]. For IHC, primary antibodies against STAMP2, F4/80, and 
p-p65 were used. The slides were incubated respectively over-
night at 4° with primary antibodies: anti-STAMP2 (1:100 dilu-
tion), anti-F4/80 (1:100 dilution), anti-p-p65 (1:100 dilution), 
followed by secondary antibody (anti-rabbit IgG-HRP, 
1:500 dilution) incubation. DAB and hematoxylin were utilized 
for chromogen development and counterstaining, respectively. 
For IF staining, the procedure was similar to the IHC. The 
lung sections were incubated with iNOS (1:100 dilution) and 
p65 (1:100 dilution) antibodies overnight. After washing, lung 
sections were immersed into anti-rabbit IgG-Cy3 (1:200 dilu-
tion) for an hour and imaged with a microscope.

Western blot analysis. Extraction of whole protein from tissues 
or cells was prepared using Western blotting and IP lysis buffer, 
while extraction of nuclear protein or cytosolic protein was 
prepared using a nuclear extraction kit. Protein concentrations 
were determined using a BCA kit. Protein samples were then 
prepared with 5× loading buffer. Samples were separated by 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) using 1× SDS running buffer and transferred to 
polyvinylidene difluoride (PVDF) membrane using 1× Tris-Gly-
cine transfer buffer. The membranes were immunoblotted with 

primary antibodies and corresponding secondary antibodies. 
Blots were developed with ECL luminous fluid and imaged 
by a Gel imaging system. Band intensities were normalized to 
β-actin or histone H3 levels.

RNA extraction and RT-qPCR. Samples were flash-frozen in 
liquid nitrogen and stored at –80°C prior to total RNA extraction. 
RNA was extracted using TRIpure reagent, and its concentration 
was estimated by Nanodrop 2000. Reverse transcription was 
performed using BeyoRT II M-MLV reverse transcriptase. 
The cDNA was subjected to RT-qPCR using primers specific 
to STAMP2: 5′-CCCACTGGACCAAGGAT-3′ (forward); 
5′-AGAAGACGCACAGCACA-3′ (reverse). Relative quanti-
fications were calculated using 2-ΔΔCT method.

Cytokine and MPO analysis. The levels of TNF-α, IL-6, and 
MCP in the BALF or the conditioned medium of cultured RAW 
cells was evaluated using an ELISA kit according to the ma-
nufacturer’s instructions. Lung tissue was homogenized in MPO 
buffer supplied from MPO kit at 4°C at a ratio of 1:19 (tissue 
weight to buffer volume). MPO levels in homogenized lung 
tissues were detected by the MPO activity kit.

TUNEL staining. The procedures were conducted as described 
previously [37]. Paraffin-embedded lung tissues were permeabi-
lized using 0.1% Triton X–100. The apoptotic cell in each group 
was detected using terminal deoxynucleotidyl transferase (TdT) 
dUTP nick-end labeling) (TUNEL) staining. TUNEL-positive 
nuclei were visualized under a light microscope.

Statistical analysis. Data were analyzed using GraphPad 
Prism 8 software. Data were presented as means and error bars 
represented standard deviation. One-way ANOVA test was used 
to assess significance. Survival curves were analyzed using 
Kaplan-Meier curves. Analyses with resultant P < 0.05 were 
determined significant. 

Results

Identification of differentially expressed genes 
(DEGs)
To identify the key gene, three gene expression 
profiles (GSE2411, GSE60088, and GSE34901) 
were downloaded from the GEO database. A total of 
29  up-regulated genes were screened out based on  
P < 0.01 and logFC > 2 (Fig. 1A), and the differential 
gene expression was visualized using a heat map (Fig. 
1B). To further reveal the feature of the differential 
genes, in the GO analysis, and KEGG analysis were 
performed through the DAVID website. As Fig. 1C 
shows, the main biological process of DEGs mainly 
participated in the immune system process and in-
flammatory response, the main cellular component 
was the extracellular region, and the major molecular 
function was cytokine activity. In KEGG analysis, 
enriched pathways and diseases were varied, involving 
Cytokine-cytokine receptor interaction, Viral protein 
interaction with cytokine and cytokine receptor, Legio-
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Figure 1. Identification of Differentially Expressed Genes (DEGs). A. Veen diagram of differentially expressed genes in GSE2411, 
GSE60088, and GSE34901  datasets. B. Heat map showing differential expression of 29  overlapping genes from 3  datasets.  
C. Gene ontology (GO) terms with the most significant P-value, including biological processes (shown top 10), cellular component, 
and molecular function. D. The top 15 Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathways with the most 
significant P-value. 
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nellosis, Amoebiasis, Chemokine signaling pathway, 
Chemokine signaling pathway, NF-κB signaling pa-
thway and so on (Fig. 1D). Among overlapping DEGs, 
multiple genes in sepsis has been reported such as 
Saa3, Acod1, CXCL family, and IL family. Through 
consulting literature, the STAMP2 was implicated in 
sepsis progression [30]. We, therefore, examined the 
possibility of STAMP2 in septic ALI.

Overexpression of STAMP2 protects mice from 
sepsis-associated acute lung injury
To determine the role of STAMP2 in septic ALI, we 
first evaluated whether STAMP2 overexpression could 
affect the mortality of CLP model mice. The decreased 
survival rate of septic mice (Fig. 2A), increased W/D 
ratio (Fig. 2B), and pathological changes in lung tissue 

(Fig. 2C) indicated the successful establishment of 
a mouse model of sepsis-induced ALI. Histopathologic 
analysis showed apparent infiltration of inflammatory 
cells and edema in lung tissues of mice induced by 
CLP (Fig. 2C). The overexpressed-STAMP2 obvio-
usly improved the survival of CLP-treated mice (Fig. 
2A). Meanwhile, in septic lung tissues, an increase in 
mRNA and protein expression of STAMP2 was found 
(Fig. 2E). Besides, IHC staining results were consistent 
with the results of RT-qPCR and Western blot assays 
(Fig. 2F). The overexpression of STAMP2 decreased 
the W/D ratio of lung tissue (Fig. 2B) and improved 
the aberrant histopathological manifestations (Fig. 
2C). In addition, CLP markedly increased lung MPO 
activity, while STAMP2  overexpression resulted in 
decreased MPO activity (Fig. 2D). These results in-

Figure 2. Overexpression of STAMP2 protects mice from sepsis-associated acute lung injury. A. Survival rate of mice in dif-
ferent treatment groups. B. Lung wet-to-dry ratios. C. The comparison of lung tissue H&E staining in mice of each treatment 
groups (200×, bar — 100 μm). D. MPO activity in lung homogenates. E. Left, gene and protein expression of STAMP2 in mouse 
lung tissues, β-actin served as endogenous control. Right, representative immunoblot of STAMP2. F. Immunohistochemistry 
assay of STAMP2 expression in lung tissue. (400×, bar — 50 μm). Data were expressed as the mean value ± SD. Abbreviations:  
CLP — cecall ligation and perforation; STAMP2, six-transmembrane protein of prostate 2; H&E — hematoxylin and eosin;  
MPO — myeloperoxidase; SD — standard deviation.
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dicated that STAMP2 might play a protective role in 
sepsis-induced ALI.

Overexpression of STAMP2 reduced  
CLP-induced macrophage activation  
and inflammatory response in mouse lung tissues
Compared with sham-operated mice, the CLP chal-
lenge significantly induced a higher amount of total 
cells, especially neutrophils and macrophages in BALF 
(Fig. 3A). Whereas, overexpressed-STAMP2 decre-
ased the numbers of the cells (Fig. 3A). Regarding 
the inflammation markers, the levels of TNF-α, IL-6, 
and MCP-1 in BALF were significantly decreased by 
STAMP2 overexpression (Fig. 3B). In STAMP2 ove-
rexpression mice, we observed decreased number 
of pro-inflammatory macrophages and polarized 
macrophages as proved by decreased expression of 
macrophage marker F4/80 antigen (Fig. 3C) and iNOS 

(M1  macrophage polarization indicator) (Fig. 3D). 
These observations suggested that STAMP2  might 
inhibit inflammatory response by suppressing inflam-
matory factors’ release and macrophage polarization. 

Overexpression of STAMP2 mitigates  
CLP-induced cell apoptosis of lung tissue
A pronounced increase in cell apoptosis in lung tissue 
detected by the TUNEL staining was observed in 
CLP-treated mice, which was noticeably attenuated 
by STAPM2 overexpression (Fig. 4A). Consistently, 
CLP induced a clear increase in Bax expression and 
a decrease in Bcl-2 and cleaved-caspase 3 expression 
in lung tissues of mice with septic ALI, which was 
reversed by STAPM2 overexpression (Fig. 4B).

Figure 3. Overexpression of STAMP2 reduced CLP-induced macrophage activation and inflammatory response in mouse lung 
tissues. A. Total number of cells, neutrophils, and macrophages was counted in BALF by Giemsa staining. B. ELISA measurement 
of TNF-α, IL-6 and MCP-1 in BALF. C. Immunohistochemistry assay of F4/80 expression in lung tissues sections. D. Representa-
tive immunofluorescence iNOS staining of mouse lung tissues. Data were expressed as the mean value ± SD. Abbreviations: BALF  
— bronchoalveolar lavage fluid; iNOS — inducible nitric oxide synthase; ELISA — enzyme-linked immunosorbent assay; TNF-α  
— tumor necrosis factor α; IL-6 — interleukin-6; MCP-1 — monocyte chemoattractant protein-1.
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Effects of STAMP2 on NF-κB pathway  
components in CLP-treated mice 
Given the central role of NF-κB signaling in septic 
ALI [17], the effect of STAMP2 on NF-κB signaling 
was explored. Western blot and immunofluorescence 
methods were employed to analyze the activation 
of NF-κB signaling. Western blot results showed 
that CLP significantly increased the expression of 
p-IκBα (Fig. 5A), p-p65, and nuclear p65 (Fig. 5B) 
and decreased the expression of IκBα (Fig. 5A) in 
lung tissues of mice. On the contrary, overexpression 
of STAMP2  resulted in a marked increase in IκBα 
expression and a decrease in p-IκBα, p-p65, and 
nuclear p65 expression (Fig. 5A–C). Meanwhile, the 
expression of p-p65 in lung tissues detected by IHC 
staining revealed the inhibition effect of STAMP2 on 
p-p65 (Fig. 5D).

Effect of STAMP2 on NF-κB signaling in LPS-in-
duced RAW267.4 cells 
Lipopolysaccharide, LPS, a lipoglycan present in 
the cell membranes of Gram-negative bacteria, has 
been widely used to induce ALI both in vivo and 
to stimulate cells in vitro. The RAW 264.7  cells 
(a macrophage cell line) were incubated with LPS. 

STAMP2 was adenovirally overexpressed in cells to 
explore the role of STAMP2 in macrophages. Trans-
fection efficiency was validated by RT-qPCR and 
Western blotting (Fig. 6A). Our results revealed that 
the supernatants from cultured STAMP2-overexpres-
sing RAW264.7 cells stimulated with LPS contained 
lower levels of TNF-α, IL-6, and MCP-1  than that 
from control cells (Fig. 6B). The iNOS expression 
was also decreased upon STAMP2 overexpression in 
RAW264.7 macrophages (Fig. 6C). As shown in Fig. 
6D–E, STAMP2 overexpression significantly inhibited 
the activation of NF-κB signaling in LPS-stimulated 
cells. STAMP2 overexpression inhibited the nuclear 
translocation of NF-κB p65  (Fig. 6D). Moreover, 
STAMP2 overexpression markedly decreased the pho-
sphorylation of IκBα, p65, and nuclear p65 expression, 
and increased IκBα expression (Fig. 6E).

Discussion

Sepsis is a dysregulated host response to infection, 
resulting in life-threatening organ dysfunction [38]. 
The lung is the most vulnerable and important organ 
during the pathogenesis of sepsis. The mortality rate of 
ALI exceeds 40%, causing a huge economic and social 

Figure 4. Overexpression of STAMP2 mitigates CLP-induced apoptosis of lung tissues. A. Cell apoptosis was visualized by the 
TUNEL staining. B. Left, the protein expression of Bax, Bcl-2 and cleaved-caspase 3 in mouse lung tissues. Right, representative 
immunoblot of Bax, Bcl-2 and cleaved-caspase 3. β-actin served as endogenous control. Data were expressed as the mean value 
± SD. TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; Bax, Bcl2-Associated X; Bcl-2, B cell 
lymphoma/lewkmia-2. 
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burden [39]. In our study, the CLP-induced murine ALI 
model exhibited various typical sepsis characteristics, 
including reduced survival rate, histopathological, 
physiological, and biochemical indices, and increased 
serum cytokine levels, indicating the successful esta-
blishment of the sepsis-induced ALI model. [5, 40]. 

STAMP2 is reported to coordinate inflammatory 
responses with metabolic function and has been re-
ported to be essential for metabolic homeostasis to 
coordinate pulmonary inflammation in mice [24]. In 
our study, higher expression of STAMP2 in the lung 
tissue of CLP-treated mice was observed. Meanwhile, 
STAMP2 overexpression decreased the survival rate 
and alleviated sepsis-induced ALI in mice. In BALF, 
lower leucocytes, macrophages, and neutrophils 
numbers and inflammatory cytokines’ levels were 
also observed. 

Leukocytes, including neutrophils and macropha-
ges, usually found in BALF, have been reported to 

contribute to ALI [8]. As the most common pulmonary 
immune cells [41], macrophages play a critical role in 
septic ALI. The recruited and activated macrophages 
can release pro-inflammatory cytokines, and induce 
neutrophil infiltration, further aggravating inflamma-
tory response, disrupting the endothelial barrier, and 
exacerbating lung injury [42, 43]. Our study is the first 
to report the anti-inflammatory effects of STAMP2  
in septic ALI demonstrated by decreased MPO activity 
in mice overexpressing STAMP2. We suggest that in-
creased STAMP2 levels in septic inflammatory states 
may be due to its compensatory anti-inflammatory 
effect. 

Macrophages are essential for pulmonary home-
ostasis and immune responses to pathogens [44]. In 
the early stages of ALI development, macrophages can 
polarize into classically activated macrophages of the 
M1 type [45]. M1 macrophages release pro-inflam-
matory cytokines including TNF-α, IL-6, and MCP-

Figure 5. Effects of STAMP2 on NF-κB pathway components in CLP-treated mice. A, B. The quantification of IκBα (A), p-IκBα 
(A), p-p65 (B), and nuclear p65 (B) protein expression. C. Representative immunoblot of IκBα, p-IκBα, p-p65 and nuclear p65.  
D. Representative images of p-p65 immunohistochemistry staining of mouse lung tissues. β-actin and Histone H3 served as endo-
genous control. Data were expressed as the mean value ± SD.
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1  [46]. Regulation of macrophage polarization has 
been proposed as a therapeutic strategy for sepsis-indu-
ced ALI [45]. F4/80 and iNOS are the surface marker 
of macrophages and M1-type macrophages, respecti-
vely. STAMP2 overexpression in our study decreased 
infiltration of F4/80-positive macrophages and induced 
iNOS-positive M1 macrophage polarization. Moreo-
ver, decreased levels of TNF-α, IL-6, and MCP-1 
were observed in STAMP2 overexpression mice. In 

a mouse model of rheumatoid arthritis, STAMP2 was 
co-located with macrophage marker CD68 [47]. Han 
et al. reported that STAMP2 overexpression inhibited 
macrophage infiltration, M1  macrophage polariza-
tion, and pro-inflammatory factors’ release in mouse 
epididymal and brown adipose tissues, improving 
insulin resistance [48]. Besides, STAMP2 knockdown 
could enhance the infiltration of macrophages in 
lung tissue and increase inflammatory output from  

Figure 6. Effect of STAMP2 on NF-κB signaling in LPS-induced RAW267.4 cells. A. Gene and protein expression of STAMP2 in 
RAW264.7 cells with LPS stimulation. B. ELISA measurement of TNF-α, IL-6 and MCP-1 in cell supernatant. C–D. Representative 
images of iNOS (A) and p65 (B) immunofluorescence staining. E. Quantification of IκBα, p-IκBα, p-p65 and nuclear p65 protein 
expression. F. Representative immunoblot of IκBα, p-IκBα, p-p65 and nuclear p65. β-actin and Histone H3 served as endogenous 
control. Data were expressed as the mean value ± SD.
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macrophages, worsening pulmonary vascular remode-
ling and hypertension in mice [29]. Therefore, in our 
septic ALI model, STAMP2 might reduce inflamma-
tion by inhibiting macrophage polarization.

Excessive and persistent inflammation is the prima-
ry hallmark of septic ALI. However, clinical findings 
suggested that anti-inflammatory drugs alone could not 
significantly improve ALI [49]. It was reported that, 
in sepsis or ALI, the inflammatory cascade induced 
apoptosis of alveolar cells, which impaired the barrier 
function of the lungs [50], and apoptosis can in turn 
amplify the inflammatory response [51]. Moon et al. 
[52] observed exacerbated hepatocyte apoptosis in 
sepsis-induced ALI, and the regulation of apoptosis 
could play a protective role in ALI. The involvement 
of STAMP2  in cell apoptosis has been reported in 
prostate cancer [27], which is similar to our results. 
In our study, we found that STAMP2 overexpression 
inhibited cell apoptosis in lung tissues of ALI mice 
by decreasing Bax and cleaved-caspase 3 expression 
and increasing Bcl-2 expression. Bcl-2 family prote-
ins, including pro-apoptotic Bax and anti-apoptotic 
Bcl-2 protein are key regulators of apoptosis, which 
mediated the activation of caspase 3 (the final apo-
ptotic executor) [53]. STAMP2  overexpression has 
been reported to inhibit cell apoptosis by decreasing 
cleaved caspase-3 expression in diabetic mice [54]. 

NF-κB signaling pathway has been considered to 
be critical in septic ALI. A number of studies indi-
cated that the blockade of the NF-κB pathway is an 
important modality in the treatment of sepsis-induced 
ALI [55, 56]. NF-κB activation induces the release 
of pro-inflammatory mediators and the expression of 
apoptosis-related proteins, which is closely related to 
the pathogenesis of ALI [57]. To date, STAMP2 was 
reported to be involved in the regulation of inflamma-
tory pathways not only in lung cells [29] but also in 
macrophages [58]. Our data provided novel evidence 
for the inhibitory role of STAMP2 on the NF-κB si-
gnal pathway in septic ALI mice and LPS-stimulated 
RAW264.7 cells. Moreover, STAMP2 overexpression 
also inhibited the polarization of RAW264.7 cells and 
release of inflammatory factors. NF-κB signaling is 
thought to be a key factor for macrophage M1 po-
larization [59]. The inhibition of NF-κB pathway 
could inhibit M1 macrophage polarization and then 
decrease the release of M1  macrophage-associated 
pro-inflammatory cytokines [60]. The regulatory role 
of STAMP2 on NF-κB signaling has been reported in 
a murine model of ischemia and reperfusion [61]. Ho-
wever, the specific mechanism of STAMP2 action on 
NF-κB signaling in macrophages remains unclear. Ta-
ken together, our results suggested that STAMP2 mi-
ght reduce inflammation by inhibiting M1 macrophage 

polarization through the NF-κB signaling pathway, 
thereby alleviating sepsis-induced ALI. 

In conclusion, to the best of our knowledge, this 
is the first mechanical study of STAMP2 effects in 
sepsis-induced ALI. Our study offers insights into the 
molecular mechanisms of STAMP2 in the pathogene-
sis and treatment of sepsis-induced ALI.
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