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Background: Globally, the subsequent complications that accompany sepsis result in remarkable morbidity and mortality rates. The 
lung is among the vulnerable organs that incur the sepsis-linked inflammatory storm and frequently culminates into ARDS/ALI. The 
metformin-prescribed anti-diabetic drug has been revealed with anti-inflammatory effects in sepsis, but the underlying mechanisms 
remain unclear. This study aimed to ascertain metformin’s effects and functions in a young mouse model of sepsis-induced ALI.
Methods: Mice were randomly divided into 4 groups: sham, sham+ Met, CLP, and CLP+ Met. CLP was established as the sepsis- 
induced ALI model accompanied by intraperitoneal metformin treatment. At day 7, the survival state of mice was noted, including 
survival rate, weight, and M-CASS. Lung histological pathology and injury scores were determined by hematoxylin–eosin staining. 
The pulmonary coefficient was used to evaluate pulmonary edema. Furthermore, IL-1β, CCL3, CXCL11, S100A8, S100A9 and 
NLRP3 expression in tissues collected from lungs were determined by qPCR, IL-1β, IL-18, TNF-α by ELISA, caspase-1, ASC, 
NLRP3, P65, p-P65, GSDMD-F, GSDMD-N, IL-1β and S100A8/A9 by Western blot.
Results: The data affirmed that metformin enhanced the survival rate, lessened lung tissue injury, and diminished the expression of 
inflammatory factors in young mice with sepsis induced by CLP. In contrast to sham mice, the CLP mice were affirmed to manifest ALI- 
linked pathologies following CLP-induced sepsis. The expressions of pro-inflammatory factors, for instance, IL-1β, IL-18, TNF-α, 
CXCL11, S100A8, and S100A9 are markedly enhanced by CLP, while metformin abolished this adverse effect. Western blot analyses 
indicated that metformin inhibited the sepsis-induced activation of GSDMD and the upregulation of S100A8/A9, NLRP3, and ASC.
Conclusion: Metformin could improve the survival rate, lessen lung tissue injury, and minimize the expression of inflammatory 
factors in young mice with sepsis induced by CLP. Metformin reduced sepsis-induced ALI via inhibiting the NF-κB signaling pathway 
and inhibiting pyroptosis by the S100A8/A9-NLRP3-IL-1β pathway.
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Introduction
Globally, sepsis stands out as a substantial cause of both morbidity and mortality. Sepsis was defined in 2016 as a life- 
threatening organ dysfunction condition whose genesis is attributed to impaired host systemic inflammatory as well as 
immune response to infection,1 modulated via different cytokines produced from innate immune cells. Although over the 
past decades, a remarkable improvement has been achieved, sepsis syndrome stands out as a major cause of morbidity 
and mortality in pediatrics in the world,2–4 and a common reason for admitting patients to PICU.5 Severe sepsis in 
pediatrics is still a cumbersome public health problem. Previous works of literature have affirmed heightened risk for 

Journal of Inflammation Research 2024:17 3785–3799                                                     3785
© 2024 Fan et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 21 March 2024
Accepted: 22 May 2024
Published: 12 June 2024

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


long-term disability, hospital readmission as well as late mortality for sepsis survivors among children.6 At least one-third 
of these children develop progressive organ dysfunction, whereas approximately 20% of them exhibit new functional 
disability.7 ALI, which stands out as one of the most susceptible organs to sepsis, exhibits the propensity to progress to 
ARDS, presenting with acute onset of sepsis, hypotension, severe respiratory distress, and persistent hypoxemia,8 which 
eventually worsens the dysfunction of multiple organs and as result death remains inevitable.9 During sepsis, activation 
of inflammatory cells releases various inflammatory mediators from innate immune cells, including TNF, IL-1, IL-6, and 
oxygen-free radicals, etc., which can severely harm the body’s organs and tissues.10–12 The exact molecular mechanism 
of lung injury caused by sepsis is still unclear, and the development of novel and effective therapeutic approaches is 
urgent. New sepsis therapeutics will be increasingly evaluated in children when they are developed.

Metformin, the AMPK activator has been revealed with anti-inflammatory effects in sepsis. Sepsis induces inflammation 
and oxidative stress leading to multi-organ damage through the production of proinflammatory cytokines and ROS. 
Metformin has been demonstrated to ameliorate sepsis-induced organ damage and mortality by acting on these 
mediators.13 In the present adult mouse models of sepsis, researchers observed that metformin can attenuate sepsis- 
associated brain injury,14 sepsis-related liver injury,15,16 cognitive impairment, and sepsis-induced neuronal injury,17 and 
endotoxin-induced acute myocarditis via activating AMPK. Increasing evidence implies that metformin exhibits a protective 
effect against various types of lung injury, including ventilator- and PM2.5-induced lung injuries,18,19 LPS-induced acute 
lung injury,20–22 sepsis-induced ALI,23 LPS-induced ARDS, and ARDS caused by SARS-CoV-2 infection.24 In COVID-19 
cases, clinical trials have found that metformin can decrease COVID-19 severity and mortality via activating AMPK and/or 
inhibiting the mTOR-mediated signaling pathway primarily by lowering the level of pro-inflammatory signaling and 
cytokine storm.25 Recent reports of metformin attenuating hyperoxia-induced lung injury by lessening the inflammatory 
response in neonatal rats26,27 have sparked our thoughts about the potential benefits of metformin in the pediatric sepsis 
population. Based on the previously documented antioxidant and anti-inflammatory functions of metformin, we hypothesized 
that metformin would be protective against sepsis-induced lung injury and death in young mice.

The S100 protein family serves as a potent amplifying factor for inflammatory responses. Mrp8 (encoded by Mrp8, 
also referred to as S100A8) and Mrp14 (encoded by Mrp14, also called S100A9), have a substantial function in sepsis 
pathogenesis28 and in neutrophils and monocytes, they are the most abundant cytoplasmic proteins.29 As pro- 
inflammatory molecules, they form a heterodimer and are referred to as calprotectin. Heightened expression of 
S100A8/A9 enhances the inflammatory response and facilitates neutrophils and macrophages to produce a lot of 
cytokines, which triggers a vicious cycle that makes the disorder worse. The NLRP3 (NLR family) inflammasome, 
a cytosolic multiprotein complex, controls the inflammatory cytokines IL-1β and IL-18.30 The pro-inflammatory alarmins 
S100A8 as well as S100A9 are powerful activators of the NLRP3 inflammasome.31–33 In vivo and ex vivo studies 
identified32 that the S100A8/A9-TLR4-NLRP3-IL1β/IL-18 signaling circuit played a crucial role in ponatinib-induced 
excessive inflammation and dysfunction of the heart. Pre-clinical models have affirmed the anti-inflammatory effects of 
metformin. Additionally, there is a lack of relevant reports on metformin treatment in pediatric sepsis models. Further 
investigation into the mechanistic role of metformin in septic young mice is warranted. Hence, this study sought to 
ascertain whether metformin contributes to sepsis-induced ALI by inhibiting the S100A8/A9-TLR4/NLRP3 inflamma
some pathway in young mice. As far as we know, this marks the first investigation into the role and mechanism of 
metformin in sepsis-induced ALI in young mice. Looking at it from a clinical perspective, these findings support the 
feasibility of immunosuppressive interventions in treating sepsis-induced ALI among pediatric populations.

Materials and Methods
Animals Grouping
Male C57BL/6J mice (aged 3 weeks with 11 ± 0.7g, the Saike Jingda experimental Animal Co. Ltd, Changsha, Hunan, 
China) were kept in the Central Laboratory of Hunan Provincial People’s Hospital with 12 h light–dark cycle and 
regulated humidity and temperature and fed a standard rodent diet as well as water ad libitum. In the first experiment, all 
the animals (n = 20 per group) were randomized into four groups: sham group (sham), sham + Met group (sham +Met), 
CLP group (CLP), CLP + Met group (CLP +Met), and weighed every day and followed for 7 days to ascertain the 
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survival rate. In the second experiment, animals were treated with metformin (Selleck Bio, S195013, 1.0), normal saline 
solution (NS), and randomized in the same four groups (n = 20 per group) to obtain lung tissue after 24h post-operation. 
The mice in Met groups were administered with metformin through intraperitoneal injection in a volume of 100μL. The 
CLP group was replaced by the same volume of saline. The befitting and optimal dose of metformin without detectable 
toxicity to experimental animals is based on previous reports.34,35 After 1 week of acclimatization, the mice were given 
either 200 mg/kg metformin dissolved in NS or NS alone by intraperitoneal injection for 7 consecutive days.

Animal Model of Sepsis-Induced ALI
As per the previous study, CLP was utilized to induce polymicrobial sepsis in mice.36 Briefly, mice were anesthetized 
with 2–3% isoflurane (Ringpu Bio, China). The cecum was exposed utilizing a midline surgical excision and ligated by 
a 4–0 silk suture. Then, a 21G needle punctured the cecum and the abdomen was closed in layers with 4–0 sutures. The 
cecum was mobilized without the usage of CLP for the sham-operated animals. Resuscitated animals by subcutaneous 
injection of a prewarmed normal saline (37°C, 50mL/kg) at the end of the surgical procedures, then mice were returned 
to cages immediately where accessed to water and food in freedom, with a temperature-controlled room (22°C) for 12h 
light and dark cycles and monitor them every 6h. All animal experiments followed the National Institutes of Health 
Guidelines for the Care and Use of Laboratory Animals. The Ethics Committee of Hunan Provincial People’s Hospital 
approved this study.

Survival Analysis and M-CASS
A Kaplan-Meier survival curve was produced and analyzed utilizing GraphPad Prism 9.0 software. To ascertain the severity 
of the disease in a sepsis-induced model, mice were observed after induction of sepsis every 6 h, based on the mice’s facial 
expressions37 and behavior, then scored the mice per 24 h each day using the M-CASS as a previous study.38

Lung Wet Weight/Body Weight Coefficient
The left wet lung weight(mg) and body weight(g) of mice were obtained after CLP for 24h, then the left lung wet weight/ 
body weight coefficient was developed and chosen to calculate the lung coefficient reported in previous studies39,40 as 
wet lung weight/body weight.

Measurements of Histological Evidence of ALI
Extraction of the right middle lobes of the lung was executed, and the lobes were fixed using a 4% paraformaldehyde for 
24h at 4°C. They were then dehydrated by ethanol, immersed in paraffin, and a microtome (Leica RM2125RT, Leica, 
Nussloch, Germany) was adopted to section the samples at 5μm thickness, followed by staining with hematoxylin and 
eosin. The Olympus BX 51 Leica ICC50W light microscope (Leica Microsystems Co., LTD Shanghai, China) recorded 
the sections. The scores of lung injury were evaluated in a blinded manner for three reviewers as previous study,41 for 
five independent variables in detail in Table 1. In brief, 20 random high-power fields (400× total magnification) of the 
sample were viewed at ×400 magnification, and then the resulting injury score between zero and one (inclusive) was 
normalized to the number of fields examined.

Quantitative Polymerase Chain Reaction (qPCR)
A total RNA extraction kit (TIANGEN, Beijing, China) was utilized to extract total RNA from mice lung tissues. RNA 
concentration was quantified spectrophotometrically. The PrimerScript RT reagent kit (Takara, Japan, Code No. 
RR036A) was employed to reversely transcribe RNA to cDNA as per the manufacturer’s instructions. The level was 
measured utilizing the TB Green mix (Takara, Japan, Code NO. RR420A) in a quantitative PCR. After that, over 40 
cycles of qPCR were run utilizing the StepOne system. The PCR reaction conditions were: 95°C for 30s, 95°C for 5s, 
and 60°C for 30s. β-actin was as an internal control. The data were analyzed through 2−ΔΔCt. Primers were purchased 
from Takara and listed in Table 2.
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Western Blotting Analysis
After being homogenized, lung tissues and cells were incubated in a lysis buffer that contained cocktail of protease 
inhibitors. Lung tissues were homogenized in a mixture containing protease inhibitors and phosphatase inhibitors of 
cracking incubation in the buffer. The tissue proteins were extracted by Radioimmunoprecipitation assay (RIPA) while 
measured using BCA assay, and at 100°C, the proteins were denatured for 5 min. The proteins (20μg per lane) were 
identified on a 10% SDS-PAGE gel and transferred to a polyvinylidene fluoride (PVDF) membrane. The blots were 
blocked with 5% nonfat milk at room temperature (RT) for 1h and incubated with primary antibodies for the whole night 
at 4°C. The primary antibodies against ASC, NLRP3, P65, p-P65, GSDMD, caspase-1 from antibody sampler kit (CST, 
#98303T), S100A8/A9 (Abcam, Cat NO: ab288715) and β-actin (Zen-Bio, Cat NO: 26441) at a dilution of 1:1000, 
correspondingly. The membrane was rinsed thrice with TBST for ¼ h before being incubated with a secondary anti-rabbit 
antibody for 1 h at RT. Again, the membrane was washed with TBST thrice. Ultimately, the Omega Lum C Gel Imaging 
System (Bio-rad) was utilized to detect and show distinct bands utilizing a chemiluminescent substrate. ImageJ software 
was utilized to quantify and evaluate protein band intensity.

Enzyme-Linked Immunosorbent Assays (ELISAs) of Cytokine
A 2% sodium pentobarbital (50 mg/kg, intraperitoneal) was applied to anesthetize the mice, then lungs were collected 
and stored at −80°C to furthermore ascertain the level of cytokine level utilizing IL-1β, TNF-α, IL-18 ELISA kits 
(Invitrogen, Carlsbad, CA, USA) as per manufacturer’s specifications. The results were measured using a microtiter plate 
reader at 450nm and 570nm, and then we subtracted the values of 570 nm from those of 450 nm and analyzed the data.

Statistical Analysis
Data were expressed as mean ± SEM and were calculated from multiple independent experiments which were triplicated. 
Statistical comparisons were made by one-way ANOVA utilizing GraphPad Prism 9.0 software. Tukey’s multiple 

Table 1 Lung Injury Score

Parameter Score Per Field

0 1 2

A. Neutrophils in the alveolar space None 1~5 >5

B. Neutrophils in the interstitial space None 1~5 >5
C. Hyaline membranes None 1 >1

D. Proteinaceous debris filling the airspaces None 1 >1

E. Alveolar septal thickening <2× 2×~4× 4×

Note: Score =[(20 × A) + (14 × B) + (7 × C) + (7 × D) + (2 × E)]/(number of fields × 100).

Table 2 The Sequence of Primers for qPCR

Gene Forward (5’->3’) Reverse (5’->3’)

β-actin GCTTCTAGGCGGACTGTTACTGA CGCCTTCACCGTTCCAGTTTT
Arg1 ACACTCCCCTGACAACCAGC AGGGTCTACGTCTCGCAAGC

CCL3 GCTCCCAGCCAGGTGTCATT TCAAGCCCCTGCTCTACACG

CXCL11 GATCTCCAAAGCCCAGGCAGA GGGCCGATGCAAAGACAGC
CD206 CGGATGGCTCTGGTGTGGAA CAGCTTGCCCTTGCCTGATG

iNOS GCAACAGGGAGAAAGCGCAA TGTGGACGGGTCGATGTCAC

IL-1β GGTTCAAGGCATAACAGGCTC TCTGGACAGCCCAAGTCAAG
NLRP3 GGTGACCTTGTGTGTGCTTG ATGTCCTGAGCCATGGAAGC

S100A8 AAATCACCATGCCCTCTACAAG CCCACTTTTATCACCATCGCAA

S100A9 ATACTCTAGGAAGGAAGGACACC TCCATGATGTCATTTATGAGGGC
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comparisons test and Bonferroni adjustment were involved in correcting for multiple comparisons and executing post hoc 
analysis, correspondingly. The Student’s t-test and the log-rank (Mantel–Cox) test performed comparisons between the 
two groups and analyzed the survival rate, respectively. P <0.05 was considered statistically significant. All experiments 
were repeated at least three times.

Results
Metformin Improves the Survival Rate
After 12 hours of the CLP, septic mice exhibited signals typical to clinical sepsis, for instance, lethargy, piloerection, and 
tachypnea, and then progressively to bradypnea, increasingly labored breathing and reduced level of consciousness 
marked by reduced response to auditory as well as tactile stimuli. Between 2 and 7 days post-CLP induction, metformin 
enhanced the survival state of septic mice, which decreased M-CASS (Figure 1B, p < 0.001, CLP group vs CLP+ Met 
group), and the M-CASS of the CLP group was higher in comparison to the sham group (p < 0.001).

During the experimental period, the survival rate of the sham group and sham+ Met group was 100%. Metformin 
treatment is given for 7 days before CLP surgery (Figure 1A) affirmed a survival rate that was 45% greater than the 

Figure 1 The impact of metformin pre-treatment on survival state. (A) Kaplan–Meier curves for time for 7 days post-operation (n = 20). (B) The M-CASS score changes 
with time during the CLP-induced sepsis 7-day follow-up (mean ± S.E.M), (C–E). Changes of the weight between pre-operation and post-operation. **p<0.01, ***p<0.001, 
****p<0.0001 (CLP+ Met vs CLP); ###p<0.001 (sham vs CLP). 
Abbreviation: ns, non-significant.
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untreated septic animals. The findings as per the Log rank test implied a substantial difference in cumulative survival 
among the four groups (p < 0.0001).

There were no variations in body weight of all the groups of mice on day 0 of induction of sepsis (Table 3, 
Figure 1C). Mice in the CLP-induced sepsis groups demonstrated a significant decrease in weight within 24 h of the 
operation (p < 0.001 vs sham group; Figure 1E), although there was no substantial difference between CLP group and 
CLP+ Met group in post-operation (Figure 1D and E).

Metformin Pre-Treatment Attenuated Sepsis-Induced ALI in Young Mice
In our research, the model of sepsis-induced ALI was successfully created by CLP operation. Histopathological alterations 
were evaluated by H&E staining. Our research showed that metformin had no adverse effect on the sham mice, including 
decreased weight and lung injury (Figure 1C–E). In comparison to the sham group, CLP group demonstrated alveolar septal 
thickening, inflammatory cell infiltration, hyaline membranes, proteinaceous debris filling the airspaces, which led to higher 
lung injury scores (Figure 2B, p < 0.0001) and lung wet weight/body weight coefficient (Table 3, Figure 2C, p < 0.001), while 

Figure 2 Metformin alleviated sepsis induced by CLP in mice lung injury. (A) At the end of 24 h following CLP, the histopathological lung injury was evaluated utilizing the HE 
staining (100x, bar = 200µm; 400x, bar = 50µm). (B) Histopathologic lung injury scores. (C) Lung wet weight/body weight within 24h CLP-induced sepsis. Met + CLP vs CLP, 
metformin treatment lowered the lung histopathological score in septic mice, and this suggests that this drug can improve the lung tissues with pathological injury. **p<0.01, 
***p<0.001, ****p<0.0001. 
Abbreviation: ns, non-significant.
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metformin reversed these adverse changes induced by CLP (Figure 2A–C). In brief, these results imply that metformin pre- 
treatment has protective effects on sepsis-induced ALI in young mice.

Metformin Regulated Sepsis-Induced Inflammatory Cytokine Levels
We then delved into examining the fluctuations in inflammatory cytokines in lung 24 h following CLP and their 
expressions in the lung using qPCR and ELISA. The findings shown in Figure 3. CLP significantly potentiated pro- 
inflammatory cytokines including IL-1β, CCL3, and CXCL11 mRNA levels (Figure 3A and C), which were reversed by 
metformin pretreatment (CCL3 excepted). Moreover, ELISA assay revealed that metformin reduces the levels of pro- 
inflammatory cytokines in lung tissue like IL-1β, IL-18, and TNF-α (Figure 3G–I), respectively. Inflammatory response 
by the host during sepsis-associated ALI was mediated by pro-inflammatory and anti-inflammatory. The results suggested 
that metformin augmented the anti-inflammatory responses in CLP-induced ALI and down-regulated pro-inflammatory.

In the CLP group, inflammatory (pro-inflammatory neutrophils and macrophages) infiltrates in lung tissue, up- 
regulation the expression of pro-inflammatory cytokines S100A8, S100A9, and the inflammasome NLRP3 
(Figure 3D–F), while metformin reverses this adverse impact. These findings demonstrate that metformin pre- 
treatment attenuates the immune response initiated by sepsis in the lung tissues. In a word, our data are suggestive of 
a potentially remarkable protective effect of metformin.

Metformin Pre-Treatment Inhibited the Expression of S100A8/A9 and Suppressed the 
NF-κB Signaling Pathway
The activation of NLRP3 and production of pro-IL-1β necessitate the activation of the NF-κB signaling pathway.42 

Myeloid cells encompassing neutrophils and monocytes are the dominant reservoirs of calcium-binding proteins S100A8/ 
A9, which can be released into extracellular space as DAMPs following an inflammatory stimulus.43 As an endogenous 
ligand of TLR4, S100A8/A9 induces NF-κB activation via TLR4-MD2 and fosters lethality throughout septic shock.28 

Therefore, we examined if metformin hindered S100A8/A9-induced NF-κB activation. Sepsis caused a significant 
increase (p < 0.05) in lung tissue S100A8/A9, p65, and p-P65 levels measured by Western blot when compared with 
sham-operated mice. The metformin pre-treatment significantly reduced S100A8/A9 (p < 0.001), p65 (p < 0.05), and 
p-P65 (p < 0.001) levels in comparison to the CLP group (Figure 4A–F). Briefly, our data confirmed our hypothesis that 
metformin inhibits S100A8/A9-induced NF-κB activation.

Metformin Pre-Treatment Inhibited Pyroptosis in the Young Mice Lung Tissue
Pyroptosis denotes a lytic type of programmed cell death, necessitating the participation of membrane-damaging 
GSDMD, and is initiated by inflammatory caspases. These caspases are triggered within complex inflammasomes, 
particularly NLRP3, formed in reaction to pathogens as well as endogenous danger signals. NLRP3 inflammasome, 
comprising a sensor component such as NLRP3, an adaptor ASC, and the effector pro-caspase-1, regulates activation of 
caspase-1, which can mediate the cleavage of pro-IL-1β, pro-IL-1844 and GSDMD which induces pyroptotic cell death 
by pore formation.45,46

To investigate further the impact of metformin on pyroptosis in septic ALI, we ascertained the expression of NLRP3 
inflammasome-linked proteins NLRP3, ASC, Pro-Caspase1, GSDMD-F, Pro-IL-1β, and GSDMD-N in the tissues of 

Table 3 Changes of Weight and Coefficient in Four Groups

Groups Pre-Operation  
Weight (g)

Post-Operation  
Weight (g)

Left Lung Wet  
Weight (mg)

Lung Coefficient

Sham 19.54±0.57 18.88±0.75 44.24±2.19 2.25±0.11

Sham + Met 19.56±0.38 19.60±0.34 43.9±1.91 2.13±0.06

CLP 18.7±0.42 16.03±0.37 41.81±0.76 2.61±0.11
CLP +Met 19.21±0.41 16.91±0.25 38.5±1.73 2.27±0.21
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Figure 3 Metformin pre-treatment regulated inflammatory responses in sepsis-induced mice. (A–F) The levels of pro-inflammatory cytokines (IL-1β, CCL3, CXCL11 
S100A8, S100A9), and the inflammasome NLRP3 (G–I) were measured by qPCR assay, (D–F) pro-inflammatory cytokines (IL-1β, TNF-α IL-18) were examined by ELISA 
assay in the lung tissues. *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001. 
Abbreviation: ns, non-significant.
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septic young mice lungs. Compared with the sham group, NLRP3, ASC, pro-caspase1, GSDMD-F, Pro-IL-1β, and 
GSDMD-N, in the CLP group were increased, while the expressions of the metformin pre-treatment group were 
decreased (Figure 5). These results suggest that metformin inhibited pyroptosis by suppressing NLRP3 inflammasome 
activation.

Discussion
Our research highlighted the crucial function of pyroptosis in the pathogenesis of sepsis-induced ALI young mice. We 
identified the vital role of the S100A8/A9-TLR4-NLRP3-IL-1β signaling circuit in sepsis-mediated inflammation and 
ALI in young mice. As presented in the schematic figure (Figure 6), sepsis triggers S100A8/A9 synthesis, which primes 
the NLRP3 inflammasome and excites the production of proinflammatory IL-1β. The antidiabetic therapeutic agent, 
metformin, manifested protective effects towards sepsis-induced ALI via inhibiting the expression of S100A8/A9.

The most severe form of ALI, known as ARDS, is an unfavorable clinical complication secondary to bacterial sepsis, 
with a mortality rate of 40 to 60%.47 ALI/ARDS, marked by heightened lung inflammatory response, including 
inflammatory cells such as neutrophils and macrophages infiltrated, causes a vicious cycle that further potentiates the 
pooling of the aforementioned cells.48 Alveolar macrophages play crucial functions in the progression of ALI/ARDS 
through the production and release of numerous inflammatory mediators.49 Remarkable studies affirm that pyroptosis of 
alveolar macrophages may lead to the onset and advancement of ALI by mediating inflammation.50 Recent evidence 
indicates that reduced NLRP3 inflammasome suppresses pyroptosis as well as inflammatory cytokines, including IL-1β 
and IL-18, in alveolar macrophages, thereby improving lung injury.51,52 Metformin has been affirmed to exert cardio
vascular protective effects via lessened NLRP3 protein expression and NLRP3 inflammasome activation.53 Previous 
research indicated that metformin is instrumental in abrogating pulmonary inflammation and NLRP3 inflammasome 
activation.20,24 In their study,32 Sultan Tousif et al elucidate that heightened expression of S100A8/A9 can trigger the 
inflammatory cascade via TLR4 activation, resulting in the excessive release of IL-1β from NLRP3 inflammasomes, 
consequently instigating myocardial and systemic inflammation. As anticipated, we documented that metformin sup
pressed NLRP3 inflammasome activation and NLRP3-stimulated pyroptosis induction, as evidenced by reduced levels of 

Figure 4 Metformin exerts inhibitory effects on the NF -κB pathway by repressing the release of S00A8/A9 in inflammatory cells. (A–F) S00A8/A9, p65, and p-P65 protein 
quantification was performed through Western blot and was measured by densitometry. *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001. 
Abbreviation: ns, non-significant.
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N-terminal fragment of GSDMD, pro-caspase-1, and protein contents of IL-1β in lung tissues of young mice treated 
with CLP.

S100A8 as well as S100A9 have already been verified to exhibit a decisive function in inflammation development. They 
are members of the S100 family, which was derived first from the neural proteins of the bovine brain in 1965. Neutrophils 
and monocytes secrete S100A8 and S100A9, which form a stable homodimer or heterodimer both in vitro and in vivo. The 
secretion of S100A8/A9 is primarily fueled by infection-induced inflammation. When a bacterial infection occurs, 
neutrophils, macrophages, and monocytes express markedly and produce S100A8/A9 to control inflammatory processes 
with the entry of ROS, inflammatory cytokines, and nitric oxide (NO).54 As DAMPs, alarmin S100A8/A9 are strong 
inflammasome priming agents, subsequently interacting with TLR4, prime the NLRP3 inflammasome, and stimulate the 
production of IL-1β, leading to myocardial infarction.55 The S100A8/A9-TLR4 axis could mediate coronavirus SARS-CoV 
-2 infection-induced disorder of antiviral innate immunity, subsequently leading to ARDS.56 A previous study indicated that 
S100A8/A9 in the plasma of patients following ALI brought about by sepsis or pneumonia significantly elevated as 
compared with healthy controls.57 S100A8/A9 has been established to be one of the most distinctive DAMPs in sepsis,58,59 

which interacts with cell surface receptors on various immune cells, platelets, endothelial cells, and intracellular PRRs, 
exerting detrimental impacts on sepsis pathogenesis.43 Specifically, activation of the S100A8/A9 complex through binding 
with TLR4 can induce pro-inflammatory cytokine production and promote not only recruitment but also activation of 
immune cells, ultimately leading to tissue damage and dysfunctions of organs in sepsis. Due to its function in sepsis, 
S100A8/A9 has attracted our interest in its mediation of sepsis-induced ALI/ARDS. To ascertain if S100A8/A9 is also 
heightened in the sepsis-induced young mice, we evaluated S100A8/A9 in the tissue of young mice lung post 24h CLP by 
qPCR and Western blot. Sepsis-induced ALI revealed remarkably elevated lung tissue S100A8/A9 levels, while metformin 
decreased the expression of S100A8/A9 as compared with the sham group.

Increasing evidence suggests that the immune response is also initiated by endogenous ligands, also known as 
DAMPs or alarmins.58 DAMPs are intracellular molecules that predominantly engage in cell homeostasis. However, they 

Figure 5 Metformin inhibits pyroptosis via suppressing NLRP3 inflammasome activation and suppressing the cleavage of GSDMD. (A–H) NLRP3, ASC, caspase-1, GSDMD- 
F, GSDMD-N, and IL-1β, protein quantification was performed through Western blot and was measured by densitometry. *p<0.05,**p<0.01. 
Abbreviation: ns, non-significant.
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can additionally serve as extracellular danger signals when they are produced by activated or damaged cells. During the 
progression of sepsis, S100A8/A9 has been considered a DAMP that results in constant immune stimulation by 
modulating various signaling pathways in distinct cells. Levels were also heightened in septic patients and exhibited 
an inverse correlation with survival.60 During the activation of phagocytes, S100A8/S100A9 complexes are released and 
mediate their actions via TLR4, resulting in the synthesis of TNF-α and other cytokines.28 Apart from SARS-CoV 
-2-infected animal models, inappropriate activation of the S100A8/A9-TLR4 signaling pathway was markedly induced in 
also in patients with COVID-19, repressing the buildup of aberrant neutrophils and rescued mice from ARDS.56 

However, the specific mechanisms require further investigation and development. Research showed that blocking 
S100A9 could effectively decrease neutrophil infiltration and activation and shield against the development of edema 
and destruction of tissues during sepsis.61 Taken together, our results indicate that metformin blocking S100A8/A9-TLR4 
reduces macrophage infiltration in addition to activation and protects against ALI in septic young mice. Thus, our study 
affirms the function of S100A8/A9 in septic lung damage and propounds that S100A8/A9 could exhibit a substantial 
function as a target to alleviate tissue damage and lung inflammation in abdominal sepsis in youth.

Figure 6 Presentation of metformin protecting sepsis-induced ALI in young mice by repressing S100A8/A9-NLRP3-IL-1β signaling pathway.
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The NF-κB pathway encodes various transcriptional genes, leading to the production of pro-inflammatory cytokines. 
Additionally, it tightly controls the expression of NLRP3.62 NF-κB activation requires the breakdown of its distinct 
inhibitors, the inhibitor of NF-κB (IκB) proteins, after their phosphorylation by the IκB kinase (IKK) complex. The 
general types of NF-κB signaling pathways are classical and alternative pathways. The aforementioned two pathways are 
also denoted as canonical and noncanonical pathways, correspondingly.63,64 The triggers in the classical pathway are 
genotoxic stress and pro-inflammatory stimuli. DAMPs can promote the classical pathway and also exert a weaker 
activation on the alternative pathway in response to inflammatory stimuli,64 subsequently releasing cytokines including 
IL-1, IL-6, and TNF into extracellular space. In a word, as a sensor for PAMPs, TLR4 can activate the NF-κB signaling 
pathway, inducing the production of chemokines and cytokine precursors and releasing mature pro-inflammatory factors 
under the influence of NLRP3 inflammasomes.65 In the present research, we have revealed that NF-κB dimers (p65/p50) 
with a key function in the induction of genes taking part in inflammation were liberated during metformin pre-treatment. 
In addition, the present results demonstrated that NF-κB is elevated following CLP treatment, while metformin pre- 
treatment down-regulated the level of NF-κB. Prior research66 found that stimulation with S100A8/9 lead to increase the 
expression level of TLR4. Zheng et al showed that67 S100A8/A9 activated the NF-kB signaling pathway via toll-like 
receptor-4, precipitating intervertebral disc degeneration and inflammation-associated pain in rats. Briefly, S100A8/9 can 
activate the NF-kB signaling pathway through TLR4. Therefore, our data showed that the metformin pre-treatment may 
inactivated the NF-κB pathway via S100A8/9-TLR4 in the young mice.

Above all, our current study suggested that metformin may confer protection against sepsis-induced lung injury by 
downregulating inflammatory genes and inhibiting the expression of pyroptosis-related proteins. The regulatory role of 
metformin may also involve other receptors or signaling molecules, necessitating further experimentation.

Certainly, our study also has certain limitations. Firstly, our experimental data are derived from experiments 
conducted on rodents, and there are species differences between rodents and humans, which will require further research 
to validate its effectiveness. Secondly, the administration of metformin for 7 days in our study serves as pretreatment, and 
future administration post-sepsis occurrence may better approximate clinical usage. Lastly, the limited sample size in this 
study encompasses only single types, overlooking the distinct pathological characteristics among clinical patients. 
Improving sample diversity is crucial to effectively evaluate clinical applicability.

Conclusion
In the present research, we investigated for the first time and unearthed the function of metformin against sepsis-induced 
mortality and its pulmonary protective effects in young mice. Overall, our findings discovered that metformin may 
deactivate the S100A8/A9-NLRP3-IL-1β pathway as well as NLRP3 inflammasome to lessen the damage to lung tissue 
in septic young mice. As a result, metformin may help treat sepsis-induced ALI in pediatrics as per our findings.
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