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Abstract

Background Sepsis is a severe condition causing organ failure due to an abnormal immune reaction to infection,
characterized by ongoing excessive inflammation and immune system issues. Osteopontin (OPN) is secreted by
various cells and plays a crucial role in inflammatory responses and immune regulation. Nonetheless, the precise
function of OPN in sepsis remains to be elucidated.

Methods In the present study, we evaluated the levels of OPN in paediatric patients with sepsis and healthy
individuals. We examined the impact of OPN on survival rates, systemic inflammation, and lung injury within an
experimental sepsis model using cecal ligation and puncture (CLP). Furthermore, the pro-inflammatory effects and
potential mechanisms of OPN in sepsis were investigated through Mouse Hemophagocytic Synuclein (MH-S) cells.

Results The OPN level was found to be elevated in patients with sepsis (368.5 +249.4 ng/ml) compared to children
with infections (73.78 +£40.46 ng/ml) (p <0.0001) and healthy individuals (44.03 +20.76 ng/ml) (p <0.0001). The serum
concentration of OPN was elevated in pediatric patients with septic shock compared to those with sepsis (504 +266.3
ng/ml vs. 238.6+143.8 ng/ml, p<0.001). Intravenous administration of OPN inhibitor into the tail vein decreased

the mortality rate (HR=0.2695, p=0.0015), suppressed systemic inflammatory responses and mitigated lung tissue
damage. The concentration of tumour necrosis factor (TNF)-q, IL-6 and IL-1(3 in serum of CLP mice treated with OPN
inhibitor decreased compared with CLP mice. Within the sepsis mouse model, there was a marked increase in OPN
expression in the lung’s tissues compared to the sham group mice. This surge was accompanied by a significant
accumulation of alveolar macrophages and an upregulation of inflammasome expression. Mechanistic investigations
in MH-s cells revealed that OPN-siRNA suppressed the LPS-induced macrophage inflammatory response by inhibiting
caspasel-dependent classical pyroptosis signaling pathway. However, recombinant OPN was supplemented after
OPN silencing, the protective effects in MH-s cells treated with LPS were reversed.

Conclusion This study reveals that OPN has an adverse impact on the host's immune response to sepsis. Suppressing
OPN expression holds potential therapeutic value for the treatment of sepsis.

Trial registration Study on the diagnostic value of osteopontin in children with sepsis. MR5024001771. Registered
22 January 2024. https//www.medicalresearch.org.cn.
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Introduction

Sepsis is defined as life-threatening organ dysfunction
caused by a dysregulated host response to infection [1].
Sepsis-associated lung injury is the most common severe
organ dysfunction in children with sepsis, significantly
contributing to elevated morbidity and mortality rates
[2, 3]. The latest diagnostic criteria for sepsis in chil-
dren emphasize the high incidence and importance of
respiratory dysfunction, especially as a secondary organ
dysfunction [4]. Research has revealed that 25 million
cases of sepsis in children were reported in 2017,which
resulted in over 3 million deaths [5]. Despite numerous
clinical investigations into sepsis and lung injury, iden-
tifying effective therapeutic drugs remains a formidable
challenge.

Osteopontin (OPN), also known as early T lymphocyte
activation 1 protein, and secreted phosphorylated pro-
tein 1 (SPP1), is a member of the family of small integrin-
binding ligand N-linked glycoproteins. It exists in various
forms and fragments, with a molecular weight ranging
from 41 to 74 kilodaltons(kDa) [6, 7]. OPN is secreted by
a wide range of tissue cells throughout the body and plays
a crucial role in inflammatory response and immune
regulation [8—11]. Previous studies have found that OPN
concentrations are significantly elevated in the serum of
patients with sepsis [12]. Currently, the precise role and
mechanism of OPN in sepsis remain to be clarified.

To explore the potential role of OPN in sepsis, we first
assessed serum OPN levels in pediatric patients diag-
nosed with the condition. Subsequently, we established a
mouse model of sepsis through cecal ligation and punc-
ture (CLP), and a cellular model of sepsis by co-culturing
lipopolysaccharide (LPS) with mouse hemophagocytic
synuclein (MH-S) cells, to examine the function and
potential molecular mechanisms of OPN in the context
of sepsis.

Materials and methods

Study population

Serum samples were obtained from children fulfilling
the inclusion criteria and hospitalized at the Children’s
Hospital of Chongqing Medical University from Janu-
ary 2024 through December 2024. A total of 43 cases of
sepsis were included, with the following criteria: a. Con-
sistency with the 2024 International Consensus on Sep-
sis in Children [4]. During the same period, 28 cases of
infected children were identified among children exhib-
iting signs of infection, yet these cases did not meet the
diagnostic criteria for sepsis within the same age group at
the same hospital. For the control group, consisting of 38
healthy children, the subjects were of the same age and

were examined at the same hospital’s health examination
center during a physical examination.

This study protocol has received approval from the
Institutional Review Board of Children’s Hospital of
Chongqing Medical University ( File No: (2021) Ethical
Review Research No. 325-1). Informed consent has been
obtained from all participants in accordance with the
principles outlined in the Declaration of Helsinki.

Experimental animals
Male wild-type (WT) C57BL/6] mice, aged between 6
and 8 weeks, were procured from Chongging Medical
University. These mice were bred in a controlled environ-
ment characterized by a temperature range of 20-24 °C
and a 12-hour light/dark cycle. They were provided with
unrestricted access to standard food and water. All ani-
mal experiments were conducted in compliance with the
regulations approved by the Chongqing Experimental
Animal Center and the Animal Committee of Children’s
Hospital (Approval No.: CHCMU-IACUC20231208004).
To create a model of polymicrobial sepsis, the CLP pro-
cedure was performed [13]. Mice were anesthetized using
pentobarbital sodium at a dosage of 50 mg/kg. After ster-
ilization, a 1-cm midline laparotomy was performed on
the abdomen, the cecum was then ligated at 20% of its
length and punctured with an 18-gauge needle, result-
ing in a slight extrusion of cecal contents. Subsequently,
the cecum was repositioned into the abdominal cavity,
and the incisions were sutured. Sham-operated animals
underwent identical surgical procedures, except for the
ligation and puncture of the cecum. After CLP surgery,
the animals were resuscitated with an intraperitoneal
injection of normal saline at a ratio of 1 ml per 20 g of
body weight. Twenty-four hours post-surgery, the ani-
mals were humanely euthanized, after which serum and
lung tissue samples were collected.

Cells experiments

MH-s cells (Procell, Wuhan, China) were cultured in
RPMI1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin, within a
37 °C, 5% CO2 incubator, and subcultured at intervals
of 1 to 2 days. The cells were allocated into three distinct
groups: negative control (NC) group, NC+LPS group,
and OPN-siRNA +LPS (SiRNA +LPS) group. A concen-
tration of 100nM of either NC or OPN-siRNA was com-
plexed with an equal volume of transfection reagent for
10-15 min. Subsequently, these complexes were added
to MH-s cells in RPMI1640 medium supplemented with
10% FBS and incubated for a period ranging from 24 to
72 h. Then, the medium was refreshed, and 100 ng/mL
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LPS was introduced to continue the culture for an addi-
tional 6 h, Ultimately, RNA or protein was extracted from
the cells.

Inhibitor-mediated blockade of OPN

To counteract the activity of OPN in CLP, mice in the
CLP + OPN inhibitor (OI) group were administered 50 pg
of an OPN inhibitor (MCE, OPN expression inhibitor 1,
HY-146064, USA), which was dissolved in 100 pl of phos-
phate buffered saline (PBS). In contrast, a control group
of mice received an equivalent volume of sterile PBS as a
vehicle control.

In vitro administration of recombinant OPN

Prior to treatment, MH-s cells were subjected to OPN
knockdown via OPN-siRNA transfection. The cells were
then divided into two groups: the experimental group,
which was treated with 200 ng/mL of recombinant mouse
OPN (rmOPN) protein (MCE, Osteopontin, HY-P78358,
USA) for 30 min, and the control group, which received
no such treatment. Both groups were subsequently co-
cultured with 100 ng/mL of LPS for 6 h. Ultimately, cell
supernatant, RNA and protein were extracted from the
cells.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of OPN in human samples were
quantified by using commercial ELISA kits provided by
FineTest (EH0248, China), and serum inflammatory fac-
tor IL-6 was quantified using Human IL-6 ELISA kit
(Neobioscience, EHC007, China). Likewise, the levels of
OPN (Jonin, JL10068, China) and various inflammatory
cytokines in mice (with n=5-8 per group) were evalu-
ated. These cytokines encompassed tumor necrosis fac-
tor-alpha (TNF-a) (Neobioscience, EMC102a.96, China),
interleukin (IL)-1p (Neobioscience, EMC001b.96, China),
and IL-6 (Neobioscience, EMC004.96, China). Both
serum and cell supernatant samples were analyzed with
commercially available ELISA kits.

The dry-to-wet (D/W) ratio of lung tissue

The upper lobe of the right lung from the mice was
excised. The blood on its surface was carefully absorbed
using filter paper and then it was weighed. This weight
was recorded as the wet weight (W). Subsequently, the
tissue was placed in an oven set at 60 °C for a duration
of 48 h. After that, it was weighed again, and the result
was noted as the dry weight (D). Consequently, the dry-
to-wet ratio of the lung tissue was calculated using the
formula D/W.

Immunofluorescence detection
The paraffin sections of lung tissue were heated at 60 °C
in an oven for 1 h. Subsequently, dewaxing and sodium
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citrate antigen retrieval were performed. Then, the sec-
tions were cooled and rinsed three times with 1x phos-
phate-buffered saline with tween-20 (PBST) for 5 min
each. Incubation with goat serum was performed at
room temperature for 30 min. After drying the slides,
they were placed in a humid chamber with the primary
antibody and incubated overnight at 4 °C. The primary
antibodies employed were as follows: anti-Osteopontin
(Abcam, ab283656, USA), NLRP3 Monoclonal anti-
body (Proteintech, 68102-1-Ig, China) and F4/80 Rat
mAb (zenbio, 263101, China). On the next day, the slides
were washed again with 1xPBST three times for 5 min
each. Then, the secondary antibodies such as CoraLite
488-conjugated Goat Anti-Rabbit IgG (H+L), Fluores-
cein (FITC)-conjugated Goat Anti-Mouse IgG (H+L)
(Proteintech, SA00003-1, China) and Rabbit anti-Rat IgG
H&L (FITC) (zenbio, 550066, China) were then added
and incubated at room temperature in the dark for 1 h.
After washing three times with 1xPBST as before, a drop
of 4’,6-diamidino-2-phenylindole(DAPI)-containing anti-
fluorescence quenching mounting medium was applied
to seal the slides, and images were captured using a fluo-
rescence microscope.

Histopathology

Lung tissue was harvested, and hematoxylin and eosin
(H&E) staining was utilized to evaluate pathological
changes (n=5). Fresh samples were rinsed with cold PBS
and then fixed in 4% paraformaldehyde. Subsequently,
the tissues were dehydrated, embedded in paraffin, sliced
into 4 pm sections, and stained routinely. The pathology
scores for the lung were determined based on the follow-
ing aspects: alterations in lung histology, such as edema,
congestion, interstitial inflammation, and inflammatory
cell infiltration.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from cells by employing the
RNA Isolation Kit (Beyotime, R0027, China). Subse-
quently, 1 pg of RNA was reverse transcribed into cDNA
using the ABScript III RT Master Mix for qPCR, which
includes a gDNA remover kit (ABclonal, RK20429,
China). Gene expression was analyzed through real-time
quantitative PCR (qPCR) on a Bio-Rad CFX ConnectTM
Real-Time System (Bio-Rad, USA), utilizing SYBR Green
(ABclonal, Rk21203, China). The primer sequences are
detailed in Table 1. The expression levels were quantified
using the 2 - AACq method, with glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) serving as the internal
control.

Western blotting analysis
Proteins were extracted from cells by using a radio-
immunoprecipitation assay (RIPA) lysis buffer (MCE,
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Table 1 g-PCR primer sequences. OPN osteopontin, TNF
tumour necrosis factor, IL interleukin, NLRP3 NOD-, LRR- and
pyrin domain-containing 3, GSDMD Gasdermin D, ASC
apoptosis-associated speck-like protein containing a CARD,
GAPDH glyceraldehyde-3-phosphate dehydrogenase, SiRNA
small interfering RNA, gPCR quantitative real-time reverse
transcriptase-polymerase chain reaction, siRNA small interfering
RNA

Primer Sequence
OPN F-5-TGACGATGATGATGACGATGGAGAC-3'
R-5"-TGTAGGGACGATTGGAGTGAAAGTG-3'
TNF-a F-5'-CACGCTCTTCTGTCTACTGAACTTC-3'
R-5-CTTGGTGGTTTGTGAGTGTGAGG-3'
IL-6 F-5-TTCTTGGGACTGATGCTGGTGAC-3'
R-5'-GTGGTATCCTCTGTGAAGTCTCCTC-3"
IL-18 F-5'-CTCGCAGCAGCACATCAACAAG-3'
R-5'-CCACGGGAAAGACACAGGTAGC-3'
NLRP3 F-5-AGGAGGAAGAAGAAGAGAGGAGAGG-3'
R-5-TTGAGAAGAGACCACGGCAGAAG-3'
GSDMD F-5-GTGGACAGCCTGCGGAACTC-3'
R-5-GGTTCTGGTTCTGGAGCACTGG-3'
caspasel F-5-CCTGGTCTTGTGACTTGGAGGAC-3'
R-5'-ATCAGCAGTGGGCATCTGTAGC-3
ASC F-5-GAAGTGGACGGAGTGCTGGATG-3
R-5-ATCTTGTCTTGGCTGGTGGTCTC-3'
IL-18 F-5-AAAGTGCCAGTGAACCCCAGAC-3'
R-5'-AGAGAGGGTCACAGCCAGTCC-3'
GAPDH F-5-GCAAATTCAACGGCACAGTCAAG-3'
R-5-TCGCTCCTGGAAGATGGTGATG-3'
OPN-siRNA F-5-GGAUGUGAUCGAUAGUCAATT-3'

R-5"-UUGACUAUCGAUCACAUCCTT-3'

HY-K1001, USA) supplemented with 1% phenylmeth-
anesulfonylfluoride (PMSF) (MCE, HY-B0496, USA),
1% protease inhibitor (MCE, HY-K0010, USA), and 1%
phosphatase inhibitors (MCE, HY-K0021, USA). The
protein concentration was quantified using a NanoDrop
spectrophotometer (Thermo Fisher). Subsequently, the
proteins were separated by sodium dodecyl sulfate-poly-
acrylamide (SDS-PAGE) gel (EpiZyme Biotechnology,
PG112, China) electrophoresis and then transferred onto
a polyvinylidene fluoride (PVDF) membrane (Millipore,
IPVH00010, USA). The membranes were blocked with
NcmBlot blocking buffer (New Cell & Molecular Biotech,
P30500, China) for 20 min and incubated with the appro-
priate primary antibodies overnight at 4 °C. The primary
antibodies employed were as follows: anti-Osteopon-
tin (Abcam, ab283656, USA), anti-IL-1} (Proteintech,
16806-1-AP, China), anti-IL-18 (Proteintech, 10663-1-AP,
China), NLRP3 Rabbit mAb (Abclonal, A24294, China),
GSDMD Polyclonal antibody (Proteintech, 20770-1-AP,
China), CASP1 Rabbit pAb (Abclonal, A20470, China),
ASC Rabbit mAb (Abclonal, A22046, China), anti-IL-6
(MCE, HY-P80723, USA), anti-TNF-a (Proteintech,
17590-1-AP, China) and beta Actin Rabbit mAb (zenbio,
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R23613, China). Thereafter, the membranes were incu-
bated with goat anti-rabbit IgG, HRP-conjugated poly-
clonal antibody (CoWin Bio, CW0103S, China) and goat
anti-mouse HRP-conjugated polyclonal antibody (Pro-
teintech, 66009-1-Ig, China) as secondary antibodies at
room temperature for 1 h, and the results were visualized
using a Bio-Rad ChemiDoc™ Touch Imaging System (Bio-
Rad, California, USA).

Statistical analysis

Statistical analyses were performed using Graph-
Pad Prism 9 software. All data are presented as the
mean + standard deviation (SD) from at least three inde-
pendents experiments. Group differences were evaluated
by either a t-test (Mann-Whitney U test) or a one-way
analysis of variance (Tukey’s multiple comparison test). A
P value less than 0.05 was considered statistically signifi-
cant, where “n” values indicate the number of cultures,

tissue samples, or animals examined within each group.

Results

The concentration of OPN is significantly elevated in
pediatric patients with sepsis

In the present study, ELISAs were employed to confirm
the expression of OPN. The detailed characteristics of
patients diagnosed with sepsis, infection, and healthy
controls are outlined in Table 2. The serum concentra-
tion of OPN was observed to be increased in pediatric
patients with sepsis (368.5+249.4 ng/ml) compared to
both healthy individuals (44.03 + 20.76 ng/ml) (p <0.0001)
and those with infections (73.78+40.46 ng/ml)
(p<0.0001) (Fig. 1A). Furthermore, the serum concentra-
tion of OPN was elevated in pediatric patients with sep-
tic shock compared to those with sepsis (504+266.3 ng/
ml vs. 238.6 £143.8 ng/ml, p<0.001) (Fig. 1B). In addi-
tion, we found that the serum OPN level on the first day
(243.5+204.3 ng/ml) was significantly higher than that
on the second day (69.58 +58.70 ng/ml) (p<0.005) and
the third day (60.42 +55.15 ng/ml) (p<0.005) in pediat-
ric patient with sepsis admission to PICU (Fig. 1C). It is
noteworthy that this trend exhibited a positive correla-
tion with the concentration of the serum inflammatory
cytokine IL-6 in patients concurrently (Fig. 1D).

The OPN expression is elevated in the plasma and lungs
following septic mice

To analyze variations in OPN levels at the 24-hour mark
after CLP, serum and lung tissues from both Sham and
CLP mice were analyzed using ELISA and immuno-
fluorescence techniques. The ELISA results indicated a
significant elevation of OPN in the serum of CLP mice
compared with the Sham group (0.7312+0.2263 vs.
0.3765+0.08419 ng/ml, p=0.0001) (Fig. 2A), mirror-
ing observations in septic patients. Correspondingly,
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Table 2 Characteristics of paediatric patients with sepsis, infections and healthy controls

Characteristics Sepsis patients

Infection patients healthycontrols

(n=43) (n=28) (n=38)
Sex (male/female) 23/20 14/14 22/16
Age (years) 4.81(1.00-6.25) 4.44(1.35-7.25) 7.09(5.00-9.44)
CRP (mg/L) 78.60(18.88-127.8) 12.34(3.615-19.35) NA
PCT (ng/ml) 32.92(1.29-68.12) 0.28(0.075-0.27) NA
IL-6(pg/ml) 2656(51.94-3009) NA NA
IL-10(pg/ml) 287.9(44.24-461.1) NA NA
TNF-a(pg/ml) 1.528(0.575-2.145) NA NA
IL-1B(pg/ml) 22.67(1.365-2.45 NA NA
Organs dysfunction(n, %)
Respiratory 29 NA NA
Circulatory 16 NA NA
Nervous 12 NA NA
Blood 18 NA NA
Gastrointestinal 12 NA NA
Urinary 5 NA NA
Infection site (Number of patients)
Respiratory 26 22 NA
Gastrointestinal 5 3 NA
Nervous 4 0 NA
Vascular 3 2 NA
Urinary 1 0 NA
Skin 1 1 NA
Bacteraemia Isolates
(Number of patients)
Gram positive 10 NA NA
Gram negative 12 NA NA
Mycoplasma pneumonia 7 NA NA
Fungus 2 NA NA
Virus 16 NA NA
Miscellaneous 5 NA NA
Other / NA NA
Phoenix Sepsis Score 34(2-4) NA NA
PICU stay(days) 11.74(6-16) NA NA
Ventilation 31 NA NA
Died/survived 4/39 NA NA

The data are expressed as the median (interquartile range) unless otherwise indicated. CRP C-reactive protein, PCT procalcitonin, IL interleukin, TNF tumour necrosis

factor, PICU paediatric intensive care unit, NA not applicable

immunofluorescence analysis showed that, compared
with the Sham group, the expression of OPN in the lung
tissue of the CLP group increased by 34.8%, p=0.0039
(Fig. 2BC).

Administration of OPN inhibitor protects septic mice

To elucidate the function of OPN in the development
of sepsis, mice subjected to CLP were administered an
OPN expression inhibitor 1. Notably, the survival rate of
these CLP mice was increased (HR=0.2695, p=0.0015)
(Fig. 3A). This protective outcome might be ascribed to
a diminished systemic inflammatory response following
the onset of sepsis. We observed that compared with the
Sham group, the levels of serum inflammatory factors
in CLP mice were significantly increased, and the OPN

expression inhibitor 1 significantly reversed this change,
such as IL-6 (17.17+9.543 pg/ml vs. 661.5+513.3 pg/
ml vs. 125.1+160.5 pg/ml), TNE-a (9.486+10.21 pg/
ml vs. 158.2+86.98 pg/ml vs. 25.52+9.279 pg/ml), and
IL-1 (16.62+7.695 pg/ml vs. 33.41+3.282 pg/ml vs.
25.25+1.541 pg/ml)(Fig. 3B).

Administration of OPN inhibitor protects against sepsis-
associated lung injury in mice

To elucidate the impact of the OPN expression inhibitor
1 on CLP-associated lung injury, we initially conducted
a histological examination of lung tissue and evalu-
ated the extent of injury using a standardized scoring
system, as detailed in the Materials and Methods sec-
tion. Representative histological images of lung tissue
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Fig. 3 Administration of OPN inhibitor protects septic mice. (A) Survival of mice with CLP after treatment with OPN inhibitor (n=12). (B) Serum cytokine
levels in the Sham, CLP and CLP+OPN inhibitor groups at 24 h post-operative (n=5-6). (C) Lung tissues were stained with H&E in the Sham, CLP and
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(E) The D/W ratio of lung tissue in the Sham, CLP and CLP + OPN inhibitor groups (n=5). (F) The mRNA expression levels of IL-6, TNF-a and IL-1(3 in lung
tissues were determined by qPCR (n=5). The data are presented as the means =+ standard deviations (S.D.). “*"indicates a difference between groups.
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from mice treated with sham surgery, vehicle, and OPN
inhibitor are depicted in Fig. 3C. Compared with the
sham group, the lung tissue from the CLP group exhib-
ited pronounced morphological alterations, including
edema, hemorrhage, alveolar collapse, and infiltration
of inflammatory cells. Conversely, treatment with OPN
inhibitors markedly attenuated these microscopic signs

of deterioration when compared to the CLP group. As
illustrated in Fig. 3D, the histological injury score of lung
tissue was significantly higher in the CLP group than the
sham group (7.667 +0.5774 vs. 2.200 + 0.3801, p <0.0001),
whereas the OPN inhibitor-treated group exhibited
a significant improvement in the histological injury
score compared to the vehicle group (3.200+0.3801 vs.
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7.667 £0.5774, p<0.0001). Subsequently, we assessed
the D/W ratio of lung tissue in mice. Our findings indi-
cated that the D/W ratio in the CLP group was mark-
edly lower than that of the sham-operated group
(20.18%+0.7485% vs. 22.85%+0.7066%, p =0.0002); how-
ever, the administration of the OPN expression inhibi-
tor 1 effectively reversed this trend (21.85%+0.7329%
vs. 20.18%+0.7485%, p =0.0065) (Fig. 3E). Beyond blood
analysis, we also evaluated the expression of cytokines in
lung tissue at the mRNA level. The levels of IL-6, TNF-a,
and IL-1p in lung tissue were considerably elevated in the
vehicle group compared to the sham group. Nevertheless,
treatment with an OPN inhibitor resulted in a significant
reduction of these mRNA levels by 80%, 87.5%, and 70%,
respectively, compared to the vehicle mice (Fig. 3 F). The
pathological sections of mouse lung tissue in this study
revealed a substantial infiltration of inflammatory cells
following CLP, with OPN inhibitors markedly decreasing
their count. However, macrophages constitute the pri-
mary immune cells within the lungs. Certain studies sug-
gest that OPN facilitates the migration of macrophages to
areas of disease, although there remains a divergence of
views on whether OPN exerts pro-inflammatory or anti-
inflammatory effects. So, we first examined changes in
the number of macrophage infiltrates by F4/80 staining.
Immunofluorescence staining showed greater infiltra-
tion of F4/80-positive macrophages into lung tissue in
the CLP group than in the sham group, and OPN inhibi-
tors significantly reduced the number of F4/80-positive
macrophages. Interestingly, we observed the same trend
of NOD-, LRR- and pyrin domain-containing 3 (NLRP3)
inflammasome in lung tissue (Fig. 4ABC). This may elu-
cidate the precise mechanism through which OPN medi-
ates its deleterious effects on the lungs.

OPN aggravates macrophage inflammatory response in
vitro

To elucidate the role of OPN in sepsis-associated lung
injury in mice, we investigated the impact of OPN-siRNA
on LPS-treated MH-s cells in vitro. Initially, we identi-
fied the presence of OPN in the supernatant of LPS-
stimulated MH-s cells and the mRNA expression of OPN
in the control group. Our findings indicated that both
the mRNA (6.761+1.241 vs. 1.211+0.1833, p=0.0016)
(Fig. 5A) and protein (2139 + 1186 pg/ml vs. 349.8 + 60.05
pg/ml, p=0.0236) (Fig. 5B) levels of OPN were markedly
elevated following LPS stimulation compared to the con-
trol group. Then, we successfully employed OPN-siRNA
to suppress the expression of OPN at both the mRNA
and intracellular and extracellular protein levels in MH-s
cells (Fig. 5CDE). Subsequently, we found that both the
mRNA and protein levels of IL-6, TNF-aand IL-1f in
MH-s cells were increased during LPS exposure, while
silencing OPN could significantly reduce their levels
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(Fig. 6AB). This outcome further substantiates the pro-
inflammatory and tissue-damaging role of OPN within
the context of a sepsis model at the cellular level.

OPN promotes pyroptosis in macrophages treated with
LPS

Pyroptosis, as a form of programmed cell death, plays a
crucial role in initiating and advancing the inflammatory
response through an amplification loop of inflamma-
tion and necrosis [14]. In vivo experiments, we observed
that OPN inhibitor can significantly reduce the expres-
sion of NLRP3 in the lungs of CLP mice, we hypothesize
that there is a correlation between OPN and pyroptosis.
We silenced the expression of OPN in MH-s cells, and
then detected the expression of NLRP3, Gasdermin D
(GSDMD), caspasel, apoptosis-related spot-like protein
(ASC), IL-1p and IL-18. The results showed that silencing
OPN expression significantly reduced both the mRNA
and protein levels of NLRP3, GSDMD, caspasel, ASC,
IL-1p and IL-18 in the LPS-induced pyroptosis pathway
(Fig. 7AB).

Administration of rmOPN after OPN silencing, the
protective effects in MH-s cells treated with LPS were
reversed.

To further elucidate the role of OPN in the inflam-
matory response, MH-s cells were subjected to OPN
knockdown via OPN-siRNA transfection prior to experi-
mentation. Then, rmOPN was added and co-cultured
with LPS. after OPN silencing, the supplementation of
rmOPN reversed the protective effects. We first detected
the concentrations of IL-6 and TNF-a in the cell superna-
tant. The results showed that the supplement of rmOPN
could significantly increase the expression levels of IL-6
and TNF-«a in LPS-induced MHs cells following OPN
knockdown (Fig. 8A). Subsequently, we detected the
mRNA and protein levels of pyroptosis pathway proteins.
The results showed that both mRNA and protein levels of
NLRP3, GSDMD, caspasel, ASC, IL-1p and IL-18 were
significantly increased in LPS-induced MHs cells after
OPN silencing (Fig. 8BC). Overall, these results indicate
that the OPN-mediated inflammatory response in MH-S
cells is facilitated by the induction of caspasel-dependent
classical pyroptosis.

Discussion

The findings revealed that circulating levels of OPN were
significantly elevated elevated in children with sepsis
compared to healthy group and infections group, and
there is a certain correlation with the severity of sep-
sis. Additionally, the administration of OPN inhibitors
in septic mice demonstrated that survival rates were
increased by suppressing the expression of inflamma-
tory mediators (TNF-a, IL-1f, IL-6) and mitigating tis-
sue damage, at least in the lung tissue. Moreover, vitro
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Fig. 4 Administration of OPN inhibitor reduced macrophage infiltration and inflammasome expression in lung tissue. (A) Immunofluorescence was
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and CLP+OPN inhibitor groups.(C) Relative fluorescence intensity of NLRP3 in the lung tissue of Sham, CLP and CLP+OPN inhibitor groups. The data are
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experiments indicated that the silencing of OPN expres-
sion curtailed the inflammatory response by inhibit-
ing the pyroptosis signaling pathway in LPS-stimulated
MH-s cells, and administration of rmOPN after OPN
silencing, the protective effects in MH-s cells treated
with LPS were reversed.

Federico Carbone and colleagues discovered that ele-
vated early OPN levels can forecast mortality in patients
suffering from septic shock, and the OPN levels on the
first day are associated with multiple organ dysfunction,
prolonged hospital stays, extended durations for resolv-
ing infections, and various pro-inflammatory responses
mediated by macrophages [15]. Additionally, research
has indicated that plasma OPN detection could diagnose
sepsis in patients [16]. However, these investigations have

primarily concentrated on adult subjects, with limited
data available on pediatric septic patients. In our study,
we observed that the serum OPN levels in children with
sepsis were significantly higher than those in patients
with infections and healthy controls, and the serum con-
centration of OPN was elevated in pediatric patients
with septic shock compared to those with sepsis. We
also observed that the serum OPN levels on the first day
were notably elevated compared to the second day and
the third day among survivors of sepsis in the PICU. Fur-
thermore, this trend exhibited a positive correlation with
the concentration of the serum inflammatory cytokine
IL-6 in patients concurrently. The concentration of OPN
seems to decrease with the improvement of inflamma-
tory response in children with sepsis.
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In vivo experiments, we revealed that mortality, sys-
temic inflammatory response and organ damage were
aggravated in CLP, which may be related to the increase
in OPN concentration. When treated with an OPN
inhibitor, we found that all of those were improved. It
is reasonable to infer that the overall improvement in
sepsis outcomes through the inhibition of OPN may be
attributed to the suppression of systemic inflammation
and the amelioration of lung organ damage. Vitro experi-
ments showed a positive correlation between OPN levels
and the expression of cytokines TNF-a, IL-6 and IL-1f in
the LPS-induced inflammatory response model of MH-s

cells. The inhibition of OPN expression by using OPN-
siRNA was found to counteract the elevation of TNF-a,
IL-6 and IL-1P. These findings support the anti-inflam-
matory properties of OPN-siRNA.

Bruemmer et al. have demonstrated that acute macro-
phage infiltration is significantly diminished in OPN~/~
mice compared to WT counterparts in a dextran sodium
sulfate (DSS)-induced colitis [17]. Then, Yohei et al. dis-
covered that OPN significantly enhanced neutrophil
migration to inflammatory lung lesions by upregulating
the mitogen-activated protein (MAP) kinase signaling
pathway molecules p38 and extracellular signal-regulated
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Fig. 8 rmOPN was supplemented after OPN silencing, and the protective effects in MH-s cells treated with LPS were reversed. (A) ELISAs were used to
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protein kinase (ERK) [18]. In previous research, OPN has
been demonstrated to function as a proinflammatory
cytokine and chemotactic agent, facilitating the migra-
tion of immune cells to areas of inflammation [7, 19-22].
Nonetheless, the majority of research have focused on
the role of OPN on migration and activation [18, 23, 24],
there is a lack of investigation into whether there is a cor-
relation between OPN and the programmed cell death of
macrophages. In our study, we found that macrophage
infiltration and NLRP3 inflammasome expression in
the lungs of septic mice were elevated compared to that
in the sham group, and the use of OPN inhibitors could
significantly ameliorate this situation. Correspondingly,
previous studies have indicated that macrophage pyrop-
tosis plays a crucial role in sepsis-induced lung injury by
propagating the pulmonary inflammatory response, vas-
cular leakage, and facilitating neutrophil migration to the
lungs [25]. We have presented the initial evidence indi-
cating a connection between pyroptosis in sepsis-related
lung injury and OPN. In line with our results, OPN has
been shown to be up-regulated in bleomycin-induced

pulmonary fibrosis and is associated with macrophage
pyroptosis through elevated expression of multiple endo-
crine neoplasia type 1 (Menl) expression [26]. Likewise,
when researchers employed calcium oxalate monohy-
drate ( COM ) to establish a nephrolithiasis cell model of
macrophages, they observed that the expression trends
of OPN and macrophage pyroptosis signaling pathways
were notably consistent [27]. However, it remains ambig-
uous whether OPN is associated with macrophage pyrop-
tosis, and the precise mechanism remains unclear. In our
study, we observed that silencing OPN expression in
MH-s cells can significantly reduce both the mRNA and
protein levels of NLRP3, GSDMD, caspase-1, ASC, IL-1p
and IL-18 in LPS-induced elevated pyroptosis pathway.
Conversely, when rmOPN was administered following
the silencing of OPN, the protective effects observed in
MH-s cells treated with LPS were negated. Therefore, it
can be concluded that preventing OPN-induced pyrop-
tosis could potentially mitigate the inflammatory damage
associated with sepsis. The present investigation has sev-
eral limitations that deserve consideration. Firstly, it is a
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single-center study with a relatively small sample size of
sepsis patients. Furthermore, there is a lack of compara-
tive analysis of OPN levels between survivors and non-
survivors, as well as between sepsis patients and those
with other organ dysfunctions in the PICU, highlighting
the necessity for extensive clinical trials and additional
research to elucidate the specific differential role of OPN
in sepsis patients.

In summary, the findings of this study highlight the det-
rimental role of OPN in the context of sepsis. Moreover,
the therapeutic administration of OPN inhibitors has
been demonstrated to increase survival rates and attenu-
ate lung injury in septic mice. Additionally, the protective
mechanism of OPN inhibitors encompasses both anti-
inflammatory effects and the suppression of pyroptosis.
Consequently, OPN not only holds potential as a promis-
ing diagnostic marker for sepsis but also presents a novel
therapeutic target for the development of sepsis treat-
ment medications.
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