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Introduction
Reperfusion therapies can effectively restore blood flow to the isch-
emic myocardium in time, yet mortality rates remain high because 
of  additional heart damage caused by reperfusion injury (1, 2). As 
sentinels of  inflammation, neutrophils are mobilized and recruited 
to the infarcted heart. A high neutrophil count is a causal risk factor 
for ischemic heart disease (3). Prompt mitigation of  the neutrophil 
burden may prevent adverse remodeling and improve cardiac out-
comes (4). However, effective pharmacological treatments targeting 
acute neutrophil recruitment are still unavailable.

The significance of  epigenetic modifiers and their genetic 
manipulation in influencing neutrophil behavior have been increas-
ingly recognized (5–7). Neutrophil metabolism primarily relies on 

glycolysis under steady-state conditions and undergoes reprogramming 
to increase glycolysis during acute inflammatory attacks as previ-
ously reported (8, 9). This metabolic shift produces lactate (10), 
which serves as a precursor to stimulate lactylation (11).

Protein lactylation, as a form of  epigenetic modification (11), 
appears to have some substantial effects in regulating cellular func-
tions in various cardiovascular diseases, including atherosclerosis, 
heart failure, cardiac fibrosis, and myocardial infarction (12–15). 
Our previous study suggested that histone lactylation directly 
boosts the reparative transcriptional response in monocytes follow-
ing MI (13). However, there is a lack of  studies investigating the 
distribution and role of  overall protein lactylation in neutrophils 
after myocardial ischemia reperfusion (MI/R). Through proteom-
ics analysis, we identified the alarmin protein S100a9 lysine 26 
(S100a9K26) as the primary modification target of  early, remotely 
elevated neutrophil lactylation following MI/R. S100a8/a9 plays 
a critical role in inducing robust inflammation upon release (16). 
However, the function of  lactylated S100a9 in neutrophils after 
MI/R remains unclear.

In this study, we provide, to our knowledge, the first evidence 
that the elevation of  S100a9 lactylation aggravates cardiac dysfunc-
tion after MI/R. We identified dihydrolipoyllysine-residue acetyl-
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the flag-S100a9 complex, indicating that the mutation at the K26 
locus and lactylation did not affect the binding of  S100a8 with 
S100a9 (Supplemental Figure 2E).

Subsequently, we identified the expression profile of  
S100a9K26la in immune cells in heart, blood and BM 1 day after 
MI/R. S100a9K26la was mostly originated from neutrophils rath-
er than monocytes/macrophages or DCs in heart, blood, and BM 
1 day after MI/R (Supplemental Figure 3, A–D). Compared with 
the sham surgery group, S100a9K26la was highly increased in neu-
trophils of  heart, blood, and BM 1 day after reperfusion (Supple-
mental Figure 3, E–G). Therefore, we assessed dynamic changes 
in S100a9K26la levels in neutrophils following MI/R. Immuno-
blots of  BM and circulating neutrophils at various time points after 
MI/R revealed a significant upregulation of  S100a9K26la (nor-
malized to β-actin) at 24 hours, which returned to baseline levels 
by 72 hours after MI/R (Figure 1, H–K). Compared with S100a9, 
S100a9K26la (normalized to S100a9) in both BM and blood neu-
trophils notably increased at 12 hours following MI/R (Supple-
mental Figure 1, H and I). Consistently, we found sustained car-
diac neutrophil S100a9 lactylation throughout the early stages of  
MI/R, but no significant change in S100a9 lactylation of  cardio-
myocytes (CMs) (Figure 1L and Supplemental Figure 1K).

To validate this discovery in humans, we examined S100a9K26la 
levels in circulating neutrophils and plasma between patients with 
AMI receiving percutaneous coronary intervention (PCI) within 
24 hours and those with unstable angina (UA) (Figure 1M and 
Supplemental Table 1). Both intracellular S100a9K26la levels in 
circulating neutrophils and plasma S100a9K26la levels showed a 
notable increase in patients with AMI following PCI (Figure 1, N 
and O, and Supplemental Figure 1, K and L). Moreover, plasma 
S100a9K26la levels were significantly correlated with cardiac tro-
ponin I (cTnI) levels (Figure 1P).

In brief, neutrophil S100a9K26 lactylation increased early and 
extensively following MI/R.

K26 mutation of  S100a9 alleviates deleterious inflammation and 
cardiac dysfunction after MI/R. To explore the role of  S100a9K26la 
in MI/R, we generated S100a9K26R-mutant mice to abolish 
S100a9K26 lactylation, which was achieved by mutating lysine 26 
(AAG) to arginine (CGT) (Figure 2, A and B). S100a9K26R mice 
exhibited lower plasma levels of  inflammatory cytokines on post-
MI/R day 1 (Supplemental Figure 5, A–C). According to the his-
topathological analysis, the hearts of  S100a9K26R mice exhibited 
reduced inflammatory cell infiltration compared with those of  WT 
mice on post-MI/R day 3 (Figure 2C). Immunofluorescence anal-
ysis revealed diminished neutrophils and myeloperoxidase (MPO) 
levels in S100a9K26R hearts on post-MI/R day 1 (Supplemental 
Figure 5D). Further flow cytometric analysis revealed that at 1 and 
3 days after MI/R, neutrophils, ly6Chi monocytes, and DCs were 
notably inhibited in S100a9K26R hearts compared with WT hearts 
(Supplemental Figure 4, A–E). However, both CD4+ and CD8+ T 
cells did not differ between WT and S100a9K26R hearts (Supple-
mental Figure 4, F–H). Subsequently, S100a9K26R reduced the 
expression levels of  collagen genes and fibrosis-related genes in the 
heart on post-MI/R days 3 and 7 (Supplemental Figure 5G), as well 
as improved cardiac fibrosis at post-MI/R day 14 (Figure 2, D and 
E). Additionally, S100a9K26R mice showed a nonsignificant trend 
toward improved survival and reduced cardiac rupture incidence 

transferase (DLAT), a component of  the pyruvate dehydrogenase 
(PDH) complex (17), as a lactyltransferase that directly catalyzes 
lactylation of  S100a9. Our findings highlight lactylation-related 
signaling as a potential therapeutic target for MI/R.

Results
S100a9 lactylation is elevated in neutrophils after MI/R. Among several 
posttranslational modifications including crotonylation, phosphor-
ylation, acetylation, and lactylation, only pan-lactylation exhib-
ited significant upregulation in neutrophils on post-MI/R day 1 
(Supplemental Figure 1A; supplemental material available online 
with this article; https://doi.org/10.1172/JCI194664DS1). Since 
lactylation is derived from glycolytic stress, we directed our atten-
tion to post-MI/R neutrophil lactylation. Pan-lactylation globally 
increased in the peripheral blood and cardiac-infiltrating neutro-
phils on day 1 after MI/R (Supplemental Figure 1, B and C).

To evaluate the significance of  neutrophil lactylation in 
MI/R, we conducted proteomics and lactylation modification 
proteomics of  bone marrow (BM) neutrophils from sham- 
treated mice and mice subjected to MI/R on day 1. Motif  analy-
sis revealed overrepresentation of  glycine (G), whereas glutamine 
(Q) and arginine (R) were less abundant than expected at the −1 
and +1 positions surrounding the lactylation sites (Supplemental 
Figure 1D). Kla proteins were predominantly concentrated in the 
nucleus, followed by the cytoplasm (Supplemental Figure 1E). 
On post-MI/R day 1, the expression of  505 proteins was substan-
tially increased, indicating substantial association with leukocyte 
migration and chemotaxis (Figure 1A and Supplemental Figure 
1F). Compared with the sham-treated group, 71 proteins showed 
substantial upregulation of  Kla at 92 sites, whereas 27 proteins 
showed notable downregulation of  Kla at 29 sites, with 73.9% 
of  the sites displaying exclusive Kla alterations (Figure 1B). The 
top 10 Gene Ontology (GO) terms associated with Kla-modified 
proteins were mainly enriched in myeloid leukocyte migration 
and the innate immune response (Figure 1C). Additionally, Kla- 
modified proteins were prominently represented by the S100/
calbindin-D9K domains, including S100a8, S100a9, and S100a11 
(Figure 1D). Among these proteins, lysine at position 26 of  S100a9 
(S100a9K26) exhibited the highest modification intensity by lac-
tylation following MI/R, as indicated by the ranking of  their rel-
ative lactylation ratios (Figure 1E). Intriguingly, the K26 residue 
is located in the conserved calgranulin domain of  S100a9 (Figure 
1F and Supplemental Figure 1G). Thus, we identified S100a9K26 
as a potential target of  neutrophil lactylation following MI/R and 
presented its representative mass spectrum (Figure 1G). We gen-
erated an S100a9K26la-specific antibody through K26 lactylated 
peptides (Supplemental Figure 2B). To verify its specificity, we 
performed dot blot assays using lactylated peptides and unlactyl-
ated peptides and co-IP analysis of  32Dcl3-induced neutrophils 
with K26 arginine (R) and glutamine (Q) mutants, which mim-
icked the delactylated state of  the protein (Supplemental Figure 2, 
A–D). As expected, both the K26R and K26Q mutants had lower 
S100a9K26la levels. Intriguingly, the pan-lactylation of  S100a9 in 
immunoprecipitated K26R or K26Q mutants was also lower than 
that in the WT counterpart (Supplemental Figure 2E), indicating 
that K26 was the primary lactylation site of  S100a9. Moreover, 
the K26R and K26Q mutants did not alter the levels of  S100a8 in 
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lactylated S100a9 increased until 72 hours after MI/R compared 
with the sham-operated mice (Figure 3A and Supplemental Figure 
7A). Given that a proportion of  S100a9 is bound to neutrophil extra-
cellular traps (NETs) (18), we hypothesized that lactylated S100a9 
is released by NETosis. We observed a robust increase in H3Cit, a 
specific histone H3 marker of  NETs, as well as colocalization of  
S100a9K26la with H3Cit in the cardiac-infiltrated neutrophils after 
MI/R as well as in isolated neutrophils after 4 hours of  phorbol myri-
state acetate (PMA) treatment (Figure 3, B and D). Flow cytometry 
analysis also confirmed the S100a9K26la+ H3Cit+ neutrophils (Sup-
plemental Figure 7E). We established mice with KO of  peptidylargi-
nine deiminase 4 (Padi4), an enzyme that is critical for citrullination 
of  histones and NETs, and then subjected the mice to MI/R injury. 
Deficiency of  Padi4 resulted in a significant decrease in plasma lev-
els of  S100a9K26la, S100a9, and H3cit on day 1 after MI/R (Figure 
3C and Supplemental Figure 7, B and C). To link NETs directly with 
extracellular release of  S100a9K26la from neutrophils, we treated 
BM neutrophils from Padi4–/– or WT mice with PMA for 4 hours. 
We observed a robust increase of  S100a9K29la levels in PMA-treat-
ed WT neutrophil supernatants compared with levels in the vehi-
cle-treated group and a notable reduction of  S100a9K29la levels in 
Padi4–/– cell supernatants compared with WT, which was consistent 
with S100a9 (Figure 3E and Supplemental Figure 7D). These results 
suggest that NETs are required for secretion of  S100a9K26la.

Extracellular S100a8/a9 was reported to trigger CM death by 
impairing mitochondria (18). In vitro, we treated BM neutrophils 
with or without PMA for 4 hours and then collected the condi-
tioned medium or NETs for coculturing with mouse neonatal CMs 
(NCMs). The NETs, but not the conditioned medium, contributed 
to CM death by impairing mitochondria (Supplemental Figure 8, 
A–F). To explore whether lactylated S100a9 directly caused CM 
death like S100a9 did, NCMs were cocultured with NETs from WT, 
S100a9K26R, and S100a9–/– neutrophils stimulated with PMA. Com-
pared with vehicle, the NETs from PMA-treated WT neutrophils 
notably inhibited ATP production and increased the mitochondrial 
membrane potential loss in NCMs, resulting in increased NCM death 
(Figure 3, F–J). Compared with the NETs from WT neutrophils, the 
NETs from S100a9K26R neutrophils exposed to PMA induced ATP 
production, lessened the mitochondrial membrane potential loss in 
NCMs, and attenuated NCM death (Figure 3, F–J). However, DNase 
I (inhibitor of NETs) eliminated the difference between the WT and 
S100a9K26R neutrophils (Supplemental Figure 7, G–K). In addition, 

compared with WT controls (Supplemental Figure 5, E and F). 
Importantly, S100a9K26R mice showed significant improvements 
in post-injury ejection fraction (EF) and fractional shortening (FS), 
accompanied by a notable decrease in ventricular internal diameter 
(LVID) end systole (Figure 2, F and G). These findings indicate 
that the global deletion of  S100a9K26la ameliorates MI/R.

We further generated myeloid cell S100a9K26la deletion mice 
by bone marrow transplantation (BMT). In brief, BM from WT 
and S100a9K26R mice was transplanted into WT mice before 
MI/R surgery (Figure 2H). The rate of  engraftment is shown in 
Supplemental Figure 5K. As expected, the myeloid cell–specific 
S100a9K26R-mutant mice showed dramatically suppressed inflam-
mation and cardiac fibrosis and dysfunction after MI/R (Figure 2, 
I–M, and Supplemental Figure 5, H–J). Additionally, we performed 
rescue experiments using recombinant, nonlactylated S100a9 fol-
lowing myeloid-specific deletion of  S100a9K26la after MI/R (Fig-
ure 2H). The treatment of  recombinant S100a9 (rS100a9) remark-
ably induced inflammation and cardiac dysfunction in MI/R mice 
with WT donors. However, compared with the MI/R mice with 
WT donors, the MI/R mice with S100a9K26R donors had signifi-
cantly reduced inflammation and cardiac dysfunction induced by 
rS100a9, highlighting the specific damage caused by S100a9K26la 
in MI/R mice, which was different than that caused by S100a9 
(Figure 2, I–M, and Supplemental Figure 5, H–J).

To confirm the specific role of  S100a9K26la in neutrophils in 
MI/R, we i.v. injected recipients 1 hour after  MI/R with Ly6G+ 
neutrophils from the BM of  either WT or S100a9K26R mice  
(Supplemental Figure 6, A and B). The efficiency of  adoptive trans-
fer (AT) is shown in Supplemental Figure 6C. As expected, the mice 
receiving S100a9K26R neutrophils displayed a significant reduction 
of  immune cell infiltration and improvement of  cardiac dysfunc-
tion (Supplemental Figure 6, D–J). Nevertheless, the transfer of  
S100a9K26R myeloid cells, excluding neutrophils, did not result in 
any improvement in inflammation or cardiac dysfunction (Supple-
mental Figure 6, K–T). These findings suggest that targeting lysine 
at the S100a9K26 site to suppress S100a9K26la of  neutrophils 
yields favorable post-MI/R outcomes.

Lactylated S100a9 is released via neutrophil extracellular traps and 
triggers CM death by impairing mitochondrial function. Since S100a9 
is widely recognized as a secreted alarmin, we checked the lactyl-
ated S100a9 in plasma following MI/R through indirect ELISA. 
We found that in the mouse model, similar to unlactylated S100a9, 

Figure 1. Global view of lactylated proteins and identification of S100a9 lactylation in neutrophils under MI/R. (A–G) Total and lactylated (Kla) pro-
teomes of BM neutrophils from sham-treated and post-MI/R mice on day 1. (A) Number of proteins exhibiting substantial expression-level changes in 
the total proteome after MI/R. (B) Number of Kla sites and proteins exhibiting marked Kla changes after MI/R. (C) Bubble plot of the top 10 GO terms 
representing the functions of proteins that exhibited upregulated Kla changes. (D) Domain analysis of proteins with upregulated Kla expression. (E) Quan-
titation of Kla S100a8, S100a9, and S100a11 peptides in neutrophils by MS. SILAC, stable isotope labeling by amino acids in cell culture. (F) Illustration of 
S100a9 Kla sites identified in neutrophils. (G) MS/MS spectrum of the lysine 26 lactylated S100a9 peptide (S100a9K26la) derived from neutrophils. (H–K) 
S100a9K26la immunoblots of BM (H) and blood (BL) neutrophils (J) from sham-treated and post-MI/R mice at 4, 12, 24, and 72 hours (n = 6). Quantitation 
of S100a9K26la changes in BM (I) and BL (K) neutrophils normalized to β-actin. **P < 0.01, ***P < 0.001, and ****P < 0.0001 for the indicated compari-
sons in I and K, by 1-way ANOVA with Tukey’s multiple-comparison test (P values were adjusted for 6 comparisons). (L) Immunofluorescence costaining 
for Ly6G (red) with S100a9K26la (green) in infarcted hearts 12, 24, and 72 hours after MI/R. Scale bar: 20 μm. Inset: original magnification × 10, n = 3. (M) 
Blood samples were collected from patients with AMI undergoing PCI (MI/R, n = 23) and from control (Con) patients with UA (n = 23) within 24 hours. WB, 
Western blotting (WB). (N) Immunoblotting and quantification of S100a9K26la in neutrophils from the control and MI/R groups. (O) Measurement of 
plasma S100a9K26la levels by ELISA. Median (IQRs: 25th–75th percentiles). ****P < 0.0001 for the indicated comparisons in O, by 2-tailed Mann-Whitney 
U test. (P) Spearman’s correlation analysis of S100a9K26la and cTnI (excluding the cTnI values below the level of 0.2 μg/L). Data indicate the mean ± SD (I 
and K) or Median (interquartile ranges, 25th-75th percentile) (O).
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the NETs from Padi4–/– neutrophils also reduced mitochondrial dys-
function and NCM death compared with the NETs from WT neu-
trophils (Supplemental Figure 8, G–K). Of note, S100a9K26R and 
S100a9–/– neutrophils showed no difference in their ability to improve 
mitochondrial dysfunction and NCM death caused by PMA-treated 
WT neutrophils (Supplemental Figure 7, G–K). Furthermore, BM 
neutrophils were isolated from WT, S100a9K26R, and S100a9–/– mice 
on sham-operated mice or day-1 MI/R mice, and then NETs were 
collected for coculturing with NCMs in the presence or absence of  
DNase I. This ex vivo experiment also confirmed that lactylated 
S100a9 was released via NETosis and directly impaired mitochon-
dria and caused CM death, but lactylation did not contribute to the 
additional CM death caused by unlactylated S100a9 (Supplemental 
Figure 7F and Supplemental Figure 8, L–P).

Lactylated S100a9 translocates into the nucleus and boosts the tran-
scription of  intracellular signals directing neutrophil migration. To explore 
the role of  lactylated S100a9 within intracellular neutrophils, we 
examined the distribution of  S100a9K26la and observed strong 
nuclear localization of  S100a9K26la in neutrophils following MI/R 
(Figure 4A). Confocal analysis of  circulating neutrophils on post-
MI/R day 1 confirmed a strong increase in nuclear S100a9K26la 
following MI/R (Supplemental Figure 9A). Using co-IP coupled to 
mass spectrometry (MS), we found that S100a9K26la was bound 
to importin β1, which was further confirmed using co-IP analysis 
(Supplemental Figure 9, B–D). The importin β1 inhibitor blocked 
the translocation of  S100a9K26la into nuclei, leading to a decrease 
in nuclear S100a9K26la (Supplemental Figure 9E). Additionally, in 
circulating neutrophils, S100a9K26la was observed to bind to his-
tones, and its fractions were identified within nuclear proteins using 
MS (Supplemental Figure 9, F and G). These findings suggest that 
S100a9K26la translocates into nuclei in an importin β1–dependent 
manner and potentially regulates or influences gene transcription.

Next, we performed cleavage under targets and tagmentation 
(CUT-Tag) assays of  circulating neutrophils from sham-operated 
and MI/R mice 24 hours after MI/R using anti-S100a9K26la and 
anti-S100a9 antibodies (Supplemental Figure 10A). S100a9K26la 
was predominantly enriched in the promoter regions of  these 
genes (Supplemental Figure 10B). The majority of  genes exhibit-
ing increased S100a9K26la marking were not marked by S100a9. 
S100a9K26la marked more genes (61% of  all genes marked by 
S100a9K26la or S100a9) than did S100a9 (39% of  all marked 
genes) (Figure 4B). S100a9K26la-specific genes had a substantial 
effect on genes involved in cell migration and adhesion, whereas 
the S100a9-specific genes were enriched in the positive regulation 

of  the force of  heart contractions (Figure 4C and Supplemental 
Figure 10C). To identify S100a9K26la target genes in neutrophils 
after MI/R, we integrated the CUT-Tag and RNA-Seq data on 
circulating neutrophils from sham and MI/R-mice 24 hours after 
MI/R and then classified the genes into 4 categories on the basis of  
their expression levels and S100a9K26la modification (Figure 4D). 
Genes with altered expressions that were marked by S100a9K26la 
underwent various biological processes. As expected, upregulat-
ed genes with S100a9K26la binding were largely associated with 
cell migration and adhesion (Figure 4E). Key intracellular signals 
for cell migration included chemokine receptors, Rho and Rac 
GTPase signals governing neutrophil polarization, and adhesion 
receptor integrins (Figure 4F). Based on the fold-change rank of  
the S100a9K26la binding signal, integrin α 2 (Itga2), ras homolog 
family member J (Rhoj), and C-X-C motif  chemokine receptor 1 
(Cxcr1) were substantially upregulated (Figure 4F).

We further conducted reverse transcription quantitative PCR 
(RT-qPCR) and ChIP-qPCR analysis to confirm the increased 
expression and S100a9K26la enrichment in the promoter regions 
of  Itga2, Rhoj, and Cxcr1 in circulating neutrophils 24 hours after 
MI/R. Deletion of  S100a9K26la sharply attenuated mRNA levels 
and S100a9K26la marks at the Itga2, Rhoj, and Cxcr1 promoters 
(Figure 4, G and H). Furthermore, a genomic snapshot suggested 
that S100a9K26la strongly binds to Itga2, Rhoj, and Cxcr1, where-
as the binding of  S100a9 was weak (Supplemental Figure 10D). 
ChIP-qPCR analysis of  S100a9 indicated that S100a9 did not 
enrich in the target genes and did not contribute to migratory gene 
activity (Supplemental Figure 10E).

We further established BM neutrophil–activated models in 
vitro with LPS stimulation for 4 hours and found that glycolysis and 
S100a9 lactylation in activated neutrophils dramatically increased 
(Supplemental Figure 11, A–C). Next, we treated activated BM 
neutrophils with exogenous sodium lactate (NaLa) or the lactate 
dehydrogenase inhibitor sodium oxamate (Oxa) for 4 hours. Exog-
enous NaLa augmented S100a9K26la levels in a dose-dependent 
manner, leading to increased mRNA expression of  Itga2, Rhoj, and 
Cxcr1, along with increased S100a9K26la marks at their promoter 
regions and enhanced neutrophil migratory ability, whereas Oxa 
attenuated these effects (Supplemental Figure 11, D–K). Therefore, 
we identified Itga2, Rhoj, and Cxcr1 as potential targets of  neutro-
phil S100a9K26la following MI/R.

Collectively, S100a9K26la acted as a coactivator and selectively 
bound to the promoter region of target genes, thereby directly promot-
ing the expression of migration-related molecules following MI/R.

Figure 2. Deletion of S100a9K26-specific lactylation improves post-MI/R cardiac function. (A) Strategy for generating S100a9K26R-mutant mice and 
amino acid alterations at the S100a9 mutation site. (B) Nucleotide mutation site in the S100a9K26R mice. (C) H&E staining of heart tissue 3 days after 
MI/R (scale bars: 1 mm; n = 6). (D and E) Fibrotic area quantification and Masson’s trichrome staining 14 days after MI/R (scale bars: 1 mm; n = 6). Data 
indicate the mean ± SD. **P < 0.01 and ****P < 0.0001 for the indicated comparisons in E, by 1-way ANOVA with Tukey’s multiple-comparison test (P 
values were adjusted for 6 comparisons). (F and G) Representative B- and M-mode echocardiograms with measurements on day 14 after MI/R (n = 8). Data 
indicate the mean ± SD. *P < 0.05, ***P < 0.001, and ****P < 0.0001 for the indicated comparisons in G, by 2-way ANOVA with Tukey’s multiple-compari-
son test (P values were adjusted for 6 comparisons). (H) Schematic representation of the BMT protocol: BM samples from WT and S100a9K26R mice were 
transplanted into WT recipients and allowed to reconstitute for 6 weeks, after which the mice were subjected to MI/R. Neutrophil-specific S100a9K26R 
and WT mice were injected with 100 μL rS100a9 (1.5 mg/kg/BW) 4 hours after MI/R, and other control mice were injected with the same volume of saline. 
(I–K) H&E-stained images (I), Masson’s trichrome–stained images (J), and fibrotic area quantification (K) of the heart after MI/R. Scale bars: 1 mm (I and 
J). n = 6 (I–K). (L and M) Representative M-mode echocardiograms (L) with measurements of EF, FS, diastolic LVID (dLVID), and systolic LVID (sLVID) (M) (n 
= 8). Data indicate the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for the indicated comparisons in K and M, by 1-way ANOVA with 
Tukey’s multiple-comparison test (P values were adjusted for 6 comparisons).
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Figure 3. Lactylated S100a9 is released via NETs and triggers CM death by impairing mitochondrial function. (A) ELISA quantification of plasma 
S100a9K26la levels at various time points after MI/R (n = 9–13). **P < 0.01 and ****P < 0.0001 for the indicated comparisons in A, by 2-way ANOVA with 
Tukey’s multiple-comparison test (P values were adjusted for 6 comparisons). (B) Immunofluorescence costaining of heart tissue for H3Cit (orange), and 
Ly6G (red) with S100a9K26la (green). Scale bars: 50 μm (n = 5). Original magnification, ×10. (C) ELISA detection of S100a9K26la levels in plasma from WT and 
Padi4–/– mice on day 1 after MI/R (n = 8). **P < 0.01 for the indicated comparisons, by unpaired, 2-tailed Student’s t test. (D) BM neutrophils were treated 
with vehicle or PMA (200 nM/L) for 4 hours. H3Cit (red) with S100a9K26la (green) immunofluorescence colocalization analysis was performed using Zeiss Zen 
microscope software. Scale bars: 2 μm (n = 5). Scale bars: 20μm, original magnification, ×20 (E) BM neutrophils from WT and Padi4–/– mice were cultured for 
4 hours with PMA, and cell supernatants were collected for detection of S100a9K26la levels by ELISA (n = 8). ****P < 0.0001 for the indicated comparisons 
in E, by 2-way ANOVA with Tukey’s multiple-comparison test (P values were adjusted for 6 comparisons). (F–J) NCMs were cultured with NETs from WT and 
S100a9K26R neutrophils pretreated with PMA or untreated for 24 hours, then NCMs were collected to detect ATP levels (J) (n = 5), mitochondrial membrane 
depolarization (F and I, n = 5), and annexin V and propidium iodide (PI) by flow cytometry (G and H, n = 5). ****P < 0.0001 for the indicated comparisons in H–J, 
by 2-way ANOVA with Tukey’s multiple-comparison test (P values were adjusted for 6 comparisons). All data represent the mean ± SD.
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acetyl-CoA (KD = 240 μM) (Figure 5D). In vitro lactylation experi-
ments suggested that DLAT lactylated S100a9 (Figure 5E). Moreover, 
knockdown of DLAT in neutrophils by siRNA remarkably inhibited 
the lactylation levels of  S100a9 (Figure 5F and Supplemental Figure 
13B). Furthermore, molecular docking analysis indicated that amino 
acid residues of  DLAT interacted with lactyl-CoA through hydrogen 
bonds (Figure 5G), and the critical residue with the top average ener-
gy value was isoleucine 423 (I423), as indicated by dynamics simula-
tions (Figure 5H). Therefore, we generated catalytically fewer active 
forms of  DLAT (I423A, alanine), which demonstrated a decreased 
ability to lactylate S100a9 at K26 compared with the corresponding 
control WT acetyltransferases in the in vitro lactyltransferase activity 
assay (Figure 5I and Supplemental Figure 13C). Therefore, DLAT is 
the potential lactyltransferase of  S100a9 lactylation, whose catalyti-
cal activity depends on the critical residue I423.

Lipoic acid is a typical substrate of  DLAT, promoting DLAT 
lipoacylation and PDH activity, thereby leading to increased ace-
tyl-CoA (20, 21). Consistently, the treatment of  α-lipoic acid (ALA) 
significantly increased the DLAT lipoacylation and PDH activity, 
as well as the acetyl-CoA level in neutrophils, while the deletion of  
S100a9K26la did not affect the PDH activity and acetyl-CoA level 
(Figure 5, J and K, and Supplemental Figure 13, D–F). Instead, 
ALA inhibited S100a9 lactylation and the binding of  S100a9K26la 
to DLAT (Figure 5J and Supplemental Figure 13D). This might be 
due to the competitive combination of  ALA or acetyl-CoA with 
DLAT. To test this hypothesis, we generated delipoacylated DLAT 
by mutating both K131 and K258 residues to R, which showed 
an increased ability to catalyze S100a9 lactylation compared with 
the corresponding WT (Figure 5L and Supplemental Figure 13G). 
Moreover, the presence of  acetyl-CoA reduced S100a9 lactylation 
levels (Figure 5M and Supplemental Figure 13H), suggesting that 
ALA served as a lactyltransferase inhibitor by providing a lipoacyl 
group and inducing acetyl-CoA. Actually, according to the SPR 
assay, lactyl-CoA revealed a higher efficient binding affinity to 
DLAT than did acetyl-CoA or ALA (Figure 5, N and O), which 
was further verified by a cellular thermal shift assay (CETSA) (Fig-
ure 5, P and Q). Therefore, DLAT-mediated S100a9 lactylation in 
neutrophils was efficiently antagonized by ALA.

Targeting DLAT/S100a9K26la signaling improves acute inflam-
mation and cardiac dysfunction following MI/R. Given that ALA is 
a S100a9 lactylation inhibitor, we next determined whether ALA 
could mitigate MI/R injury. WT mice were i.p. injected with ALA 
or vehicle before and after MI/R (Figure 6A). In ALA-treated 
mice, S100a9K26la levels in circulating neutrophils significantly 
decreased, which resulted in a significant reduction of  S100a9K26la 
marks on target genes and mRNA expression of  these genes (Fig-
ure 6, B–D), as well as the expression levels of  adhesion molecules 
of  neutrophils (Supplemental Figure 14, L and M). Consistently, 
neutrophils from BM treated with ALA displayed a damaged abil-
ity to migrate toward CXCL2 compared with the vehicle (Figure 
6E). Moreover, ALA injection significantly inhibited neutrophil 
and Ly6Chi monocyte and macrophage infiltration into heart after 
MI/R (Figure 6, F and G). The gating strategy for identification of  
leukocytes is shown in Supplemental Figure 16, A and B. Consis-
tently, CM death, determined by TUNEL and cTnI double stain-
ing, was markedly reduced in ALA-treated mice compared with 
WT mice after MI/R (Figures 6H). Importantly, ALA-treated mice 

S100a9K26R suppresses neutrophil migration and recruitment after 
MI/R. RNA-Seq analysis of  neutrophils isolated from the blood and 
heart of  S100a9K26R and WT mice on day 1 after MI/R revealed 
the inhibition of  migration-related pathways in S100a9K26R neu-
trophils from blood and heart (Supplemental Figure 12, A and B). 
The expression of  genes involved in neutrophil migration, such as 
integrin and chemokine receptor genes, was markedly reduced in 
the blood and heart of  S100a9K26R mice, owing to the lack of  
S100a9K26la (Supplemental Figure 12C). Therefore, S100a9K26R 
damaged the migratory transcriptional landscape of  neutrophils. 
Notably, S100a9K26R mice exhibited decreased protein expression 
of  CXCR1, C-X-C chemokine receptor 2 (CXCR2),  integrin αMβ2 
(Mac-1), and lymphocyte function–associated antigen 1 (LFA-1) in 
neutrophils from blood and BM on day 1 after MI/R compared 
with WT (Supplemental Figure 12, D–G). Consistently, the Tran-
swell assay and neutrophil polarization analysis confirmed that 
S100a9K26R neutrophils isolated from the BM on post-MI/R day 
1 exhibited significantly impaired migration toward CXCL2 in vitro 
(Figure 4, J and K). In static adhesion on endothelial cells in vitro, 
in the presence of  Mg2+, there was significantly reduced adhesion of  
S100a9K26R neutrophils on TNF-α–treated mouse cardiac micro-
vascular endothelial cells (CMECs) compared with WT controls 
(Figure 4I), indicating an adhesion defect of  S100a9K26R neutro-
phils. Additionally, S100a9K26R neutrophils also exhibited signifi-
cantly impaired adhesion and polarization on the integrin ligand 
intercellular cell adhesion molecule 1 (ICAM-1) (Supplemental 
Figure 12, H–J). Importantly, addition of  functional blocking anti-
bodies specific for Mac-1 or LFA-1 markedly reduced the adhesion 
and polarization of  WT neutrophils on ICAM-1, without further 
inhibiting the defective adhesion and polarization of  S100a9K26R 
neutrophils (Supplemental Figure 12, H–J). During the acute setting 
of  MI/R, S100a9K26R significantly reduced neutrophil accumula-
tion in both the blood and injured heart, but increased the retention 
of  neutrophils in BM (Figure 4, L and M, and Supplemental Figure 
12K). Furthermore, we observed no difference in the frequency of  
apoptotic neutrophils in the heart, blood, or BM between WT and 
S100a9K26R mice on day 1 following MI/R (Supplemental Figure 
12, L–N), suggesting that neutrophil apoptosis was not the cause 
of  reduced cardiac neutrophil counts in S100a9K26R MI/R mice. 
Thus, S100a9K26R led to defective neutrophil migration and the 
reduction of  cardiac neutrophil accumulation after MI/R due to 
deletion of  S100a9K26-specific lactylation.

DLAT directly catalyzes S100a9 lactylation in neutrophils. To deter-
mine the underlying enzyme that catalyzed S100a9 lactylation in 
neutrophils, we used MS to analyze anti-S100a9K26la immuno-
precipitates from BM neutrophils 1 day after MI/R. As shown in 
Figure 5A, DLAT was the protein that most substantially bound 
to S100a9K26la. DLAT functions to catalyze protein acetylation 
as reported previously (17, 19), thus, we asked whether it lactyl-
ates S100a9 (Figure 5B). The interaction between DLAT and 
S100a9K26la was validated by reciprocal IP analyses with either 
an anti-S100a9K26la or anti-DLAT antibody (Figure 5C) and was 
primarily localized in the cytosol (Supplemental Figure 13A).

We further used purified recombinant protein of  DLAT to exam-
ine its interaction with lactyl–coenzyme A (lactyl-CoA) by surface 
plasmon resonance (SPR) assay. Indeed, lactyl-CoA was found to 
bind DLAT with a K

D value of  65.3 μM, as did the positive control 
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survived following PCI (Figure 7B and Supplemental Figure 17B). 
Furthermore, S100a9K26la showed significant associations with 
baseline myocardial injury markers (creatine kinase isoenzyme 
MB [CK-MB] and cTnI) and baseline cardiac function indexes 
(left ventricular EF [LVEF] and N-terminal pro–brain natriuretic 
peptide [NT-proBNP]), whereas S100a9 showed no such associa-
tions with myocardial injury markers (Figure 7C and Supplemental 
Table 3). Of  note, during the follow-up period, the frequency of  
intercurrent heart failure (HF) events was markedly increased in the 
patients who died compared with the survivor-matched controls. 
However, there was no difference in the frequency of  recurrent MI 
between these 2 groups (Supplemental Figure 17G). Additionally, 
S100a9K26la levels were remarkably negatively correlated with 
LVEF at the 1-month follow-up in patients with AMI (Supple-
mental Figure 17H). We also observed a consistent negative trend, 
but statistically nonsignificant association, between S100a9K26la 
levels and LVEF at the 3-, 6-, and 12-month follow-up points for 
patients with AMI (Supplemental Figure 17I). We further analyzed 
55 pairs of  patients who survived or experienced cardiac death 
during the follow-up period by conducting RNA-Seq analysis to 
delineate transcriptional profiles associated with high-risk AMI 
patients who die of  cardiac causes. The genes with differential 
expression between survivors and deceased patients were substan-
tially enriched in pathways related to inflammatory responses and 
neutrophil chemotaxis (Figure 7D and Supplemental Figure 17A). 
Subsequent gene set enrichment analysis (GSEA) indicated that the 
predominant pathological process underlying cardiac death was 
associated with neutrophil migration and neutrophil chemotaxis 
(Figure 7E). S100a9K26la levels exhibited a significant correlation 
with IL-1β expression (Figure 7F). The HR analysis revealed that 
elevated S100a9K26la levels were associated with a significantly 
increased risk of  cardiac death (HR 2.168 [1.389, 3.384], Figure 
7G). Importantly, based on the optimal cut-off  value, patients with 
high S100a9K26la levels (≥37.125 × 105 pg/mL) on post-PCI day 1 
were more likely to experience cardiac death during long-term fol-
low-up (Figure 7G). Furthermore, considering that bacterial stim-
ulation can induce lactate production and lactylation, we excluded 
the patients with infection (Supplemental Table 4). S100a9K26la 
also served as a marker associated with a heightened risk of  cardiac 
death and relatively poor outcomes in patients with AMI without 
infections (Supplemental Figure 17, C–F).

showed significant improvements in post-injury EF and FS 14 days 
after MI/R (Figure 6, I–K). Furthermore, we observed that admin-
istration of  ALA markedly mitigated MI/R in a dose-dependent 
manner through inhibition of  S100a9K26la, reducing neutrophil 
recruitment to the heart and CM death and improving cardiac dys-
function (Supplemental Figure 14, A–K).

Additionally, S100a9K26la custom antibodies were adopted 
to block S100a9K26la. To test whether S100a9K26la-neutralizing 
antibodies could enter the cells, we isolated circulating neutrophils 
from WT mice 1 day after MI/R and treated them with 10 μg 
S100a9K26la antibody or IgG conjugated with 488 dye for 2 hours. 
Immunofluorescence showed that S100a9K26la antibody conjugat-
ed to Alexa Fluor 488 dye (green) was located in the intracellular  
space of  neutrophils (Supplemental Figure 15A). Using HRP- 
coupled anti–rabbit IgG antibodies that were directly incubated 
on PVDF membranes containing neutrophil cytoplasmic protein, 
(Supplemental Figure 15B). These data suggested that the antibody 
could enter the cells. Furthermore, functional analysis using ChIP-
PCR, PCR, and Transwell assays suggested that, compared with 
IgG antibody, S100a9K26la antibody inhibited the S100a9K26la 
marks on target genes and the mRNA expression of  these genes 
in neutrophils, as well as the migratory ability of  the neutrophils 
(Supplemental Figure 15, C–E). In summary, S100a9K26la anti-
body entered the neutrophils partially via caveolae-dependent 
endocytosis and inhibited the transcription of  target genes and neu-
trophil migratory ability. In vivo, S100a9K26la custom antibodies 
reduced inflammatory cytokine levels in plasma, inhibited the accu-
mulation of  neutrophils, Ly6Chi monocytes, and macrophages in 
the blood and heart, and improved myocardial fibrosis and cardiac 
dysfunction after MI/R.(Supplemental Figure 15, F–L).

S100a9K26la is associated with cardiac death in patients with 
AMI who underwent PCI. To further evaluate the clinical utility of  
S100a9K26la in predicting cardiac risk following MI/R injury, we 
conducted a retrospective study involving 188 patients with AMI 
who presented within 12 hours of  symptom onset and underwent 
PCI within 24 hours. Among these patients, 94 were categorized as 
being at high risk for AMI and experienced cardiac death within a 
1-year follow-up period, while the remaining 94 low-risk patients 
survived (Figure 7A and Supplemental Table 2). The levels of  
both S100a9K26la and S100a9 were significantly elevated in AMI 
patients who died of  cardiac causes compared with patients who 

Figure 4. S100a9K26 lactylation boosts the transcription of neutrophil migration and promotes neutrophil recruitment following MI/R. (A) Immuno-
blotting for S100a9K26la, lamin B1, and GAPDH in cellular fractions of BM neutrophils from WT and S100a9K26R mice on post-MI/R day 1 (n = 4). (B and 
C) CUT-Tag analysis of S100a9K26la in blood neutrophils from sham-treated and post-MI/R mice on day 1. (B) Genes marked by exclusively increased in 
S100a9K26la (S100a9K26la-log2[MI/R/sham] ≥0.5 and S100a9-log2[MI/R/sham] ≤0.5, S100a9K26la-specific); increased in both S100a9K26la and S100a9 
(S100a9K26la-log2[MI/R/sham] >1 and S100a9-log2[MI/R/sham] >1, shared); or exclusively increased in S100a9 (S100a9-log2[MI/R/sham] ≥0.5 and 
S100a9K26la-log2[MI/R/sham] ≤0.5, S100a9-specific). (C) Top 10 GO terms for genes with S100a9K26la-specific modifications. (D) Number of upregulated 
and downregulated genes with and without S100a9K26la binding. (E) GO terms of upregulated (red) and downregulated (blue) genes with S100a9K26la 
modification. (F) Representative migratory genes ranked by S100a9K26la binding signal (right) and mRNA expression according to the RNA-Seq data 
(left). (G and H) S100a9K26la occupancy (G) (n = 6) and gene expression (H) (n = 6) in circulating neutrophils at day 1 after MI/R were analyzed using 
ChIP-qPCR or RT-qPCR. (I) Adhesion of BM neutrophils on day 1 after MI/R in the presence or absence of Mg2+ (1 mmol/L) was determined on CMECs 
pretreated or untreated with TNF-α (20 ng/mL, n = 6). (J) Percentage of polarized neutrophils (with ruffled or extended pseudopods) on day 1 after MI/R 
after CXCL2 stimulation. Scale bars: 10 μm (n = 5). (K) Transwell assay of BM neutrophils on day 1 after MI/R with CXCL2 treatment (30 ng/mL) for 2 
hours (n = 4). Median (IQR: 25th–75th percentiles). (L and M) Representative flow cytometry plots and quantification of BL (L) and heart (M) neutrophils 
(CD45+CD11b+Ly6G+) from WT and S100a9K26R mice on day 1 after MI/R (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for the indicated 
comparisons, by 1-way ANOVA with Tukey’s multiple-comparison test (P values were adjusted for 6 comparisons) (G and H), 2-way ANOVA with Tukey’s 
multiple-comparison test (P values were adjusted for 6 comparisons) (I), 2-tailed Mann-Whitney U test (K), and unpaired, 2-tailed Student’s t test (J, L, 
and M). All data indicate the mean ± SD.
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the process of  neutrophil migration and recruitment during MI/R. 
Considering the immune privilege of  BM, where the stem cell 
niche is protected from the remnants of  lytic cell death, especial-
ly of  neutrophils (29), we propose a hypothetical paradigm about 
the functional pattern of  S100a9 lactylation. First, in response to 
MI/R, BM and circulating neutrophils upregulate S100a9 lactyla-
tion, which serves as a coactivator in neutrophil nuclei to manipu-
late the transcription of  migration-related genes and promote their 
migration toward ischemic heart tissue. Subsequently, neutrophils 
may undergo NETosis and release lactylated S100a9 locally within 
the ischemic microenvironment, where they additionally cause CM 
death by impairing mitochondrial function.

From a clinical perspective, S100a9 lactylation levels were 
significantly elevated in neutrophils and plasma in patients with 
AMI receiving PCI, who had a significantly increased risk of  car-
diac death and were more likely to experience cardiac death during 
long-term follow-up. Although the mechanism by which this might 
occur is unclear, during the follow-up period, both the significantly 
increased frequency of  intercurrent HF and the significant nega-
tive correlation between S100a9K26la levels and LVEF at baseline 
or the first month of  follow-up suggested that cardiac dysfunction 
is the important functional mechanism of  S100a9 lactylation. In 
addition, we found that S100a9 lactylation levels had obvious asso-
ciations with the proinflammatory cytokine IL-1β as well as myo-
cardial injury (CK-MB and cTnI) in patients with AMI. Moreover, 
despite S100a9 being widely recognized as a secreted alarmin and 
the fact that numerous studies have reported the cardiac benefits 
of  blocking S100a9 (30–34), the transcriptional regulatory role of  
S100a9 in neutrophil nuclei has not to our knowledge been report-
ed yet. We demonstrate a nuclear function of  a lactylated form of  
S100a9 protein, discriminating from the extracellular mechanism 
of  secreted S100a9 We demonstrate a nuclear function of  a lactylat-
ed form of  S100a9 that is distinct from the extracellular mechanism 
of  secreted S100a9. Deletion of  neutrophil S100a9K26 lactylation 
resulted in the suppression of  cardiac inflammation and cardi-
ac dysfunction after MI/R. These findings underscore the direct 
pathological effect of  S100a9 lactylation on MI/R. Collectively, 
S100a9 lactylation represents a pathological mechanism and prob-
ably be a key acute inflammatory target to specifically minimize 
cardiac neutrophil counts and acute excessive inflammation follow-
ing MI/R and is a promising alternative biomarker for evaluating 
acute inflammatory injury and late prognosis.

Neutrophil counts positively correlate with adverse clinical 
outcomes in patients with cardiovascular disease (3). Targeting 

Discussion
The early burst of excessive inflammation after AMI contributes to 
reperfusion injury (1). Despite the benefits of antiinflammation ther-
apies targeting residual inflammatory risk in patients in the chronic 
post-AMI phase (22), the early inflammatory response during AMI 
has not shown any breakthrough clinical success so far (23, 24). 
Thus, the task remains to identify ideal targets for acute excessive  
inflammation outbreaks and develop effective and safe agents against 
these targets in AMI. Our study elucidates the role of S100a9 lactyl-
ation in acute inflammation as an intrinsic trigger following MI/R, 
identifies lactylation as a potential therapeutic target and biomarker, 
and establishes a foundation for the development of pharmacological 
interventions. Key findings of our study include: (a) the demonstration 
of neutrophil S100a9 lactylation and its transcriptional regulation; (b) 
the release of lactylated S100a9 via NETs, which triggered CM death 
by impairing mitochondrial function; (c) the identification of specif-
ic lactyltransferase DLAT and its inhibitor ALA; (d) the blockade 
of lactylation signaling driven by DLAT improved cardiac function  
following MI/R; (e) an independent association of S100a9K26la with 
cardiac death for patients with AMI following PCI.

Recently, histone lactylation, as a posttranscriptional modifica-
tion, was found to play diverse roles in different cells during MI and 
other diseases (25–28). In addition, nonhistone protein lactylation, 
a precise and direct factor, plays a critical role in cardiac fibrosis and 
HF (12, 14). However, the function of  lactylation in neutrophils 
during MI/R remains unexplored. In this study, we demonstrate 
that neutrophil S100a9 lactylation was elevated early and triggered 
CM death and neutrophil recruitment following MI/R. Given that 
lactylated S100a9 and unlactylated S100a9 had a similar effect on 
mitochondrial dysfunction and CM death, lactylation did not con-
tribute to the effect of  secreted S100a9 on CM death. However, 
S100a9K26R substantially reduced the inflammation and cardiac 
dysfunction induced by recombinant S100a9, indicating that lactyl-
ated S100a9 has a specific disadvantage in MI/R mice that differs 
from the effects of  S100a9. Actually, lactylation modified S100a9 
and promoted S100a9 translocation into the nuclei of  neutro-
phils. There, lactylated S100a9 specifically boosted the expression 
of  Cxcr1, Rhoj, and Itga2 after MI/R, directing cell polarization, 
adhesion, and migration. As sentinels of  inflammation, neutrophils 
are primarily mobilized from the BM and recruited to the infarct-
ed heart after MI/R. Then, in the heart, neutrophils aggravate the 
damage through secretion of  damage-associated molecular patterns 
(DAMPs) and increase CM death in a process involving NETs. Our 
data indicated that S100a9 lactylation plays an important role in 

Figure 5. DLAT-catalyzed S100a9 lactylation in neutrophils can be antagonized by ALA. (A) Differentially abundant proteins were identified in neutro-
phils by IP and MS analysis using anti-S100a9K26la and IgG antibodies. (B) MS/MS spectrum of DLAT. (C) IP assay of BM neutrophils following MI/R with 
the indicated antibodies (n = 4). (D) SPR analysis of lactyl-CoA binding to the recombinant DLAT protein. (E) An in vitro lactylation assay was performed 
in the presence or absence of lactyl-CoA (n = 4). (F) 32Dcl3 cells were differentiated into granulocytes with addition of G-CSF for 4 days and transfected 
with control siRNA (NC) or DLAT specific siRNA (siDLAT) for 24 hours, and then collected for immunoblot analysis (n = 4). (G) Molecular docking between 
DLAT and lactyl-CoA. (H) Per-residue energy contributions of key residues involved in lactyl-CoA combined with DLAT. (I) Purified rS100a9 was incubated 
with immunoprecipitates of WT Flag-DLAT or the I423A mutant from HEK293T cells followed by detection of S100a9K26 lactylation (n = 6). (J and K) BM 
neutrophils were stimulated with the indicated doses of ALA and then collected for IP with anti-DLAT (J) (n = 4) and intracellular acetyl-CoA detection by 
ELISA (K) (n = 6). Data indicate the mean ± SD. *P < 0.05 and **P < 0.01 for the indicated comparisons, by 1-way ANOVA with Tukey’s multiple-compari-
son test (K). (P values were adjusted for 6 comparisons.) (L) Purified rS100a9 was incubated with immunoprecipitates of WT Flag-DLAT or the K131/258R 
mutant (K2R)) from HEK293T cells followed by detection of S100a9K26la (n = 6). (M) In vitro lactylation assay in the presence or absence of acetyl-CoA (n 
= 4). (N and O) SPR analysis of acetyl-CoA (N) and ALA (O) binding to the recombinant DLAT protein. (P and Q) Flag DLAT plasmid was transfected into 
HEK293T cells, and then cell lysates were collected and incubated with vehicle or lactyl-CoA, acetyl-CoA, or ALA, followed by a CETSA (n = 4).
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Figure 6. ALA inhibits S100a9 lactylation and improves MI/R outcomes. (A) Experimental protocol: mice received i.p. injections of vehicle or ALA 
(30 mg/kg) at different time points. (B) S100a9K26la levels in circulating neutrophils were assayed by WB (n = 6). (C) Gene expression analysis by 
RT-qPCR (n = 6). (D) S100a9K26la occupancy analysis by ChIP-qPCR (n = 6). (E) BM neutrophils from vehicle- or ALA-treated mice 1 day after MI/R 
were collected and treated with CXCL2 (30 ng/mL) for 2 hours, and migration was determined by Transwell assay (n = 6). (F and G) Representative 
flow cytometry plots and quantification of heart-infiltrating CD45+CD11b+Ly6G–Ly6Chi monocytes/macrophages and CD45+CD11b+Ly6G+ neutrophils 1 
day after MI/R (n = 6). (H) Representative images of TUNEL and cTnI double staining and quantitation of TUNEL+ CMs (n = 6). Scale bars: 50 μm, orig-
inal magnification: ×20. (I and K) Representative M-mode echocardiograms and echocardiogram measurements (n = 8). All data indicate the mean 
± SD. **P < 0.01, ***P < 0.001, and ****P < 0.0001 for the indicated comparisons, by 2-tailed Student’s t test (B–D) and 2-way ANOVA with Tukey’s 
multiple-comparison test (E, G, H, J, and K). (P values were adjusted for 6 comparisons.)
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Figure 7. Lactylated S100a9 is associated with cardiac death in patients with AMI. (A) Flow diagrams of the cardiac death cohort for assessment of 
plasma S100a9K26la levels and its prognostic value for cardiac death in patients with AMI receiving PCI. The final eligible 94 patients who died and the 
94 survivor-matched controls were enrolled in this cohort according to the occurrence of cardiac death during 1-year follow-up period. Blood samples 
were collected from the arterial access site after stent implantation during the interventional procedures. (B) Plasma levels of S100a9K26la were mea-
sured by ELISA. Median (IQRs: 25th–75th percentiles). ***P < 0.001 for the indicated comparisons, by 2-tailed Mann-Whitney U test. (C) Spearman’s 
correlation analysis of S100a9K26la and S100a9 with myocardial injury markers and cardiac function indexes. (D and E) RNA-Seq of circulating CD45+ 
immune cells from 55 pairs of surviving patients and patients who died, with a volcano plot (D) of all genes and GSEA (E) of genes. (F) Spearman’s 
correlation analysis of S100a9K26la and IL-1β. (G) Kaplan-Meier plots of long-term cardiac death based on high or low S100a9K26la levels on day 1 after 
PCI in patients with AMI.
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diabetes (49–51). Based on our work and previous reports, lipoic 
acid is may have potential application in a precisely targeted anti-
inflammatory strategy for patients with AMI, especially those with 
diabetes. Thus, ALA might be a promising pharmacological thera-
py to protect against MI/R and deserves further clinical research to 
explore its clinical utility.

In summary, our results provide the first evidence to our knowl-
edge of  the elevation of  S100a9 lactylation in neutrophils in MI/R 
mice and patients with AMI undergoing PCI. DLAT-catalyzed 
S100a9 lactylation triggered migration-related gene activation in 
neutrophils in the early stage of  MI/R and aggravated the reperfu-
sion injury through amplification of  acute inflammation. The use 
of  ALA or S100a9K26la antibodies constitute a promising strate-
gy to attenuate post-MI/R cardiac dysfunction through blocking 
S100a9 lactylation driven by DLAT. Given the marked association 
with cardiac death in patients with AMI, S100a9K26la may be a 
therapeutic target and clinical prognostic biomarker for MI/R.

This study had several limitations. First, we did not investigate 
other modifications of  S100a9, such as phospho-S100a9 (52), and 
the complex crosstalk mechanism of  the posttranslational modifi-
cation of  S100a9 warrants further investigation. Second, the reli-
ability of  our clinical conclusions is limited by the single-center, 
small-sample studies; therefore, further validation through multi-
center studies with larger sample sizes is imperative. Additionally, 
only male mice were used in the mice study, while female individu-
als were involved in the human analyses; therefore, additional vali-
dation of  this pathway is required in female mice.

Methods
A detailed description of  the Methods is provided in the supplemen-

tal materials.

Sex as a biological variable. Our study exclusively examined male 

mice. It is unknown whether the findings are relevant for female mice.

Statistics. Data are reported as the mean ± SD or the median (IQR 

range, 25th–75th percentiles). We used the Shapiro-Wilk, Kolmogor-

ov-Smirnov, or q-q-plots for normality and log normality tests. For com-

parisons, normally distributed data were analyzed by unpaired, 2-tailed 

Student t test (2-group analysis), and 1- or 2-way ANOVA with Turkey’s 

test was used to compare multiple data groups affected by 1 or 2 inde-

pendent variables, respectively. Data sets that did not follow a normal 

distribution were analyzed by Mann-Whitney U test (2-group analysis) 

or Dunn’s multiple-comparison test (multiple-group analysis). All sta-

tistical analyses were conducted using GraphPad Prism 9.0 (GraphPad 

Software). A P value of  less than 0.05 was considered significant. A 

Cox regression model of  S100a9K26la levels for events of  survival or 

death, estimated HR, 95% CIs, and P values were calculated. The opti-

mum cutoff  of  S100a9K26la for discerning MI/R patients and events 

of  survival or death was assessed by receiver-operating curve (ROC) 

analysis. Kaplan-Meier survival curves (log-rank test) were used for 

overall survival analysis using SPSS version 26.0 (IBM Corp.). The cor-

relation between S100a9K26la levels and other molecules was analyzed 

by Spearman’s test. A linear regression line (red line) with 95% CIs (red 

area) is shown (P value from the unpaired, 2-sided t test).

Study approval. All human studies were approved by the Research 

Ethics Committee of  the Second Affiliated Hospital of  Harbin Med-

ical University Heilongjiang, China (approval KY2023-055). All ani-

mal experiments in this study were approved by the Research Ethics 

neutrophil numbers may represent a strategy for treating MI/R 
(35, 36). Currently, reducing neutrophil burden by inhibiting neu-
trophil migration and recruitment constitutes an important ther-
apeutic approach (37). However, the redundancy of  chemokines 
during neutrophil recruitment poses challenges in transitioning 
chemokine targeting from preclinical models to clinical trials (38). 
Therefore, targeting the intrinsic pathway that induces neutrophil 
migration may represent a therapeutic approach for reducing neu-
trophil burden (39, 40). Our study revealed that S100a9 lactyl-
ation was elevated during neutrophil burst following MI/R and 
declined as cardiac-infiltrating neutrophils gradually decreased, 
serving as an intrinsic regulator that enhances neutrophil migra-
tion to the injured heart. Although this study did not specifical-
ly investigate cardiac-resident neutrophils or BM granulopoiesis, 
impaired neutrophil migration resulting from lactylation offers 
a crucial mechanistic basis for the observed reduction in cardi-
ac neutrophil infiltration. These findings highlight the potential 
application of  targeting neutrophil S100a9 lactylation to specif-
ically minimize cardiac neutrophil counts during the neutrophil 
overload period after MI/R.

Neutrophils are generally considered detrimental in the setting 
of  AMI, yet they have been shown to be required for the subse-
quent cardiac repair processes through antiinflammation, proangio-
genesis, and induction of  a proreparative macrophage phenotype 
(41–43). As reported before, 7–14 days after infarction, neutrophil 
depletion leads to worsening of  heart function (41). Additionally, 
short-term S100A9 blockade after injury improves cardiac function, 
but prolonged inhibition for 7 or 21 days leads to progressive dete-
rioration of  cardiac function and LV dilation (30, 44). Therefore, 
the precise timing of  targeting neutrophils and their inflammatory 
mediators is crucial in determining the outcome of  MI. In our study, 
pharmacological and genetic inhibition of  the DLAT/S100a9K26la 
pathway during the early stage of  MI/R substantially inhibited 
neutrophil infiltration and improved cardiac function. However, it 
is uncertain whether targeting this pathway more than 7–21 days 
after MI/R is detrimental to cardiac healing through disruption of  
the beneficial roles of  neutrophils in antiinflammation, proangio-
genesis, and promotion of  a proreparative macrophage phenotype. 
Although S100a9K26R knock-in did not affect immune cells on day 
14 after MI/R, further research is needed to evaluate the long-term 
consequences of  modulating this pathway after MI/R.

Our study elucidates the mechanism underlying the increase 
in S100a9 lactylation during MI/R, identifying the lactyltransfer-
ase DLAT. As an indispensable part of  cellular metabolism (45), 
DLAT catalyzes the conversion of  pyruvate to acetyl CoA. We 
revealed that DLAT functions as a lactyltransferase to catalyze lac-
tylation of  S100a9, thereby mediating migratory gene expression, 
highlighting a nonmetabolic function of  this protein in regulating 
neutrophil behavior. ALA was confirmed to be able to inhibit lac-
tylation and reduce the migration ability of  neutrophils, leading to 
improvement of  cardiac function of  MI/R mice. Importantly, as a 
clinical medicine for the treatment of  diabetic peripheral neurop-
athy, clinical trials suggested that lipoic acid could reduce periph-
eral neuropathy pain intensity experienced by patients with type 
2 diabetes mellitus and improve insulin sensitivity in prediabetic 
individuals (46–48). Moreover, lipoic acid can improve endothelial 
dysfunction in individuals with impaired fasting glucose or type 2 
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