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Abstract 

 

Background: Myocardial ischemia-reperfusion (MI/R) injury is a significant clinical problem 

without effective therapy. Unbiased-omics approaches may reveal key MI/R mediators to initiate 

MI/R injury. 

Methods: We utilized a dynamic transcriptome analysis of mouse heart exposed to various MI/R 

periods to identify S100a8/a9 as an early mediator. Using loss/gain of function approaches to 

understand the role of S100a8/a9 in MI/R injury. We explored the mechanisms through 

transcriptome and functional experiment. Dynamic serum S100a8/a9 levels were measured in 

acute myocardial infarction (AMI) patients before and after percutaneous coronary intervention 

(PCI). Patients were prospectively followed for the occurrence of major adverse cardiovascular 

events (MACEs). 

Results: S100a8/a9 was identified as the most significantly upregulated gene during the early 

reperfusion stage. Knockout of S100a9 markedly decreased cardiomyocyte death and improved 

heart function, whereas hematopoietic overexpression of S100a9 exacerbated MI/R injury. 

Transcriptome/functional studies revealed that S100a8/a9 caused mitochondrial respiratory 

dysfunction in cardiomyocytes. Mechanistically, S100a8/a9 downregulated NDUFs gene 

expression with subsequent mitochondrial complex I inhibition via TLR4/Erk mediated 

PGC-1/NRF1 signaling suppression. Administration of S100a9 neutralizing antibody 

significantly reduced MI/R injury and improved cardiac function. Finally, we demonstrated that 

serum S100a8/a9 levels were significantly increased 1-day post-PCI in AMI patients, and 

elevated S100a8/a9 levels were associated with the incidence of MACEs. 

Conclusions: Our study identified S100a8/a9 as a master regulator causing cardiomyocyte death 

in the early stage of MI/R injury via suppression of mitochondrial function. Targeting 

S100a8/a9-intiated signaling may represent a novel therapeutic intervention against MI/R injury. 

Clinical Trial Registration: URL: http://clinicaltrials.gov Unique identifier: NCT03752515 
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Clinical Perspective  

 

What is new? 

• S100a8/a9 is identified as a key initiator for MI/R injury by multiple pathways, particularly 

downregulation of mitochondrial complex I activity. 

• Elevated serum S100a8/a9 levels post-PCI are independently associated with long-term 

major cardiovascular events in AMI patients. 

 

What are the clinical implications? 

• S100a8/a9 may be an important prognostic biomarker for major cardiovascular events in 

AMI patients. 

• Our study warrants therapeutic development of S100a8/a9 by neutralizing antibodies or 

specific inhibitors for MI/R injury. 
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Introduction  

Acute myocardial infarction (AMI) remains a leading cause of morbidity and mortality 

worldwide1. Although reperfusion is the most logical maneuver halting progression of evolving 

myocardial necrosis, evidence indicates that reperfusion by revascularization initiates a cascade 

of events that can accelerate and extend post-ischemic injury. Herein lies the concept of 

reperfusion injury, which accounts for up to 50% of post-infarction sequelae2. Although many 

interventions have been reported to reduce myocardial ischemia/reperfusion (MI/R) injury in 

animal models, none have proved clinically effective against MI/R injury 3-5. 

  MI/R injury is a complex process involving various purported mechanisms contributing 

to cardiac structural and functional injury. Mitochondrial dysfunction6, oxidative stress7 and 

inflammation8 have long been considered the most significant molecular mechanisms responsible 

for MI/R injury. However, the extremely complex temporal and spatial interactions between 

these deleterious mechanisms remain unclear. Interventions directed against mitochondrial 

dysfunction9, oxidant10 or inflammation11 alone have not proven to be clinically effective against 

MI/R injury. MI/R-initiated pathological alterations follow a complex dynamic pattern, with 

different pathological signaling likely activated at different periods of MI/R, causing aggregate 

cardiac injury by multiple mechanisms. Complete understanding of the pathologic mechanisms, 

can only be achieved by cataloging the full spectrum of molecular alterations during the entire 

MI/R course. 

  In the current study, we performed an unbiased systemic investigation, attempting to 
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identify key pathogenic factors that were unnoticed in previous studies utilizing 

hypothesis-driven approaches. Employing the dynamic transcriptome analysis, we identify 

S100a8/a9 as an early molecule with a critical role in MI/R injury. We provide the first direct 

evidence that S100a8/a9 (an inflammatory molecule) causes mitochondrial dysfunction via 

suppression of TLR4/Erk mediated PGC-1/NRF1 signaling, subsequent mitochondrial complex 

I inhibition. Additionally, we demonstrate that elevated S100a8/a9 levels post-percutaneous 

coronary intervention (PCI) predict the incidence of long-term major adverse cardiovascular 

events (MACEs) in patients with AMI. Our study reveals a novel link between the inflammatory 

molecular and mitochondrial dysfunction, and identifies S100a8/a9-initiated signaling as a 

potential therapeutic target against MI/R injury. 

 

Methods 

The data and analytical methods have been made available to any researchers for purposes of 

reproducing the results or replicating the procedure. The information regarding materials will be 

made available to any interested researchers upon request. 

Experimental animals 

Ubiquitous S100a9 knockout (KO) mice were generated by disputing the S100a9 gene via 

homologous recombination by Cyagen Biosciences Inc. (Guangdong, China) in a C57BL/6 

background. Genotyping primers for S100a9 knockout (KO) were as follows: forward, 5′

-AGATGGCCACAATGATTCGC-3′; and reverse, 5′-TCTCACCATCCTCCCAACTC-3′. 
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Bone-marrow-specific transgenic mice overexpressing S100a9 (S100a9 TG, stock no: 018055) 

and CXCR2 KO (stock no: 006848) mice were purchased from The Jackson Laboratory. S100a9 

KO, S100a9 TG and CXCR2 KO mice were fully backcrossed into a C57BL/6 background over 

10 generations. All mice were housed in polycarbonate cages under a 12:12-h light–dark 

photocycle, and they had access to water ad libitum throughout the study period. All animal 

experiments were performed in accordance with the Guide for the Care and Use of Laboratory 

Animals and approved by the Animal Subjects Committee of Beijing Anzhen Hospital, Capital 

Medical University. 

Statistical analysis 

Continuous variables are presented as mean±SEM and categorical variables are presented as 

number and percentage. Differences between two groups were evaluated using two-sample t-test, 

Mann–Whitney U test or Chi-square test. One-way ANOVA or Two-way ANOVA was 

conducted followed by Bonferroni post hoc test for comparisons among multiple groups. 

Differences at different time points were evaluated using Friedman test. Cox regression models 

were used to calculate the hazard ratios associated with outcomes by the S100a8/a9 levels. A p 

value <0.05 was considered statistically significant. Statistical analysis was performed using SPSS 

version 23.0 (IBM Corp.) and R version 3.3.3 (R Foundation for Statistical Computing, Vienna, 

Austria). 

  Detailed methodology for all protocols utilized in this study, including Myocardial 

ischemia–reperfusion (MI/R) in vivo and in vitro, Microarray and RNA sequencing et al., were 
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provided in Supplemental Methods. Study population and detailed statistical analytic methods 

were also provided in Supplemental Methods. Ethical approval for the human studies was 

obtained from the Institutional Review Boards of the Beijing Anzhen Hospital, and all patients 

provided informed consent. 

 

Results 

Integrative genomic analyses identify S100a8/a9 as a key mediator of MI/R injury 

To obtain comprehensive insight into the dynamic pathological alterations of MI/R, we first 

performed time-series transcriptomic analysis in hearts from mice before and after 30 minutes of 

ischemia followed by reperfusion (duration 1, 3, 6 and 12 hours; and 1, 3 and 7days, Figure 1A). 

903 total differentially expressed genes (DEGs) were identified in eight groups (p<0.05, FC≥ 2). 

Co-expression analysis grouped 486 co-expressed DEGs into six distinct clusters based upon 

temporal expression profiles similarity (Figure 1B). In each cluster, gene expression changed 

with time trend analysis. Functional analysis was performed. The six clusters represented 

mirror-images of six different temporal patterns in gene expression as follows (Figure 1C): genes 

expression immediately increased at 1-hour and gene function primarily negatively regulated 

mitochondrial release of cytochrome C (Cluster 1); gene expression briefly increased starting 

from 6-hour and declined, with gene function focused primarily upon the oxidation-reduction 

process (Cluster 2); gene expression continually increased with two peaks (12-hour and  day 3), 

with gene function primarily focused upon the pentose phosphate compound (Cluster 3) and 
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inflammatory response (Cluster 4); gene expression continually increased with a peak at 3 day 

co-expressed with gene function primarily focused upon cell cycle/DNA replication (Cluster 5); 

and gene expression continually increased with a peak at day 7, with gene function primarily 

focused upon collagen fibril organization (Cluster 6). A dynamic change accurately reflected 

pathological changes of MI/R injury. Of all 903 DEGs identified, the inflammatory response was 

the most significant enrichment function (Figure S1A). To determine how the core gene initiate 

I/R injury, we further analyzed changes in 91 inflammatory DEGs with a time series, in which 

S100a8/a9 expression rapidly increased, and the degree of change was maximum (Figure S1B). 

S100a8/a9 expression was confirmed by qRT-PCR and immunochemistry in hearts from mice 

after I/R. Induction of S100a8/a9 expression was sustained throughout the early stage of I/R (<24 

hours of R), with peak S100a8/a9 expression at 6-hour and expression returning to baseline at 

day 7 (Figures 1D, E). 

S100a8/a9 promotes experimental MI/R cardiac injury 

To gain insight into the function of elevated S100a8/a9 in MI/R injury, loss-of function and 

gain-of-function approaches were employed in the MI/R mouse model. Targeted deletion 

of S100a9 in S100a9 KO mice resulted in a loss of S100a8 and S100a9, probably owing to a 

greater turnover of isolated S100a8 in the absence of its binding partner S100a912. S100a9 TG 

mice that overexpressing S100a9 protein in hematopoietic cells were also investigated13. We 

demonstrate S100a8 protein levels are increased in the bone marrow of S100a9 TG mice 

compared to WT mice (Figure S2A). Wild-type (WT), S100a9 KO, or S100a9 TG mice were 
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subjected to 30 minutes MI followed by R. S100a9 TG mice exhibited significant increase of 

cardiac S100a9 expression compared to WT mice 1 day post-I/R, but S100a9 expression 

remained very low in the hearts of WT and S100a9 TG mice under normal condition (Figures 

S2B-D). We first evaluated the final myocardial infarction and heart function by magnetic 

resonance imaging (MRI) 1day post-I/R. Late gadolinium enhancement (LGE) depicted the 

extent of myocardial infarction. A typical gadolinium-induced bright signal was observed for the 

three groups subjected to I/R, indicating myocardial infarction was evident in these mice (Figure 

2A). No infarction was evident in sham-operated mice. LGE extent was significantly lower in 

S100a9 KO mice, but higher in S100a9 TG mice compared to WT mice (Figure 2B). In 

agreement with this finding, histologic examination demonstrated significantly decreased infarct 

size S100a9 KO mice (increased in S100a9 TG mice) compared to WT mice (Figures 2A, C). 

Cine MRI analyses demonstrated that cardiac contractile function, indicated by ejection fraction 

(EF), was improved in S100a9 KO mice, but exacerbated in S100a9 TG mice 1 day post-I/R 

(Figure 2D). Consistently, cardiomyocyte (CM) death, determined by TUNEL staining, was 

markedly reduced in S100a9 KO mice and increased in S100a9 TG mice compared to WT mice 

(Figures 2E, F). Long-term cardiac function and adverse cardiac remodeling (as indicated by 

cardiac fibrosis) were assessed in three groups of mice at day 28. Cardiac contractile dysfunction 

and myocardial fibrosis were abolished in S100a9 KO mice, but increased in S100a9TG mice 

(Figures 2G, H). Under the sham-operated conditions, there were no differences in heart 
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pathology and function among the three groups. Our results suggested S100a8/a9 is critical for 

I/R-induced myocardial death, the sequelae of adverse cardiac remodeling and heart failure. 

S100a8/a9 triggers cardiomyocyte death by impairing mitochondrial complex I activity 

During myocardial reperfusion, pathophysiological changes interact with each other to mediate 

CM death, contributing to lethal MI/R injury. To determine whether S100a8/a9 directly caused 

CM death, mouse neonatal cardiomyocytes (NCMs) or adult cardiomyocytes (ACMs) were 

stimulated by recombinant S100a8/a9 (rS100a8/a9) for 24 hours. rS100a8/a9 dose-dependently 

increased death of both NCMs and ACMs (Figures S3A-C). It is known that binding of 

S100a8/a9 to TLR4 or RAGE can activate diverse signaling cascades14. We found that 

siRNA-mediated TLR4 silencing (but not RAGE) blocked S100a8/a9-induced NCM apoptosis 

(Figure S3D). To understand how S100a8/a9 caused CM death, we performed a set of 

experiments to elucidate the underline mechanism, the design of the experiments was shown in 

Figure 3A. The global transcriptional regulations were examined in the heart from WT and 

S100a9 TG mice at day 1 post-I/R, and in the NCMs stimulated with vehicle or rS100a8/a9 

under H/R condition. 1037 and 659 DEGs were identified in the heart and NCMs, respectively 

(p<0.05, FC≥1.5, Figure S4A). Upregulated genes were mainly enriched in inflammation-related 

signaling (Figures S4B, C), consistent with the known pro-inflammatory role of S100a8/a915. 

Interestingly, we observed that the most significantly down-regulated pathway was 

mitochondrial oxidative stress, and a surprisingly large fraction of downregulated DEGs 

belonged to the mitochondria electron transport chain (ETC) complex I subunits of the heart 
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(Figure 3B). This observation was replicated in S100a8/a9-treated NCMs (Figure 3C and Figure 

S4D). Consistent with transcriptome data, we found that expression of ETC complex I genes 

(NDUFs) were increased in S100a9 KO mice, but decreased in S100a9 TG mice compared to 

WT mice 1 day post-I/R (Figure 3D). rS100a8/a9 stimulation inhibited NDUFs gene expression 

in NCMs (Figure 3E). To verify this observation, the protein expression and activity of 

mitochondrial ETC complexes was assessed. We observed an inhibition of ETC complex I in the 

cardiac mitochondria after I/R, and S100a9 overexpression further decreased ETC complex I 

expression. ETC complex I expression was increased in S100a9KO mice (Figure 3F). The 

activity of ETC complex I, but not complexes II and III, decreased in cardiac mitochondria in 

S100a9 TG mice, but increased in S100a9 KO mice, compare to WT mice at day 1 post-I/R 

(Figures 3G, H). There was no change in the mRNA (Figure S5A) or protein (Figure 3F) 

expression of NDUFs and complex I activity (Figure 3G) in sham-operated hearts from WT, 

S100a9KO, and S100a9TG mice. No differences of ATP synthase subunits among the three 

groups during MI/R were observed (Figure S5B). We next investigated the functional 

significance of impaired ETC complex I induced by S100a8/a9. It is known that ETC complex I 

inhibition causes defects in mitochondrial ATP bioenergetics and imbalances of NAD+/NADH, 

due to reduced electron flow and impaired oxidative phosphorylation (OXPHOS), a particularly 

problematic situation in the heart, which requires high energy for function16. Cardiac ATP 

biosynthesis and NAD+ production were decreased in S100a9 TG mice. The opposite tendency 

was observed in S100a9KO mice, compared to WT mice 1 day post-I/R. No significant 
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difference was observed in the sham group (Figures 3I, J). Similar to in vivo results, rS100a8/a9 

stimulation inhibited ATP production in NCMs (Figure 3K). Maintenance of the mitochondrial 

membrane potential (m) is vital for CM survival and attenuation of m induced injury to 

CMs17. rS100a8/a9 increased m loss in NCMs (Figures 3L, M). We next determined the 

effect of S100a8/a9 upon mitochondrial respiratory capacity by measuring the oxygen 

consumption rate (OCR, a strong indicator of mitochondrial function). rS100a8/a9 stimulation 

induced a dose-dependent reduction in maximal OCR in NCMs exposed to either normoxia or 

H/R environment (Figures 3 N-P). Similarly, decreased maximum OCR was observed in ACMs 

subjected to rS100a8/a9 stimuli (Figure S3E). Next, we tested whether restoration of complex I 

subunit rescued S100a8/a9-induced CM death. NDUFS7 mutation significantly disturbs complex I 

assembly and inhibits its activity18. Low dose rS100a8/a9 was sufficient to suppress NDUFS7 

expression. rS100a8/a9-induced mitochondria OCR suppression and CM death were both 

significantly attenuated in NDUFS7-overexpressed NCMs (Figures S5 C-F). The efficiency of 

siRNA knockdown or overexpression was evaluated by Western blot assay (Figure S6A-B). 

These findings indicate that S100a8/a9 inhibits NUDFs genes transcriptions, ETC complex I 

activity and OXPHOS capacity. 

S100a8/a9 inhibits NUDFs gene transactivation by suppressing PGC-1/NRF1 

We next investigated the underlying molecular mechanism responsible for the inhibitory effect 

of S100a8/a9 upon NUDFs genes transcription. The regulation of mitochondrial biogenesis by 

NRF1 has received marked attention19. A CHIP assay revealed NRF1 directly bound the 
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promoter of most NDUFs genes, an action inhibited by rS00a8/a9 administration in NCMs 

(Figure 4A). NRF1 knockdown decreased NDUFs gene expression in NCMs (Figure 4C). 

However, NRF1 levels remained unchanged after cardiac I/R (Figure 4B). It has been shown that 

PGC-1 coactivates multiple nuclear receptors, including NRF1, to control expression of genes 

essential for mitochondrial homeostasis20. The association between PGC-1 and mitochondrial 

function led to our hypothesis S100a8/a9 suppresses NDUFs gene transcription via PGC-1. 

Cardiac PGC-1 protein decreased after I/R (Figure 4C). Compared to WT mice 1 day post-I/R, 

cardiac PGC-1 protein levels were decreased in S100a9 TG mice, but increased in S100a9 KO 

mice (Figure 4D). rS100a8/a9 administration decreased PGC-1 protein levels in NCMs (Figure 

4E). Knockdown of either PGC-1 or NRF1 inhibited the maximal OCR in a normoxic 

environment (Figure 4F). 

  We further characterized the downstream signaling cascade responsible for 

S100a8/a9-mediated PGC-1 suppression. TLR4 silencing rescued the S100a8/a9-induced 

reduction in PGC-1 (Figure 4G). TLR4 signaling activates NF-B and members of the MAPK 

family. rS100a8/a9 administration activated Jnk, Erk and p65 signaling (Figure 4E). Employing 

a specific kinase inhibitor, Erk was identified as responsible for S100a8/a9-mediated PGC-1 

suppression (Figure 4H). We further assessed whether S100a8/a9 inhibited mitochondrial 

respiration dysfunction via TLR4-Erk signaling. Blockade of TLR4 or Erk signaling rescued the 

decreased mitochondrial OCR after S100a8/a9 administration (Figures 4I, J). Among these 

kinase inhibitors, only NF-B inhibitor (BMS-345541) slightly reduced cell viability (Figure S7). 
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Collectively, our findings demonstrated that S100a8/a9 suppresses PGC-1/NRF1 via TLR4-Erk 

signaling, which in turn leads to downregulation of NDUFs gene transcription (Figure 4K). 

S100a9 neutralizing antibody inhibits MI/R injury 

We next determined whether S100a8/a9 blockade may prevent MI/R injury. We previously 

constructed a S100a9 neutralizing antibody (nAb), with an effective neutralizing ability both in 

vitro and in vivo21. WT mice were treated with S100a9 nAb or control antibody before and after 

I/R (Figure 5A). In S100a9 nAb-treated mice, a significantly reduced infarct region was 

observed 1 day post-I/R, as shown by MRI and histological analyses, compared with control 

antibody-treated mice (Figures 5B–F). After continuous treatment of S100a9 nAb, 

echocardiography showed significantly increased cardiac function in S100a9 nAb-treated mice 

14 days post-I/R (Figure 5G). Myocardial fibrosis was decreased in S100a9 nAb-treated mice 

(Figure 5H). Moreover, S100a9 nAb treatment increased mitochondrial complex I activity and its 

cardiac expression post IR-1D (Figures 5I, J). 

CXCL1 recruits CXCR2 cells to produce S100a8/a9 

To gain full understanding of S100a8/a9 pathway in reperfusion injury, we next investigated the 

cellular sources of S100a8/a9 production during MI/R. Previous study revealed that Ly6G+ 

neutrophils were a dominant source of S100a8/a921, we found that Ly6G cells could be divided 

into two subsets of Ly6GhighCXCR2+ and Ly6GlowCCR2+ in blood from mice (Figure S8A). 

Similarly, CD66B+CXCR2+ cells were distinct from CD14+CCR2+ cells in blood from AMI 

patients (Figure S8B). We next interrogated the kinetics of CXCR2+ and CCR2+ cells infiltrating 
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the heart during MI/R. The numbers of infiltrating of CXCR2+ cells peaked 12 hours post-I/R, 

returning to baseline levels 7 days post-I/R (Figures 6A-B), consistent with the dynamic pattern 

of S100a8/a9 expression. In contrast, the number of infiltrating CCR2+ cells peaked 3 days 

post-I/R and remained elevated at 7 days post-IR (Figures 6A and C). We further performed gene 

transcriptome analysis of cardiac Ly6GhighCXCR2+ and Ly6GlowCCR2+ cells, sorted 1 day 

post-I/R. S100a8/a9 was among 10 highest expressed genes in CXCR2+ cells and their 

expression was higher compared to CCR2+ cells (Figure 6D). Results were confirmed by 

qRT-PCR (data not shown). The cellular source of S100a8/a9 was confirmed by the finding that 

cardiac S100a8/a9 expression dramatically decreased in CXCR2 KO mice 1 day post-I/R 

(Figures 6E, F). To investigate infiltration of CXCR2 cells during MI/R, we mined the cardiac 

transcriptome data of 1 hour post-IR, and found that expression of CXCL1, a specific chemokine 

for CXCR2, was among the top 10 up-regulated genes (Figure 6G). qRT-PCR assay showed that 

cardiac CXCL1 expression rose significantly 1 hour post-I/R, with peak CXCL1 expression at 

3-hour (Figure 6H). 

Elevated serum S100a8/a9 associated with major cardiovascular events in AMI patients 

To examine the clinical relevance of elevated S100a8/a9 with MI/R injury, we evaluated the 

dynamic change of serum S100a8/a9 levels and its predictive value for major cardiovascular 

events (MACEs) in AMI patients after PCI procedure. We enrolled 210 patients with ST 

elevation myocardial infarction (STEMI) with symptom onset within 12 hours of presentation 

receiving PCI within 24 hours. Sequential serum samples at admission (day 0) and 1, 2, 3 and 4 
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days after PCI were collected (Figure 7A). Serum S100a8/a9 levels at admission were 

significantly increased in AMI patients compared to healthy controls (Figure 7B). The blood 

profile demonstrated significant changes in serum S100a8/a9 levels (Friedman test, p<0.0001) and 

in circulating CXCR2 cells (Friedman test, p<0.0001), but not in CCR2 cells (Friedman test, 

p=0.090). The serum S100a8/a9 levels and CXCR2+ cells 1 day post-PCI were significantly 

greater than other points (Figures 7 B-D). The numbers of circulating CXCR2+CD66+ cells 

positively correlated with serum S100a8/a9 levels (r=0.402, p<0.001) (Figures 7E, F). This 

finding is consistent with the dynamic upregulation of cardiac S100a8/a9 observed in the 

experimental MI/R model. 

  Next, we investigated the association of serum S100a8/a9 levels with MACEs (which 

included cardiogenic shock [CS], HF/re-hospitalization and cardiovascular mortality) in 210 

patients (Figure 7A). The detailed baseline characteristics of patients were listed (Table S1). We 

observed similar baseline S100a8/a9 levels before PCI, but increased S100a8/a9 levels in 

patients with MACEs compared to those without MACEs 1-2 days post-PCI (of note, 1 day 

post-PCI saw 1.45-fold rise, Figure 7G). Hazard ratios (HRs) for the long-term outcomes are 

shown in Figure 7H when serum S100a8/a9 levels at different time points were analyzed as a 

continuous variable (per standard deviation increase). We determined that day 1 S100a8/a9 had 

the most significant and increased risk of MACEs (HR=2.07, 95%CI 1.32-3.24, p=0.002). After 

adjustment for the thrombolysis in myocardial infarction (TIMI) risk score, the day 1 level of 

S100a8/a9 remained independently related to MACE risk (HR=2.04, 95%CI 1.15-3.62, p=0.015). 
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Receiver-operating curve analysis revealed the optimum cutoff for day 1 S100a8/9 to be 4540 

ng/ml (area under curve: 0.70, 95% CI 0.58–0.81, p=0.002). Importantly, patients with high 

S100a8/a9 levels 1 day post-PCI (4540ng/ml) were more likely to experience MACEs during 

long-term follow-up (23% vs 6%, Figure 7I). Thus, elevated S100a8/a9 levels 1 day post-PCI are 

associated with worse outcome in AMI patients. 

 

Discussion 

This study employs an unbiased transcriptome analysis to track the dynamic progression of MI/R 

injury. Our novel findings include: (1) Integrative transcriptome analyses indicate that S100a8/a9 

is an early molecule with critical function to initiate MI/R injury. (2) S100a8/a9 triggers 

mitochondrial dysfunction and induces CM death (Figure 7J). (3) Elevated serum S100a8/a9 

levels post-PCI are independently associated with long-term MACEs in AMI patients. 

S100a8/a9: an early master regulator for MI/R injury 

Currently, there is no effective strategy to prevent MI/R injury, indicating a need to understand 

the pathological cascades triggered by MI/R. It would be ideally to identify the initial regulator 

and clarify its function in MI/R injury. Transcriptomic analysis reveal a kinetic change with time, 

from early mitochondrial stress (resistance of cytochrome C release and oxidation-reduction 

process) to the later repairing (DNA replication and collagen fibril organization). The most 

remarkable change is inflammatory responses which throughout the whole MI/R process. The 

most significant upregulation of the inflammatory molecular is S100a8/a9 and its elevation 
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occurs at the very early stage. Different from previous studies, we focus on the earliest change, 

which might act as a key initiator for MI/R injury. 

  S100a8/a9 belongs to the calcium-binding S100 protein family, and has gained a lot of 

interest as a critical alarmin modulating the inflammatory response after its release22. Previous 

basic and clinical studies have suggested a potential link between S100a8/a9 and MI. S100a8/a9 

complex expression is increased in the infarcted myocardium and the blood of the AMI patients23. 

Moreover, it has been reported that elevated serum S100A8/A9 during AMI is not of 

cardiomyocyte origin24. Finally, Volz et al. demonstrated that S100a8/a9 aggravates post-MI heart 

failure by promoting NF-b-dependent expression of pro-inflammatory cytokines25. However, the 

direct effect of S100a8/a9 upon CMs and its underlying mechanisms have never been previously 

investigated. To obtain the most reliable evidence of S100a8/a9 pertaining to MI/R injury, we 

use the three separate approaches. We demonstrate that hematopoietic S100a9 overexpression 

promotes MI/R injury, whereas genetic loss of S100a9 and pharmacologically blockade of 

S100a9 protect mice from MI/R injury. S100a9 KO mice are depleted S100a813, S100a9 TG 

mice also have increased S100a8. S100a8 protein stability is highly dependent upon the presence 

of its binding partner S100a9, as deletion of S100A9 results in a coordinate loss of S100a8 protein 

due to its degradation26. S100a9 interacts with its target receptor RAGE, in turn potentially leading 

to further enhancement of S100a8 and S100a9 production, creating a positive feedback loop of 

inflammation27. Moreover, despite homodimers S100A8 and S100A9 exhibiting 

pro-inflammatory and cytokine-inducing activities, the S100a8/a9 heterodimeric complex is the 
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predominant form, and is the most stable oligomer28. Thus, S100a8/a9 complex appears to be 

required for enhanced damage following MI/R. 

  We provided the first evidences that S100a8/a9 directly promotes post-I/R CM death via 

a novel intracellular mechanism, involving mitochondrial complex I dysfunction. Previous 

studies have demonstrated decreased cardiac complex I activity during I/R29 or heart failure30. 

Hardy et al suggested that mitochondrial Ca2+ uptake on reoxygenation might decrease 

complex I activity by unknown mechanisms31. Paradies G et al revealed that loss of mitochondrial 

cardiolipin affected mitochondrial complex I activity in the heart during I/R29. Exogenous 

cardiolipin supplementation restored ROS-induced loss of complex I activity32. Importantly, our 

study demonstrates a novel finding, namely that S100a8/a9 inhibits ETC complex I gene 

transcription and activity. Thus, a combination of previously reported and our current work 

provide an explanation for the mechanisms responsible for a decrease in mitochondrial complex 

I activity during I/R. Complex I is the largest complex in the mitochondrial respiratory chain. 

Complex I dysfunction is frequently associated with metabolic defects, such as impairment of 

OXPHOS33. Complex I and subsequent impairment of mitochondrial respiration lead to 

activation of mitochondrial apoptotic machinery by multiple signals, such as triggering release of 

the apoptotic molecule cytochrome C34 and stimulating mitochondrial oxidative stress35. 

Complex I deficiency causes a metabolic shift from fatty acids oxidation to hepatic glycolysis, 

accumulating fatty acids and lactate, with consequent inflammation36. In contrast, reversing 

complex I dysfunction improves cardiac function after I/R37. Our study provides a novel insight 
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into the mechanistic role of S100a8/a9 in MI/R injury. S100a8/a9 acts as a critical rheostat of 

ETC complex I, which ultimately lowers oxygen respiration and ATP synthesis, all of which 

contribute to CM death. Additionally, the reason for the lack of changes of complex I in S100a9 

TG mice without I/R is that S100a9 was only overexpressed in hematopoietic cells in S100a9 TG 

mice13. We have demonstrated that the infiltrated CXCR2+ cells were the dominant source of 

S100a8/a9 in the heart post-I/R. In the non-ischemic heart, the abundance of CXCR2 cells was 

extremely low. As such, S100a8/a9 levels remain very low and mitochondrial dysfunction was 

not observed in S100a9 TG mice without I/R. 

  Next, we illustrate that PGC-1/NRF1 might be a central determinant in CMs for 

downregulation of NDUFs genes transcription in response to S100a8/a9. NRF1 binds directly to 

most NDUFs gene promoter regions. Additionally, S100a8/a9 administration decreases 

NRF1-mediated binding. PGC-1 binds to and coactivates NRF1 transcriptional function38. 

Disruption of PGC-1 causes mitochondrial dysfunction and heart failure39. We demonstrate that 

cardiac PGC-1 expression is decreased in MI/R, consistent with a previous observation in 

diabetic MI/R40. However, the regulatory mechanisms governing PGC-1 during MI/R have not 

been defined. Emerging evidence suggests that inflammatory signaling might augment or 

suppress the expression or activity of PGC-1 coactivators41. We prove that S100a8/a9 promotes 

CM death and mitochondrial dysfunction by TLR4, not RAGE. Consistent with our findings, 

TLR4 is known to mediate the mitochondrial biogenesis via PGC-1 coactivators downregulation 

in endotoxin-induced cardiac injury42. We further demonstrate that S100a8/a9 inhibits the 
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PGC-1 expression through a TLR4-Erk-dependent mechanism. Binding of S100a8/a9 to TLR4 

activates the Erk signaling pathway. Pharmacological inhibition of Erk reverses a reduction in 

PGC-1 expression and its downstream regulators (NRF1) in the hippocampus43. Therefore, 

S100a8/9 reprograms ETC complex I biogenesis by repressing PGC-1/NRF1 during MI/R 

injury. MI/R injury is a complex process involving multiple mechanisms. In addition to 

mitochondrial dysfunction, other pathways may also contribute to S100a8/a9-induced MI/R 

injury. We find that S100a8/a9 aggravates the inflammatory response by stimulating leukocyte 

recruitment and inducing cytokine secretion upon MI/R injury (Figures S9A-C). Except for ETC 

complex I deactivation causing deleterious ROS production, we find that S100a8/a9 directly 

promotes ROS regeneration in CMs via NOX2/4 signaling, but not by TRAF6 (Figures S9D-F). 

Taken together, our current study demonstrates that S100a8/a9 promotes MI/R injury in a 

multifaceted pathological process, involving mitochondrial dysfunction, oxidative stress, and 

inflammation. 

S100a8/a9: a novel prognostic biomarker 

Notably, we demonstrate that S100a8/a9 is not only a master physiological player in MI/R injury 

development, but is also an important prognostic biomarker. S100a8/a9 is expressed at the site of 

coronary occlusion by invading monocytes and granulocytes in patients with acute coronary 

syndrome (ACS)44. Currently, we demonstrate the dynamic changes in serum S100a8/a9 levels 

in AMI patients before and after PCI. S100a8/a9 level is peaked 1 day post-PCI. Previous studies 

have emphasized the importance of increased plasma S100a8/a9 concentration in predicting the 
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risk of future cardiovascular events, such as ACS44, in healthy population. In our prospective 

cohort study, we demonstrate that elevated S100a8/a9 levels post-PCI are prognostic for 

long-term MACEs (even after adjustment for TIMI risk score). This marked association of 

S100a8/a9 levels with poor outcomes may reflect a direct association between the 

pathophysiological actions of S100a8/a9 and MI/R injury. Increased S100a8/a9 levels reflect 

exacerbated myocardial death, oxidative stress and inflammatory response. These factors have 

detrimental effects upon the myocardium by promoting a larger infarct size and attenuating heart 

function. The persistent association between S100a8/a9 and an adverse prognosis in our study 

gives clinical evidence of possible utility of S100a8/a9 as a prognostic biomarker or therapeutic 

modality. 

S100a8/a9: a promising therapeutic target 

Pharmacological treatment of MI/R remains a challenge to overcome. An emerging concept in 

the MI/R field has been development of a multi-targeted strategy to reduce the myocardial 

infarction size45. S100a8/a9 blockade therapy affects multiple targets, as it: 1) influences various 

CM intracellular signaling pathways (including mitochondrial dysfunction, oxidative stress and 

inflammation); and 2) on a macroscopic level, targets different cellular components within the 

heart, such as CMs and inflammatory cells. In our study, S100a8/a9 nAb treatment reduces MI/R 

injury and improves heart function. It should be noticed that in order to achieve the maximal 

benefits of S100a8/a9 blockade, the first dose of S100a8/a9 nAb was administered 1 hour before 

I/R. We fully recognize that it is generally impossible to pretreat patients with MI. However, we 
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believe that our finding that S100a8/a9 nAb treatment significantly protects hearts against MI/R 

injury is scientifically and clinically significant for the following reasons. First, this is a 

prove-concept experiment demonstrating the critical role of S100a8/a9 in MI/R injury. Second, 

this result promotes the development of small molecules inhibitors targeting S100a8/a9-TLR4 

signal with a faster pharmacokinetic than that of an S100a8/a9 nAb. A group of drugs 

(quinoline-3-carboxamides) have been demonstrated to block the specific interaction between 

S100a8/a9 with TLR446. In clinical trials, Laquinimod (an oral quinoline-3-carboxamide) 

effectively treats multiple sclerosis47 or Crohn’s disease48. Finally, and most importantly, our 

clinical study demonstrates that elevated S100a8/a9 levels post-PCI are associated with increased 

MACEs risk. Strong protective effects of S100a8/a9 nAb against MI/R injury suggests that those 

patients with high serum S100a8/a9 post-PCI may represent a distinct group who will benefit 

S100a8/a9 nAb or inhibitors treatment even when it is given after reperfusion. 

Conclusion  

Taken together, our results identify S100a8/a9 as an early critical molecule causing 

cardiomyocyte death in the ischemic/reperfused heart. S100a8/a9, which is involved in multiple 

I/R-induced stress responses, particularly suppresses mitochondrial function. Our findings 

suggest that elevated S100a8/a9 levels post-PCI are associated with poor outcomes in AMI 

patients. We provide insight into a novel therapeutic target and a useful prognostic biomarker for 

MI/R injury. 
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Figure Legends 

 

Figure 1. S100a8/a9 is dynamically regulated during MI/R injury. A. Schematic diagram of 

the strategy for serial transcriptomes. The mice were subjected to myocardial infarction (MI), 

followed by different reperfusion (R) period lengths. RNA was collected before MI and at 

different time points of reperfusion. The independent biological replications in each group as 

indicated. B. Co-expression graph. The 486 co-expressed genes were divided into six clusters 

shown in different colors. C. Temporal expression trends based on clustering of co-expressed 

differentially expressed genes (DEGs) during MI/R. Each line represents relative gene 

expression level at each time point of MI/R compared to 0 hour in logarithm base 2 scale. KEGG 

pathway enrichment analysis of the identified DEGs in each cluster. D. Relative cardiac S100a8 

and S100a9 mRNA expression in mice subjected to MI/R procedures. *p<0.05 vs S100a8 

mRNA levels before I/R. #p<0.05 vs S100a9 mRNA levels before I/R (n=8/group). E. 

Representative immunohistological staining images demonstrating cardiac S100a9 expression in 

mice 0 hours, 6 hours, 12 hours, and 3 days after MI/R. Scale bar=50 m. 

 

Figure 2. S100a8/a9 promotes CM death and heart failure during MI/R. WT, S100a9 KO 

and S100a9 TG mice were subjected to sham or I/R injury (30 minutes I/1 day or 28 days R). A. 

Representative transverse magnetic resonance imaging (MRI) of the ventricular area. The 

epicardial border (green), endocardial border (red), and infarct region (yellow) are delineated on 
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a T1 map (top). Representative photographs of Evans blue and Triphenyltetrazolium chloride 

(TTC) staining in WT, S100a9 KO and S100a9 TG hearts subjected to MI/R (bottom). B. 

Gadolinium was injected to observe late gadolinium enhancement (LGE) for infarct detection 

(infarct size was expressed as the percentage of LGE area of the left ventricle [LV]). *p<0.05 vs 

respective sham-operation control; #p<0.05 vs WT I/R-1D (n=6-8/group). C. Quantification of 

TTC-stained infarct. *p<0.05 vs respective sham-operation control; #p<0.05 vs WT I/R-1D 

(n=6-8/group). D. Assessment of the ejection fraction (EF) as measured by MRI. *p<0.05 vs 

respective sham-operation control; #p<0.05 vs WT I/R-1D (n=6-8/group). E, F. Representative 

images of cardiac TUNEL staining and its quantitation from WT, S100a9 KO and S100a9 TG 

mice. Scale bar=50 μm. *p<0.05 vs respective sham-operation control; #p<0.05 vs WT I/R-1D 

(n=6-8/group). G. Representative M-mode echocardiograms and corresponding values for EF in 

WT, S100a9 KO and S100a9 TG mice subjected to sham or I/R. *p<0.05 vs respective 

sham-operation control; #p<0.05 vs WT I/R-28D (n=6-8/group). H. Representative cardiac 

Masson’s trichrome staining and its quantification in WT, S100a9 KO and S100a9 TG mice 

subjected to sham operation or I/R. Scale bar=1 mm. *p<0.05 vs respective sham-operation 

control; #p<0.05 vs WT I/R-28D (n=6-8/group). 

 

Figure 3. S100a8/a9 inhibits ETC complex I and respiratory function. A. A summary of the 

overall strategy of in vivo and in vitro experiments to explore pathogenic mechanism of 

S100a8/a9 in MI/R injury. B, C Heatmap demonstrating mean normalized expression of 
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transcripts encoding the subunits of the mitochondrial respiratory chain. The gene expression 

levels were normalized against mean expression values of each gene in all samples. 

RNA-sequencing data from WT and S100a9 TG mouse heart 1 day post-I/R (B). Mouse neonatal 

cardiomyocytes (NCMs) were pretreated with rS100a8/a9 (both 1000ng/ml) or vehicle for 24 

hours, followed by 4 hours hypoxia (H) and 1 hour reoxygenation (R) (C). D. Relative 

expression of electron transport chain (ETC) complex I genes in the heart from WT, S100a9 KO 

and S100a9 TG mice 1 day post-I/R. Data are expressed as the fold change from WT mice 1 day 

post-I/R. *p<0.05 vs WT 1 day post-I/R (n=6/group). E. Relative expression of ETC complex I 

genes in NCMs stimulated with vehicle or S100a8/a9 (both 500 or 1000 ng/ml) during H/R. Data 

are expressed as the fold change from vehicle treatment. *p<0.05 vs vehicle treatment 

(n=5/group). F. Immunoblot for cardiac ETC complexes subunits of WT, S100a9 KO and 

S100a9 TG mice 1 day after sham operation or I/R. G–J. Activity of ETC complexes I (G) and 

II/III (H) in cardiac mitochondria, the NAD+/NADH ratio (I), and ATP production (J) in heart 

isolated from WT, S100a9 TG and S100a9 KO mice 1 day after sham operation or I/R. *p<0.05 

vs respective sham-operation control; #p<0.05 vs WT-I/R (n=7-8/group). K-M. ATP levels (K) 

and mitochondrial membrane depolarization (L, M) in NCMs cultured under normoxia or H 

environment for 4 hours, followed by R and treatment with vehicle or rS100a8/a9 (both 1000 

ng/ml) for 24 hours. *p<0.05 vs vehicle treatment (n=5/group). N-P. In assays of mitochondrial 

respiration using extracellular flux analysis, maximum oxygen consumption rate (OCR) was 

measured in NCMs cultured under normoxia (N, P) or H environment (O, P) for 4 hours, 
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followed by R and treatment with vehicle or rS100a8/a9 (both 1000 ng/ml) for 24 hours. *p<0.05 

vs vehicle (n=4-5/group). 

 

Figure 4. S100a8/a9 inhibits NUDFs gene transactivation by suppressing PGC-1/NRF1. 

A. CHIP assay of NRF1 binding to NDUFs gene in NCMs treated with vehicle or rS100a8/a9 

(both 1000ng/ml) under normoxic conditions. Immunoprecipitation levels are expressed as fold 

enrichment in NRF1 antibody with respect to IgG antibody in NCMs treated with vehicle or 

rS100a8/a9, respectively. * p<0.05 vs vehicle treatment (n=3/group). B. Expression levels of 

NDUFs transcripts in NCMs that were transfected with a scramble control- or NRF1-siRNA 

under normoxic conditions. *p<0.05 vs control-siRNA (n=5/group). C. Immunoblot for NRF1 or 

PGC-1 protein levels in WT mouse hearts after I/R. *p<0.05 vs before I/R (n=3/group). D. 

Immunoblot for PGC-1 in the heart from WT, S100a9 KO and S100a9 TG heart after 1 day 

sham operation or I/R. *p<0.05 vs WT I/R-1D (n=3/group). E. Immunoblot for PGC-1 and 

MAPKs and NF-B p65 in NCMs subjected to vehicle or rS100a8/9 (both 1000 ng/ml) 

stimulation. *p<0.05 vs vehicle control (n=3/group). F. OCR was measured in NCMs treated 

with control-, PGC-1-siRNA or NRF1-siRNA under normoxic conditions. *p<0.05 vs 

control-siRNA (n=4-5/group). G. Immunoblot for PGC-1 in NCMs treated with control-, 

TLR4-siRNA or RAGE-siRNA subjected to rS100a8/a9 (both 1000 ng/ml) stimuli. *p<0.05 vs 

control-siRNA (n=3/group). H. PGC-1 expression measured in NCMs pretreated with 

inhibitors of p38 (PD169316, 10 M), Jnk (SP600125, 10 M), Erk (UO126, 10 M), p65 

D
ow

nloaded from
 http://ahajournals.org by on June 21, 2019



10.1161/CIRCULATIONAHA.118.039262 

 32 

(BMS-345541, 10 M), and TLR4 (TAK-242, 10 M) for 24 hours, and consequently stimulated 

with rS100a8/9 (both 1000 ng/ml). *p<0.05 vs DMSO (n=3/group). I. OCR was measured in 

NCMs treated with blank, control-, TLR4-siRNA or RAGE-siRNA subjected to rS100a8/9 (both 

1000 ng/ml) stimuli. *p<0.05 vs control-siRNA (n=4-5/group). J. OCR was measured in NCMs 

pretreated with an inhibitor as indicated, and then subjected to rS100a8/9 (both 1000 ng/ml). 

*p<0.05 vs DMSO (n=4-5/group). K. As proposed model, in which S100a8/a9 inhibited PGC-1 

protein through TLR4-Erk signaling. Downregulated PGC-1 resulted in the suppression of 

NRF1-medicated NDUFs gene transcription. 

 

Figure 5. Blockade of S100a9 inhibits MI/R injury. WT mice were subjected to S100a9 

neutralizing antibody (nAb) or isotype control Ab at optimal dose (100 g/mouse) at before and 

after I/R. A. An experimental design for evaluating the therapeutic effect of S100a9 nAb on 

MI/R injury. B. Representative transverse MRI from the ventricular area. The epicardial border 

(green), endocardial border (red), and infarct area (yellow) are delineated on a T1 map (top). 

Representative photographs of Evans blue and TTC staining shown (bottom). C-F. Infarct size 

expressed as the percentage of LGE area of the LV (C), quantification of TTC-stained infarcts 

(D), assessment of EF as measured by MRI (E), and representative images of TUNEL staining 

and its quantitation (F). *p<0.05 vs respective sham-operation group; #p<0.05 vs Control Ab 

I/R-1D (n=6-8/group). Scale bar=50 μm. G-H. Representative M-mode echocardiograms and 

corresponding values for EF (G), and representative photographs of Masson’s trichrome staining 
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and its quantification (H) in hearts. Scale bar=1 mm. *p<0.05 vs respective sham-operation 

group; #p<0.05 vs Control Ab I/R-14D(n=6-8/group). I, J Immunoblot for cardiac ETC 

complexes subunits (I) and complex I activity (J) of WT mice treated with S100a9 nAb or 

control nAb. *p<0.05 vs respective sham-operation group; #p<0.05 vs control nAb I/R-1D 

(n=8/group). 

 

Figure 6. Cellular source and mechanism of S100a8/a9 production. A. Flow cytometric 

analysis of recruited Ly6G+CXCR2+ and Ly6G+CCR2+ cells in WT hearts before and after 12 

hours, 1 days, 3 days, and 7 days of I/R. Representative gating is shown. B, C. Dynamic 

quantification of Ly6G+CXCR2+ (B) or Ly6G+CCR2+ (C) subsets as percentages of the total 

heart. *p<0.05 vs day 0 (n=5/group). D. Heatmap of the top 10 DEGs (change relative to the 

mean) in CCR2+ and CXCR2+ cells isolated from the heart 1 day post-I/R. Heatmap colors 

indicate directionality (red: increased; blue: decreased). E. Flow cytometric analysis of recruited 

CXCR2+ cells in WT and CXCR2 KO mouse hearts 1 day post-I/R. F. S100a8 and S100a9 

mRNA expression in WT and CXCR2 KO mouse heart 1 day post-I/R. *p<0.05 vs WT I/R-1D 

(n=6/group). G. Heatmap of the top 10 up-regulated DEGs (change relative to the mean) in 

hearts from WT mice before and 1 hour post-I/R. Heatmap colors indicate directionality (red: 

increased; blue: decreased). H. CXCL1 mRNA expression in WT mouse hearts before and after 

I/R. *p<0.05 vs day 0 (n=5/group). 
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Figure 7. Elevated S100a8/a9 levels associated with major adverse cardiovascular events 

(MACEs) in AMI patients. A. Flow diagrams for assessing the dynamic serum S100a8/a9 

levels and its prognostic value for MACEs (including death, cardiogenic shock [CS], heart 

failure [HF]-rehospitalization) in AMI patients receiving PCI. B. Serum S100a8/a9 levels were 

measured at admission (day 0) and after 1, 2, 3, and 4 days of PCI in AMI patients and healthy 

controls (HCs). Data represent the median concentration with the 95% confidence interval. C, D. 

Quantification of circulating CXCR2+CD66B+ (C) or CCR2+CD14+ (D) subsets as percentages 

of CD11B cells in AMI patients at admission (day 0) and after 1, 2, 3, and 4 days of PCI. 

(n=20/group). E, F. Correlation of serum S100a8/a9 levels with circulating CXCR2+CD66B+ (E) 

or CCR2+CD14+ (F) cells in AMI patients at 1 day post-PCI (n=121/group). G. Serum 

S1000a8/a9 levels in AMI patients at admission (day 0) and after 1, 2, 3, and 4 days of PCI. 

Values indicate those with (red) or without (blue) MACEs. H. Univariate and multivariate Cox 

regression analyses of 0, 1, 2, 3 and 4d S100a8/a9 levels for MACEs. Thrombolysis in 

myocardial infarction risk score was used for adjustment. Estimated HR, 95% CIs, and p values 

were calculated. I. Kaplan–Meier plots of MACEs in the long term (median: 789 days) according 

to high (4540 ng/ml) or low (<4540 ng/ml) S100a8/a9 levels day 1 post-PCI. J. A proposed 

model showing how S100a8/a9 promotes MI/R injury by triggering CM death. I/R stimuli 

immediately instigate CXCL1 upregulation, which recruits Ly6GhighCXCR2+ myeloid cells into 

reperfused myocardium, secreting S100a8/a9. S100a8/a9 activates TLR4 in CMs, which 

repressed a set of NDUFs gene contributing to ETC complex I formation, possibly via 
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suppression of PGC-1/NRF1. The resulting downregulation of ETC complex I activity initiates 

and/or amplifies mitochondrial dysfunction, ultimately leading to CM death. Blockade of 

S100a8/a9 with neutralizing antibody ameliorates MI/R injury. 
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