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Abstract

Hepatic ischemia-reperfusion injury (HIRI) is characterized by sterile
inflammation and innate immune activation, yet the mechanisms linking
early inflammatory signals to subsequent macrophage recruitment remain
incompletely understood. Here, integrative transcriptomic and proteomic
profiling identified S100 calcium-binding protein A9 (S100A9) as a
prominent HIRI-associated inflammatory mediator. Pharmacological
neutralization of SI00A9 and genetic loss of S7100a9 attenuated liver injury,
proinflammatory cytokine expression, and apoptosis in a mouse model of
70% partial warm HIRI. In AML12 cells subjected to oxygen-glucose
deprivation/reoxygenation, recombinant SI100A9 further increased
apoptosis, and bulk RNA sequencing identified Cc/2, encoding C-C motif
chemokine ligand 2 (CCL2), as a major SI00A9-responsive transcript.
Consistently, S700a9 deficiency reduced hepatic CCL2 expression and the
hepatic accumulation of macrophage-like cells after HIRI, whereas
conditioned medium from S100A9-treated injured AML12 cells enhanced
RAW264.7 macrophage migration. Serum S100A9 concentrations were
significantly higher after partial hepatectomy than before surgery in paired
patient samples. Together, these findings identify SI0O0A9 as a functional

inflammatory mediator in HIRI and support a potential S100A9—
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hepatocyte CCL2—macrophage recruitment axis. SI00A9 may therefore
represent a therapeutic target for ischemia-reperfusion-associated liver
injury.

Keywords: Hepatic ischemia-reperfusion injury; SI00A9; CCL2; sterile
inflammation; hepatocytes; macrophage recruitment.

1. Introduction

Hepatic ischemia-reperfusion injury (HIRI) is a major complication of
liver resection and transplantation and contributes to postoperative
hepatocellular dysfunction, early allograft dysfunction, and graft failure[ 1-
4]. HIRI is initiated by metabolic and mitochondrial disturbances during
ischemia and is markedly amplified upon reperfusion, when oxidative
stress, hepatocellular injury, damage-associated molecular pattern release,
and innate immune activation collectively drive sterile inflammation[5-8].
Although numerous inflammatory mediators have been implicated in this
process, the molecular signals that couple injured parenchymal cells to
infiltrating immune populations and sustain inflammatory amplification
remain incompletely understood.

Neutrophils and monocyte/macrophage populations are major innate
immune effectors during HIRI. Neutrophils accumulate rapidly in the
postischemic liver and promote tissue injury through the release of reactive
oxygen species, granule proteases, neutrophil extracellular traps, and other

inflammatory mediators[9-11]. Recruited monocytes and macrophage
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populations further shape the hepatic inflammatory microenvironment and
contribute to sustained tissue injury[12,13]. However, how early
neutrophil-rich inflammatory responses are coupled to hepatocyte-derived
chemokine signals and subsequent macrophage accumulation remains
insufficiently defined. Identifying upstream mediators that connect these
cellular responses may therefore provide new insight into the mechanisms
underlying inflammatory amplification during HIRI.

S100 calcium-binding protein A9 (S100A9), also known as myeloid-
related protein 14, is an EF-hand calcium-binding protein of the S100
family and commonly associates with SI00A8 to form the heterodimeric
complex calprotectin[14]. SI00A9 1s highly enriched in neutrophils and
monocytes and, after extracellular release, can function as an alarmin with
damage-associated molecular pattern-like activity, activating pattern-
recognition receptor signaling and amplifying inflammatory responses|14-
16]. Experimental studies have implicated S100A9 in diabetes-associated
nonalcoholic fatty liver disease and sepsis-associated acute liver injury,
whereas elevated circulating S100A9 has been associated with disease
severity and adverse outcomes in hepatitis B virus-related acute-on-chronic
liver failure[ 17-19]. More directly relevant to hepatic ischemia-reperfusion
injury, recent studies showed that S700a9 deficiency or knockdown
attenuated inflammatory injury in steatotic liver ischemia-reperfusion

models, with effects involving macrophage polarization and
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inflammasome activation[20,21]. These findings establish SIO0A9 as an
important inflammatory mediator in liver injury but have largely focused
on immune cells as its downstream effectors. Whether extracellular
S100A9 directly alters the inflammatory response of stressed hepatocytes
and thereby contributes to subsequent immune-cell recruitment during
non-steatotic HIRI remains insufficiently understood.

C-C motif chemokine ligand 2 (CCL2), also known as monocyte
chemoattractant protein-1, is a major chemokine involved in the
mobilization and tissue recruitment of monocytes expressing C-C motif
chemokine receptor 2 (CCR2) [22,23]. Recruited CCR2-expressing
monocytes can subsequently differentiate into monocyte-derived
macrophage populations within injured tissues. In experimental liver injury,
CCL2-CCR2 signaling 1s an important regulator of inflammatory
monocyte and monocyte-derived macrophage accumulation[24].
Consistent with this role, genetic disruption of Cc/2 or Ccr2 and
pharmacological inhibition of CCR2 have been reported to reduce
inflammatory monocyte recruitment and attenuate HIRI[22]. Importantly,
hepatocytes are not merely passive targets of inflammatory injury. Under
stress, they can acquire an immunoregulatory phenotype and produce
cytokines and chemokines that influence the local immune
microenvironment. Hepatocyte-derived CCL2 has been implicated in

macrophage  recruitment in  experimental  endotoxemia  and
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steatohepatitis[25,26]. These observations raise the possibility that
extracellular inflammatory mediators generated during HIRI may enhance
hepatocyte chemokine responses and thereby contribute to hepatocyte—
myeloid cell communication.

In the present study, we investigated whether S1I00A9 functions as an
upstream inflammatory mediator linking hepatocyte injury to chemokine
responses and macrophage recruitment during HIRI. We first used
integrative transcriptomic and proteomic profiling to identify HIRI-
associated inflammatory candidates and then evaluated the functional
contribution of SI00A9 using pharmacological neutralization and S700a9
deficiency. Downstream responses of stressed hepatocytes to extracellular
S100A9 were characterized using an oxygen-glucose
deprivation/reoxygenation model and bulk RNA sequencing, followed by
assessment of macrophage migration and hepatic macrophage-like cell
accumulation. Paired perioperative serum samples from patients
undergoing partial hepatectomy were additionally examined to assess the
clinical relevance of S100A9 induction. This integrated approach was
designed to define the pathogenic role of SI00A9 in HIRI and to determine
whether SI00A9-responsive hepatocyte chemokine signaling is associated
with macrophage recruitment during sterile hepatic inflammation.

2. Methods

2.1 Ethics approval
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The clinical study was approved by the Ethics Committee of the Third
Xiangya Hospital of Central South University (Approval No. 22181).
Written informed consent was obtained from all participants before sample
collection. All procedures involving human participants were conducted in
accordance with the ethical principles of the Declaration of Helsinki.

The animal experimental protocol was approved by the Animal Ethics
Committee of Central South University (Approval No. CSU-2024-0056).
All animal procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
relevant institutional guidelines.

2.2 Animals

Eight-week-old male specific pathogen-free (SPF) C57BL/6 mice were
used in this study. Global S700a9 knockout (KO) mice on a C57BL/6
background were generated by Cyagen Biosciences Inc. through
homologous recombination-mediated disruption of the §700a9 gene. Age-
and sex-matched wild-type C57BL/6 mice were used as controls. All mice
were housed under SPF conditions with free access to food and water and
maintained on a 12-h light/dark cycle in a temperature- and humidity-
controlled environment at 18-21°C and 55 £ 5% relative humidity. Mice
were allowed to acclimatize for 1 week before experimentation.

2.3 Mouse model of 70% partial warm HIRI

Mice were subjected to a 70% partial warm HIRI model as previously
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described[27]. Briefly, mice were anesthetized by intraperitoneal injection
of pentobarbital sodium at a dose of 50 mg/kg using a 0.6% solution. After
a midline abdominal incision, an atraumatic microvascular clip was applied
to occlude the portal venous and hepatic arterial inflow to the cephalad
liver lobes, resulting in approximately 70% hepatic ischemia without
mesenteric congestion. After 60 min of partial warm ischemia, the clip was
removed to initiate hepatic reperfusion. Successful reperfusion was
confirmed by restoration of the color of the ischemic liver lobes. Mice were
euthanized 4 h after reperfusion, and serum and liver tissue samples were
collected for subsequent analyses.

Sham-operated mice underwent the same anesthesia, laparotomy, and
hepatic hilar dissection without vascular occlusion. WT-HIRI and S700a9
KO-HIRI mice underwent the same ischemia and reperfusion procedures.
2.4 Pharmacological neutralization of S100A9

An anti-S100A9 neutralizing antibody and the corresponding isotype
control IgG were obtained from Beijing Protein Innovation (Beijing,
China). With modifications to previously reported in vivo S100A9-
neutralization protocols[28,29], mice were randomly assigned to two
groups: the control group (CTL), which received isotype control IgG, and
the anti-S100A9 group, which received the anti-S100A9 neutralizing
antibody. Antibodies were administered by retro-orbital intravenous

injection, an established route for systemic administration in mice[30], at
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a dose of 100 pg per mouse per injection every other day for 7 days. The
final dose was administered 24 h before induction of HIRI. After
completion of the antibody treatment regimen, mice in both groups were
subjected to 60 min of partial warm hepatic ischemia followed by 4 h of
reperfusion, as described above. Serum and liver tissue samples were
subsequently collected for biochemical, histological, and molecular
analyses.

2.5 Measurement of serum alanine aminotransferase activity

Serum alanine aminotransferase (ALT) activity was measured as an
indicators of hepatocellular injury using a commercial assay kit (Cat. No.
C009-2-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions.

2.6 Hematoxylin and eosin (H&E) Staining

Liver tissues were fixed in 10% neutral-buffered formalin at 4°C for 48 h,
embedded in paraffin, and sectioned at a thickness of 4 pum. Paraffin-
embedded sections were deparaffinized in xylene and rehydrated through
a graded ethanol series to deionized water. The sections were then stained
with hematoxylin and eosin, dehydrated through a graded ethanol series,
cleared in xylene, and mounted with Cytoseal mounting medium (Cat. No.
8310; Thermo Scientific, USA). Histopathological changes were observed
under a light microscope.

2.7 Immunofluorescence staining
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Paraffin-embedded liver sections were deparaffinized in xylene and
rehydrated through a graded ethanol series to deionized water. After
washing with phosphate-buffered saline (PBS), antigen retrieval was
performed by heating the sections in 10 mM Tris-EDTA buffer (pH 9.0) at
approximately 100°C for 20 min. After cooling to room temperature, the
sections were washed with PBS and blocked for 60 min at room
temperature using the blocking buffer provided in the Tyramide
SuperBoost™ kit with Alexa Fluor™ 488 or Alexa Fluor™ 555 tyramide
(Cat. No. B40932 or B40933; Invitrogen, USA).

For immunofluorescence staining, sections were incubated overnight at
4°C with the following primary antibodies diluted in 5% donkey serum
containing 0.3% Triton X-100: anti-S100A9 (Cat. No. 26992-1-AP;
Proteintech; 1:100), rat anti-Ly6G (Cat. No. 88876; Cell Signaling
Technology; 1:100), anti-MPO (Cat. No. ab208670; Abcam; 1:100), anti-
CCL2 (Cat. No. 26161-1-AP; Proteintech; 1:100), anti-CCR2 (Cat. No.
16153-1-AP; Proteintech; 1:200), and anti-CD68 (Cat. No. ab125212;
Abcam; 1:100). After washing three times with PBS, sections were
incubated with species-appropriate horseradish peroxidase-conjugated
secondary antibodies for 60 min at room temperature. Specifically, Ly6G
staining was detected using an HRP-conjugated anti-rat IgG secondary
antibody, whereas the other primary antibodies were detected using

species-appropriate HRP-conjugated secondary antibodies. Fluorescence
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signals were then developed using Alexa Fluor™ 488 or Alexa Fluor™ 555
tyramide working solution according to the manufacturer’s instructions.
The reaction was stopped using the reaction stop reagent, and the sections
were washed with PBS.

For sequential double immunofluorescence staining, including
S100A9/Ly6G, S100A9/MPO, and CD68/CCR?2 staining, the first round
of staining was completed as described above. The sections were then
subjected to heat-mediated antibody stripping in citrate buffer (pH 6.0)
before incubation with the second primary antibody overnight at 4°C. The
second signal was developed using a different Alexa Fluor™ tyramide
fluorophore. For S100A9/Ly6G co-staining, the rat anti-Ly6G primary
antibody was detected using HRP-conjugated goat anti-rat 1gG (H+L),
preadsorbed (Cat. No. E-AB-1195), followed by signal development with
Alexa Fluor™ 488 tyramide working solution according to the
manufacturer’s instructions. Nuclei were counterstained with mounting
medium containing 4',6-diamidino-2-phenylindole (DAPI; Cat. No. S2110;
Solarbio, Beijing, China). Fluorescence images were acquired using a
fluorescence microscope.

2.8 Image acquisition and quantification

Fluorescence images were acquired using a Zeiss Axio Observer
microscope under identical imaging settings within each staining

experiment. For each section, at least five non-overlapping fields were

11
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captured at 100x magnification. Image quantification was performed on
the original fluorescence images using ZEN software (Zeiss, Germany).
For single-marker staining, SI00A9-positive and CCL2-positive cells were
counted and expressed as the number of positive cells per high-power field.
For double immunofluorescence staining, Ly6G*S100A9*, MPO*S100A9",
and CCR2"CD68" cells were counted and expressed as the number of
double-positive cells per high-power field (HPF). Representative images
were exported for figure preparation, and brightness and contrast were
adjusted uniformly when necessary without altering the original data
interpretation.

2.9 The integrative genomic analysis of transcriptome and proteome
Transcriptome profiling

Total RNA was extracted from fresh mice liver tissue by using the TRIzol
reagent (Invitrogen, CA, USA) according to the manufacturer’s protocol.
RNA purity and quantification were evaluated using the NanoDrop 2000
spectrophotometer (Thermo Scientific, USA). RNA integrity was assessed
using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). Then the libraries were constructed using VAHTS Universal
V6 RNA-seq Library Prep Kit according to the manufacturer’s instructions.
The transcriptome sequencing and analysis were conducted by OE Biotech
Co., Ltd. (Shanghai, China).

Proteome profiling

12
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Total protein was extracted from fresh mice liver tissue. The total protein
concentrations were quantified by bicinchoninic acid assay. According to
the measured protein concentration, we took the same quantity protein
from each sample, and diluted different groups of samples to the same
concentration and volume. The samples were labeled with iTRAQ labeling
reagents (4381663, ABSCIEX) and then subjected to Liquid
Chromatography and tandem MS analysis. Protein analysis and relative
1TRAQ quantification services were undertaken by Oebiotech (Shanghai,
China).

The integrative genomic analysis of transcriptome and proteome

All expressed genes with quantifiable proteins were matched, and the
correlationship between genes and proteins were exhibited by quadrant
diagram and venn diagram. Based on the differentially expressed genes
(DEGs) and proteins (DEPs) expression data, pearson/spearman/kendall
correlation coefficients were calculated by R, then histograms of the
correlation coefficient distributions and cluster analysis heat map were
drawn.

2.10 Reverse transcription quantitative PCR(RT-qPCR)

Total RNA was extracted from liver tissues or AML12 cells using an RNA
extraction kit (Cat. No. AG21023; Accurate Biology, China) according to
the manufacturer’s instructions. cDNA was synthesized from the extracted

RNA using the Evo M-MLV RT Kit (Cat. No. AG11728; Accurate Biology,

13
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China). RT-qPCR was performed using SYBR Green Master Mix (Cat. No.
RK21203; ABclonal Technology, China) on a Roche LightCycler 480 II
system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as the internal reference gene. Relative mRNA expression levels were
calculated using the 2"—AACt method. The primer sequences are listed in
Supplementary Table S1.

2.11 Western blot analysis

Liver tissues were homogenized in radioimmunoprecipitation assay (RIPA)
lysis buffer (Cat. No. MAO151; Meilunbio, Wuhan, China) supplemented
with protease inhibitor cocktail, phosphatase inhibitor cocktail (Roche,
Switzerland), and 1 mM phenylmethylsulfonyl fluoride (PMSF) using a
MagNA Lyser homogenizer (Servicebio, Wuhan, China). All procedures
were performed on ice or at 4°C. Tissue lysates were centrifuged, and the
supernatants were collected for protein analysis. Protein concentrations
were determined using a bicinchoninic acid (BCA) protein assay kit
according to the manufacturer’s instructions. Equal amounts of protein
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluoride membranes
(Millipore, CA, USA). After blocking with 5% bovine serum albumin for
1 h at room temperature, the membranes were incubated with primary
antibodies overnight at 4°C, followed by incubation with appropriate

secondary antibodies for 1 h at room temperature. Protein bands were
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visualized using an enhanced chemiluminescence kit (Biosharp, Anhui,
China), and images were captured using the VisionWorks system (Analytik
Jena AG, Germany).

The following primary antibodies were used: anti-B-actin (Cat. No.
R380624; ZEN BIO, China; 1:5000), anti-S100A9 (Cat. No. R25648; ZEN
BIO, China; 1:1000), and anti-cleaved caspase-3 (Cat. No. 341034; ZEN
BIO, China; 1:1000).

2.12 AMLI12 cell culture and treatment

Mouse hepatocyte AML12 cells were purchased from Procell Life Science
& Technology Co., Ltd. (CL-0602; Wuhan, China). Cells were cultured in
AMLI12 complete medium (CM-0602; Procell, Wuhan, China) at 37°C in
a humidified atmosphere containing 5% CO.. For experiments, AML12
cells were seeded into 6-well plates and subjected to OGD/R treatment
when they reached approximately 60—70% confluence.

Recombinant S100A9 protein was obtained from Beijing Protein
Innovation and dissolved in PBS to prepare a stock solution at 0.5 mg/mL.
To establish an in vitro ischemia-reperfusion-like model, AML12 cells
were subjected to oxygen-glucose deprivation/reoxygenation (OGD/R).
Briefly, the culture medium was replaced with glucose-free DMEM/F12
medium (PM150322; Procell, Wuhan, China) supplemented with 1%
penicillin/streptomycin, and cells were placed in an anaerobic environment

generated using an AnaeroPack system (CO1; Mitsubishi Gas Chemical,
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Japan) for 6 h to induce OGD. After OGD, cells were returned to normoxic
culture conditions with complete medium for 6 h of reoxygenation.
During the reoxygenation phase, AML12 cells were treated with
recombinant SI00A9 at final concentrations of 0, 1, 2, and 5 pg/mL. The
dose-response experiment was used to evaluate the effect of recombinant
SI00A9 on OGD/R-induced AMLI12 cell apoptosis. For bulk RNA
sequencing, RT-qPCR validation, and conditioned medium collection,
recombinant SI00A9 was used at 5 pg/mL during reoxygenation unless
otherwise indicated.

2.13 Flow cytometry analysis of apoptosis

AMLI12 cells were harvested using EDTA-free trypsin and washed three
times with cold PBS. The cells were resuspended in binding buffer and
stained with 5 puLL Annexin V conjugated to fluorescein isothiocyanate
(Annexin V-FITC) and 10 pL propidium iodide (PI; Meilunbio, China)
according to the manufacturer’s instructions. After incubation for 15 min
at room temperature in the dark, the cells were analyzed using a BD
FACSCanto II flow cytometer. The percentages of cells in each quadrant
were quantified using FlowJo v10.4 software (Tree Star, Ashland, OR,
USA). Total apoptotic cells were defined as the sum of early apoptotic cells
(Annexin V*/PI") and late apoptotic cells (Annexin V*/PI*). The apoptotic
rate was expressed as the percentage of total apoptotic cells among all

analyzed cells.
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2.14 Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining

TUNEL staining of paraftin-embedded liver sections was performed using
the TransDetect In Situ Fluorescein TUNEL Apoptosis Detection Kit (Cat.
No. FA301; TransGen Biotech, Beijing, China) according to the
manufacturer’s instructions. Briefly, paraffin-embedded sections were
deparaffinized in xylene and rehydrated through a graded ethanol series to
deionized water, followed by washing with PBS. The sections were then
incubated with the TUNEL reaction mixture for 1 h at 37°C in the dark.
Nuclei were counterstained with Hoechst staining solution provided in the
kit. Fluorescence images were acquired using a Zeiss Axio Observer
microscope. The percentage of TUNEL-positive cells was calculated as the
number of TUNEL-positive nuclei divided by the total number of Hoechst-
positive nuclei.

2.15 Enzyme-linked immunosorbent assay (ELISA)

Serum S100A9 levels in patients undergoing partial hepatectomy were
measured using a commercially available human S100A9 ELISA kit (Cat.
No. JL19159-96T; Jianglai Biotechnology, Shanghai, China) according to
the manufacturer’s instructions. All serum samples were assayed in
duplicate, and the mean value of duplicate measurements was used for
subsequent analysis.

2.16 Statistical analysis

17
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Data are presented as mean + standard error of the mean (SEM). Data
distribution was assessed before statistical testing. For normally distributed
data, comparisons between two independent groups were performed using
an unpaired Student’s ¢-test, whereas paired preoperative and postoperative
serum S100A9 levels were compared using a paired Student’s z-test.
Comparisons among multiple groups were performed using one-way
analysis of variance (ANOVA), followed by Tukey’s multiple comparisons
test when appropriate. A two-sided P value < 0.05 was considered
statistically significant. Statistical analyses were performed using
GraphPad Prism software.

3. Results

3.1 Integrative transcriptomic and proteomic analysis identifies
S100A9 as a candidate HIRI-associated inflammatory mediator

Mice were subjected to 70% partial hepatic ischemia followed by
reperfusion to establish a mouse model of HIRI. Compared with the sham
group, mice in the HIRI group exhibited marked histopathological liver
injury, characterized by hepatocyte swelling, sinusoidal congestion, and
inflammatory cell infiltration on H&E-stained liver sections (Figure 1A).
Consistently, Suzuki’s injury scores were significantly higher in the HIRI
group than in the sham group (Figure 1B). Serum ALT levels were also
significantly increased after HIRI (Figure 1C). In parallel, the expression

levels of proinflammatory mediators, including /L-1p, IL-6, TNF-o. and
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iNOS were markedly elevated in the HIRI group compared with the sham
group (Figure 1D). These findings confirmed the successful establishment
of liver injury and inflammatory activation after HIRI.

To explore the molecular alterations associated with HIRI, we next
performed transcriptomic and proteomic profiling of liver tissues from the
sham and HIRI groups. Integrative analysis of the transcriptome and
proteome was then conducted to identify candidate molecules potentially
involved in HIRI progression. A total of 1,479 differentially expressed
genes (DEGs; P <0.05 and [log2 fold change| > 1.0) and 489 differentially
expressed proteins (DEPs; P < 0.05 and |log2 fold change| > 0.5) were
identified between the sham and HIRI groups. Hierarchical clustering
analysis showed distinct transcriptomic and proteomic expression patterns
between the two groups (Figure 1E). Spearman correlation analysis further
revealed a positive correlation between transcriptomic and proteomic
changes, with 42.8% of matched mRNA -protein pairs showing concordant
regulation (Figure 1F). The distribution of corresponding mRNA and
protein changes was visualized using a scatterplot based on log2-
transformed expression ratios, in which red and green dots represented
concordantly upregulated and downregulated mRNA-protein pairs,
respectively (Figure 1G).

Further integration of the transcriptomic and proteomic datasets identified

54 molecules that were consistently upregulated at both the mRNA and
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protein levels and 51 molecules that were consistently downregulated
(Figure 1H). The top 10 concordantly upregulated mRNA -protein pairs are
summarized in Supplementary Table S2. Among these candidates,
S100a9/S100A9 showed the most prominent upregulation at both the
transcript and protein levels, suggesting that SIO0A9 may represent a
prominent HIRI-associated inflammatory candidate.

3.2 HIRI-induced S100A9 upregulation is spatially associated with
neutrophil infiltration

To validate the multi-omics findings, we first examined S100A9
expression in liver tissues after HIRI. Immunofluorescence staining
showed that hepatic S100A9-positive cells were markedly increased in the
HIRI group compared with the sham group (Figure 2A and 2B).
Consistently, RT-qPCR analysis showed a significant increase in hepatic
S100a9 mRNA expression after HIRI (Figure 2C). Western blotting further
confirmed that S100A9 protein expression was markedly elevated in
ischemia-reperfused liver tissues compared with sham liver tissues (Figure
2D and 2E). These results confirmed robust SI00A9 upregulation after
HIRI at both the mRNA and protein levels.

Given that ST00A9 is a myeloid-enriched inflammatory mediator closely
linked to neutrophil-associated inflammation, we next examined whether
S100A9 upregulation occurred in parallel with neutrophil infiltration.

Double immunofluorescence staining showed increased Ly6G-positive
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cells in ischemia-reperfused liver tissues compared with sham tissues,
indicating enhanced neutrophil infiltration after HIRI (Figure 2F and 2H).
Notably, the number of Ly6G*S100A9* double-positive cells was markedly
increased after HIRI (Figure 2F and 2I). Similarly, MPO
immunofluorescence staining showed increased MPO-positive cells after
HIRI (Figure 2G and 2J), and MPO*S100A9* double-positive cells were
also significantly increased in ischemia-reperfused liver tissues (Figure 2G
and 2K). These findings demonstrate a close spatial association between
HIRI-induced S100A9 upregulation and neutrophil infiltration and suggest
that infiltrating neutrophils may contribute to the increased hepatic
S100A9 signal during HIRI.

3.3 Pharmacological blockade of S100A9 attenuates liver injury and
inflammatory responses during HIRI

Having identified S100A9 as a neutrophil-associated candidate mediator
upregulated after HIRI, we next investigated whether S100A9 functionally
contributes to hepatic injury. To this end, an anti-S100A9 neutralizing
antibody was administered in the mouse HIRI model, and the treatment
scheme is shown in Figure 3A. Compared with isotype control IgG-treated
HIRI mice, mice receiving the anti-S1I00A9 neutralizing antibody
exhibited markedly alleviated hepatic histopathological injury, as reflected
by reduced hepatocyte swelling, sinusoidal congestion, and inflammatory

cell infiltration on H&E staining (Figure 3B). Consistently, histological
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injury scores were significantly lower in the anti-S100A9-treated group
than in the control IgG-treated group (Figure 3C).

In parallel with the histological improvement, pharmacological blockade
of SI00A9 significantly reduced serum ALT levels after HIRI (Figure 3D),
indicating attenuated hepatocellular injury. Moreover, anti-S100A9
antibody treatment markedly decreased the levels of proinflammatory
cytokines, including /L-1p, IL-6, and TNF-a, compared with control 1gG
treatment (Figure 3E—G). Conversely, the anti-inflammatory cytokine /L-
10 was significantly increased following S100A9 blockade (Figure 3H),
suggesting a shift toward a less proinflammatory hepatic
microenvironment.  Collectively, these results demonstrate that
pharmacological neutralization of S100A9 attenuates liver injury and
dampens inflammatory responses during HIRI.

3.4 Genetic deficiency of S700a9 protects against HIRI

To further validate the pathogenic role of S100A9 in HIRI, we subjected
S100a9-deficient mice and wild-type mice to the same 70% partial warm
HIRI procedure and compared the severity of liver injury between the two
groups[31]. WT and S700a9 KO mice were subjected to 60 min of partial
hepatic ischemia followed by reperfusion. Immunofluorescence staining,
Western blotting, and RT-qPCR confirmed that ST00A9 protein and mRNA
expression were markedly diminished in liver tissues from S7/00a9 KO

mice compared with WT mice after HIRI (Figure 4A-D). We next
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evaluated whether S700a9 deficiency affected the severity of HIRI. H&E
staining showed that S700a9 KO mice exhibited markedly attenuated liver
injury compared with WT mice after HIRI, as evidenced by reduced
hepatocyte swelling, sinusoidal congestion, and inflammatory cell
infiltration (Figure 4E). Consistently, Suzuki’s injury scores were
significantly lower in the S700a9 KO group than in the WT group (Figure
4F). Serum ALT levels were also significantly lower in S700a9 KO mice
than in WT mice after HIRI (Figure 4G). In addition, the levels of
proinflammatory cytokines were markedly reduced in S700a9 KO mice
compared with WT mice (Figure 4H). Together with the neutralizing
antibody experiments, these genetic data provide complementary evidence
that SI00A9 functionally contributes to liver injury and inflammatory
responses during HIRI.

3.5 S100A9 contributes to HIRI-associated apoptosis and aggravates
OGD/R-induced AML12 cell apoptosis in vitro

Apoptosis is an important pathological component of HIRI and contributes
to parenchymal cell loss and subsequent inflammatory amplification[32].
We therefore examined whether S100A9 contributes to apoptosis during
HIRI.

TUNEL staining showed that apoptotic cells were markedly increased in
liver tissues after HIRI (Figure SA and 5B). Consistently, Western blot

analysis showed elevated cleaved caspase-3 protein expression in the HIRI
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group compared with the sham group (Figure 5C and 5D), indicating
enhanced apoptotic injury in ischemia-reperfused liver tissues. Notably,
compared with WT mice, S700a9 KO mice exhibited reduced apoptosis
after HIRI, as reflected by fewer TUNEL-positive cells and decreased
cleaved caspase-3 expression (Figure SE-H). These findings suggest that
S100a9 deficiency attenuates HIRI-associated apoptosis in vivo.

We next investigated whether S100A9 could aggravate hepatocyte
apoptosis under ischemia-reperfusion-like conditions in vitro. AML12
cells were first subjected to oxygen-glucose deprivation (OGD) and then
treated with recombinant S100A9 protein at 0, 1, 2, and 5 pg/mL during
the reoxygenation phase. Apoptosis was subsequently assessed by flow
cytometry. Recombinant SI0O0A9 tended to further increase OGD/R-
induced AML12 cell apoptosis in a concentration-related manner; however,
a statistically significant increase was observed only at 5 ug/mL compared
with the OGD/R group without SI00A9 treatment, whereas 1 and 2 pg/mL
did not reach statistical significance (Figure 51 and 5J). These in vitro
findings suggest that extracellular SIO0A9 can aggravate hepatocyte
apoptosis under OGD/R conditions, particularly at the highest
concentration tested.

3.6 S100A9 induces a chemokine-related transcriptional response and
Ccl2 upregulation in injured hepatocytes

To define the transcriptional response of injured hepatocytes to SI00A9,
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AMLI12 cells were first subjected to oxygen-glucose deprivation and then
treated with recombinant S100A9 protein at 5 pg/mL during the
reoxygenation phase, followed by bulk RNA sequencing. Transcriptomic
analysis identified a limited set of differentially expressed genes between
OGD/R-treated AMLI12 cells and SI00A9-treated OGD/R AML12 cells.
Among these genes, Ccl2 was one of the most prominently upregulated
transcripts after SI00A9 stimulation (Figure 6A). Heatmap visualization
further showed that several chemokine-related genes, including Ccl2,
Cxcll, and Cxcl2, were increased in S100A9-treated cells compared with
control cells (Figure 6B).

The RNA-seq finding was further validated by RT-qPCR, which confirmed
significantly increased Cc/2 mRNA expression in AML12 cells following
SI00A9 treatment during reoxygenation (Figure 6C). Consistently,
immunofluorescence staining of ischemia-reperfused liver tissues showed
that S100a9-deficient mice had fewer hepatic CCL2-positive cells than WT
mice after HIRI (Figure 6D and 6E), supporting the in vivo relevance of
S100A9-associated CCL2 induction. Collectively, these findings indicate
that S100A9 elicits a chemokine-related transcriptional response in
OGD/R-stressed hepatocytes, with Cc/2 representing a prominent
S100A9-responsive transcript.

3.7 S100A9-stimulated hepatocytes enhance macrophage migration

during HIRI
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Given that SI00A9 induced CCL2 expression in injured hepatocytes, we
next examined whether S100A9-stimulated hepatocytes could promote
macrophage recruitment. AML12 cells were first subjected to oxygen-
glucose deprivation and then treated with recombinant SI00A9 protein at
5 pg/mL during the reoxygenation phase. Conditioned medium was
subsequently collected and applied to RAW264.7 macrophage Transwell
migration assays. Compared with conditioned medium from OGD/R-
treated AML12 cells, conditioned medium from S100A9-treated OGD/R
AMLI12 cells markedly enhanced RAW264.7 macrophage migration
(Figure 7A and 7B), indicating that S100A9 treatment increases the
macrophage-directed chemotactic activity of conditioned medium from
OGD/R-stressed hepatocytes.

To further evaluate whether SIO0A9 was associated with macrophage
accumulation in vivo, we performed double immunofluorescence staining
for CCR2 and CD68 in ischemia-reperfused liver tissues. Compared with
WT mice, S100a9-deficient mice exhibited markedly reduced
accumulation of CCR2*CD68" macrophage-like cells after HIRI (Figure
7C and 7D). Together with the observed hepatocyte Cc/2 response, these
findings support an association between S100A9-responsive hepatocyte
chemokine signaling and macrophage migration/accumulation during
HIRI and are consistent with a potential involvement of CCL2—CCR2

signaling.
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3.8 Perioperative serum S100A9 levels increase in patients undergoing
partial hepatectomy

To explore the clinical relevance of SI00A9 in liver surgery, we measured
perioperative serum S100A9 levels in patients undergoing partial
hepatectomy. A total of 60 patients were enrolled, and paired serum
samples were collected before and after surgery for SIO0A9 detection.
Compared with preoperative levels, serum S100A9 levels were
significantly increased after partial hepatectomy (Figure 8). These findings
are consistent with the experimental observation of SI00A9 upregulation
after HIRI and suggest that ST00A9 may also be involved in human hepatic
injury responses associated with liver surgery.

4. Discussion

In this study, integrative transcriptomic and proteomic profiling identified
ST100A9 as a prominent inflammatory mediator associated with HIRI, and
its upregulation was further validated at both the transcript and protein
levels. Hepatic S100A9 signals were spatially associated with Ly6G-
positive and MPO-positive infiltrating cells after HIRI. Functionally, both
pharmacological neutralization of S100A9 and genetic loss of S700a9
attenuated liver injury and inflammatory responses, supporting a
pathogenic role for SI00A9 in experimental HIRI. ST00A9 also aggravated
apoptosis in OGD/R-stressed AML12 cells and induced a chemokine-

related transcriptional response characterized by marked Ccl2 upregulation.
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Consistent with these in vitro findings, S700a9 deficiency reduced hepatic
CCL2 expression and the accumulation of CCR2*CD68" macrophage-like
cells after HIRI, whereas conditioned medium from S100A9-treated
injured AML12 cells enhanced RAW264.7 macrophage migration.
Furthermore, serum S100A9 concentrations increased significantly after
partial hepatectomy in paired patient samples. Collectively, these findings
support S100A9 as a functional inflammatory mediator in HIRI and
suggest a potential link between S100A9-responsive hepatocyte CCL2
expression and macrophage recruitment.

An important strength of the present study is that ST00A9 was prioritized
through an integrative transcriptomic and proteomic strategy rather than
selected solely on the basis of prior knowledge. Transcriptomic profiling
captures broad gene-expression responses to HIRI, whereas proteomic
profiling provides complementary information on changes at the protein
level. Because mRNA abundance does not necessarily parallel protein
abundance owing to post-transcriptional regulation, translational control,
and protein turnover[33-35], the concordant upregulation of S100A9 at
both levels strengthened its biological relevance as a HIRI-associated
candidate. This multi-omics signal was subsequently confirmed by RT-
gPCR, immunoblotting, and immunofluorescence and was functionally
supported by both anti-S100A9 neutralizing antibody treatment and

S100a9 deficiency. Although previous studies have established S100A9 as
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an important inflammatory mediator in liver injury and steatotic liver
ischemia-reperfusion settings, our integrative analysis independently
identified SI00A9 as a prominent inflammatory signal in the present HIRI
model. SIO0A9, either alone or as part of the SI00A8/A9 complex, is
widely recognized as a myeloid-enriched alarmin capable of amplifying
sterile inflammation, promoting leukocyte recruitment, and stimulating
cytokine production[36,18]. More directly related to liver I/R injury, recent
studies have shown that SI00A9 is increased in steatotic livers after I/R
insult and that S700a9 deletion reduces liver inflammatory injury,
monocyte/macrophage and neutrophil infiltration, proinflammatory
mediator expression, and macrophage M1 polarization, potentially through
TLR4/NF-kB signaling[20]. Another recent study linked S1I00A9—-TLR2
signaling to macrophage NLRP3 inflammasome activation in fatty liver
ischemia-reperfusion injury[21]. Thus, the principal contribution of the
present study is not simply the demonstration that SI00A9 is increased
during HIRI, but the integration of multi-omics discovery with
pharmacological and genetic functional validation and, importantly, the
identification of injured hepatocytes as downstream responders to ST00A9.
Our findings further suggest that S100A9-responsive hepatocyte CCL2
expression may contribute to the subsequent macrophage recruitment
response, thereby extending previous work on the proinflammatory role of

S100A9 in hepatic ischemia-reperfusion injury.
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S100A9 is highly enriched in neutrophils and monocytes and can be
released extracellularly as an inflammatory alarmin during sterile injury
[36,37]. This property is particularly relevant to HIRI, in which reperfusion
rapidly triggers innate immune activation and leukocyte infiltration, with
neutrophils acting as early effector cells that amplify hepatocellular injury
through the release of reactive oxygen species, proteases, neutrophil
extracellular traps, and other inflammatory mediators[9,10,38]. In the
present study, hepatic SIO0A9 expression was markedly increased after
HIRI, and S100A9 signals showed substantial spatial overlap with both
Ly6G-positive and MPO-positive infiltrating cells. Ly6G is commonly
used to identify infiltrating neutrophils in mouse tissues, whereas MPO is
a neutrophil-enriched granule enzyme that provides complementary
evidence of neutrophil-associated localization. The concordant increase
and spatial overlap of SI00A9 with both markers support a close
association between HIRI-induced S100A9 upregulation and neutrophil
infiltration. Beyond this spatial association, extracellular SI00A9 may
contribute to inflammatory amplification by acting on injured hepatocytes
and enhancing downstream chemokine responses. Nevertheless, because
ST100A9 is also expressed by monocytes and other myeloid populations,
our findings support a neutrophil-associated pattern of SIO0A9 expression
but do not establish neutrophils as its exclusive or predominant cellular

source during HIRI.
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Apoptotic cell death is a well-recognized pathological component of HIRI
and contributes to parenchymal cell loss and subsequent inflammatory
amplification[39-41]. In the present study, HIRI was accompanied by
increased TUNEL positivity and elevated cleaved caspase-3 expression,
whereas S700a9 deficiency attenuated these apoptotic changes.
Consistently, recombinant SI00A9 further increased apoptosis in OGD/R-
stressed AML12 cells, with the most pronounced effect observed at the
highest concentration tested. Because S100A9 was administered during the
reoxygenation phase, these in vitro findings suggest that extracellular
SI00A9 may act as a secondary inflammatory stimulus that exacerbates
apoptotic injury in hepatocytes already primed by ischemia-reperfusion-
like stress. This interpretation is biologically plausible because reperfusion
i1s characterized by oxidative stress, innate immune activation, and
increased exposure of injured parenchymal cells to extracellular
inflammatory mediators[39,42]. However, the pathogenic contribution of
ST100A9 to HIRI is unlikely to be limited to apoptotic injury alone. Stressed
or dying hepatocytes can actively shape the local immune
microenvironment by releasing damage-associated signals and producing
cytokines and chemokines that influence immune-cell recruitment and
activation[43,44]. Thus, SI00A9-enhanced apoptotic injury may represent
one component of a broader inflammatory amplification process in which

extracellular ST00A9 not only aggravates hepatocellular injury but also
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alters the inflammatory phenotype of stressed hepatocytes.

Beyond direct hepatocellular injury, our data suggest that SI00A9 may
shift stressed hepatocytes toward a chemokine-producing phenotype that
favors macrophage recruitment. Although hepatocytes are traditionally
regarded as parenchymal targets of ischemia-reperfusion injury, increasing
evidence indicates that stressed hepatocytes can actively participate in
hepatic immune regulation by producing cytokines and chemokines that
shape the local inflammatory microenvironment [45,43,25,26]. In this
context, the bulk RNA-seq analysis was particularly informative because
it provided transcriptome-wide evidence that Cc/2 was among the most
prominent S100A9-responsive chemokine transcripts in OGD/R-stressed
hepatocytes. Importantly, Ccl2 was not selected solely as a predefined
candidate but emerged from an unbiased transcriptomic comparison as one
of the most strongly upregulated transcripts following recombinant
S100A9 treatment during reoxygenation. This finding is biologically
relevant because CCL2, also known as monocyte chemoattractant protein-
1, 1s a major ligand for CCR2 and plays a central role in the recruitment of
CCR2-expressing inflammatory monocytes and macrophage populations
into injured tissues, including the liver[43,46,47]. Thus, S100A9-
responsive Cc/2 induction provides a plausible chemokine-based link
through which injured hepatocytes may influence CCR2-associated

myeloid-cell recruitment. The biological relevance of this transcriptomic
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signal was further supported by RT-qPCR validation in AML12 cells and
by the reduced hepatic CCL2 expression observed in S700a9-deficient
mice after HIRI. Functionally, conditioned medium from S100A9-treated
OGD/R-stressed AMLI12 cells markedly enhanced RAW264.7
macrophage migration, whereas S700a9 deficiency reduced the hepatic
accumulation of CCR2*CD68* macrophage-like cells after HIRI. Previous
experimental studies have further shown that disruption of CCL2—CCR2
signaling or inhibition of CCR2-dependent inflammatory monocyte
recruitment attenuates HIRI [46,22]. Taken together, these findings support
the positioning of hepatocyte Ccl2/CCL2 responses downstream of
SI00A9 and suggest that S1I00A9 may amplify HIRI not only by
exacerbating hepatocellular injury but also by promoting a chemokine-
associated macrophage recruitment response. These findings extend
previous S100A9-HIRI studies by identifying injured hepatocytes as active
downstream responders to SI00A9 and as potential intermediates linking
early myeloid inflammatory signals to subsequent CCR2-associated
macrophage accumulation during HIRI.

The paired clinical serum data provide additional translational support for
the relevance of SIO0A9 to human liver injury associated with partial
hepatectomy. As an extracellular alarmin released during inflammatory
tissue injury, SIO0A9 has been investigated as a circulating marker of

inflammatory activity in several human diseases[36]. In chronic hepatitis
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B, circulating S100A09 levels have been reported to correlate with viral load
and histological necroinflammatory activity, suggesting that serum
S100A9 may reflect ongoing hepatic inflammatory injury[48]. Consistent
with its proinflammatory role, experimental studies have further shown
that genetic deficiency or pharmacological inhibition of ST00A9 attenuates
hepatic inflammation and tissue injury in models of sepsis-associated acute
liver injury and steatotic liver ischemia-reperfusion injury[18,20]. In the
present study, serum S100A9 concentrations were significantly higher after
partial hepatectomy than before surgery, paralleling the marked increase in
hepatic S100A9 observed in the experimental HIRI model. This
postoperative elevation suggests that SIO0A9 induction is not restricted to
experimental HIRI and may also accompany inflammatory liver injury
associated with hepatic surgery. However, because partial hepatectomy
elicits complex surgical and systemic inflammatory responses, these
clinical findings should be interpreted as supportive rather than as evidence
that circulating S100A9 specifically reflects human HIRI.

Several limitations should be acknowledged. First, although hepatic
ST100A9 signals were closely associated with Ly6G-positive and MPO-
positive infiltrating cells, the current data do not establish neutrophils as
the exclusive or predominant cellular source of S100A9 during HIRI.
Second, although recombinant S100A9 increased Cc/2 expression in

stressed hepatocytes, conditioned medium from S100A9-treated
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hepatocytes enhanced macrophage migration, and S700a9 deficiency
reduced hepatic CCL2 expression and CCR2*CD68* macrophage-like cell
accumulation, direct functional interruption of the CCL2—CCR2 axis was
not performed. CCL2 neutralization, CCR2 blockade, or hepatocyte-
specific Ccl2 manipulation will therefore be required to establish the causal
requirement of this pathway. Finally, the clinical analysis was limited to
paired perioperative serum S100A9 measurements in patients undergoing
partial hepatectomy. Larger and better-characterized clinical cohorts will
be needed to determine whether circulating S100A9 is associated with
hepatic ischemic burden, the severity of postoperative liver injury, or
clinical outcomes.

5. Conclusions

In summary, this study identifies SI00A9 as a functional inflammatory
mediator that contributes to experimental HIRI. Integrative multi-omics
analysis identified SI00A9 as a prominent HIRI-associated inflammatory
signal, whereas pharmacological neutralization and genetic deficiency
provided functional evidence supporting its pathogenic role in
inflammatory liver injury. Additional in vivo and in vitro findings implicate
S100A9 in HIRI-associated apoptotic injury. Furthermore, the coordinated
changes in S100A9-responsive hepatocyte Cc/2 expression, hepatic CCL2
abundance, macrophage migration, and hepatic CCR2'CD68*

macrophage-like cell accumulation support a potential S100A9—
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hepatocyte CCL2—-macrophage recruitment axis during HIRI. Although the
causal requirement of CCL2—CCR?2 signaling remains to be established,
these findings extend the current understanding of S100A9-mediated
inflammatory amplification and identify S100A9 as a candidate therapeutic
target for ischemia-reperfusion-associated liver injury.
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Figure titles and legends

Fig. 1. Establishment of the HIRI model and multi-omics profiling.
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Fig. 2. S100A9 upregulation is associated with neutrophil infiltration

during HIRI.
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(A) Representative immunofluorescence images showing S100A9
expression in liver sections from sham and HIRI mice. SI00A9 is shown
in green, and nuclei are counterstained with DAPI in blue. Original
magnifications, 100x and 200x%. Scale bars, 100 um for the 100x images
and 50 um for the 200x images. n = 5 mice per group. (B) Quantification
of S100A9-positive cells per high-power field. (C) RT-qPCR analysis of
hepatic S100a9 mRNA expression. (D) Western blot analysis of ST00A9
protein expression in liver tissues. (E) Quantification of SI00A9 protein
expression normalized to P-actin. (F) Representative double-
immunofluorescence images showing Ly6G and S100A9 staining in liver
sections from sham and HIRI mice. Ly6G is shown in green, SIO0A9 in
red, and nuclei are counterstained with DAPI in blue. Original
magnifications, 100x and 200x. Scale bars, 100 pm. n = 5 mice per group.
(G) Representative double-immunofluorescence images showing MPO
and S100A9 staining in liver sections from sham and HIRI mice. MPO is
shown in green, SI00A9 in red, and nuclei are counterstained with DAPI
in blue. Original magnifications, 100x and 200x%. Scale bars, 100 um. n =
5 mice per group. (H) Quantification of Ly6G-positive cells. (1)
Quantification of Ly6G*S100A9* double-positive cells. (J) Quantification
of MPO-positive cells. (K) Quantification of MPO*S100A9* double-
positive cells. Data are presented as mean + SEM. Statistical comparisons

were performed using unpaired Student’s t-test. *P < 0.05, **P < 0.01,
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1052  ***P<(.001.

1053  Fig. 3. S100A9 blockade attenuates HIRI.
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(A) Schematic illustration of anti-S100A9 neutralizing antibody
administration in the mouse HIRI model. C57BL/6 mice received anti-
S100A9 neutralizing antibody or control IgG before HIRI induction,
followed by serum and liver tissue collection after reperfusion. (B)
Representative H&E-stained liver sections from control IgG-treated and
anti-S100A9-treated HIRI mice at original magnifications of 100% and
200x%. Scale bars, 100 um for the 100x images and 50 pum for the 200x
images. n = 5 mice per group. (C) Quantification of Suzuki’s injury scores.
(D) Serum ALT levels. (E-H) RT-qPCR analysis of hepatic IL-1p, IL-6,
TNF-o and IL-10 mRNA expression. Data are presented as mean £ SEM.
Statistical comparisons were performed using unpaired Student’s ¢-test. *P
<0.05, #*P <0.01, ***P<0.001.

Fig. 4. S100A9 deficiency protects against HIRI.
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in liver sections from WT and S700a9 KO mice after HIRI. SI00A9 is
shown in green, and nuclei are counterstained with DAPI in blue. Original
magnifications, 100x and 200x%. Scale bars, 100 um for the 100x images
and 50 um for the 200x images. n = 5 mice per group. (B) Quantification
of S100A9-positive cells per high-power field. (C) RT-qPCR analysis of
hepatic S100a9 mRNA expression. (D) Western blot analysis of SI00A9
protein expression and densitometric quantification normalized to B-actin.
(E) Representative H&E-stained liver sections from WT and S§/00a9 KO
mice after HIRI. Original magnifications, 100x and 200x. Scale bars, 100
um for the 100x images and 50 um for the 200x images. n = 5 mice per
group. (F-G) Quantification of Suzuki’s injury scores and serum ALT
levels. (H) RT-qPCR analysis of hepatic IL-1p, IL-6, IL-10, and TNF-a
mRNA expression. Data in quantitative panels are presented as mean =+
SEM. Statistical comparisons were performed using unpaired Student’s #-
test. ns, not significant; P <0.05, P <0.01***P <0.001.

Fig. 5. S100A9 contributes to HIRI-associated apoptosis.
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(A) Representative TUNEL-stained liver sections from CTL and HIRI
mice. Original magnifications, 100x and 200%. Scale bars, 100 um for the
100x images and 50 pum for the 200x images. n = 5 mice per group. (B)
Quantification of apoptotic cell rates in liver tissues. (C) Western blot
analysis of cleaved caspase-3 and total caspase-3 expression in control and
HIRI liver tissues. (D) Densitometric quantification of cleaved caspase-3
protein expression normalized to total caspase-3. (E) Representative
TUNEL staining images of liver tissues from WT and S7/00a9 KO mice
after HIRI. Images are shown at 100x and 200x magnification. (F)
Quantification of apoptotic cell rates in WT and S700a9 KO mice after
HIRI. (G) Western blot analysis of cleaved caspase-3 and total caspase-3
expression in liver tissues from WT and S700a9 KO mice after HIRI. (H)
Densitometric quantification of cleaved caspase-3 protein expression
normalized to total caspase-3. (I) Representative Annexin V/PI flow
cytometry plots of OGD/R-treated AML12 cells treated with recombinant
S100A9 at 0, 1, 2, and 5 pg/mL during reoxygenation. (J) Quantification
of AMLI12 cell apoptosis rates. Data are presented as mean + SEM.
Statistical comparisons were performed using unpaired Student’s ¢-test for
two-group comparisons and one-way ANOVA for multiple-group
comparisons. ns, not significant; P < 0.05, P < 0.01. HIRI, hepatic
ischemia-reperfusion injury; KO, knockout; OGD/R, oxygen-glucose

deprivation/reoxygenation; PI, propidium i1odide; WT, wild-type. Scale
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1109  bars are indicated in the images.

1110  Fig. 6. S100A9 induces CCL2 expression in injured hepatocytes.
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treated AML12 cells and S100A9-treated OGD/R AMLI12 cells. AML12
cells were subjected to oxygen-glucose deprivation followed by
reoxygenation, during which recombinant S100A9 protein was
administered at 5 pg/mL. Ccl2 was highlighted as one of the most
prominently upregulated genes after SIO0A9 treatment. (B) Heatmap
showing the expression patterns of selected differentially expressed genes,
including chemokine-related genes, in control and S100A9-treated AML12
cells. C1-C3 indicate control samples, and S1-S3 indicate SI00A9-treated
samples. (C) RT-qPCR validation of Cc/2 mRNA expression in AML12
cells after SI00A9 treatment during reoxygenation. (D) Representative
immunofluorescence images showing hepatic CCL2 expression in
ischemia-reperfused liver tissues from WT and S100a9-deficient mice.
CCL2 is shown in green, and nuclei are counterstained with DAPI in blue.
Scale bars are indicated in the images. (E) Quantification of hepatic CCL2-
positive cells in WT and S100a9-deficient mice after HIRI. Data are
presented as mean + SEM. Statistical comparisons were performed using
unpaired Student’s t-test. *P < 0.05, **P < 0.01. OGD/R, oxygen-glucose
deprivation/reoxygenation; HIRI, hepatic ischemia-reperfusion injury;
HPF, high-power field.

Fig. 7. S100A9-stimulated hepatocytes enhance macrophage

migration and recruitment.
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(A) Representative images of RAW264.7 macrophage migration after
incubation with conditioned medium collected from OGD/R-treated
AML12 cells or S100A9-treated OGD/R AML12 cells. AML12 cells were
subjected to oxygen-glucose deprivation followed by reoxygenation,
during which recombinant S100A9 protein was administered at 5 pg/mL.
Images are shown at 100x and 200x magnification. (B) Quantification of
migrated RAW264.7 cells per field. (C) Representative
immunofluorescence images showing CCR2 and CD68 expression in
ischemia-reperfused liver tissues from WT and S100a9-deficient mice.
CD68 is shown in green, CCR2 in red, and nuclei are counterstained with
DAPI in blue. Images are shown at 100x and 200x magnification. (D)
Quantification of CCR2'CD68" cells per high-power field. Data are
presented as mean + SEM. Statistical comparisons were performed using
unpaired Student’s #-test. *P < 0.05, **P < 0.01. OGD/R, oxygen-glucose
deprivation/reoxygenation; CM, conditioned medium; rS100A9,
recombinant SI00A9; HIRI, hepatic ischemia-reperfusion injury; HPF,
high-power field. Scale bars are indicated in the images.

Fig. 8. Serum S100A9 levels are elevated in patients with HIRI after

partial hepatectomy.
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Serum S100A9 levels were measured in paired preoperative and
postoperative serum samples from 60 patients undergoing partial
hepatectomy. Compared with preoperative levels, serum SI100A9
concentrations were significantly increased after surgery. Data are
presented as mean + SEM. Statistical comparison was performed using

paired Student’s t-test. ****P < (0.0001.
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