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Background: Ischemic heart disease is one of the leading causes of death in the world, of which ST-segment elevation myocardial 
infarction (STEMI) is an important type. Inappropriate activation and accumulation of platelets typically induced thrombosis, which 
may result in acute vessel occlusion and STEMI. Multiple cytokines have been shown to regulate platelet activation, but the 
relationship between HMGB2 and platelet activation has not been elucidated.
Methods: We collected peripheral blood of STEMI patients and healthy adults, and mass spectrometry analysis of platelet proteins 
was conducted. The “edgeR” package was used to identify the differentially expressed proteins (DEPs). The Kyoto Encyclopedia of 
Genes and Genomes (KEGG), Gene ontology (GO) and Gene Set Enrichment Analysis (GSEA) were used to identify the significantly 
changed pathways. Western blot and ELISA were used to detect the expression of a high mobility group box 2 (HMGB2). Flow 
cytometric analysis and platelet aggregation rate were performed to evaluate the activation of platelets.
Results: We identified ALOX5, HIST1H1B, S100A11, HMGB2, and RPS15A were the top five up-regulated proteins by differential 
expression analysis. Western blot verified that the relative protein expression of HMGB2 in platelet was significantly higher in STEMI 
patients compared with control adults, and the results of ELISA indicated that the serum HMGB2 level increased and significantly 
correlated with neutrophil count in STEMI patients. Further investigation showed that the platelet aggregation induced by ADP, the 
activation of integrin αIIbβ3 and CD62P expression on platelet surface were all enhanced by the recombinant HMGB2 (rHMGB2).
Conclusion: In conclusion, HMGB2 may be the key molecule to regulate platelet activation in patients with STEMI, which may 
serve as a potential therapeutic target for STEMI.
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Introduction
Cardiovascular disease is the most common disease in the world. In 2019, nearly 15 million people died of myocardial 
infarction and stroke.1 ST-segment elevation myocardial infarction (STEMI) is an important type of myocardial 
infarction and poses a serious threat to patients’ lives. Although STEMI was explored by numerous scholars, the 
pathophysiological mechanism has not been revealed thoroughly.

Platelets, as an important type of blood cells, were responsible for maintaining the integrity of vascular endothelium.2 

Inappropriate platelet activation and accumulation at the site of injured vascular are critical steps for occlusive thrombus 
formation in those arterial thrombotic diseases.3,4 Enhanced platelet reactivity is associated with atherosclerosis, 
hyperlipidemia, and hyperglycemia.5,6 Studies have shown that there was a significant correlation between platelet 
hyperreactivity and cardiovascular death in STEMI patients [HR=1.78 (95% CI 1.04–3.03), p=0.036], thus the platelet 
activity was an important marker for long-term prognosis of STEMI.7 Multiple cytokines have been identified to regulate 
platelet activation. Study revealed that PCSK9 activates the p38MAPK/cPLA2/COX-1/TXA2 signaling pathways by 
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binding to platelet CD36 and thus enhanced platelet activation. In vivo experiments indicate that PCSK9 enhances 
thrombosis in a FeCl3-injured mesenteric arteriole thrombosis mouse model and aggravates microvascular obstruction 
and promotes MI expansion post-MI.8 However, the relationship between HMGB2 and platelets hyperactivity, as well as 
the enhanced tendency of thrombus formation, has not been elucidated.9

DAMPs (including oxidized lipid derivatives, high mobility group box 1 (HMGB1), high mobility group box 2 
(HMGB2), S100A, and so on) are typically signaling molecules of tissue damage and oxidative stress to alert the host’s 
innate immune system. DAMPs are recognized by pattern recognition receptors (PRRs) which are classified into 5 major 
families according to protein domain homology: toll-like receptors (TLRs), C-type lectin receptors, NLRs, absent in 
melanoma 2 (AIM2)–like receptors, and retinoic acid inducible gene-I-like receptors (RIG-I-like receptors).10,11 Platelet- 
derived HMGB1 could potentiate platelet activation under the stimulation of agonists (Collagen, Adenosine triphosphate 
(ADP), and C-reactive protein (CRP)) and further enhance the thrombus formation of mesenteric artery induced by FeCl3 

in mice.12 These results indicate the important role of HMGB1 in thrombotic diseases. HMGB1 and HMGB2 share 80% 
amino acid sequence similarity, and both are expressed in leucocyte.13 In recent years, an increasing number of studies 
have focused on the relationship between HMGB2 and cardiovascular disease.14 For example, researchers observed the 
accumulation of reactive oxygen species (ROS) in myocardial cells by recombinant HMGB2 management, which 
promoted apoptosis and abnormal autophagy of myocardial cells and finally increased the area of myocardial 
infraction.15 Moreover, previous studies showed that the serum HMGB2 level was positively correlated with the 
incidence of in-stent restenosis, which hints at the possible role of HMGB2 in thrombosis.16

In this study, we explored the changes of platelet proteomics in patients with STEMI, and bioinformatics analysis and 
clinical sample detection were conducted to verify the differential expression proteins. Through analyzing the correlation 
between serum HMGB2 levels and blood cell counts, we further explored the source of serum HMGB2. Eventually, we 
found that HMGB2 directly enhanced platelet activation, which may be a new mechanism of platelet hyperreactivity in 
STEMI.

Materials and Methods
Platelet Proteomics Mass Spectrometry Analysis
According to the diagnostic criteria of STEMI,17 6 patients with acute chest pain who were sent to the emergency 
department of The Second Affiliated Hospital of Nanchang University were enrolled between October 2022 and 
January 2023. At the same time, 6 healthy controls were recruited. Patients were included in this study if ST-elevation 
>0.1mV in at least two contiguous leads within 24 h, and the age was older than 18 years. Exclusion criteria included 
patients with active inflammatory or autoimmune diseases, severe heart failure, hemodynamic instability, myocarditis or 
pericarditis, diseases of the hematopoietic system, severe kidney or liver disease, malignancy, therapy of immunosup-
pressant agents, and previous coronary artery bypass graft surgery.18 The study was performed in accordance with the 
Declaration of Helsinki and was approved by the Ethics Committee of the Second Affiliated Hospital of Nanchang 
University. All patients gave written informed consent.

In order to find the key molecules participated in the pathogenesis of STEMI, adults matched with baseline 
information, such as sex, age, and history of past illness, were selected. Platelets were purified from peripheral venous 
blood by gradient centrifugation,19 and the expression of proteins was detected by liquid chromatography-tandem mass 
spectrometry.

Differential Expression Analysis
The “edgeR” package was used to screen the differentially expressed proteins (DEPs) in RStudio software 4.1.1 with the 
threshold of log |Fold Change|>0 and p value<0.05.20 Volcano plot was presented to visualize the DEPs.

Enrichment Analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), and Gene Set Enrichment Analysis (GSEA) 
databases were used to identify the significantly changed pathways. Enrichment analysis and visualization of KEGG and 
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GO functional annotation were carried out by ClueGo v2.5.8 and CluePedia v1.5.8 in Cytoscape v3.7.2 software.21 

GSEA was performed in RStudio software 4.1.1, and the GSEA data sets, C2: curated gene sets, derived from Human 
MSigDB Collections in BROAD website.22,23 According to the criterion of FDR<0.05, the top pathways were screened 
for further analysis.

Proteins Preparation and Western Blot
According to the above criteria, 5 STEMI patients and 3 control adults were recruited. Then, 10 mL of peripheral venous 
blood was collected to the sodium citrate anticoagulant tube. Platelets were precipitated by gradient centrifugation and then 
lysed by RIPA buffer (Wuhan Boster Biological Technology Co., Ltd, Wuhan, China) to extract total platelet protein. The 
concentration of total platelet protein was determined using the bicinchoninic acid assay (Pierce™ BCA Protein Assay Kit, 
Thermo Scientific). Each protein sample was sonicated, diluted with 6× standard SDS loading buffer, and heated at 100°C for 
10 minutes. Platelet protein (20 μg) was separated via 10% SDS-PAGE and subsequently transferred to 0.22 µm nitrocellu-
lose membrane for 120 min at 260 mA. Membranes were blocked for 1 h in 5% non-fat dry milk and then rinsed three times 
by Tris-buffered saline pH 7.5 with 0.1% Tween-20 (TBS-T). Then, membranes were incubated with HMGB2 primary 
antibody (Goat anti-Rabbit IgG antibody, dilution ratio 1:1000, Cell Signaling) overnight at 4°C, washed with TBST, and 
incubated with secondary antibody for 30min at 37°C. The protein bands were imaged by the Bio-Rad Chemidoc system 
(Bio-Rad Laboratories, California, USA) and analyzed by Image Lab software (version 6.1).

ELISAs
According to the above criteria, 26 serum samples of STEMI patients and 29 control serum samples were collected. The 
samples were centrifuged for 20 min at 1000×g, then the levels of serum HMGB2 were routinely measured using 
a commercial HMGB2 ELISA kit (Aachen, antibodies, Germany) according to the manufacturer’s instruction.

Flow Cytometric Analysis
After pretreated with rHMGB2 (500ng/mL) for 40 min,16 washed platelet sample was analysed using a Beckman Coulter 
FC-500 flow cytometer (BeckmanCoulter, Hialeah, FL, USA). The activation of platelet integrin αIIbβ3 detected by 
PAC-1 binding and the release of P-selectin from α granules detected by CD62P expression on platelet surface were 
reported as mean fluorescence intensity (MFI).

Platelet Aggregation Rate
Platelet aggregation in response to ADP (10μM) was measured using platelet function analyzer (SINNOWA, Jiangsu, 
China) at room temperature. Briefly, the washed platelets were pretreated with rHMGB2 for 40 min. 250 μL platelet 
suspension was placed into the detecting hole, and ADP was added to induce platelet aggregation. Platelet aggregation 
rate (PAR) was obtained by calculating the changes of platelet counts. PAR analyses were repeated three times at least.

Statistics
All data sets were analyzed for normality by Shapiro–Wilk test. The data are presented as mean ± standard deviation 
(SD) for data exhibiting a normal distribution. Student’s t-test was used to compare the differences between the two 
groups. A one-way ANOVA test with Bonferroni post-test was applied to compare the differences of multiple groups. 
Rank-sum test was utilized for non-normally distributed data. The categorical data was analyzed with chi-square test or 
Fisher’s exact test. Statistical analyses were performed by SPSS software (version 25.0), and figures were created by 
GraphPad Prism software (version 8.0). P<0.05 was considered as statistically significant.

Results
Differential Expression Analysis of Proteomic
In order to investigate the key proteins regulating platelet functions in STEMI patient, 6 STEMI patients and 6 control adults 
were enrolled. The gender, age, history of smoking and past illness, cTnT peak, and platelet count of these patients were 
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included. The results showed that there was no statistical difference in baseline information except that the cTnT peak in 
STEMI group was significantly higher than that in the control group (Table 1). Difference analysis of platelet proteomic 
showed that 772 proteins were differentially expressed, 510 of which were up regulated, and 262 proteins were down regulated 
in STEMI group (Figure 1A). ALOX5, HIST1H1B, S100A11, HMGB2, and RPS15A were the top five up-regulated genes. 
We further assessed the protein level of HMGB2 in both platelet and serum by Western blot and ELISA, respectively, of 
STEMI patients and healthy controls. The table details the clinical characteristics of both groups (Table 2 and 3). The result 
indicated enhanced expression levels of HMGB2 in platelets and plasma in STEMI patients (Figure 1B and C).

The Correlation of Serum HMGB2 Levels with Blood Cell Count
To seek the ectopic source of HMGB2 protein in platelet, we assessed the correlation of serum HMGB2 levels with blood cell 
count. The result showed that serum HMGB2 in STEMI patients was positively correlated with neutrophil count (R2=0.3245, 
P=0.001) (Figure 2A) and leucocyte count (R2=0.1742, P=0.019) (Figure 2D). But there was no correlation between serum 
HMGB2 levels and platelet count, monocyte count, erythrocyte count, and lymphocyte count (Figure 2B, C, E and F).

Functional Enrichment
To further investigate the related pathways of these differentially expressed platelet proteins, GO, KEGG, and GSEA analysis 
were performed. The result of GO-BP (Biological Process) analysis showed that the platelet biological function was 
significantly changed including vesicle-mediated transport, cellular response to chemical stimulus, immune system process, 
biological adhesion, catabolic process, cellular component biogenesis, regulation of protein metabolic process, nucleic acid 
metabolism process, and peptide metabolic process (Figure 3A). The GO-CC (Cell Components) analysis indicated that the 
enriched cell components were ESCRT complex, cytoplasmic vesicle, cytosolic ribosome, side of membrane, nucleoplasm, 
and nuclear protein-containing complex (Figure 3B). The GO-MF (Molecular Function) that displayed the enriched cellular 
functions were regulation of molecular function, protein-containing complex binding, enzyme binding, signaling receptor 
binding, identical protein binding, carbohydrate derivative binding, hydrolase activity acting on acid anhydrides and catalytic 
activity (Figure 3C). The result of KEGG analysis presented that the cellular functions including platelet activation, 
phagosome, endocytosis, neutrophil extracellular trap formation, lipid, and atherosclerosis and regulation of actin cytoske-
leton were significantly changed (Figure 4A). GSEA enrichment analysis showed that the up-regulated pathways were Nod- 
like receptor signaling pathway, Toll-like receptor signaling pathway, IL-1 signaling pathway, NF- κ B signaling pathway, and 
pentose phosphate pathway (Figure 4B). The down-regulated pathway included calcium signaling pathway, PPAR signaling 
pathway, G protein signaling pathway, platelet calcium homeostasis, and platelet homeostasis (Figure 4C).

HMGB2 Involve in Platelet Aggregation and Activation
To explore the effect of serum HMGB2 on platelet function, the washed platelet was pretreated with recombinant HMGB2 
(rHMGB2). We found that the rHMGB2 potentiated platelet aggregation induced by ADP (Figure 5A), and the activation of 
platelet integrin αIIbβ3 and CD62P expression on platelet surface were both enhanced by rHMGB2 (Figure 5B-E).

Table 1 Subject Characteristics for Identifying the Platelet Proteomics

Control Group STEMI Group

Total of subjects (n) 6 6

Sex (male, n (%)) 6(100.00) 6(100.00)

Age (year, mean ± SD) 62.00±7.21 61.33±6.66
Smokers, n (%) 2(33.33) 4(66.67)

Dyslipidemia, n (%) 2(33.33) 2(33.33)

Diabetes mellitus, n (%) 2(33.33) 2(33.33)
Hypertension, n (%) 2(33.33) 0(0.00)

cTnT Peak (ng/dL, mean ± SD) 0.04±0.02 40.88±15.80*

Platelet counts (Х109/L, mean ± SD) 215.67±80.51 206.33±91.72

Note: *P<0.05 vs control group. 
Abbreviations: STEMI, ST-elevation myocardial infarction; cTnT, Cardiac troponin T.
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Discussion
Nowadays, atherosclerosis-related cardiovascular and cerebrovascular diseases seriously threaten people’s life and 
health.1 Recent studies have shown that platelet played an important role in the occurrence and development of 
atherosclerotic diseases.24 This study explored the relationship between HMGB2 and platelets, and there were few 

Table 2 Subject Characteristics for Identifying the Platelet HMGB2 Level

Control Group STEMI Group

Total of subjects (n) 3 5

Sex (male, n (%)) 2(66.67) 3(60.00)
Age (year, mean ± SD) 64.4±12.01 63.33±7.57

Smokers, n (%) 1(33.33) 2(40.00)

Dyslipidemia, n (%) 1(33.33) 4(80.00)
Diabetes mellitus, n (%) 1(33.33) 2(40.00)

Hypertension, n (%) 1(33.33) 3(60.00)

cTnT Peak (ng/dL, mean ± SD) 0.04±0.04 27.46±21.05*
Platelet counts (Х109/L, mean ± SD) 172.00±63.50 170.40±54.27

Note: *P<0.05 vs control group. 
Abbreviations: STEMI, ST-elevation myocardial infarction; cTnT, Cardiac troponin T.

Table 3 Subject Characteristics for Identifying the Plasma HMGB2 Level

Control group STEMI Group

Total of subjects (n) 29 26

Sex (male, n (%)) 20(68.97) 20(76.92)

Age (year, mean ± SD) 65.76±10.27 68.81±11.58
Smokers, n (%) 12(41.38) 15(57.69)

Dyslipidemia, n (%) 3(10.34) 6(23.08)

Diabetes mellitus, n (%) 8(27.59) 13(50.00)
Hypertension, n (%) 9(31.03) 16(61.54) *

cTnT Peak (ng/dL, mean ± SD) 0.02±0.01 20.71±20.46*

Platelet counts (Х109/L, mean ± SD) 195.45±58.98 197.73±56.52

Note: *P<0.05 vs control group. 
Abbreviations: STEMI, ST-elevation myocardial infarction; cTnT, Cardiac troponin T.

Figure 1 Identification and verification of differently expressed proteins. (A) Volcano plot of differently expressed proteins between the two groups. The red plots 
represent upregulated proteins, and the green plots represent downregulated proteins. (B) The expression level of HMGB2 in platelet from STEMI patients and healthy 
controls. (C) The serum concentration of HMGB2 in STEMI patients and healthy controls. ****P < 0.0001 vs the NC group.
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relevant studies focusing on this aspect. Our study found that the level of HMGB2 in both platelet and serum was 
significantly increased in STEMI patients compared with healthy control. Previous studies indicated that HMGB family 
were chaperone molecule of the transcription factor, which strongly bound with the small grooves of DNA and involved 
in DNA bending so as to enhance the local flexibility of the double helix and stabilize looping.25 Recently, studies have 
found that HMGB2 played an important role in the occurrence and development of atherosclerosis. For instance, 
knocking down of HMGB2 by siRNA in macrophage foam cells significantly reduced lipophagy, which attenuated the 
cholesterol efflux and resulted in the accumulation of oxidized lipids and foam cells in plaque.26 Another study found 
that endothelium-derived particles aggravated the inflammation and hypertrophy of vascular smooth muscle cells after 
co-incubation, and these damages could be rescued by HMGB1/HMGB2 inhibitor insulin (25 µ mol/L).27 Although the 
above studies presented inconsistent results on the role of HMGB2 in atherosclerosis, which did not preclude 
a potentially important role of HMGB2 in atherosclerosis. Analyzing these inconsistent results may give us some 
hints for exploring HMGB2. Our study explored the relationship between HMGB2 and platelet function. Considering 
limited protein synthesis in platelet, the transfer of protein to platelet represented another mechanism for protein 
enrichment.28 So, the level of serum HMGB2 was evaluated, and we found that the serum concentration of HMGB2 
in STEMI patients was increased and positively correlated with neutrophil count. These findings revealed that the serum 
HMGB2 may be released by neutrophils and further acted on platelet.

Previous study showed that the serum HMGB2 levels were not only increased in STEMI patient but also associated 
with the coronary artery in-stent restenosis.16 Compared with 298 patients without in-stent restenosis (ISR), the serum 
HMGB2 level of 262 ISR patients was significantly increased and was positively related to the severity of ISR.16 Further 
investigations indicated that HMGB2 was involved in enhancing the proliferation and migration of human aortic smooth 
muscle cells and neointimal hyperplasia in C57Bl/6 mice by inducing ROS accumulation.16 However, such changes were 
attenuated when the receptor of advanced glycation end products (RAGE) was knocked out.16 Moreover, local injection 

Figure 2 Correlation analysis of serum concentration of HMGB2 with blood cell counts. (A) The serum concentration of HMGB2 was positively related to neutrophil count 
and (D) leucocyte count. (B) The serum concentration of HMGB2 was not correlated with platelet count, (C) Monocyte count, (E) erythrocyte count, and (F) lymphocyte 
count.
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B C

A

Figure 3 Gene Ontology (GO) analysis. (A) Eight biological processes (BP) were enriched in STEMI patients. (B) Enrichment results of the cellular components (CC). (C) 
Eight molecular functions (MF) were enriched in STEMI patients. STEMI: ST-segment elevation myocardial infarction.
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CB

Figure 4 KEGG enrichment analysis and Gene Set Enrichment Analysis (GSEA). (A) KEGG showed that six platelet related functions were significantly changed in platelets 
of patients with STEMI. (B) GSEA showed that five functional pathways were significantly activated in STEMI patients. (C) GSEA showed that five functional pathways were 
significantly inhibited in STEMI patients. KEGG: Kyoto Encyclopedia of Genes and Genomes; STEMI: ST-segment elevation myocardial infarction.
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of rHMGB2 in mice with acute myocardial infarction (AMI) could enlarge the infarct area and decrease left ventricular 
ejection fraction.15 Further study indicated that the potential mechanism was cardiomyocyte ROS accumulation, 
apoptosis, and inflammation induced by HMGB2.15 Our study identified for the first time that platelet function could 
be regulated by HMGB2. After HMGB2 management, platelet aggregation induced by ADP was enhanced, and the 
activation of platelet integrin αIIbβ3 and CD62P expression on platelet surface was increased, which may accelerate 
thrombosis and aggregate ischemia-reperfusion injury. Interestingly, GSEA analysis revealed the activation of Toll-like 
receptor pathway (Figure 4B), so we speculated that HMGB2 may regulate platelet activation through RAGE or Toll-like 
receptor.

Numerous studies showed the role of platelet in atherosclerosis and AMI. Although antiplatelet drug therapy could 
greatly improve the prognosis of patient with myocardial infarction, the existence of drug resistance still limits the 
clinical effectiveness of antiplatelet drug. This study found that HMGB2 may be the key molecule involved in regulating 
platelet activation. Further research was necessary to clarify the potential mechanisms of platelet activation induced by 
HMGB2 and excavate potential therapeutic targets for STEMI. However, there are still some limitations in this manu-
script. The sample size of this study is small and some important baseline information such as comorbidities of patients, 
pharmacological history, and anthropometric features were lost. In the future, we will increase the sample size and collect 
more detailed baseline characteristics for subgroup analysis.

Figure 5 Effects of HMGB2 on Platelet activation. (A) platelet aggregation induced by ADP was enhanced by using rHMGB2. (B and C) CD62P expression on platelet 
surface was enhanced by using rHMGB2. (D and E) Activation of platelet integrin αIIbβ3 was enhanced by using rHMGB2. MFI: mean fluorescence intensity. **P < 0.01 vs the 
NC group.
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