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Abstract

Background \We have reported a positive correlation between S100 calcium-binding protein (S100) A8/S100A9 and
sepsis-induced lung damage before. However, limited knowledge exists concerning the biological role of ST00A8/A9
in pulmonary vascular endothelial barrier dysfunction, as well as the diagnostic value of STO0A8/A9 in sepsis.

Methods Sepsis was induced in C57BL/6J mice and ST00A9-knockout (KO) mice through the cecal ligation and
puncture (CLP). Pulmonary vascular leakage was determined by measuring extravasated Evans blue (EB). Reverse
transcription polymerase chain reaction and the histological score were used to evaluate inflammation and lung
injury, respectively. Recombinant STO0OA8/A9 (rhST00A8/A9) was used to identify the effects of STOOA8/A9 on
endothelial barrier dysfunction in human umbilical vein endothelial cells (HUVECs). Additionally, the diagnostic value
of STOOA8/A9 in sepsis was assessed using receiver operating characteristic.

Results S100A8/A9 expression was up-regulated in the lungs of CLP-operated mice. ST00A9 KO significantly
reversed CLP-induced hypothermia and hypotension, resulting in an improved survival rate. ST00A9 KO also
decreased the inflammatory response, EB leakage, and histological scores in the lungs of CLP-operated mice.
Occludin and VE-cadherin expressions were decreased in the lungs of CLP-operated mice; However, ST00A9 KO
attenuated this decrease. Moreover, CLP-induced signal transducer and activator of transcription 3 (STAT3) and p38/
extracellular signal-regulated kinase (ERK) signalling activation and apoptosis were mitigated by ST00A9 KO in lungs.
In addition, rhS100A8/A9 administration significantly decreased occludin and VE-cadherin expressions, increased the
phosphorylated (p)-ERK/ERK, p-p38/p38, and B-cell leukaemia/lymphoma 2 protein (Bcl-2)-associated X protein/Bcl-2
ratios in HUVECs.

Conclusion The present study demonstrated ST00A8/A9 aggravated sepsis-induced pulmonary inflammation,
vascular permeability, and lung injury. This was achieved, at least partially, by activating the P38/STAT3/ERK signalling
pathways. Moreover, STO0A8/A9 showed the potential as a biomarker for sepsis diagnosis.
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Introduction

Sepsis is now considered a severe disruption of the host
innate immune system’s homeostasis caused by micro-
bial pathogen infections. Its prevalence in intensive care
units reaches a substantial 20.6% [1, 2]. Despite signifi-
cant advances in the diagnosis and treatment of sepsis
in recent years, the mortality rate remains high at 35.5%
[2]. Additionally, sepsis imposes a significant burden on
healthcare expenses [3, 4]. The lungs are particularly vul-
nerable during sepsis, with acute respiratory distress syn-
drome (ARDS) being a frequent and fatal consequence
[5, 6]. Clinical manifestations of sepsis-induced ARDS
include dyspnoea, progressive hypoxaemia, pulmonary
oedema, and consequent noncardiogenic respiratory
failure. These symptoms arise from an amplified inflam-
matory response, disruption of the alveolar-capillary bar-
rier, and increased permeability of lung microvasculature
[7-9]. Among these factors, pulmonary vascular leakage
is considered a primary contributor to ARDS and mor-
tality in sepsis. It results in excessive fluid leakage into
the interstitium and alveoli, compromising the effective
exchange of oxygen and carbon dioxide required for nor-
mal respiration [9]. Regrettably, there are currently no
effective therapeutic approaches specifically targeting the
improvement of pathological vascular leakage in sepsis,
and the mechanisms underlying this leakage are yet to be
elucidated.

S$100 calcium-binding proteins A8 (S100A8) and A9
(S100A9), also known as myeloid-related protein (Mrp)
8 and Mrp14, are members of the calcium-binding S100
protein family. These proteins play a crucial role in
inflammation and inflammation-associated tissue dam-
age [10]. Under in vivo conditions, SI00A8/A9 often form
a stable heterodimer, which is essential for their intracel-
lular function as homodimers lack stability [10]. Previous
research has reported that SI00A8/A9 primarily exert
their effects by binding to toll-like receptor 4 (TLR4) or
the receptor for advanced glycation end products [10,
11]. Currently, SI00A8/A9 is identified as a valuable diag-
nostic and prognostic biomarker for inflammation-asso-
ciated diseases [12]. Several studies, including from our
lab, have revealed that SI00A9 is up-regulated in lung
tissue in mice models of sepsis, and targeting S100A9
function attenuates sepsis-induced lung damage [13].
However, there is limited knowledge regarding the spe-
cific role of SI00A8/A9 in regulating pulmonary vascular
integrity during sepsis.

The maintenance of endothelial barrier integrity relies
on tight and adherens junctions molecules, such as occlu-
din and vascular endothelial (VE)-cadherin, respectively
[14]. Disruption of VE-cadherin is sufficient to increase

the paracellular permeability, resulting in microvascular
leakage and tissue oedema [15, 16]. Multiple studies have
demonstrated the critical role of extracellular signal-
regulated kinase (ERK)-1/2 and p38 mitogen-activated
protein kinase (MAPK) signalling in regulating pul-
monary vascular endothelial hyperpermeability during
the development of acute lung injury [17-19]. A recent
study discovered that SI00A8/A9 could activate ERK-
1/2 signalling by binding to TLR4 in the heart tissues of
mice with sepsis [20]. Furthermore, our previous study
revealed that SI00A8/A9 increased p38 and p65 phos-
phorylation in the aorta of aged mice [21]. Based on these
findings, it was speculated that SI00A8/A9 play a crucial
role in the disruption of endothelial barrier integrity dur-
ing sepsis, and targeting the SI00A8/A9 function might
improve the prognosis of sepsis by improving vascular
permeability.

Due to the embryonic lethality observed in S100A8-
deficient mice and the lack of SI00A8/A9 protein expres-
sion in S100A9-deficient mice [22], SI00A9 knockout
(KO) mice were used in this study to explore the role
of S100A8/A9 in sepsis-induced pulmonary vascular
hyperpermeability. The influence of S100A8/A9 on the
inflammation to gain further insights into the underlying
mechanisms of sepsis-induced lung injury was investi-
gated. Moreover, the clinic diagnostic value of S100A8/
A9 in sepsis was assessed using receiver operating
characteristic.

Materials and methods

Animals

The C57BL/6] wild-type (W'T) mice used in this study
were procured from Hunan Slack Jingda Laboratory
Animal Co., Ltd, China (usage certificate number:
SCXK 2019-0004). The global S100A9 heterozygotes
(S100A97'7) mice were provided by Cyagen Biosciences
Inc. (Suzhou, China). The S100A9 heterozygote mice
were bred together to produce homozygotes S100A9
KO mice (S100A97~'7) (Supplemental Fig. 1). Genotyp-
ing of mice was performed using polymerase chain
reaction (PCR) with tail deoxyribonucleic acid (DNA)
according to the manufacturer’s instructions. The geno-
typing primers for SI00A9 KO were as follows: forward
(F) (5'-GTATATGTGGAGGGAAGCTGTCTC-3’) and
reverse (R) (5'- GTGAAAGGAGGCAGAAAGGA-
CATG-3'). The genotyping primers for SI00A9 W'T were
as follows: F (5'-CAAAGTCCTAGTGCCCACGGC-3)
and R (5-GTGAAAGGAGGCAGAAAGGACATG-3').
All mice were housed under controlled conditions with
a temperature of 23.6°C, a relative humidity of 68.1%, a
12-h light/dark circle, and food and water ad libitum at
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the Experimental Animal Centre of Chongqing Medical
University. All animal procedures were approved by the
Animal Care and Use Committee of Chongqing Medi-
cal University and performed in accordance with the
National Institutes of Health Guidelines for the Use of
Laboratory Animals.

Cecal ligation and puncture operation

Male WT and S100A9 KO mice, aged 8-10 weeks, were
randomly selected for the experiments. The polymicro-
bial sepsis model was induced using the cecal ligation
and puncture (CLP) technique as described previously
[23-25]. The mice were anesthetised with a 1% pentobar-
bital sodium (0.05 mL/10g) solution. A 1-cm midline lap-
arotomy was performed, and the abdomen was shaved.
The cecum was exposed, and a tight ligation was applied
to its middle portion using a 4-0 silk suture. The cecum
was then perforated twice using a 21-gauge needle, and
slight pressure was applied to extrude 1 mm of faecal
matter from each puncture hole. Finally, the cecum was
returned to the central abdominal cavity. The abdominal
incision of the mice was closed, and 1 mL of sterile 0.9%
saline was administered subcutaneously. The mice were
placed on a thermostatic pad for 2 h to facilitate their
body temperature recovery from anaesthesia. Sham con-
trols underwent the same surgical procedures but with-
out ligation or puncture. The rectal temperature of the
mice was recorded every 2 h using a rectal thermometer
throughout the observation period. Blood pressure in the
carotid artery was measured using a catheter attached to
a Multichannel Physiological Recorder (BIOPAC, USA)
with a pressure sensor before the mice were sacrificed.

Lung vascular leak assessment

Lung microvascular leakage was assessed by measuring
the extravasated Evans blue (EB) dye, as described pre-
viously [26]. EB (0.5%, 0.01 mL/g) was injected into the
mice via the tail vein 30 min before sacrificing them. Sub-
sequently, the lungs were perfused with 100 mL of phos-
phate-buffered saline (PBS) through the right ventricle to
remove the intravascular dye. Perfusion was continued
until the fluid from the left atrium became colourless.
The upper lobes of the left lung were collected, air-dried,
and weighed. These samples were then incubated with
500 pL of formamide at 55 °C for 48 h to extract EB from
the lung tissues. After centrifugation at 2000 g for 10 min,
the absorbance of the supernatants was quantitated spec-
trophotometrically at 610 nm. A blank containing an
equal volume of formamide was used for reference. The
concentration of extravasated EB in the lung was calcu-
lated using a linear standard curve.
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Histopathology and lung injury score

The upper lobes of the left lung were collected 12 h after
CLP or sham surgery. The collected lung tissues were
fixed in 4% paraformaldehyde, embedded in paraffin, and
cut into 4-um thick sections. These sections were then
stained using a haematoxylin-eosin staining kit as per
the manufacturer’s instructions. The extent of histologi-
cal lung injury was quantified using a scoring system [27].
In this system, each of the five independent variables was
assigned a weight based on its relevance, as determined
by the Committee. The sum of these weighted variables
was used to generate a lung injury score, which was then
normalised to the number of fields evaluated. The result-
ing injury score was multiplied by 10 to obtain a continu-
ous value ranging from zero and 10 (inclusive).

Quantitative reverse transcription PCR (RT-PCR)

Total ribonucleic acid (RNA) was extracted from lung
tissue using the TRIzol total RNA extraction kit (Solar-
bio Biotechnology, China) according to the manufac-
turer’s protocol. Subsequently, complementary DNA
(cDNA) was synthesised using the cDNA reverse kit
(Cat #RTO001, ESscience Biotech, China) as per the
manufacturer’s instructions. RT-PCR was performed
on a CFX96™ Real-Time system (Bio-Rad Laborato-
ries, Inc., USA) using 2x Universal SYBR Green Fast
qPCR Mix (Cat #RK21203, Abclonal, China). The gene
expression levels were normalised to f-actin using the
delta-delta Ct (224€T) relative quantification method.
The PCR primer sequences used for measuring gene
expression are presented below (F, R): S-actin mouse
(TGGAATCCTGTGGCATCCATGAAAC, TAAAAC-
GCAGCTCAGTAACAGTCCG); tumour necrosis fac-
tor (TNF)-a mouse (CTTAGACTTTGCGGAGTCCG,
ACAGTCCAGGTCACTGTCCC); interleukin (IL)-1B
mouse (GACAACTGCACTACAGGCTCC, AGGC-
CACAGGTATTTTGTCG); monocyte chemoattractant
protein (MCP)-1 mouse (CCACTCACCTGCTGCTACT-
CATTC, CTTCTTTGGGACACCTGCTGCTG).

Immunofluorescence staining

The lung tissue sections were deparaffinised using xylene,
followed by dehydration with an ethanol solution. Anti-
gen retrieval was performed by boiling the sections in
sodium citrate (pH 6.0) in a microwave oven. Immuno-
fluorescence staining of lung tissue was performed as
described previously [19]. The sections were washed with
PBS and sealed with 10% goat serum. Subsequently, the
sections were incubated overnight at 4°C with VE-cad-
herin (Cat #ab33168, Abcam) or occludin (Cat #27260-
1-AP, Proteintech Group, China) antibody diluted in
PBS. After washing with PBS, the sections were incu-
bated at room temperature for 1 h with fluorescein iso-
thiocyanate/cyanine 3-conjugated fluorescent secondary
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antibodies and stained with 4’,6-diamidino-2-phenylin-
dole. The Images were visualised under a fluorescence
microscope (Leica Camera, Germany) and quantified
using Image] software.

Cell culture and treatment

Primary human umbilical vein endothelial cells
(HUVECs) were cultured in endothelial cell medium
(Cat#1001, Sciencell, CA, USA) and incubated in a 5%
carbon dioxide humidified incubator. HUVECs were
seeded in six-well plates and allowed to reach 90% conflu-
ence. Subsequently, the cells were treated with 2.0 pg/mL
of human recombinant S1I00A8/A9 (Cat #HY-P71076,
MedChemexpress, US) or PBS for 2 h, as reported previ-
ously [28].

Western blotting

The right lung lobes weighing 20 mg from each group of
mice were lysed with radioimmunoprecipitation assay
lysis buffer supplemented with 1% protease and phos-
phatase inhibitors (Beyotime Biotechnology, China).
After centrifugation at 12,000 rpm for 15 min at 4 °C,
the protein supernatant was quantified, diluted with 5x
loading buffer, and heated at 100 °C for 10 min. A total of
40 pg of protein per sample were separated using sodium
dodecyl-sulphate polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes.
Subsequently, the membranes were blocked with 5%
skim milk for 1.5 h at room temperature and then incu-
bated with the primary antibodies overnight at 4°C. After
washing with Tris-buffered saline with 0.1% Tween® 20
detergent to remove the unbound antibodies, the mem-
branes were incubated with corresponding secondary
antibodies for 1.5 h at room temperature. Finally, the pro-
tein bands were visualised using an electrochemilumines-
cence imaging system (Bio-Rad Laboratories, Inc., USA).
The intensities of protein bands were quantified using
Image] software. The primary antibodies used in West-
ern blotting included: B-actin (Cat # GB15001, Service-
bio Biotechnology, China), S100A8/A9 (Cat #ab33168,
Abcam), occludin (Cat #27260-1-AP, Proteintech Group,
China), signal transducer and activator of transcription
3 (STAT3) (Cat # 12640S, CST), phosphorylated (p)-
STAT3 (Cat #9145S, CST), p38 (Cat #14064-1-AP, Pro-
teintech Group, China), p-p38 (Cat # AF4001, Affinity),
ERK (Cat #9102S, CST), p-ERK (Cat #9101S, CST), B-cell
leukaemia/lymphoma 2 protein (Bcl-2)-associated X pro-
tein (Bax) (Cat # 50599-2-Ig, Proteintech Group, China),
Bcl-2 (Cat #BF9103, Affinity).

Bioinformatics analysis

Two datasets, namely GDS4273, were obtained from the
Gene Expression Omnibus database (http://www.ncbi.
nlm.nih.gov/geo/) to evaluate the diagnostic value of
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S100A9 in patients with sepsis. The diagnostic value of
S100A9 was analysed using the “pROC” R package and
visualised using the “sggplot2” R package.

Statistical analysis

All experimental data are presented as the mean=stan-
dard error of the mean. Statistical analysis and genera-
tion of graphs were performed using GraphPad Prism 9.0
software. After the normality test and homogeneity test
of variances, the Student’s t-test was used to analyse dif-
ferences between two groups. For comparisons among
four groups, two-way analysis of variance and Tukey’s
test were employed. Survival differences were assessed
using the Kaplan—Meier survival curve and analysed
using the log-rank test. Statistical significance was set at
P<0.05.

Results

S100A9 KO protects against polymicrobial sepsis in mice
The S100A8/A9, occludin, and VE-cadherin protein
expression levels in the lungs of CLP-induced mice with
sepsis were measured to explore the functional role of
S100A8/A9 in pulmonary vascular hyperpermeability in
sepsis. The results demonstrated a significant increase
in SI00A8/A9 expression in the lungs after CLP at 12 h,
whereas occludin and VE-cadherin exhibited a significant
decrease compared with the sham group (n=5) (Fig. 1A-
D). S1I00A9 KO mice were constructed and subjected to
CLP to further confirm the involvement of SI00A8/A9 in
the pathogenesis and development of sepsis. After CLP,
S100A9 KO mice exhibited a reversal of hypothermia and
hypotension, and a significantly improved survival rate
compared with WT mice (n=6 for Figs E and n=5 for
Figs F-I) (Fig. 1E-1).

S100A9 KO attenuates CLP-induced pulmonary
inflammation, vascular leakage, and acute lung injury

The presence of S100A8/A9 protein in the lungs of
S100A9 KO mice after CLP surgery was initially investi-
gated to assess the significance of SI00A8/A9 heterodi-
mers, which are essential for their physiological function
due to the instability of S100A8 or S100A9 homodimers.
Consistent with our expectations, SI00A8/A9 protein
was not detected in the lungs of SI00A9 KO mice (n=6)
(Fig. 2A-B). In consistently, RT-PCR analysis revealed
a significant reduction in the messenger RNA levels
of TNF-q, interleukin-13, and MCP-1 in the lungs of
S100A9 KO mice compared with WT mice after CLP
surgery (n=6) (Fig. 2C-E). In addition, our findings dem-
onstrated a significant decrease in sepsis-induced pulmo-
nary vascular leakage in SI00A9 KO mice, as evidenced
by the reduced EB extravasation in the lung (n=6)
(Fig. 2F-G). Furthermore, histological examination using
H&E staining revealed a significantly lower lung injury
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Fig. 1 Elevated S100 calcium-binding protein (5100) A8/A9 levels are associated with pulmonary vascular hyperpermeability and disease severity in
polymicrobial sepsis. (A) STO0A8/A9, occludin, and VE-cadherin protein expression levels in the lungs of WT mice were assessed using Western blotting
12 h after CLP surgery. The statistical results of ST00A8/A9, occludin, and VE-cadherin are illustrated in (B), (C), and (D) respectively (n=5). (E) The body
temperatures were assessed using a rectal thermometer 12 h after CLP/sham surgery (n=6). (F) Survival rates among the WT and S100A9 KO mice
after CLP surgery were compared using the Kaplan-Meier test (n=15, three independent experiments). (G) Carotid pressures were measured 12 h after
surgery and the related statistical results are presented in (H-1) (n=5). S100, S100 calcium-binding protein; VE, vascular endothelial; WT, wide-type. KO,
knockout. CLP, cecal ligation and puncture. VE-cad, VE-cadherin. The data are presented as the mean +standard error of the mean. ns, no significant dif-
ference. *P <0.05; **P < 0.01; ***P <0.001; ****P <0.0001
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Fig. 2 S100A9 knockout attenuates CLP-induced pulmonary inflammation, vascular leakage, and acute lung injury. (A) The ST00A8/A9 protein expres-
sion in the lungs of mice was determined using Western blotting 12 h after CLP surgery (n=6). The statistical results are presented in (B). (C-E) The TNF-a
(C), IL-1B (D), and MCP-1 (E) mRNA levels in the lungs of mice were analysed using RT-PCR 12 h after CLP surgery (n=6). (F) The levels of EB inundated
the lung tissues in mice after CLP surgery (n=6). The statistical results of lung EB absorbance at 610 nm are presented in (G). (H) The lung injury score
was evaluated using a scoring system, as described in the Methods (n=6). The statistical results of the histological score were exposed in (I). S100, S100
calcium-binding protein; CLP, cecal ligation and puncture; TNF, tumour necrosis factor; IL, interleukin; MCP-1, monocyte chemoattractant protein; mRNA,
messenger ribonucleic acid; RT-PCR, reverse transcription polymerase chain reaction; EB, Evans blue. The data are presented as the mean + standard error
of the mean. ns, no significant difference. *P <0.05; **P <0.01; ****P <0.0001
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score in S100A9 KO mice compared with WT mice 12 h
after CLP surgery (n=6) (Fig. 2H-I). Collectively, these
results indicate that S1I00A8/A9 promotes the devel-
opment of pulmonary vascular leakage and acute lung
injury during sepsis.

S100A9 KO attenuates CLP-induced decrease in occludin
and VE-cadherin expression in the lungs

Disruption of tight and adherens junctions molecules
impairs endothelium barrier function. Therefore, the
effects of SI00A9 KO on occludin and VE-cadherin pro-
tein expression in the lungs following CLP surgery were
explored. Immunofluorescent staining demonstrated
a decrease in VE-cadherin and occludin expression in
the lung vascular of WT mice 12 h after CLP surgery
(n=6) (Fig. 3A-D). In contrast, SI00A9 KO significantly
attenuated CLP sepsis-induced reduction of occludin
and VE-cadherin levels in the lungs (n=6) (Fig. 3A-D).
Consistently, Western blotting also revealed that SI00A9
KO significantly rescued the occludin and VE-cadherin
expression in lungs of SI00A9 KO mice (n=6) (Fig. 3E-
G). Those findings suggest that SI00A9 KO mitigate
pulmonary vascular leakage via prompting tight and
adherent molecules expression.

S100A9 KO suppresses CLP-induced p38/STAT3/ERK
signalling activation and apoptosis in lungs
p38/STAT3/ERK signalling are interconnected and con-
tribute to the complex regulation of septic inflammation
[29]. Moreover, p38/ERK-mediated proteolytic disorgan-
isation of occludin and VE-cadherin and endothelial cell
apoptosis have also been implicated in the pathogenesis
of sepsis-induced pulmonary vascular leakage [30, 31]. It
was observed that S100A9 KO attenuated CLP-induced
p38/STAT3/ERK signalling activation in lungs, as evi-
denced by decreased p38, STAT3 and ERK phosphoryla-
tion (n=6) (Fig. 4A-D).

Furthermore, parenchyma and vascular endothelial
cell apoptosis have been implicated in the pathogenesis
of sepsis-induced acute lung injury [32]. Therefore, Bax
and Bcl-2 protein levels in the lungs of CLP sepsis mice
were examined (n=6) (Fig. 4E-G). Although Bcl2 expres-
sion was not significantly affected by S100A9 KO, it was
observed that SI00A9 KO decreased the pro-apoptotic
protein Bax expression(n=6) (Fig. 4E-F). Together, those
data showed that S100A8/A9 may function via p38/
STAT3/ERK and apoptosis signalling in sepsis-induced
pulmonary vascular leakage.

S100A8/A9 promotes endothelial barrier dysfunction on
HUVECs

Subsequently, the role of SI00A8/A9 in endothelial bar-
rier dysfunction was assessed using HUVECs. HUVECs
were treated with recombinant S100A8/A9 (rhS100A8/
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A9) and the occludin and VE-cadherin protein lev-
els were examined to achieve this. Results showed that
rhS100A8/A9 administration led to a significant reduc-
tion in occludin and VE-cadherin expression levels (n=6)
(Fig. 5A-C). Furthermore, it was observed that rhS100A8/
A9 administration significantly increased p-ERK and
p-p38 levels compared with the untreated controls (n=6)
(Fig. 5A, D-E). Additionally, rhS100A8/A9 treatment sig-
nificantly decreased the anti-apoptic protein Bcl2 expres-
sion however, has no marked influence on Bax expression
(n=6) (Fig. 5A, F). These findings suggest that SI00A8/
A9-induced activation of the p38/ERK signalling pathway
and apoptosis contribute to endothelial cell barrier dys-
funtion in HUVECs.

S100A9 is a candidate biomarker for sepsis diagnosis

A bioinformatics analysis was performed with the help of
public databases to determine if the SI00A9 plasma lev-
els were elevated in the circulation of patients with sepsis
and its clinical value. The findings revealed a significant
increase in S100A9 plasma levels in individuals with
sepsis (n=81) compared with healthy controls (n=22)
(Fig. 6A). Furthermore, a receiver operating character-
istic curve was constructed to evaluate the sensitivity of
S100A9 plasma levels for diagnosing sepsis. The results
indicated an AUC of 0.799, suggesting that SI00A9 could
serve as a diagnostic marker for sepsis (Fig. 6B). These
findings suggest that SI00A9 could serve as a candidate
biomarker for sepsis diagnosis.

Discussion

The present study revealed a previously unidentified
crucial function of SI00A8/A9 in inducing pulmonary
microvascular hyperpermeability and acute lung injury
during sepsis. The study demonstrated that SI00A8/A9
expression significantly increased in the lungs of CLP-
operated mice. The KO of S100A8/A9 significantly miti-
gated pulmonary inflammation, vascular leakage, and
acute lung injury, resulting in improved survival out-
comes in septic mice. These beneficial effects were, at
least partially, attributed to the inhibition of p38/STAT3/
ERK signalling activation and apoptosis. Furthermore,
our findings revealed that SI00A9 remained elevated in
the circulation of individuals, revealing a strong connec-
tion with sepsis diagnosis. These findings provide novel
insights into the roles and mechanisms by which S100A8/
A9 contribute to pulmonary vascular leakage and acute
lung injury and identify S100A8/A9 as a candidate bio-
marker for sepsis diagnosis.

S100A8 and S100A9 tend to form the S100A8/A9 het-
erodimer, which has been established as a key player in
the development of inflammation [10]. In recent years,
growing attention has been focused on the extracellu-
lar role of S100A8/A9 as a pro-inflammatory mediator



Yu et al. Respiratory Research (2023) 24:288

WT+Sham S100A9(-/-)+Sham WT+CLP

- ----
o ----
- ---‘

WT+Sham  S100A9(-/-)+Sham

VE-cadherin

DAPI

Merge

WT+CLP

Page 8 of 13

S100A9(-/-)+CLP

*« WT
= S100A9(-/-)

Relative occludin intensity

S100A9(+-)}+CLP

o wr
= S100A9(--)

Relative VE-cadherin intensity

Sham CLP
kDa WT S100A9(-/-) WT S100A9(-/-)
20 | o - ——— T —— IVE-cad
5O | M A G e e | Occludin

42 | e e e e e e e -2

WT
= S100A9(-/-)

occludin/B-actin

Fig. 3 S100A9 knockout attenuates CLP-induced decrease in occludin and VE-

G

-]
°

e WT
= S100A9(--)

o
o

°

o

VE-cadherin/B-actin
Py

e
°

cadherin levels in the lungs. (A) Representative immunofluorescent stain-

ing images of occludin (green) and DAPI (blue) in lung tissues of mice 12 h after CLP surgery (n=6). The statistical results are presented in (B). (C) Rep-
resentative immunofluorescent staining images of VE-cadherin (red) and DAPI (blue) in lung tissues of mice 12 h after CLP surgery (n=6). The statistical
results are illustrated in (D). (E) The occludin and VE-cadherin protein expressions in mice lungs were determined using Western blotting 12 h after CLP

surgery (n=6). The statistical results are presented in (F) and (G). S100, S100 ca
thelial; DAPI, 4’,6-diamidino-2-phenylindole. Data are presented shown as the
**P<0.01

in infectious and non-infectious inflammatory diseases.
These include sepsis-induced acute liver injury [33],
sepsis-induced cardiomyopathy [20], myocardial infrac-
tion (MI) [34], arthritis [35], and psoriasis [36]. These
findings align with the pro-inflammatory function
attributed to S100A8/A9 in the present study. However,

Icium-binding protein; CLP, cecal ligation and puncture; VE, vascular endo-
mean + standard error of the mean. ns, no significant difference. *P <0.05;

it is important to note that there are reports of anti-
inflammatory properties of S100A8/A9. These stud-
ies have shown that exogenous S100A8/A9 significantly
neutralised the activity of pro-inflammatory cytokines
and reduced lipopolysaccharide (LPS)-induced liver [37]
and lung injuries [38]. A recent study by Dai et al. [39]
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revealed that S100A8/A9 might serve as an anti-inflam-
matory mediator by translocating from the cytosol to
the nucleus in Gr1*CD11b* myeloid-derived suppres-
sor cells during late sepsis. However, when present in
the plasma or secreted by phagocytes, SI00A8/A9 might
amplify inflammatory processes. Additionally, S100A8/

A9 inhibits norepinephrine-induced cardiomyocyte
hypertrophy [40]. Short-term blockade of SI00A9 could
inhibit inflammation and improve cardiac function in
mice models of MI [41]. However, long-term blockade
of S100A9 could affect cardiac recovery and counteract
the beneficial effects of short-term therapy [42]. These
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findings highlight the complex function of S100A8/A9
in disease, suggesting that it might play a dual role in
regulating inflammation homeostasis. S100A8/A9 pro-
teins account for approximately 45% of the cytoplasmic
proteins in neutrophils and are actively released dur-
ing the initial inflammatory phase characterised by pre-
dominant neutrophil infiltration [12]. SI00A8/A9 might
recruit and amplify neutrophil activation during inflam-
mation. SI00A8/A9 can regulate neutrophil extracellular
trap (NET) formation during sepsis [43]. The NETs can
induce the release of SI00A8/A9 from neutrophils [44].
This suggests a potential feedback loop where infec-
tion-induced neutrophil activation serves as the source

of S100A8/A9 secretion in the early stages of sepsis,
subsequently activating more neutrophils and increas-
ing the secretion of S100A8/A9, thus perpetuating a
vicious cycle. In contrast, analysis of bulk and single-cell
sequencing data revealed that the SI00A8/A9 gene was
highly expressed in monocytes rather than neutrophils
in lung tissues of CLP-operated mice [45]. This indicates
that monocytes might be the primary subgroup promot-
ing inflammatory responses in septic acute lung injury.
Consistent with these findings, our study demonstrated
a robust up-regulation of SI00A8/A9 expression in the
lungs of CLP-operated mice and the circulation of indi-
viduals with sepsis. However, the precise mechanism by
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which sepsis induces SI00A8/A9 expression in the lungs
remains to be elucidated and requires further investiga-
tion in future studies.

Previous studies, including ours, have reported that
targeting S100A9 function attenuated sepsis-induced
lung damage by inhibiting the inflammatory response
[13, 46]. Building upon these findings, the sepsis model of
CLP in wildtype and S100A9 KO mice were used for sub-
sequent experimentation, which closely simulated sev-
eral clinical manifestations of human sepsis [25]. Herein,
S100A9 KO effectively ameliorated the clinical symptoms
of CLP-operated mice (Fig. 1E, G). Furthermore, the cur-
rent study primarily focused on evaluating the effect of
S100A9 KO on sepsis-induced pulmonary vascular leak-
age and found that S100A9 KO resulted in decreased
pulmonary vascular extravasation of EB. These findings
demonstrated the crucial role of SI00A8/A9 in disrupt-
ing the pulmonary vascular barrier during sepsis (Fig. 2F-
G), which, to the best of our knowledge, represents the
first study of its kind. However, it needs to point out that
the increase of S100A9 levels and vascular leakage may
be a mutual causal relationship. In the early stage of sep-
sis, endotoxin activates leukocyte, which synthesize and
secrete SI00A8/A9. SI00A8/A9 acts on endothelial cells
and destroys the vascular endothelial barrier. Vascular
leakage might further promote the aggregation of leuko-
cyte in lung tissue, thus leading to more S100A8/A9 in
lung tissue. Therefore, blocking the increase of SI00A8/
A9 may break this vicious cycle and provide a new
molecular target for improving vascular hyperpermeabil-
ity in sepsis.

Notably, p-STAT3 has been implicated in systemic
inflammation, acute lung injury, and vascular leakage in
sepsis [47-50]. Pharmacological inhibition of p-STAT3
attenuates inflammation, acute lung injury, and endo-
thelial hyperpermeability by inhibiting STAT3 and ERK
phosphorylation in the lungs of CLP-operated mice [48].
It has been reported that p38/ERK signalling activation
mediates vascular permeability. In the presnet study,
it was observed that S100A9 KO inhibited the activi-
ties of p38/ERK in the lungs of CLP-operated mice, and
rhS100A8/A9 treatment significantly increased p-p38
and p-ERK levels in HUVECs. These findings align with
the study conducted by Wang et al. [28], which demon-
strated that S100A8/A9 triggers the activation of the
MAPK pathway, resulting in cytoskeletal disorganisa-
tion and increased HUVECs permeability. This suggests
that there is a crosstalk between the STAT3 and p38/
ERK signalling pathways in sepsis, and this interaction
is associated with acute lung injury and vascular perme-
ability [48]. However, the precise nature of the crosstalk
between S100A8/A9 and these signalling pathways in
sepsis is yet to be elucidated. The present study is the
first to establish that STAT3 signalling is regulated by
S100A8/A9 in the lungs of CLP-operated mice, sugges-
tive of a new molecular mechanism underlying sepsis.

This study has several limitations. First, this study
solely focused on S100A9 KO mice for investigating the
underlying mechanisms, which could exclude potential
non-target effects of chemical inhibitors. Therefore, it is
crucial to assess the clinical significance of the current
findings by further examining the therapeutic poten-
tial of drug inhibitors. Second, the precise mechanisms



Yu et al. Respiratory Research (2023) 24:288

involved in S100A8/A9 up-regulation in the lungs during
sepsis and its crosstalk with the STAT3 and P38/ERK sig-
nalling pathways warrant further investigation.

Conclusions

In summary, the present study demonstrated a previously
unknown role of S1I00A8/A9 in promoting pulmonary
vascular permeability during sepsis. This effect is medi-
ated, at least partially, through the activation of the P38/
STAT3/ERK signalling pathways. Additionally, our find-
ings suggest that SI00A8/A9 could serve as a biomarker
for sepsis diagnosis.
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