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Abstract 25 

Hepatic ischemia-reperfusion injury (HIRI) is characterized by sterile 26 

inflammation and innate immune activation, yet the mechanisms linking 27 

early inflammatory signals to subsequent macrophage recruitment remain 28 

incompletely understood. Here, integrative transcriptomic and proteomic 29 

profiling identified S100 calcium-binding protein A9 (S100A9) as a 30 

prominent HIRI-associated inflammatory mediator. Pharmacological 31 

neutralization of S100A9 and genetic loss of S100a9 attenuated liver injury, 32 

proinflammatory cytokine expression, and apoptosis in a mouse model of 33 

70% partial warm HIRI. In AML12 cells subjected to oxygen-glucose 34 

deprivation/reoxygenation, recombinant S100A9 further increased 35 

apoptosis, and bulk RNA sequencing identified Ccl2, encoding C-C motif 36 

chemokine ligand 2 (CCL2), as a major S100A9-responsive transcript. 37 

Consistently, S100a9 deficiency reduced hepatic CCL2 expression and the 38 

hepatic accumulation of macrophage-like cells after HIRI, whereas 39 

conditioned medium from S100A9-treated injured AML12 cells enhanced 40 

RAW264.7 macrophage migration. Serum S100A9 concentrations were 41 

significantly higher after partial hepatectomy than before surgery in paired 42 

patient samples. Together, these findings identify S100A9 as a functional 43 

inflammatory mediator in HIRI and support a potential S100A9–44 
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hepatocyte CCL2–macrophage recruitment axis. S100A9 may therefore 45 

represent a therapeutic target for ischemia-reperfusion-associated liver 46 

injury. 47 

Keywords: Hepatic ischemia-reperfusion injury; S100A9; CCL2; sterile 48 

inflammation; hepatocytes; macrophage recruitment. 49 

1. Introduction 50 

Hepatic ischemia-reperfusion injury (HIRI) is a major complication of 51 

liver resection and transplantation and contributes to postoperative 52 

hepatocellular dysfunction, early allograft dysfunction, and graft failure[1-53 

4]. HIRI is initiated by metabolic and mitochondrial disturbances during 54 

ischemia and is markedly amplified upon reperfusion, when oxidative 55 

stress, hepatocellular injury, damage-associated molecular pattern release, 56 

and innate immune activation collectively drive sterile inflammation[5-8]. 57 

Although numerous inflammatory mediators have been implicated in this 58 

process, the molecular signals that couple injured parenchymal cells to 59 

infiltrating immune populations and sustain inflammatory amplification 60 

remain incompletely understood.  61 

Neutrophils and monocyte/macrophage populations are major innate 62 

immune effectors during HIRI. Neutrophils accumulate rapidly in the 63 

postischemic liver and promote tissue injury through the release of reactive 64 

oxygen species, granule proteases, neutrophil extracellular traps, and other 65 

inflammatory mediators[9-11]. Recruited monocytes and macrophage 66 
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populations further shape the hepatic inflammatory microenvironment and 67 

contribute to sustained tissue injury[12,13]. However, how early 68 

neutrophil-rich inflammatory responses are coupled to hepatocyte-derived 69 

chemokine signals and subsequent macrophage accumulation remains 70 

insufficiently defined. Identifying upstream mediators that connect these 71 

cellular responses may therefore provide new insight into the mechanisms 72 

underlying inflammatory amplification during HIRI. 73 

S100 calcium-binding protein A9 (S100A9), also known as myeloid-74 

related protein 14, is an EF-hand calcium-binding protein of the S100 75 

family and commonly associates with S100A8 to form the heterodimeric 76 

complex calprotectin[14]. S100A9 is highly enriched in neutrophils and 77 

monocytes and, after extracellular release, can function as an alarmin with 78 

damage-associated molecular pattern-like activity, activating pattern-79 

recognition receptor signaling and amplifying inflammatory responses[14-80 

16]. Experimental studies have implicated S100A9 in diabetes-associated 81 

nonalcoholic fatty liver disease and sepsis-associated acute liver injury, 82 

whereas elevated circulating S100A9 has been associated with disease 83 

severity and adverse outcomes in hepatitis B virus-related acute-on-chronic 84 

liver failure[17-19]. More directly relevant to hepatic ischemia-reperfusion 85 

injury, recent studies showed that S100a9 deficiency or knockdown 86 

attenuated inflammatory injury in steatotic liver ischemia-reperfusion 87 

models, with effects involving macrophage polarization and 88 
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inflammasome activation[20,21]. These findings establish S100A9 as an 89 

important inflammatory mediator in liver injury but have largely focused 90 

on immune cells as its downstream effectors. Whether extracellular 91 

S100A9 directly alters the inflammatory response of stressed hepatocytes 92 

and thereby contributes to subsequent immune-cell recruitment during 93 

non-steatotic HIRI remains insufficiently understood. 94 

C-C motif chemokine ligand 2 (CCL2), also known as monocyte 95 

chemoattractant protein-1, is a major chemokine involved in the 96 

mobilization and tissue recruitment of monocytes expressing C-C motif 97 

chemokine receptor 2 (CCR2) [22,23]. Recruited CCR2-expressing 98 

monocytes can subsequently differentiate into monocyte-derived 99 

macrophage populations within injured tissues. In experimental liver injury, 100 

CCL2–CCR2 signaling is an important regulator of inflammatory 101 

monocyte and monocyte-derived macrophage accumulation[24]. 102 

Consistent with this role, genetic disruption of Ccl2 or Ccr2 and 103 

pharmacological inhibition of CCR2 have been reported to reduce 104 

inflammatory monocyte recruitment and attenuate HIRI[22]. Importantly, 105 

hepatocytes are not merely passive targets of inflammatory injury. Under 106 

stress, they can acquire an immunoregulatory phenotype and produce 107 

cytokines and chemokines that influence the local immune 108 

microenvironment. Hepatocyte-derived CCL2 has been implicated in 109 

macrophage recruitment in experimental endotoxemia and 110 
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steatohepatitis[25,26]. These observations raise the possibility that 111 

extracellular inflammatory mediators generated during HIRI may enhance 112 

hepatocyte chemokine responses and thereby contribute to hepatocyte–113 

myeloid cell communication. 114 

In the present study, we investigated whether S100A9 functions as an 115 

upstream inflammatory mediator linking hepatocyte injury to chemokine 116 

responses and macrophage recruitment during HIRI. We first used 117 

integrative transcriptomic and proteomic profiling to identify HIRI-118 

associated inflammatory candidates and then evaluated the functional 119 

contribution of S100A9 using pharmacological neutralization and S100a9 120 

deficiency. Downstream responses of stressed hepatocytes to extracellular 121 

S100A9 were characterized using an oxygen-glucose 122 

deprivation/reoxygenation model and bulk RNA sequencing, followed by 123 

assessment of macrophage migration and hepatic macrophage-like cell 124 

accumulation. Paired perioperative serum samples from patients 125 

undergoing partial hepatectomy were additionally examined to assess the 126 

clinical relevance of S100A9 induction. This integrated approach was 127 

designed to define the pathogenic role of S100A9 in HIRI and to determine 128 

whether S100A9-responsive hepatocyte chemokine signaling is associated 129 

with macrophage recruitment during sterile hepatic inflammation. 130 

2. Methods 131 

2.1 Ethics approval 132 



 7 

The clinical study was approved by the Ethics Committee of the Third 133 

Xiangya Hospital of Central South University (Approval No. 22181). 134 

Written informed consent was obtained from all participants before sample 135 

collection. All procedures involving human participants were conducted in 136 

accordance with the ethical principles of the Declaration of Helsinki. 137 

The animal experimental protocol was approved by the Animal Ethics 138 

Committee of Central South University (Approval No. CSU-2024-0056). 139 

All animal procedures were conducted in accordance with the National 140 

Institutes of Health Guide for the Care and Use of Laboratory Animals and 141 

relevant institutional guidelines. 142 

2.2 Animals 143 

Eight-week-old male specific pathogen-free (SPF) C57BL/6 mice were 144 

used in this study. Global S100a9 knockout (KO) mice on a C57BL/6 145 

background were generated by Cyagen Biosciences Inc. through 146 

homologous recombination-mediated disruption of the S100a9 gene. Age- 147 

and sex-matched wild-type C57BL/6 mice were used as controls. All mice 148 

were housed under SPF conditions with free access to food and water and 149 

maintained on a 12-h light/dark cycle in a temperature- and humidity-150 

controlled environment at 18–21°C and 55 ± 5% relative humidity. Mice 151 

were allowed to acclimatize for 1 week before experimentation. 152 

2.3 Mouse model of 70% partial warm HIRI 153 

Mice were subjected to a 70% partial warm HIRI model as previously 154 
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described[27]. Briefly, mice were anesthetized by intraperitoneal injection 155 

of pentobarbital sodium at a dose of 50 mg/kg using a 0.6% solution. After 156 

a midline abdominal incision, an atraumatic microvascular clip was applied 157 

to occlude the portal venous and hepatic arterial inflow to the cephalad 158 

liver lobes, resulting in approximately 70% hepatic ischemia without 159 

mesenteric congestion. After 60 min of partial warm ischemia, the clip was 160 

removed to initiate hepatic reperfusion. Successful reperfusion was 161 

confirmed by restoration of the color of the ischemic liver lobes. Mice were 162 

euthanized 4 h after reperfusion, and serum and liver tissue samples were 163 

collected for subsequent analyses.  164 

Sham-operated mice underwent the same anesthesia, laparotomy, and 165 

hepatic hilar dissection without vascular occlusion. WT-HIRI and S100a9 166 

KO-HIRI mice underwent the same ischemia and reperfusion procedures. 167 

2.4 Pharmacological neutralization of S100A9 168 

An anti-S100A9 neutralizing antibody and the corresponding isotype 169 

control IgG were obtained from Beijing Protein Innovation (Beijing, 170 

China). With modifications to previously reported in vivo S100A9-171 

neutralization protocols[28,29], mice were randomly assigned to two 172 

groups: the control group (CTL), which received isotype control IgG, and 173 

the anti-S100A9 group, which received the anti-S100A9 neutralizing 174 

antibody. Antibodies were administered by retro-orbital intravenous 175 

injection, an established route for systemic administration in mice[30], at 176 
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a dose of 100 μg per mouse per injection every other day for 7 days. The 177 

final dose was administered 24 h before induction of HIRI. After 178 

completion of the antibody treatment regimen, mice in both groups were 179 

subjected to 60 min of partial warm hepatic ischemia followed by 4 h of 180 

reperfusion, as described above. Serum and liver tissue samples were 181 

subsequently collected for biochemical, histological, and molecular 182 

analyses. 183 

2.5 Measurement of serum alanine aminotransferase activity 184 

Serum alanine aminotransferase (ALT) activity was measured as an 185 

indicators of hepatocellular injury using a commercial assay kit (Cat. No. 186 

C009-2-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 187 

according to the manufacturer’s instructions.  188 

2.6 Hematoxylin and eosin (H&E) Staining 189 

Liver tissues were fixed in 10% neutral-buffered formalin at 4°C for 48 h, 190 

embedded in paraffin, and sectioned at a thickness of 4 μm. Paraffin-191 

embedded sections were deparaffinized in xylene and rehydrated through 192 

a graded ethanol series to deionized water. The sections were then stained 193 

with hematoxylin and eosin, dehydrated through a graded ethanol series, 194 

cleared in xylene, and mounted with Cytoseal mounting medium (Cat. No. 195 

8310; Thermo Scientific, USA). Histopathological changes were observed 196 

under a light microscope. 197 

2.7 Immunofluorescence staining 198 
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Paraffin-embedded liver sections were deparaffinized in xylene and 199 

rehydrated through a graded ethanol series to deionized water. After 200 

washing with phosphate-buffered saline (PBS), antigen retrieval was 201 

performed by heating the sections in 10 mM Tris-EDTA buffer (pH 9.0) at 202 

approximately 100°C for 20 min. After cooling to room temperature, the 203 

sections were washed with PBS and blocked for 60 min at room 204 

temperature using the blocking buffer provided in the Tyramide 205 

SuperBoost™ kit with Alexa Fluor™ 488 or Alexa Fluor™ 555 tyramide 206 

(Cat. No. B40932 or B40933; Invitrogen, USA). 207 

For immunofluorescence staining, sections were incubated overnight at 208 

4°C with the following primary antibodies diluted in 5% donkey serum 209 

containing 0.3% Triton X-100: anti-S100A9 (Cat. No. 26992-1-AP; 210 

Proteintech; 1:100), rat anti-Ly6G (Cat. No. 88876; Cell Signaling 211 

Technology; 1:100), anti-MPO (Cat. No. ab208670; Abcam; 1:100), anti-212 

CCL2 (Cat. No. 26161-1-AP; Proteintech; 1:100), anti-CCR2 (Cat. No. 213 

16153-1-AP; Proteintech; 1:200), and anti-CD68 (Cat. No. ab125212; 214 

Abcam; 1:100). After washing three times with PBS, sections were 215 

incubated with species-appropriate horseradish peroxidase-conjugated 216 

secondary antibodies for 60 min at room temperature. Specifically, Ly6G 217 

staining was detected using an HRP-conjugated anti-rat IgG secondary 218 

antibody, whereas the other primary antibodies were detected using 219 

species-appropriate HRP-conjugated secondary antibodies. Fluorescence 220 
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signals were then developed using Alexa Fluor™ 488 or Alexa Fluor™ 555 221 

tyramide working solution according to the manufacturer’s instructions. 222 

The reaction was stopped using the reaction stop reagent, and the sections 223 

were washed with PBS. 224 

For sequential double immunofluorescence staining, including 225 

S100A9/Ly6G, S100A9/MPO, and CD68/CCR2 staining, the first round 226 

of staining was completed as described above. The sections were then 227 

subjected to heat-mediated antibody stripping in citrate buffer (pH 6.0) 228 

before incubation with the second primary antibody overnight at 4°C. The 229 

second signal was developed using a different Alexa Fluor™ tyramide 230 

fluorophore. For S100A9/Ly6G co-staining, the rat anti-Ly6G primary 231 

antibody was detected using HRP-conjugated goat anti-rat IgG (H+L), 232 

preadsorbed (Cat. No. E-AB-1195), followed by signal development with 233 

Alexa Fluor™ 488 tyramide working solution according to the 234 

manufacturer’s instructions. Nuclei were counterstained with mounting 235 

medium containing 4′,6-diamidino-2-phenylindole (DAPI; Cat. No. S2110; 236 

Solarbio, Beijing, China). Fluorescence images were acquired using a 237 

fluorescence microscope.  238 

2.8 Image acquisition and quantification  239 

Fluorescence images were acquired using a Zeiss Axio Observer 240 

microscope under identical imaging settings within each staining 241 

experiment. For each section, at least five non-overlapping fields were 242 
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captured at 100× magnification. Image quantification was performed on 243 

the original fluorescence images using ZEN software (Zeiss, Germany). 244 

For single-marker staining, S100A9-positive and CCL2-positive cells were 245 

counted and expressed as the number of positive cells per high-power field. 246 

For double immunofluorescence staining, Ly6G⁺S100A9⁺, MPO⁺S100A9⁺, 247 

and CCR2⁺CD68⁺ cells were counted and expressed as the number of 248 

double-positive cells per high-power field (HPF). Representative images 249 

were exported for figure preparation, and brightness and contrast were 250 

adjusted uniformly when necessary without altering the original data 251 

interpretation. 252 

2.9 The integrative genomic analysis of transcriptome and proteome 253 

Transcriptome profiling 254 

Total RNA was extracted from fresh mice liver tissue by using the TRIzol 255 

reagent (Invitrogen, CA, USA) according to the manufacturer’s protocol. 256 

RNA purity and quantification were evaluated using the NanoDrop 2000 257 

spectrophotometer (Thermo Scientific, USA). RNA integrity was assessed 258 

using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 259 

CA, USA). Then the libraries were constructed using VAHTS Universal 260 

V6 RNA-seq Library Prep Kit according to the manufacturer’s instructions. 261 

The transcriptome sequencing and analysis were conducted by OE Biotech 262 

Co., Ltd. (Shanghai, China). 263 

Proteome profiling 264 
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Total protein was extracted from fresh mice liver tissue. The total protein 265 

concentrations were quantified by bicinchoninic acid assay. According to 266 

the measured protein concentration, we took the same quantity protein 267 

from each sample, and diluted different groups of samples to the same 268 

concentration and volume. The samples were labeled with iTRAQ labeling 269 

reagents (4381663, ABSCIEX) and then subjected to Liquid 270 

Chromatography and tandem MS analysis. Protein analysis and relative 271 

iTRAQ quantification services were undertaken by Oebiotech (Shanghai, 272 

China). 273 

The integrative genomic analysis of transcriptome and proteome 274 

All expressed genes with quantifiable proteins were matched, and the 275 

correlationship between genes and proteins were exhibited by quadrant 276 

diagram and venn diagram. Based on the differentially expressed genes 277 

(DEGs) and proteins (DEPs) expression data, pearson/spearman/kendall 278 

correlation coefficients were calculated by R, then histograms of the 279 

correlation coefficient distributions and cluster analysis heat map were 280 

drawn.  281 

2.10 Reverse transcription quantitative PCR(RT-qPCR) 282 

Total RNA was extracted from liver tissues or AML12 cells using an RNA 283 

extraction kit (Cat. No. AG21023; Accurate Biology, China) according to 284 

the manufacturer’s instructions. cDNA was synthesized from the extracted 285 

RNA using the Evo M-MLV RT Kit (Cat. No. AG11728; Accurate Biology, 286 
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China). RT-qPCR was performed using SYBR Green Master Mix (Cat. No. 287 

RK21203; ABclonal Technology, China) on a Roche LightCycler 480 II 288 

system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used 289 

as the internal reference gene. Relative mRNA expression levels were 290 

calculated using the 2^−ΔΔCt method. The primer sequences are listed in 291 

Supplementary Table S1. 292 

2.11 Western blot analysis 293 

Liver tissues were homogenized in radioimmunoprecipitation assay (RIPA) 294 

lysis buffer (Cat. No. MA0151; Meilunbio, Wuhan, China) supplemented 295 

with protease inhibitor cocktail, phosphatase inhibitor cocktail (Roche, 296 

Switzerland), and 1 mM phenylmethylsulfonyl fluoride (PMSF) using a 297 

MagNA Lyser homogenizer (Servicebio, Wuhan, China). All procedures 298 

were performed on ice or at 4°C. Tissue lysates were centrifuged, and the 299 

supernatants were collected for protein analysis. Protein concentrations 300 

were determined using a bicinchoninic acid (BCA) protein assay kit 301 

according to the manufacturer’s instructions. Equal amounts of protein 302 

were separated by sodium dodecyl sulfate-polyacrylamide gel 303 

electrophoresis and transferred onto polyvinylidene fluoride membranes 304 

(Millipore, CA, USA). After blocking with 5% bovine serum albumin for 305 

1 h at room temperature, the membranes were incubated with primary 306 

antibodies overnight at 4°C, followed by incubation with appropriate 307 

secondary antibodies for 1 h at room temperature. Protein bands were 308 
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visualized using an enhanced chemiluminescence kit (Biosharp, Anhui, 309 

China), and images were captured using the VisionWorks system (Analytik 310 

Jena AG, Germany).  311 

The following primary antibodies were used: anti-β-actin (Cat. No. 312 

R380624; ZEN BIO, China; 1:5000), anti-S100A9 (Cat. No. R25648; ZEN 313 

BIO, China; 1:1000), and anti-cleaved caspase-3 (Cat. No. 341034; ZEN 314 

BIO, China; 1:1000). 315 

2.12 AML12 cell culture and treatment 316 

Mouse hepatocyte AML12 cells were purchased from Procell Life Science 317 

& Technology Co., Ltd. (CL-0602; Wuhan, China). Cells were cultured in 318 

AML12 complete medium (CM-0602; Procell, Wuhan, China) at 37°C in 319 

a humidified atmosphere containing 5% CO₂. For experiments, AML12 320 

cells were seeded into 6-well plates and subjected to OGD/R treatment 321 

when they reached approximately 60–70% confluence. 322 

Recombinant S100A9 protein was obtained from Beijing Protein 323 

Innovation and dissolved in PBS to prepare a stock solution at 0.5 mg/mL. 324 

To establish an in vitro ischemia-reperfusion-like model, AML12 cells 325 

were subjected to oxygen-glucose deprivation/reoxygenation (OGD/R). 326 

Briefly, the culture medium was replaced with glucose-free DMEM/F12 327 

medium (PM150322; Procell, Wuhan, China) supplemented with 1% 328 

penicillin/streptomycin, and cells were placed in an anaerobic environment 329 

generated using an AnaeroPack system (C01; Mitsubishi Gas Chemical, 330 
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Japan) for 6 h to induce OGD. After OGD, cells were returned to normoxic 331 

culture conditions with complete medium for 6 h of reoxygenation. 332 

During the reoxygenation phase, AML12 cells were treated with 333 

recombinant S100A9 at final concentrations of 0, 1, 2, and 5 μg/mL. The 334 

dose-response experiment was used to evaluate the effect of recombinant 335 

S100A9 on OGD/R-induced AML12 cell apoptosis. For bulk RNA 336 

sequencing, RT-qPCR validation, and conditioned medium collection, 337 

recombinant S100A9 was used at 5 μg/mL during reoxygenation unless 338 

otherwise indicated. 339 

2.13 Flow cytometry analysis of apoptosis 340 

AML12 cells were harvested using EDTA-free trypsin and washed three 341 

times with cold PBS. The cells were resuspended in binding buffer and 342 

stained with 5 μL Annexin V conjugated to fluorescein isothiocyanate 343 

(Annexin V-FITC) and 10 μL propidium iodide (PI; Meilunbio, China) 344 

according to the manufacturer’s instructions. After incubation for 15 min 345 

at room temperature in the dark, the cells were analyzed using a BD 346 

FACSCanto II flow cytometer. The percentages of cells in each quadrant 347 

were quantified using FlowJo v10.4 software (Tree Star, Ashland, OR, 348 

USA). Total apoptotic cells were defined as the sum of early apoptotic cells 349 

(Annexin V⁺/PI⁻) and late apoptotic cells (Annexin V⁺/PI⁺). The apoptotic 350 

rate was expressed as the percentage of total apoptotic cells among all 351 

analyzed cells. 352 
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2.14 Terminal deoxynucleotidyl transferase-mediated dUTP nick-end 353 

labeling (TUNEL) staining 354 

TUNEL staining of paraffin-embedded liver sections was performed using 355 

the TransDetect In Situ Fluorescein TUNEL Apoptosis Detection Kit (Cat. 356 

No. FA301; TransGen Biotech, Beijing, China) according to the 357 

manufacturer’s instructions. Briefly, paraffin-embedded sections were 358 

deparaffinized in xylene and rehydrated through a graded ethanol series to 359 

deionized water, followed by washing with PBS. The sections were then 360 

incubated with the TUNEL reaction mixture for 1 h at 37°C in the dark. 361 

Nuclei were counterstained with Hoechst staining solution provided in the 362 

kit. Fluorescence images were acquired using a Zeiss Axio Observer 363 

microscope. The percentage of TUNEL-positive cells was calculated as the 364 

number of TUNEL-positive nuclei divided by the total number of Hoechst-365 

positive nuclei. 366 

2.15 Enzyme-linked immunosorbent assay (ELISA) 367 

Serum S100A9 levels in patients undergoing partial hepatectomy were 368 

measured using a commercially available human S100A9 ELISA kit (Cat. 369 

No. JL19159-96T; Jianglai Biotechnology, Shanghai, China) according to 370 

the manufacturer’s instructions. All serum samples were assayed in 371 

duplicate, and the mean value of duplicate measurements was used for 372 

subsequent analysis. 373 

2.16 Statistical analysis  374 
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Data are presented as mean ± standard error of the mean (SEM). Data 375 

distribution was assessed before statistical testing. For normally distributed 376 

data, comparisons between two independent groups were performed using 377 

an unpaired Student’s t-test, whereas paired preoperative and postoperative 378 

serum S100A9 levels were compared using a paired Student’s t-test. 379 

Comparisons among multiple groups were performed using one-way 380 

analysis of variance (ANOVA), followed by Tukey’s multiple comparisons 381 

test when appropriate. A two-sided P value < 0.05 was considered 382 

statistically significant. Statistical analyses were performed using 383 

GraphPad Prism software. 384 

3. Results 385 

3.1 Integrative transcriptomic and proteomic analysis identifies 386 

S100A9 as a candidate HIRI-associated inflammatory mediator 387 

Mice were subjected to 70% partial hepatic ischemia followed by 388 

reperfusion to establish a mouse model of HIRI. Compared with the sham 389 

group, mice in the HIRI group exhibited marked histopathological liver 390 

injury, characterized by hepatocyte swelling, sinusoidal congestion, and 391 

inflammatory cell infiltration on H&E-stained liver sections (Figure 1A). 392 

Consistently, Suzuki’s injury scores were significantly higher in the HIRI 393 

group than in the sham group (Figure 1B). Serum ALT levels were also 394 

significantly increased after HIRI (Figure 1C). In parallel, the expression 395 

levels of proinflammatory mediators, including IL-1β, IL-6, TNF-α and 396 
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iNOS were markedly elevated in the HIRI group compared with the sham 397 

group (Figure 1D). These findings confirmed the successful establishment 398 

of liver injury and inflammatory activation after HIRI. 399 

To explore the molecular alterations associated with HIRI, we next 400 

performed transcriptomic and proteomic profiling of liver tissues from the 401 

sham and HIRI groups. Integrative analysis of the transcriptome and 402 

proteome was then conducted to identify candidate molecules potentially 403 

involved in HIRI progression. A total of 1,479 differentially expressed 404 

genes (DEGs; P < 0.05 and |log2 fold change| ≥ 1.0) and 489 differentially 405 

expressed proteins (DEPs; P < 0.05 and |log2 fold change| ≥ 0.5) were 406 

identified between the sham and HIRI groups. Hierarchical clustering 407 

analysis showed distinct transcriptomic and proteomic expression patterns 408 

between the two groups (Figure 1E). Spearman correlation analysis further 409 

revealed a positive correlation between transcriptomic and proteomic 410 

changes, with 42.8% of matched mRNA-protein pairs showing concordant 411 

regulation (Figure 1F). The distribution of corresponding mRNA and 412 

protein changes was visualized using a scatterplot based on log2-413 

transformed expression ratios, in which red and green dots represented 414 

concordantly upregulated and downregulated mRNA-protein pairs, 415 

respectively (Figure 1G).  416 

Further integration of the transcriptomic and proteomic datasets identified 417 

54 molecules that were consistently upregulated at both the mRNA and 418 
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protein levels and 51 molecules that were consistently downregulated 419 

(Figure 1H). The top 10 concordantly upregulated mRNA-protein pairs are 420 

summarized in Supplementary Table S2. Among these candidates, 421 

S100a9/S100A9 showed the most prominent upregulation at both the 422 

transcript and protein levels, suggesting that S100A9 may represent a 423 

prominent HIRI-associated inflammatory candidate. 424 

3.2 HIRI-induced S100A9 upregulation is spatially associated with 425 

neutrophil infiltration 426 

To validate the multi-omics findings, we first examined S100A9 427 

expression in liver tissues after HIRI. Immunofluorescence staining 428 

showed that hepatic S100A9-positive cells were markedly increased in the 429 

HIRI group compared with the sham group (Figure 2A and 2B). 430 

Consistently, RT-qPCR analysis showed a significant increase in hepatic 431 

S100a9 mRNA expression after HIRI (Figure 2C). Western blotting further 432 

confirmed that S100A9 protein expression was markedly elevated in 433 

ischemia-reperfused liver tissues compared with sham liver tissues (Figure 434 

2D and 2E). These results confirmed robust S100A9 upregulation after 435 

HIRI at both the mRNA and protein levels. 436 

Given that S100A9 is a myeloid-enriched inflammatory mediator closely 437 

linked to neutrophil-associated inflammation, we next examined whether 438 

S100A9 upregulation occurred in parallel with neutrophil infiltration. 439 

Double immunofluorescence staining showed increased Ly6G-positive 440 
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cells in ischemia-reperfused liver tissues compared with sham tissues, 441 

indicating enhanced neutrophil infiltration after HIRI (Figure 2F and 2H). 442 

Notably, the number of Ly6G⁺S100A9⁺ double-positive cells was markedly 443 

increased after HIRI (Figure 2F and 2I). Similarly, MPO 444 

immunofluorescence staining showed increased MPO-positive cells after 445 

HIRI (Figure 2G and 2J), and MPO⁺S100A9⁺ double-positive cells were 446 

also significantly increased in ischemia-reperfused liver tissues (Figure 2G 447 

and 2K). These findings demonstrate a close spatial association between 448 

HIRI-induced S100A9 upregulation and neutrophil infiltration and suggest 449 

that infiltrating neutrophils may contribute to the increased hepatic 450 

S100A9 signal during HIRI. 451 

3.3 Pharmacological blockade of S100A9 attenuates liver injury and 452 

inflammatory responses during HIRI 453 

Having identified S100A9 as a neutrophil-associated candidate mediator 454 

upregulated after HIRI, we next investigated whether S100A9 functionally 455 

contributes to hepatic injury. To this end, an anti-S100A9 neutralizing 456 

antibody was administered in the mouse HIRI model, and the treatment 457 

scheme is shown in Figure 3A. Compared with isotype control IgG-treated 458 

HIRI mice, mice receiving the anti-S100A9 neutralizing antibody 459 

exhibited markedly alleviated hepatic histopathological injury, as reflected 460 

by reduced hepatocyte swelling, sinusoidal congestion, and inflammatory 461 

cell infiltration on H&E staining (Figure 3B). Consistently, histological 462 
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injury scores were significantly lower in the anti-S100A9-treated group 463 

than in the control IgG-treated group (Figure 3C). 464 

In parallel with the histological improvement, pharmacological blockade 465 

of S100A9 significantly reduced serum ALT levels after HIRI (Figure 3D), 466 

indicating attenuated hepatocellular injury. Moreover, anti-S100A9 467 

antibody treatment markedly decreased the levels of proinflammatory 468 

cytokines, including IL-1β, IL-6, and TNF-α, compared with control IgG 469 

treatment (Figure 3E–G). Conversely, the anti-inflammatory cytokine IL-470 

10 was significantly increased following S100A9 blockade (Figure 3H), 471 

suggesting a shift toward a less proinflammatory hepatic 472 

microenvironment. Collectively, these results demonstrate that 473 

pharmacological neutralization of S100A9 attenuates liver injury and 474 

dampens inflammatory responses during HIRI.  475 

3.4 Genetic deficiency of S100a9 protects against HIRI 476 

To further validate the pathogenic role of S100A9 in HIRI, we subjected 477 

S100a9-deficient mice and wild-type mice to the same 70% partial warm 478 

HIRI procedure and compared the severity of liver injury between the two 479 

groups[31]. WT and S100a9 KO mice were subjected to 60 min of partial 480 

hepatic ischemia followed by reperfusion. Immunofluorescence staining, 481 

Western blotting, and RT-qPCR confirmed that S100A9 protein and mRNA 482 

expression were markedly diminished in liver tissues from S100a9 KO 483 

mice compared with WT mice after HIRI (Figure 4A-D). We next 484 
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evaluated whether S100a9 deficiency affected the severity of HIRI. H&E 485 

staining showed that S100a9 KO mice exhibited markedly attenuated liver 486 

injury compared with WT mice after HIRI, as evidenced by reduced 487 

hepatocyte swelling, sinusoidal congestion, and inflammatory cell 488 

infiltration (Figure 4E). Consistently, Suzuki’s injury scores were 489 

significantly lower in the S100a9 KO group than in the WT group (Figure 490 

4F). Serum ALT levels were also significantly lower in S100a9 KO mice 491 

than in WT mice after HIRI (Figure 4G). In addition, the levels of 492 

proinflammatory cytokines were markedly reduced in S100a9 KO mice 493 

compared with WT mice (Figure 4H). Together with the neutralizing 494 

antibody experiments, these genetic data provide complementary evidence 495 

that S100A9 functionally contributes to liver injury and inflammatory 496 

responses during HIRI. 497 

3.5 S100A9 contributes to HIRI-associated apoptosis and aggravates 498 

OGD/R-induced AML12 cell apoptosis in vitro 499 

Apoptosis is an important pathological component of HIRI and contributes 500 

to parenchymal cell loss and subsequent inflammatory amplification[32]. 501 

We therefore examined whether S100A9 contributes to apoptosis during 502 

HIRI. 503 

TUNEL staining showed that apoptotic cells were markedly increased in 504 

liver tissues after HIRI (Figure 5A and 5B). Consistently, Western blot 505 

analysis showed elevated cleaved caspase-3 protein expression in the HIRI 506 



 24 

group compared with the sham group (Figure 5C and 5D), indicating 507 

enhanced apoptotic injury in ischemia-reperfused liver tissues. Notably, 508 

compared with WT mice, S100a9 KO mice exhibited reduced apoptosis 509 

after HIRI, as reflected by fewer TUNEL-positive cells and decreased 510 

cleaved caspase-3 expression (Figure 5E-H). These findings suggest that 511 

S100a9 deficiency attenuates HIRI-associated apoptosis in vivo. 512 

We next investigated whether S100A9 could aggravate hepatocyte 513 

apoptosis under ischemia-reperfusion-like conditions in vitro. AML12 514 

cells were first subjected to oxygen-glucose deprivation (OGD) and then 515 

treated with recombinant S100A9 protein at 0, 1, 2, and 5 μg/mL during 516 

the reoxygenation phase. Apoptosis was subsequently assessed by flow 517 

cytometry. Recombinant S100A9 tended to further increase OGD/R-518 

induced AML12 cell apoptosis in a concentration-related manner; however, 519 

a statistically significant increase was observed only at 5 μg/mL compared 520 

with the OGD/R group without S100A9 treatment, whereas 1 and 2 μg/mL 521 

did not reach statistical significance (Figure 5I and 5J). These in vitro 522 

findings suggest that extracellular S100A9 can aggravate hepatocyte 523 

apoptosis under OGD/R conditions, particularly at the highest 524 

concentration tested. 525 

3.6 S100A9 induces a chemokine-related transcriptional response and 526 

Ccl2 upregulation in injured hepatocytes 527 

To define the transcriptional response of injured hepatocytes to S100A9, 528 



 25 

AML12 cells were first subjected to oxygen-glucose deprivation and then 529 

treated with recombinant S100A9 protein at 5 μg/mL during the 530 

reoxygenation phase, followed by bulk RNA sequencing. Transcriptomic 531 

analysis identified a limited set of differentially expressed genes between 532 

OGD/R-treated AML12 cells and S100A9-treated OGD/R AML12 cells. 533 

Among these genes, Ccl2 was one of the most prominently upregulated 534 

transcripts after S100A9 stimulation (Figure 6A). Heatmap visualization 535 

further showed that several chemokine-related genes, including Ccl2, 536 

Cxcl1, and Cxcl2, were increased in S100A9-treated cells compared with 537 

control cells (Figure 6B). 538 

The RNA-seq finding was further validated by RT-qPCR, which confirmed 539 

significantly increased Ccl2 mRNA expression in AML12 cells following 540 

S100A9 treatment during reoxygenation (Figure 6C). Consistently, 541 

immunofluorescence staining of ischemia-reperfused liver tissues showed 542 

that S100a9-deficient mice had fewer hepatic CCL2-positive cells than WT 543 

mice after HIRI (Figure 6D and 6E), supporting the in vivo relevance of 544 

S100A9-associated CCL2 induction. Collectively, these findings indicate 545 

that S100A9 elicits a chemokine-related transcriptional response in 546 

OGD/R-stressed hepatocytes, with Ccl2 representing a prominent 547 

S100A9-responsive transcript. 548 

3.7 S100A9-stimulated hepatocytes enhance macrophage migration 549 

during HIRI 550 
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Given that S100A9 induced CCL2 expression in injured hepatocytes, we 551 

next examined whether S100A9-stimulated hepatocytes could promote 552 

macrophage recruitment. AML12 cells were first subjected to oxygen-553 

glucose deprivation and then treated with recombinant S100A9 protein at 554 

5 μg/mL during the reoxygenation phase. Conditioned medium was 555 

subsequently collected and applied to RAW264.7 macrophage Transwell 556 

migration assays. Compared with conditioned medium from OGD/R-557 

treated AML12 cells, conditioned medium from S100A9-treated OGD/R 558 

AML12 cells markedly enhanced RAW264.7 macrophage migration 559 

(Figure 7A and 7B), indicating that S100A9 treatment increases the 560 

macrophage-directed chemotactic activity of conditioned medium from 561 

OGD/R-stressed hepatocytes. 562 

To further evaluate whether S100A9 was associated with macrophage 563 

accumulation in vivo, we performed double immunofluorescence staining 564 

for CCR2 and CD68 in ischemia-reperfused liver tissues. Compared with 565 

WT mice, S100a9-deficient mice exhibited markedly reduced 566 

accumulation of CCR2⁺CD68⁺ macrophage-like cells after HIRI (Figure 567 

7C and 7D). Together with the observed hepatocyte Ccl2 response, these 568 

findings support an association between S100A9-responsive hepatocyte 569 

chemokine signaling and macrophage migration/accumulation during 570 

HIRI and are consistent with a potential involvement of CCL2–CCR2 571 

signaling. 572 
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3.8 Perioperative serum S100A9 levels increase in patients undergoing 573 

partial hepatectomy 574 

To explore the clinical relevance of S100A9 in liver surgery, we measured 575 

perioperative serum S100A9 levels in patients undergoing partial 576 

hepatectomy. A total of 60 patients were enrolled, and paired serum 577 

samples were collected before and after surgery for S100A9 detection. 578 

Compared with preoperative levels, serum S100A9 levels were 579 

significantly increased after partial hepatectomy (Figure 8). These findings 580 

are consistent with the experimental observation of S100A9 upregulation 581 

after HIRI and suggest that S100A9 may also be involved in human hepatic 582 

injury responses associated with liver surgery. 583 

4. Discussion 584 

In this study, integrative transcriptomic and proteomic profiling identified 585 

S100A9 as a prominent inflammatory mediator associated with HIRI, and 586 

its upregulation was further validated at both the transcript and protein 587 

levels. Hepatic S100A9 signals were spatially associated with Ly6G-588 

positive and MPO-positive infiltrating cells after HIRI. Functionally, both 589 

pharmacological neutralization of S100A9 and genetic loss of S100a9 590 

attenuated liver injury and inflammatory responses, supporting a 591 

pathogenic role for S100A9 in experimental HIRI. S100A9 also aggravated 592 

apoptosis in OGD/R-stressed AML12 cells and induced a chemokine-593 

related transcriptional response characterized by marked Ccl2 upregulation. 594 
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Consistent with these in vitro findings, S100a9 deficiency reduced hepatic 595 

CCL2 expression and the accumulation of CCR2⁺CD68⁺ macrophage-like 596 

cells after HIRI, whereas conditioned medium from S100A9-treated 597 

injured AML12 cells enhanced RAW264.7 macrophage migration. 598 

Furthermore, serum S100A9 concentrations increased significantly after 599 

partial hepatectomy in paired patient samples. Collectively, these findings 600 

support S100A9 as a functional inflammatory mediator in HIRI and 601 

suggest a potential link between S100A9-responsive hepatocyte CCL2 602 

expression and macrophage recruitment. 603 

An important strength of the present study is that S100A9 was prioritized 604 

through an integrative transcriptomic and proteomic strategy rather than 605 

selected solely on the basis of prior knowledge. Transcriptomic profiling 606 

captures broad gene-expression responses to HIRI, whereas proteomic 607 

profiling provides complementary information on changes at the protein 608 

level. Because mRNA abundance does not necessarily parallel protein 609 

abundance owing to post-transcriptional regulation, translational control, 610 

and protein turnover[33-35], the concordant upregulation of S100A9 at 611 

both levels strengthened its biological relevance as a HIRI-associated 612 

candidate. This multi-omics signal was subsequently confirmed by RT-613 

qPCR, immunoblotting, and immunofluorescence and was functionally 614 

supported by both anti-S100A9 neutralizing antibody treatment and 615 

S100a9 deficiency. Although previous studies have established S100A9 as 616 
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an important inflammatory mediator in liver injury and steatotic liver 617 

ischemia-reperfusion settings, our integrative analysis independently 618 

identified S100A9 as a prominent inflammatory signal in the present HIRI 619 

model. S100A9, either alone or as part of the S100A8/A9 complex, is 620 

widely recognized as a myeloid-enriched alarmin capable of amplifying 621 

sterile inflammation, promoting leukocyte recruitment, and stimulating 622 

cytokine production[36,18]. More directly related to liver I/R injury, recent 623 

studies have shown that S100A9 is increased in steatotic livers after I/R 624 

insult and that S100a9 deletion reduces liver inflammatory injury, 625 

monocyte/macrophage and neutrophil infiltration, proinflammatory 626 

mediator expression, and macrophage M1 polarization, potentially through 627 

TLR4/NF-κB signaling[20]. Another recent study linked S100A9–TLR2 628 

signaling to macrophage NLRP3 inflammasome activation in fatty liver 629 

ischemia-reperfusion injury[21]. Thus, the principal contribution of the 630 

present study is not simply the demonstration that S100A9 is increased 631 

during HIRI, but the integration of multi-omics discovery with 632 

pharmacological and genetic functional validation and, importantly, the 633 

identification of injured hepatocytes as downstream responders to S100A9. 634 

Our findings further suggest that S100A9-responsive hepatocyte CCL2 635 

expression may contribute to the subsequent macrophage recruitment 636 

response, thereby extending previous work on the proinflammatory role of 637 

S100A9 in hepatic ischemia-reperfusion injury. 638 
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S100A9 is highly enriched in neutrophils and monocytes and can be 639 

released extracellularly as an inflammatory alarmin during sterile injury 640 

[36,37]. This property is particularly relevant to HIRI, in which reperfusion 641 

rapidly triggers innate immune activation and leukocyte infiltration, with 642 

neutrophils acting as early effector cells that amplify hepatocellular injury 643 

through the release of reactive oxygen species, proteases, neutrophil 644 

extracellular traps, and other inflammatory mediators[9,10,38]. In the 645 

present study, hepatic S100A9 expression was markedly increased after 646 

HIRI, and S100A9 signals showed substantial spatial overlap with both 647 

Ly6G-positive and MPO-positive infiltrating cells. Ly6G is commonly 648 

used to identify infiltrating neutrophils in mouse tissues, whereas MPO is 649 

a neutrophil-enriched granule enzyme that provides complementary 650 

evidence of neutrophil-associated localization. The concordant increase 651 

and spatial overlap of S100A9 with both markers support a close 652 

association between HIRI-induced S100A9 upregulation and neutrophil 653 

infiltration. Beyond this spatial association, extracellular S100A9 may 654 

contribute to inflammatory amplification by acting on injured hepatocytes 655 

and enhancing downstream chemokine responses. Nevertheless, because 656 

S100A9 is also expressed by monocytes and other myeloid populations, 657 

our findings support a neutrophil-associated pattern of S100A9 expression 658 

but do not establish neutrophils as its exclusive or predominant cellular 659 

source during HIRI.  660 
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Apoptotic cell death is a well-recognized pathological component of HIRI 661 

and contributes to parenchymal cell loss and subsequent inflammatory 662 

amplification[39-41]. In the present study, HIRI was accompanied by 663 

increased TUNEL positivity and elevated cleaved caspase-3 expression, 664 

whereas S100a9 deficiency attenuated these apoptotic changes. 665 

Consistently, recombinant S100A9 further increased apoptosis in OGD/R-666 

stressed AML12 cells, with the most pronounced effect observed at the 667 

highest concentration tested. Because S100A9 was administered during the 668 

reoxygenation phase, these in vitro findings suggest that extracellular 669 

S100A9 may act as a secondary inflammatory stimulus that exacerbates 670 

apoptotic injury in hepatocytes already primed by ischemia-reperfusion-671 

like stress. This interpretation is biologically plausible because reperfusion 672 

is characterized by oxidative stress, innate immune activation, and 673 

increased exposure of injured parenchymal cells to extracellular 674 

inflammatory mediators[39,42]. However, the pathogenic contribution of 675 

S100A9 to HIRI is unlikely to be limited to apoptotic injury alone. Stressed 676 

or dying hepatocytes can actively shape the local immune 677 

microenvironment by releasing damage-associated signals and producing 678 

cytokines and chemokines that influence immune-cell recruitment and 679 

activation[43,44]. Thus, S100A9-enhanced apoptotic injury may represent 680 

one component of a broader inflammatory amplification process in which 681 

extracellular S100A9 not only aggravates hepatocellular injury but also 682 
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alters the inflammatory phenotype of stressed hepatocytes. 683 

Beyond direct hepatocellular injury, our data suggest that S100A9 may 684 

shift stressed hepatocytes toward a chemokine-producing phenotype that 685 

favors macrophage recruitment. Although hepatocytes are traditionally 686 

regarded as parenchymal targets of ischemia-reperfusion injury, increasing 687 

evidence indicates that stressed hepatocytes can actively participate in 688 

hepatic immune regulation by producing cytokines and chemokines that 689 

shape the local inflammatory microenvironment [45,43,25,26]. In this 690 

context, the bulk RNA-seq analysis was particularly informative because 691 

it provided transcriptome-wide evidence that Ccl2 was among the most 692 

prominent S100A9-responsive chemokine transcripts in OGD/R-stressed 693 

hepatocytes. Importantly, Ccl2 was not selected solely as a predefined 694 

candidate but emerged from an unbiased transcriptomic comparison as one 695 

of the most strongly upregulated transcripts following recombinant 696 

S100A9 treatment during reoxygenation. This finding is biologically 697 

relevant because CCL2, also known as monocyte chemoattractant protein-698 

1, is a major ligand for CCR2 and plays a central role in the recruitment of 699 

CCR2-expressing inflammatory monocytes and macrophage populations 700 

into injured tissues, including the liver[43,46,47]. Thus, S100A9-701 

responsive Ccl2 induction provides a plausible chemokine-based link 702 

through which injured hepatocytes may influence CCR2-associated 703 

myeloid-cell recruitment. The biological relevance of this transcriptomic 704 
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signal was further supported by RT-qPCR validation in AML12 cells and 705 

by the reduced hepatic CCL2 expression observed in S100a9-deficient 706 

mice after HIRI. Functionally, conditioned medium from S100A9-treated 707 

OGD/R-stressed AML12 cells markedly enhanced RAW264.7 708 

macrophage migration, whereas S100a9 deficiency reduced the hepatic 709 

accumulation of CCR2⁺CD68⁺ macrophage-like cells after HIRI. Previous 710 

experimental studies have further shown that disruption of CCL2–CCR2 711 

signaling or inhibition of CCR2-dependent inflammatory monocyte 712 

recruitment attenuates HIRI [46,22]. Taken together, these findings support 713 

the positioning of hepatocyte Ccl2/CCL2 responses downstream of 714 

S100A9 and suggest that S100A9 may amplify HIRI not only by 715 

exacerbating hepatocellular injury but also by promoting a chemokine-716 

associated macrophage recruitment response. These findings extend 717 

previous S100A9-HIRI studies by identifying injured hepatocytes as active 718 

downstream responders to S100A9 and as potential intermediates linking 719 

early myeloid inflammatory signals to subsequent CCR2-associated 720 

macrophage accumulation during HIRI. 721 

The paired clinical serum data provide additional translational support for 722 

the relevance of S100A9 to human liver injury associated with partial 723 

hepatectomy. As an extracellular alarmin released during inflammatory 724 

tissue injury, S100A9 has been investigated as a circulating marker of 725 

inflammatory activity in several human diseases[36]. In chronic hepatitis 726 
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B, circulating S100A9 levels have been reported to correlate with viral load 727 

and histological necroinflammatory activity, suggesting that serum 728 

S100A9 may reflect ongoing hepatic inflammatory injury[48]. Consistent 729 

with its proinflammatory role, experimental studies have further shown 730 

that genetic deficiency or pharmacological inhibition of S100A9 attenuates 731 

hepatic inflammation and tissue injury in models of sepsis-associated acute 732 

liver injury and steatotic liver ischemia-reperfusion injury[18,20]. In the 733 

present study, serum S100A9 concentrations were significantly higher after 734 

partial hepatectomy than before surgery, paralleling the marked increase in 735 

hepatic S100A9 observed in the experimental HIRI model. This 736 

postoperative elevation suggests that S100A9 induction is not restricted to 737 

experimental HIRI and may also accompany inflammatory liver injury 738 

associated with hepatic surgery. However, because partial hepatectomy 739 

elicits complex surgical and systemic inflammatory responses, these 740 

clinical findings should be interpreted as supportive rather than as evidence 741 

that circulating S100A9 specifically reflects human HIRI. 742 

Several limitations should be acknowledged. First, although hepatic 743 

S100A9 signals were closely associated with Ly6G-positive and MPO-744 

positive infiltrating cells, the current data do not establish neutrophils as 745 

the exclusive or predominant cellular source of S100A9 during HIRI. 746 

Second, although recombinant S100A9 increased Ccl2 expression in 747 

stressed hepatocytes, conditioned medium from S100A9-treated 748 
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hepatocytes enhanced macrophage migration, and S100a9 deficiency 749 

reduced hepatic CCL2 expression and CCR2⁺CD68⁺ macrophage-like cell 750 

accumulation, direct functional interruption of the CCL2–CCR2 axis was 751 

not performed. CCL2 neutralization, CCR2 blockade, or hepatocyte-752 

specific Ccl2 manipulation will therefore be required to establish the causal 753 

requirement of this pathway. Finally, the clinical analysis was limited to 754 

paired perioperative serum S100A9 measurements in patients undergoing 755 

partial hepatectomy. Larger and better-characterized clinical cohorts will 756 

be needed to determine whether circulating S100A9 is associated with 757 

hepatic ischemic burden, the severity of postoperative liver injury, or 758 

clinical outcomes. 759 

5. Conclusions 760 

In summary, this study identifies S100A9 as a functional inflammatory 761 

mediator that contributes to experimental HIRI. Integrative multi-omics 762 

analysis identified S100A9 as a prominent HIRI-associated inflammatory 763 

signal, whereas pharmacological neutralization and genetic deficiency 764 

provided functional evidence supporting its pathogenic role in 765 

inflammatory liver injury. Additional in vivo and in vitro findings implicate 766 

S100A9 in HIRI-associated apoptotic injury. Furthermore, the coordinated 767 

changes in S100A9-responsive hepatocyte Ccl2 expression, hepatic CCL2 768 

abundance, macrophage migration, and hepatic CCR2⁺CD68⁺ 769 

macrophage-like cell accumulation support a potential S100A9–770 
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hepatocyte CCL2–macrophage recruitment axis during HIRI. Although the 771 

causal requirement of CCL2–CCR2 signaling remains to be established, 772 

these findings extend the current understanding of S100A9-mediated 773 

inflammatory amplification and identify S100A9 as a candidate therapeutic 774 

target for ischemia-reperfusion-associated liver injury. 775 
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 Figure titles and legends 1007 

Fig . 1. Establishment of the HIRI model and multi-omics profiling.  1008 



 44 

 1009 

(A) Representative H&E-stained liver sections from sham and HIRI mice 1010 

at original magnifications of 100× and 200×. Scale bars, 100 μm for the 1011 

100× images and 50 μm for the 200× images. n = 5 mice per group. (B) 1012 
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Quantification of Suzuki’s injury scores. (C) Serum ALT levels in sham 1013 

and HIRI mice. (D) RT-qPCR analysis of hepatic IL-1β, IL-6, TNF-α, and 1014 

iNOS mRNA expression. (E) Heatmap showing differentially expressed 1015 

proteins and genes in liver tissues from sham and HIRI mice. (F) 1016 

Correlation distribution of matched mRNA-protein pairs between the 1017 

transcriptomic and proteomic datasets. (G) Scatterplot showing the 1018 

distribution of matched mRNA and protein expression changes based on 1019 

log2-transformed expression ratios. Concordantly upregulated and 1020 

downregulated mRNA-protein pairs are highlighted. (H) Venn diagrams 1021 

showing concordantly upregulated and downregulated molecules 1022 

identified by integrative transcriptomic and proteomic analysis. Data in 1023 

quantitative panels are presented as mean ± SEM. Statistical comparisons 1024 

were performed using unpaired Student’s t-test. *P < 0.05, **P < 0.01, 1025 

***P < 0.001.   1026 

Fig . 2. S100A9 upregulation is associated with neutrophil infiltration 1027 

during HIRI. 1028 
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(A) Representative immunofluorescence images showing S100A9 1030 

expression in liver sections from sham and HIRI mice. S100A9 is shown 1031 

in green, and nuclei are counterstained with DAPI in blue. Original 1032 

magnifications, 100× and 200×. Scale bars, 100 μm for the 100× images 1033 

and 50 μm for the 200× images. n = 5 mice per group. (B) Quantification 1034 

of S100A9-positive cells per high-power field. (C) RT-qPCR analysis of 1035 

hepatic S100a9 mRNA expression. (D) Western blot analysis of S100A9 1036 

protein expression in liver tissues. (E) Quantification of S100A9 protein 1037 

expression normalized to β-actin. (F) Representative double-1038 

immunofluorescence images showing Ly6G and S100A9 staining in liver 1039 

sections from sham and HIRI mice. Ly6G is shown in green, S100A9 in 1040 

red, and nuclei are counterstained with DAPI in blue. Original 1041 

magnifications, 100× and 200×. Scale bars, 100 μm. n = 5 mice per group. 1042 

(G) Representative double-immunofluorescence images showing MPO 1043 

and S100A9 staining in liver sections from sham and HIRI mice. MPO is 1044 

shown in green, S100A9 in red, and nuclei are counterstained with DAPI 1045 

in blue. Original magnifications, 100× and 200×. Scale bars, 100 μm. n = 1046 

5 mice per group. (H) Quantification of Ly6G-positive cells. (I) 1047 

Quantification of Ly6G⁺S100A9⁺ double-positive cells. (J) Quantification 1048 

of MPO-positive cells. (K) Quantification of MPO⁺S100A9⁺ double-1049 

positive cells. Data are presented as mean ± SEM. Statistical comparisons 1050 

were performed using unpaired Student’s t-test. *P < 0.05, **P < 0.01, 1051 
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***P < 0.001.  1052 

Fig . 3. S100A9 blockade attenuates HIRI. 1053 
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 50 

(A) Schematic illustration of anti-S100A9 neutralizing antibody 1055 

administration in the mouse HIRI model. C57BL/6 mice received anti-1056 

S100A9 neutralizing antibody or control IgG before HIRI induction, 1057 

followed by serum and liver tissue collection after reperfusion. (B) 1058 

Representative H&E-stained liver sections from control IgG-treated and 1059 

anti-S100A9-treated HIRI mice at original magnifications of 100× and 1060 

200×. Scale bars, 100 μm for the 100× images and 50 μm for the 200× 1061 

images. n = 5 mice per group. (C) Quantification of Suzuki’s injury scores. 1062 

(D) Serum ALT levels. (E–H) RT-qPCR analysis of hepatic IL-1β, IL-6, 1063 

TNF-α and IL-10 mRNA expression. Data are presented as mean ± SEM. 1064 

Statistical comparisons were performed using unpaired Student’s t-test. *P 1065 

< 0.05, **P < 0.01, ***P < 0.001.  1066 

Fig . 4. S100A9 deficiency protects against HIRI. 1067 



 51 

 1068 

(A) Representative immunofluorescence images showing S100A9 staining 1069 
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in liver sections from WT and S100a9 KO mice after HIRI. S100A9 is 1070 

shown in green, and nuclei are counterstained with DAPI in blue. Original 1071 

magnifications, 100× and 200×. Scale bars, 100 μm for the 100× images 1072 

and 50 μm for the 200× images. n = 5 mice per group. (B) Quantification 1073 

of S100A9-positive cells per high-power field. (C) RT-qPCR analysis of 1074 

hepatic S100a9 mRNA expression. (D) Western blot analysis of S100A9 1075 

protein expression and densitometric quantification normalized to β-actin. 1076 

(E) Representative H&E-stained liver sections from WT and S100a9 KO 1077 

mice after HIRI. Original magnifications, 100× and 200×. Scale bars, 100 1078 

μm for the 100× images and 50 μm for the 200× images. n = 5 mice per 1079 

group. (F-G) Quantification of Suzuki’s injury scores and serum ALT 1080 

levels. (H) RT-qPCR analysis of hepatic IL-1β, IL-6, IL-10, and TNF-α 1081 

mRNA expression. Data in quantitative panels are presented as mean ± 1082 

SEM. Statistical comparisons were performed using unpaired Student’s t-1083 

test. ns, not significant; P < 0.05, P < 0.01***P < 0.001. 1084 

Fig . 5. S100A9 contributes to HIRI-associated apoptosis. 1085 
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 54 

(A) Representative TUNEL-stained liver sections from CTL and HIRI 1087 

mice. Original magnifications, 100× and 200×. Scale bars, 100 μm for the 1088 

100× images and 50 μm for the 200× images. n = 5 mice per group. (B) 1089 

Quantification of apoptotic cell rates in liver tissues. (C) Western blot 1090 

analysis of cleaved caspase-3 and total caspase-3 expression in control and 1091 

HIRI liver tissues. (D) Densitometric quantification of cleaved caspase-3 1092 

protein expression normalized to total caspase-3. (E) Representative 1093 

TUNEL staining images of liver tissues from WT and S100a9 KO mice 1094 

after HIRI. Images are shown at 100× and 200× magnification. (F) 1095 

Quantification of apoptotic cell rates in WT and S100a9 KO mice after 1096 

HIRI. (G) Western blot analysis of cleaved caspase-3 and total caspase-3 1097 

expression in liver tissues from WT and S100a9 KO mice after HIRI. (H) 1098 

Densitometric quantification of cleaved caspase-3 protein expression 1099 

normalized to total caspase-3. (I) Representative Annexin V/PI flow 1100 

cytometry plots of OGD/R-treated AML12 cells treated with recombinant 1101 

S100A9 at 0, 1, 2, and 5 μg/mL during reoxygenation. (J) Quantification 1102 

of AML12 cell apoptosis rates. Data are presented as mean ± SEM. 1103 

Statistical comparisons were performed using unpaired Student’s t-test for 1104 

two-group comparisons and one-way ANOVA for multiple-group 1105 

comparisons. ns, not significant; P < 0.05, P < 0.01. HIRI, hepatic 1106 

ischemia-reperfusion injury; KO, knockout; OGD/R, oxygen-glucose 1107 

deprivation/reoxygenation; PI, propidium iodide; WT, wild-type. Scale 1108 
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bars are indicated in the images. 1109 

Fig . 6. S100A9 induces CCL2 expression in injured hepatocytes. 1110 

 1111 

(A) Volcano plot showing differentially expressed genes between OGD/R-1112 
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treated AML12 cells and S100A9-treated OGD/R AML12 cells. AML12 1113 

cells were subjected to oxygen-glucose deprivation followed by 1114 

reoxygenation, during which recombinant S100A9 protein was 1115 

administered at 5 μg/mL. Ccl2 was highlighted as one of the most 1116 

prominently upregulated genes after S100A9 treatment. (B) Heatmap 1117 

showing the expression patterns of selected differentially expressed genes, 1118 

including chemokine-related genes, in control and S100A9-treated AML12 1119 

cells. C1–C3 indicate control samples, and S1–S3 indicate S100A9-treated 1120 

samples. (C) RT-qPCR validation of Ccl2 mRNA expression in AML12 1121 

cells after S100A9 treatment during reoxygenation. (D) Representative 1122 

immunofluorescence images showing hepatic CCL2 expression in 1123 

ischemia-reperfused liver tissues from WT and S100a9-deficient mice. 1124 

CCL2 is shown in green, and nuclei are counterstained with DAPI in blue. 1125 

Scale bars are indicated in the images. (E) Quantification of hepatic CCL2-1126 

positive cells in WT and S100a9-deficient mice after HIRI. Data are 1127 

presented as mean ± SEM. Statistical comparisons were performed using 1128 

unpaired Student’s t-test. *P < 0.05, **P < 0.01. OGD/R, oxygen-glucose 1129 

deprivation/reoxygenation; HIRI, hepatic ischemia-reperfusion injury; 1130 

HPF, high-power field. 1131 

Fig . 7. S100A9-stimulated hepatocytes enhance macrophage 1132 

migration and recruitment. 1133 
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(A) Representative images of RAW264.7 macrophage migration after 1135 

incubation with conditioned medium collected from OGD/R-treated 1136 

AML12 cells or S100A9-treated OGD/R AML12 cells. AML12 cells were 1137 

subjected to oxygen-glucose deprivation followed by reoxygenation, 1138 

during which recombinant S100A9 protein was administered at 5 μg/mL. 1139 

Images are shown at 100× and 200× magnification. (B) Quantification of 1140 

migrated RAW264.7 cells per field. (C) Representative 1141 

immunofluorescence images showing CCR2 and CD68 expression in 1142 

ischemia-reperfused liver tissues from WT and S100a9-deficient mice. 1143 

CD68 is shown in green, CCR2 in red, and nuclei are counterstained with 1144 

DAPI in blue. Images are shown at 100× and 200× magnification. (D) 1145 

Quantification of CCR2⁺CD68⁺ cells per high-power field. Data are 1146 

presented as mean ± SEM. Statistical comparisons were performed using 1147 

unpaired Student’s t-test. *P < 0.05, **P < 0.01. OGD/R, oxygen-glucose 1148 

deprivation/reoxygenation; CM, conditioned medium; rS100A9, 1149 

recombinant S100A9; HIRI, hepatic ischemia-reperfusion injury; HPF, 1150 

high-power field. Scale bars are indicated in the images. 1151 

Fig . 8. Serum S100A9 levels are elevated in patients with HIRI after 1152 

partial hepatectomy. 1153 
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 1154 

Serum S100A9 levels were measured in paired preoperative and 1155 

postoperative serum samples from 60 patients undergoing partial 1156 

hepatectomy. Compared with preoperative levels, serum S100A9 1157 

concentrations were significantly increased after surgery. Data are 1158 

presented as mean ± SEM. Statistical comparison was performed using 1159 

paired Student’s t-test. ****P < 0.0001. 1160 
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