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Editorial on the Research Topic Inflammatory pathways in cardiometabolic diseases: mechanisms, biomarkers, and therapeutic insights


The inflammatory microenvironment, composed of immune cells, extracellular matrix, growth factors, and inflammatory mediators, plays a central role in the pathogenesis and progression of cardiometabolic diseases (CMD) Liu et al., (1). Although its contribution to immune cell infiltration, endothelial dysfunction, oxidative stress, and metabolic dysregulation is well recognized, significant knowledge gaps persist regarding the specific molecular mechanisms, biomarkers, and therapeutic opportunities (2, 3).

This Research Topic seeks to address these gaps by compiling cutting-edge research on the inflammatory microenvironment in CMD, with the aim of elucidating underlying biological mechanisms, advancing biomarker development, and evaluating the efficacy of anti-inflammatory therapies, thereby fostering novel strategies for disease management.

The understanding of the inflammatory core in cardiometabolic diseases (CMD) has shifted from the established paradigm of systemic, low-grade inflammation to a targeted exploration of tissue-specific immunometabolic crosstalk (4). In their review, Al-Shahrabi et al. compellingly demonstrate that disruptions in amino acid metabolism and mitochondrial redox balance are not merely secondary phenomena but active drivers of pathological cardiac remodeling. This theme of metabolic-immune crosstalk is further elaborated by Liu et al., which meticulously delineates how diverse insults—from oxidized lipids to hyperglycemia—converge to orchestrate a pro-inflammatory niche across various CMDs. Long considered merely a glycolytic byproduct, lactate is now recognized as a key regulator of diverse physiological and pathological processes (5). Exemplifying this expanded role, the work by Zhang et al. introduces lactylation as a previously underappreciated mechanism, redefining lactate from a metabolic waste product to a critical immunological messenger that directly couples glycolytic flux to epigenetic reprogramming and inflammatory gene expression. The works in this Topic collectively demonstrate that metabolic signals not only accompany but actively orchestrate innate immune memory and sustain maladaptive inflammatory responses across cardiovascular and metabolic tissues.

A principal challenge in the field lies in translating mechanistic insights into clinically applicable tools. This Topic highlights significant progress in the domains of biomarker discovery and risk stratification, reflecting a shift from reliance on single molecules toward integrated, pathophysiologically grounded indices. The study by Meng et al. exemplifies this trend by validating the monocyte-to-high-density lipoprotein cholesterol ratio (MHR)—a metric that concurrently reflects inflammatory cellular activity and dyslipidemia—as a marker of obstructive sleep apnea severity. Similarly, Liu et al. demonstrate that the epicardial adipose tissue mass index (EAMI), derived from routine imaging, provides superior prognostic value compared to conventional risk scores, thereby quantifying the risk attributable to a key paracrine inflammatory organ. Further reinforcing this narrative, the contributions of Sun et al. and Wang et al. underscore the prognostic significance of metabolic byproducts such as the blood urea nitrogen-to-albumin ratio and serum uric acid, highlighting an unequivocal link between metabolic waste accumulation, inflammation, and clinical deterioration.

Ultimately, the delineation of pathogenic pathways must inform therapeutic innovation. The articles presented here offer insightful perspectives on future treatment strategies, spanning from the network-modulating properties of traditional medicine to the precision of novel molecular targets. Du et al. provide a rigorous mechanistic foundation for Shexiang Tongxin Dropping Pills, illustrating its synergistic efficacy against both oxidative stress and the potent TNF-α/IL-6 inflammatory axis. Concurrently, the metabolomic study by Wang et al. identifies dysregulated bile acid metabolism as a specific pathogenic driver, thereby unveiling a potential new avenue for intervention. Looking forward, the comprehensive review by Chen et al. builds a compelling argument for vascular adhesion protein-1 as a druggable target, whose inhibition may directly attenuate vascular inflammation.

In conclusion, the studies featured in this Research Topic converge on a clear message: inflammation in cardiometabolic diseases is not a static phenomenon but a dynamic, networked process deeply embedded within metabolic regulation. It functions simultaneously as cause and consequence, signal and effector. Together, these findings urge the scientific community to embrace a more integrative framework—merging metabolic and immunologic insights—to develop biomarkers and therapeutic strategies that capture the complex pathophysiology of CMD. We are confident that the foundational work collected here will inspire future research and accelerate the translation of these insights into more precise and effective clinical interventions for patients with cardiometabolic disease.
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Cardiovascular disease (CVD) is responsible for approximately 30% of annual global mortality rates, yet existing treatments for this condition are considered less than ideal. Despite being previously overlooked, lactate, a byproduct of glycolysis, is now acknowledged for its crucial role in the cellular functions of the cardiovascular system. Recent studies have shown that lactate influences the proliferation, differentiation, and activation of immune cells through its modulation of post-translational protein modifications, thereby affecting the development and prognosis of cardiovascular disease. Consequently, there has been a notable increase in interest towards drug targets targeting lactylation in immune cells, prompting further exploration. In light of the swift advancements in this domain, this review article is dedicated to examining lactylation in cardiovascular disease and potential drug targets for regulating lactylation, with the aim of enhancing comprehension of this intricate field.
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1 Introduction

The image of lactate as a “metabolic waste” has been completely changed by the recent increase in research and understanding of lactate (1). Lactate is a key mediator of energy conversion in physiological and pathological metabolism, as well as participating in intricate cellular signaling mechanisms. Moreover, the effects of lactate before and after cardiac surgery has been thoroughly investigated (2).

The heart is undeniably a vital organ in the human body. While it relies mainly on the oxidation of carbohydrate like fatty acids and glucose to sustain its energy needs, lactate becomes an indispensable energy source under certain conditions, such as hypoxia or strenuous physical activity (3, 4). Under these conditions, the heart converts lactate from the blood into pyruvate through the action of the lactate dehydrogenase (LDH). Pyruvate then enters the tricarboxylic acid cycle to produce adenosine triphosphate (ATP), providing the heart with energy to maintain its function in an oxygen-deficient environment (5). A metabolic state dependent on lactate for energy production may not be the most optimal, but it serves as a vital adaptation that allows the heart to continue work even in conditions of limited oxygen supply (6, 7). However, excessive accumulation of lactate, especially in pathological states such as myocardial ischemia or myocardial infarction (MI), can lead to decreased intracellular pH, which affects heart function and even contributes to post-ischemia reperfusion injury (8). Recent studies have found evidence that lactate is a cardiac signaling molecule, regulating cardiac cells contractility and involving in the adaptive response of the heart during complex stress conditions (9). In-depth studies have shown that lactate may also affect the growth and survival of cells in the human heart, revealing its potential role in cardiac physiology and pathological regulation (10). Additionally, lactate is converted to lactyl-CoA, which then provides a lactyl group to the lysine residue with the assistance of lactyltransferase catalysis (11).

In conclusion, the significance of lactate in the human body extends beyond its involvement in energy metabolism. The identification of its contributions to cardiac energy supply, stress adaptation, signaling and lactylation modification represents a significant advancement in the comprehension of lactate function, offering a crucial biological foundation for a more comprehensive examination of the mechanisms underlying cardiac diseases and the formulation of novel therapeutic approaches (12).



2 Lactate metabolism and lactylation modification


2.1 Lactate metabolism under physiological condition in the cardiovascular system

The heart is capable of utilizing carbohydrates as a source of energy, and the significance of lactate in cardiac function is increasingly acknowledged. Lactate entering cardiomyocytes is oxidized to pyruvate by lactate dehydrogenase (LDH). Pyruvate then enters the mitochondria and is further oxidized through the tricarboxylic acid cycle (TCA cycle) to produce ATP, which provides the necessary energy for myocardial contraction (13). This is especially critical when the heart's workload increases. The heart effectively removes lactate from the blood through oxidative metabolism, helping to maintain acid-base balance throughout the body (14). For example, the net uptake of lactate by cardiomyocytes significantly increases during atrial pacing compared to the uptake at rest (15). Over the course of the experiment, it was observed that the myocardium exhibited an increase in the release of lactate, particularly during atrial pacing. These findings suggest that the heart not only utilizes lactate as a source of energy, but also releases it, with the proportion of release becoming more pronounced as the workload on the heart increases (16).

The monocarboxylate transporter (MCT) family, located on the lipid bilayer of the membranes, is responsible for the exchange of lactate inside and outside the cell and within the cell (17). Thus, lactate is dependent on MCTs to function in tissues or cells. Due to its role as symporters of lactate and hydrogen ions, MCTs is able to help regulate intracellular pH levels, thus contributing to pH homeostasis within cells. Fourteen MCT isoforms have been identified (18). From a tissue-level perspective, MCT1 expression is highly prevalent, with presence in various tissues including the heart, skeletal muscle, gastrointestinal tract, kidneys and so on. The uptake of lactate by the heart is dominated by MCT1. The localization of MCT1 on the cell membrane is dependent on the single-spanning transmembrane glycoprotein CD147, which is recognized as the chaperone protein for MCT1 (18, 19). Compared with MCT1, MCT2, MCT3 and MCT4 are expressed in different tissues. MCT4 has a low affinity for lactate and mainly promotes the excretion of lactate from cells (20). Consequently, MCT4 can promote the elimination of lactate generated through glycolysis (21). From a cell-level perspective, lactate is transported in human induced pluripotent stem cell-derived vascular smooth muscle cells (hiPSC-vSMCs) by MCT1 and MCT4 (22). The expression of MCT4, a crucial lactate transporter in cardiomyocytes, is notably increased during myocardial injury (10). MCT1 is also a major channel for lactate entry into endothelial cells (ECs).

In addition to glucose as the main energy supply, lactate can be converted into acetyl-CoA and subsequently enter the tricarboxylic acid cycle (TCA) to generate energy for the body. Furthermore, lactate has the capability to be converted into glucose through the gluconeogenesis pathway (23). It is important to recognize that the clearance of lactate by the kidneys plays a crucial role in maintaining the balance of NADH/NAD between cells and tissues. Lactate and pyruvate can undergo rapid interconversion facilitated by lactate dehydrogenase, enabling them to serve as circulating redox buffers. Furthermore, lactate can be converted into lactyl-CoA, which participates in the post-translational modifications of numerous proteins (24) (Figure 1).
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FIGURE 1
Mechanisms of lactate metabolism and lactylation in cells. Lactate is transported into the cytoplasm via MCT or produced through glycolysis. In the cytoplasm, lactate catabolism occurs through two pathways. In one pathway, lactate is oxidized to pyruvate, which enters mitochondria and is metabolized through the tricarboxylic acid cycle. In the other pathway, lactate can be converted into lactyl-CoA and is involved in the lactylation of histones and nonhistone proteins. GLUT, glucose transporter, Klalysine lactylation; MCT, monocarboxylic acid transporter; LDHA, lactate dehydrogenase A. This figure is created with BioRender.com.




2.2 Lactate metabolism under pathophysiological condition in the cardiovascular system

In pathological conditions, the balance between lactate production and clearance is often disturbed, leading to cellular dysfunction and potentially initiating a series of pathophysiological changes. This section will provide an overview of changes in lactate metabolism in various disease states. Specifically, in instances of acute myocardial infarction and congenital heart disease, there is a reduction in myocardial perfusion or arterial oxygen levels (25). The rate of glycolysis rises dramatically as the heart seeks to maintain ATP production. This leads to a rise in the production of lactate (26). However, the lack of blood flow prevents the removal of lactate from the cells (27). When lactate accumulates in the cells, it has a deleterious effect on ionic homeostasis and cardiac function, leading to disturbances in the contractile mechanism of the heart and cardiac electrophysiology (28, 29). During the development of atherosclerotic plaques, the arterial lumen gradually narrows, increasing the oxygen demand of the vessel wall, which in turn reduces the amount of oxygen diffusing to the intima. Due to hypoxia, intimal cells switch to glycolysis for energy production, resulting in increased lactate production (30). Currently, the reasons for elevated lactate levels in patients with hypertension are not clearly defined. It has only been found that lactate may promote the development of hypertension through increased central sympathetic nervous activity (31).

Hyperlactatemia is a prevalent issue following cardiac surgery and is often attributed to tissue hypoxia (type A). Type B (absence of tissue hypoxia) could also play a role after cardiac surgery (32). A normal blood lactate level is 0–2 mmol/L, and a value of 3–5 mmol/L is often used to define hyperlactatemia (33). And blood lactate levels and clearance rates have been found to be closely related to cardiac and vascular surgery prognosis. Patients with valvular heart disease in the intensive care unit, a serum lactate level >7 mmol/L and reduced lactate clearance are considered strong predictors of mortality within 30 days (34). Hyperlactatemia leads to the upregulation of vascular endothelial growth factor (VEGF), which can result in increased vascular permeability, tissue injury, hypotension, organ dysfunction and death (35). Hyperlactatemia is also associated with an increased risk of serious postoperative complications, including circulatory collapse and ventilation for >24 h, as well as a prolonged time to drain removal (36). Furthermore, studies have shown that the use of a cell saver during valve surgery can reduce blood loss and inflammatory responses. This significantly reduces the incidence of hyperlactatemia, which is beneficial for the treatment and long-term prognosis of surgical patients (37). Blood lactate levels feature prominently in acute type A aortic dissection (AAAD) patients (38). Surgery for AAAD is more complex and time-consuming compared to other cardiac surgeries. As a result, tissue ischemia and hypoxia are more severe, and lactate levels are higher (39, 40).



2.3 Lactylation modification

In addition to being a metabolite, lactate can also be used as a substrate for protein lactylation modification (11). Lactate is converted to lactyl-CoA, which then provides a lactyl group to the lysine residue with the assistance of lactyltransferase catalysis (41). In 2019, Zhang and colleagues identified lactylation of lysine residues (Kla) by analyzing core histones from human MCF-7 cells using high-performance liquid chromatography–tandem mass spectrometry. They identified 26 Kla sites in core histones from human HeLa cells and 16 Kla sites in histones from mouse bone marrow-derived macrophages (BMDMs) (42).


2.3.1 Histone lactylation

Research has found that lactate, after being converted into lactyl-CoA, enters the nucleus and participates in the lactylation of histones, thereby regulating gene expression.

Elevated lactate levels have been shown to cause a notable rise in histone H3 lysine 18 lactylation (H3K18la) in the promoter area of the retinoic acid receptor γ gene, thereby inhibiting the transcription of this gene from chromatin. This downregulation was found to enhance TRAF6-IL-6-STAT3 signaling and reshape macrophage function (43). H3K18la promotes cancer cells proliferation and migration by regulating the expression of lipocalin-2 (44).

Histone H3 lysine 9 lactylation (H3K9la) is the major locus whose expression is upregulated in cells when lactate levels increase. Histone lactylation facilitates transcriptional activation primarily through modulation of the gene's transcription start site (45). The position of the sideroflexin 1 (SFXN1) promoter has been identified as an area of H3K9la enrichment. SFXN1 is a mitochondrial serine transporter required for one-carbon metabolism.

Subsequently, aberrant activation of SFXN1 promoted cells proliferation. Conversely, the suppression of SFXN1 arrested cell proliferation and halted the cell cycle (46). In addition, H3K9la may promote increased gene transcription in the PI3K-AKT pathway, the MPAK pathway, the Wnt pathway, and the Hippo pathway (45). H4K12la levels on the promoters of NF-κB pathway genes, including Ikbkb, Rela, and Relb, are increased in animal models of ischemia-reperfusion injury. This leads to fibrosis of organs (47).



2.3.2 Non-histone lactylation

The literatures have also been reported some sites which are not located on histone proteins, suggesting that lactylation is a universal modification not limited to histones and transcriptional regulation. Interestingly, the enzymes affected by lactylation are participated in metabolic processes, encompassing the TCA, as well as carbohydrate, amino acid, fatty acid, and nucleotide metabolism (48).

A specific instance is lactylation at the K28 site of adenylate kinase 2, which hinders its function and stimulates cell proliferation (48). Mitochondrial pyruvate carrier 1 (MPC1) affects the lactylation of fatty acid synthase (FASN) by regulating lactate levels in cells. Lactylation of the FASN K673 site inhibits FASN activity, which mediates the downregulation of lipid accumulation by MPC1 (49). Lactylation of insulin-like growth factor receptor-1 (IGF-1R) is reduced by the overexpression of Mucin 20 (MUC20) in cells. By reducing IGF-1R lactylation, MUC20 diminishes IGF-1R levels and its capacity to activate the receptor tyrosine kinase (MET) proto-oncogene, which is implicated in cell survival and proliferation (50). Lactylation of eEF1A2 at the K408 site can be catalyzed by KAT8 to enhance protein synthesis, which ultimately leads to the proliferation of cells. eEF1A2 is a protein essential for translation elongation (51). The latest research found that pyruvate kinase M2 (PKM2) is a substrate of lactylation modification. PKM2 is an irreplaceable molecule related to pro-inflammatory macrophage metabolism. Lactate enhances its pyruvate kinase activity by modulating the lactylation level of the K62 site on PKM2, leading to decreased glycolysis and suppression of the Warburg effect. This ultimately facilitates the shift of macrophages from a pro-inflammatory state to a reparative phenotype (52) (Table 1).


TABLE 1 Writers, erasers, readers, biological effects, and sites of novel PTMs.
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2.3.3 Writers, erasers and readers of lactylation

Like other epigenetic modifications, lactylation is regulated by specific enzymes known as “writers” (which attach lactyl groups to target proteins) and “erasers” (which remove these groups), working in conjunction with “readers” (proteins that recognize lactylation and assume related functions) (11).

The enzyme p300 has been implicated in histone lactylation (42, 60). When p300 levels decrease, there is a significant reduction in both lactate-induced histone lactylation and the activation of pro-fibrotic genes. This reduction was also observed specifically at gene promoters, indicating that p300 is crucial for enabling lactate to promote the expression of profibrotic genes via histone lactylation at relevant promoters (61). Histone lysine deacetylase enzymes HDAC1–3 and sirtuin (SIRT)1–3 can cleave ε-N-L-lactyllysine marks, with HDAC1–3 showing robust activity toward not only histone K(L-la) but also K(D-la) and various short-chain acyl modifications. Additionally, SIRT1 is identified as the delactylase for α-MHC K1897, with its expression reducing the degree of α-MHC lactylation (62). The de-L-lactylase activity of HDAC1 and HDAC3 suggested that histones are both inserted and removed by regulatory enzymes rather than by spontaneous chemical reactions (59).

HBO1 acts as a lactyltransferase, facilitating gene transcription dependent on histone Kla. The three genes AQP1, LAMC2 and F10 are all regulated by HBO1 (45).

There is insufficient research on “readers” of lactylation. To gain a more comprehensive and thorough understanding of their internal mechanisms and effects, future research endeavors must be further deepened and expanded.

Notably, the lactylation process catalyzed by the alanyl-tRNA synthetases AARS1 and AARS2 (AARS1/2) does not require the involvement of lactyl-CoA, but instead uses lactate directly as the donor of the lactyl group (63, 64). AARS1/2 is an ATP-dependent lactyltransferase that performs lactylation modifications through two consecutive reaction steps, utilizing ATP as an energy source. First, L-lactate reacts with ATP to form an intermediate lactate-AMP. In the second step, AARS1/2 transfers the lactyl group from the lactate adenylyl intermediate directly to specific lysine residues on target proteins (63). For instance, AARS1/2 can directly lactylate the lysine residues 131 and 156 on the N-terminus of cyclic GMP-AMP synthase (cGAS). Following lactylation, cGAS loses its ability to recognize double-stranded DNA (65, 66). This discovery provides a new perspective on understanding lactylation modifications.





3 Role of lactate and lactylation in cells


3.1 Lactate and lactylation regulate non-immune cells


3.1.1 Vascular smooth muscle cells

Even under conditions of fully oxygen levels, vascular smooth muscle cells (VSMCs) produce significant quantities of lactate (67). VSMCs may favor glycolysis as a primary source of energy production. Recent studies have shown that high glucose conditions activate the transition of VSMCs to a synthetic phenotype, a process mediated through the lactate receptor GPR81, highlighting the lactate/GPR81 axis as a pivotal element in controlling this transition. Specifically, under high glucose conditions, GPR81 modulates the expression of the transcriptional coactivator PGC-1α, MCTs, and the cell surface glycoprotein CD147 in VSMCs (68). The phenotypic modulation of hiPSC-vSMCs induced by lactate might also be mediated by genes regulated downstream of N-myc (69, 70).



3.1.2 Endothelial cells

Lactate promotes the activation of nuclear factor kappa B (NF-κB), which relies on PHD2 inhibition and ROS production. Moreover, NF-κB regulates the expression of interleukin (IL-8), which promotes angiogenesis (71). Lactate has also been shown to enhance VEGF production in ECs, leading to the induction of ECs migration (72).




3.2 Lactate and lactylation regulate immune cells in the heart


3.2.1 T cells

T cells, as key cells in adaptive immunity, are significantly affected by lactic acid or an acidic environment. Therefore, understanding how lactic acid regulates T cell function is crucial for developing new immunotherapy strategies.

High lactate levels prevent the upregulation of nuclear factor in activated T cells in both T cells and natural killer cells, leading to decreased production of interferon-γ (73). In addition, high lactate levels impede T-cell receptor-triggered phosphorylation of JNK, c-Jun, and p38. The selective targeting of signaling proteins involved in interferon-γ production (JNK/c-Jun, p38) highlights the opposing effects of high lactate levels on cytotoxic T-cell responses (74).

However, lactate itself is an energy source for biological activity. Lithium carbonate promotes the localization of MCT1 to the inner mitochondrial membrane, allowing intracytosolic lactic acid to enter the mitochondria to provide oxidation and energy. Moreover, it is also involved in lactate metabolism after entering the mitochondria by activating transcription factor EB (TFEB). As a result, TFEB binds to the LDHB promoter, leading to increased LDHB expression. Pyruvate subsequently enters the TCA, where it undergoes oxidation to generate more energy to revitalize T cells (75).

Lactate also impedes CD4+ T cell motility by disrupting glycolysis, which is triggered when the chemokine CXCL10 binds to the chemokine receptor CXCR3 (55). In CD4+ T helper cells, lactate triggers a shift towards the Th17 subset which makes substantial amounts of the proinflammatory cytokine IL-17, improving fatty acid synthesis (55). The accumulation of lactate in diseased tissues promotes increased expression of the Slc5a12 transporter on CD4+ T cells, which mediates alterations in the migration and function of CD4+ T cells. In CD8+ T cells, lactate causes the loss of cytolytic function (55). Thus, lactate-triggered signaling is an inhibitor of immune effector function (76).



3.2.2 Macrophages

Macrophages are susceptible to polarization and phenotypic changes when stimulated by external conditions (77). Histone lactylation is one of the driving forces behind the repolarization of macrophages. In the later stages of M1, histone lactylation is linked to M2 gene expression and the concomitant silencing of M1 genes (78). Increased lactate levels during M1 polarization in macrophages result from a metabolic transition from oxidative phosphorylation to glycolysis, a process known as metabolic reprogramming (42). This metabolic switch is essential for macrophages to adapt to different stimuli and perform their functions effectively (79). Consequently, elevated intracellular lactate levels trigger histone lactylation and promote expression of M2 gene, events consistent with M1→M2 repolarization (53, 54, 80). In addition, lactate can directly induce lactylation of the nuclear high mobility group box-1 (HMGB1) protein via a mechanism dependent on the transcriptional coactivator p300/CBP. This leads to the transfer of HMGB1 from the nucleus to the cytoplasm in macrophages (80).



3.2.3 Dendritic cells

Dendritic cells (DCs), which are professional antigen-presenting cells in the human body, have the capability to activate naive T cells (81). Previous research has shown that dendritic cells play a role in multiple cardiovascular diseases, encompassing hypertension, myocarditis, atherosclerosis, heart failure, and cardiac ischemia/reperfusion (82). Lactate-induced activation of HIF-1α leads to the upregulation of NDUFA4L2 [NADH dehydrogenase (ubiquinone)-1α subcomplex 4-like 2], which serves to restrain proinflammatory responses driven by mtROS and XBP1 in DCs, ultimately inhibiting T cell differentiation (83).



3.2.4 NK cells

Natural killer (NK) cells are involved in the development of cardiovascular diseases such as myocarditis, acute coronary syndrome, and cardiac fibrosis. In addition, in a mouse model of limited myocarditis, NK cells are vital in inhibiting viral infection and replication in the heart (84). Lactate can inhibit the upregulation of nuclear factor of activated T cells (NFAT). NFAT participates in the transcription of interferon-γ, thereby reducing the ability of NK cells to kill other cell (85). Lactate can also downregulate the NK cell surface marker NKp46, which in turn prevents the production of perforin/granzyme B, ultimately suppressing cellular cytotoxicity of NK cells. Lactate not only restricts the cellular cytotoxicity of NK cells but also hinders NK cells by boosting the numbers of myeloid-derived myeloid suppressor cells (86) (Figure 2).


[image: Diagram showing the impact of lactate and lactylation in cardiovascular disease across three panels. In atherosclerosis, lactate affects endothelial cells, triggering proinflammatory cytokines. In heart failure, lactate influences cardiomyocytes, altering pyruvate and protein interactions. After myocardial infarction, lactate affects monocytes, impacting gene expression and inflammation through IL-1β interaction.]
FIGURE 2
Effects of lactate and lactylation on the function of immune and non-immune cells in the cardiovascular system. GPR81, Gi-protein-coupled receptor 81; IL-8, interleukin-8; IL-10 interleukin-10; IL-17, interleukin-17; LDHA, lactate dehydrogenase A; M1/M2 type, M1/M2 macrophages; NF-κB, nuclear factor κB; VEGF, vascular endothelial growth factor; NAD+, nicotinamide adenine dinucleotide. This figure is created with BioRender.com.






4 Impact of lactate and lactylation in CVD


4.1 Heart failure

Heart failure (HF) is a complex, chronic CVD marked by diminished capacity of the heart to fill with blood and pump (87). Clinically, elevated blood lactate is common in patients with HF and is associated with clinical markers of organ dysfunction and a poor prognosis (40, 88). Lactate is capable of affecting every link in the excitation-contraction coupling from action potential generation to contraction produced by cross-bridge oscillations (89). However, some researchers have observed that within cardiomyocytes of heart failure patients, lactate levels demonstrate a completely opposite trend. This discovery has prompted them to question the mechanism by which lactate functions in heart failure (40). This reduction leads to less lactylation of α-myosin heavy chain (α-MHC) K1897 and a significant decrease in the interaction between α-MHC and the protein titin. Since the connection between α-MHC and titin is critical for preserving sarcomere stability, reduced interaction between the two ultimately leads to HF (90).

Notably, since the expression of MCT4 was significantly upregulated during myocardial injury, inhibiting this transporter could increase α-MHC K1897 lactylation, reduce myocardial fibrosis, and alleviate HF (10). Various MCT inhibitors have been shown to decrease intracellular lactate efflux, enhance α-MHC K1897 lactylation, and relieve HF, making them potential treatment options (62).



4.2 Atherosclerosis

Atherosclerosis is a risk factor for acute ACS, including MI. Current studies have shown that atherosclerosis is a chronic, immunoinflammatory, fibroproliferative disease (91). Vascular ECs, macrophages, and VSMCs are pivotal for disease progression. The role of lactate in ECs has been clarified. In mouse aortic ECs, Mecp2k271la was enriched in the epiregulin (Ereg) promoter region and inhibited the transcription of Eregs and the expression of Ereg mRNA (92). Research indicates that Ereg can promote the phosphorylation of epidermal growth factor receptor and activate the MAPK signaling pathway. Therefore, Mecp2k271la overexpression suppressed the activation of the MAPK signaling pathway induced by Ereg, leading to decreased expression of proinflammatory cytokines and decreasing the mRNA expression levels of proinflammatory cytokines such as IL-1β, IL-6, vascular cell adhesion molecule 1, intercellular adhesion molecule 1, and monocyte chemoattractant protein 1, as well as the levels of proinflammatory cytokines in the serum (93).

In addition, the increase in the adhesion of ECs to macrophages induced by Eleg can be inhibited by Mecp2k271la, reflecting the anti-inflammatory effect of lactate-induced Mecp2k271la on ECs. Most importantly, treatment with lactate substantially decreased plaque lesions in ApoE−/− mice (58).



4.3 Myocardial infarction

The prognosis of patients with MI is strongly correlated with lactate levels, and hyperlactatemia increases mortality at 30 days postinfarction (94). Patients who died exhibited a markedly increased lactate/albumin (L/A) ratio in comparison to those who survived (95, 96). These findings suggest that the effect of lactate on heart function after MI is particularly important.

Recently, aerobic glycolysis has also been found to play a factor in ischemia‒reperfusion injury (97). Under hypoxia/reoxygenation (H/R) conditions, the reduction in extracellular lactate levels and the expression of glycolysis-related genes (GLUT4 and LDHA) are exacerbated following the knockdown of heat shock protein A12A (HSPA12A) (98). HSPA12A maintains histone 3 lactylation by increasing the stability of the Smad-specific E3 ubiquitin ligase 1-mediated hypoxia-inducible factor 1α protein, which supports aerobic glycolytic homeostasis, thus maintaining the survival of cardiomyocytes under H/R stimulation (98).

After MI, monocytes have a high glycolytic metabolic capacity. They control histone lactylation through the provision of lactate as a substrate, resulting in enhanced expression of the lactylation-related modification and lactylation target genes Lrg1, Vegf-a, and Il-10. These genes have pro-angiogenic and anti-inflammatory effects (99). Moreover, increase in H3K18la inhibited the production of the inflammatory cytokines IL-6 and tumor necrosis factor, which led to a decrease in inflammatory cell infiltration, prevented excessive myocardial fibrosis and pathological cardiac remodeling, and improved cardiac function post-MI (99). However, another study showed that after hypoxia or MI, MCT-mediated extracellular lactate enters the cell, and lactate induces the lactylation of Snail1 (a transcription factor of transforming growth factor TGF-β) and nuclear chromosomal translocation (100). The binding of the Snail1 protein to the TGFB1 gene activates endothelial-mesenchymal transition via the TGF-β/smad2 signaling pathway, resulting in myocardial fibrosis and the aggravation of cardiac dysfunction (101). In addition, lactate has been found to promote the synthetic phenotype of VSMCs, which increases lactate levels due to ischemia‒reperfusion injury, increases the expression of MCT1 and MCT4 after lactate increases, and promotes VSMCs proliferation. This mechanism may be utilized to improve myocardial repair in certain types of ischemic heart disease (57) (Figure 3).


[image: Diagram illustrating how lactate affects non-immune and immune cells. Non-immune cells shown are vascular smooth muscle and endothelial cells, which experience activation of certain pathways and protein expressions. Immune cells include T cells, dendritic cells, natural killer cells, and macrophages, each altered in function by lactate, affecting motility, glycolysis, cytokine production, and more. Central lactylation pathway involves conversion of glucose to lactate, indicating regulatory effects on these cells.]
FIGURE 3
The role of lactate and lactylation in cardiovascular disease. (A) Lactate and lactylation maintain sarcomere function to alleviate the development of heart failure. (B) Lactate and lactylation suppress atherosclerosis. (C) Lactate and lactylation promote activation of the cardiac repair process post-myocardial infarction. α-MHC, α-myosin heavy chain; Ereg, epiregulin; IL-β, interleukin-β; SIRT1, sirtuin 1. This figure is created by BioRender.com.




4.4 Aging heart

As early as 2003, researchers found that plasma lactate levels in the elderly are significantly higher than those in younger individuals (102). This phenomenon exists in humans and can likewise be observed in aging mice. In the hearts of aging mice, notable metabolic remodeling occurs, characterized by a reduction or even inhibition of lactate oxidation. Furthermore, with age increases, the decline in lactate oxidation becomes more pronounced (103). Additionally, studies have identified a mitochondrial enzyme, cardiac succinyl-CoA-3-oxoacid CoA transferase (SCOT), which significantly elevates glucose and lactate levels in mouse plasma. The activity of this enzyme dramatically increases in aging mice (104). Changes in lactate metabolism are evident not only in its output but also in its transport processes. In the aging heart, cellular crosstalk between cardiac fibroblasts and cardiomyocytes inhibits the expression of lactate transporters, potentially linked to the fibroblast growth factor 21 (FGF21)-adiponectin pathway's role in the aging process (105, 106). This may occur through the regulation of a series of downstream signaling molecules, indirectly affecting the function of lactate transporters. Overall, alterations in cell-cell communication and signaling pathways may exacerbate lactate metabolism disorders, leading to lactate accumulation and subsequently impacting cardiac function (104).



4.5 Valvular heart disease

According to reports, valvular heart disease is one of the common diseases in cardiovascular surgery, accounting for about one-third of cardiovascular surgery patients in China (107). Researchers have concentrated on the role of lactylation modification in valvular heart disease and have elucidated several molecular mechanisms associated with disease progression (3). For example, Lumican, a component widely present in the extracellular matrix (ECM), regulates fibrosis and calcification in the heart and other tissues (108, 109). Numerous studies have shown that the occurrence and development of inflammatory diseases and atherosclerosis are linked to Lumican, suggesting that valvular heart disease may share a similar etiological factor (110, 111). In valvular heart disease, elevated levels of Lumican increase inflammatory pathway responses and enhances cellular glycolysis, leading to increased lactate production. Lactate, as a substrate, promotes histone H3 lactylation modifications, particularly at the H3K14la and H3K9la sites, driving the expression of calcification-related genes such as Runx2 and BMP2, which accelerates the progression of calcific aortic valve disease (CAVD). Lumican deficiency effectively inhibits the calcified deposits in the aortic valves and related symptoms (112). Wang et al. found that andrographolide (AGP) inhibits H3Kla, reduces the expression of Runx2 and BMP2 by interfering with the activity of p300, and diminishes calcified deposit in valvular interstitial cells (VICs), thus alleviating CAVD (56). Lumican and AGP provide a theoretical foundation for early pharmacological intervention in heart valve disease.




5 Targeting lactate metabolism or lactylation


5.1 Lactate dehydrogenase inhibitors

Lactate dehydrogenase A(LDHA) plays a crucial factor in the metabolic process of converting pyruvate into lactate during glycolysis and becomes a therapeutic target for a variety of diseases. Drugs that inhibit LDHA, such as galloflavin, vitamin C, and sodium oxamate, have been developed to interfere with lactate production (113, 114). In homogenates of pulmonary arteries from hypoxic rats, elevated LDH activity and lactate levels were decreased following treatment with oxamate. Increased levels of the histone lactylation marks H3K18la and H4K5la in these homogenates and in tissues isolated from hypoxic rats were also reduced by oxamate (114).



5.2 MCT inhibitors

MCTs inhibitors alter the intracellular metabolic state by disrupting the lactate shuttle. Extensive research is currently underway for the use of MCTs inhibitors in the cardiovascular system as well as in other systems (94, 95).


5.2.1 α-Cyano-4-hydroxycinnamic acid

α-Cyano-4-hydroxycinnamic acid (CHC) is a classic, nonselective inhibitor of MCTs (115, 116). When CHC blocks lactate uptake by macrophages, it also suppresses lactate-induced increases in Klac in macrophages (117). Inhibition of MCT1 by CHC causes complete blockade of lactate uptake in cells, resulting in the cessation of lactate-fuelled respiration. Importantly, CHC does not affect cell respiration in the presence of glucose. These results suggest that CHC has an inhibitory effect on mitochondrial function when MCT1 is involved in lactate uptake for oxidative metabolism (118).



5.2.2 AZD3965

MCT1 shows a higher affinity for lactate and can operate to either import or export lactate when expressed in oxidative or glycolytic cells, respectively (119). Therefore, MCT1 is an attractive drug target (118). AZD3965 inhibits MCT1 transporter activity by binding to the key MCT1 residues Lys38, Asp302, and Arg306, which are involved in lactate transport within transmembrane helices (120). The interaction between MCT1 and CD147/basigin is essential for the selectivity of AZD3965 towards MCT1, which aids in drug accessibility or binding (121).



5.2.3 Syrosingopine

MCT4 facilitates the expulsion of both lactate and protons from the cell. Inhibiting MCT4 with syrosingopine is expected to result in intracellular lactate accumulation, accompanied by decreased glucose consumption, intracellular acidification, and reduced lactate secretion (54). The high concentration of lactate in cells prevents the continuous conversion of NADH into NAD+. The combined application of syrosingopine, metformin, and other drugs has demonstrated significant efficacy in treating a variety of diseases, indicating promising therapeutic potential (122).




5.3 Histone lactylation inhibitors

The transcription coactivator p300/CBP was reported to possess intrinsic histone lactyltransferase activity and to catalyze the transfer of the lactyl group from lactyl-CoA to histones in a cell-free system (42, 123). The compound C646 was shown to be a linear competitive inhibitor of p300 over acetyl-CoA, and the reaction process was reversible (124). Researchers used C646 to suppress the activity of p300/CBP and noted that this suppression significantly attenuated the lactate-induced increase in Klac levels in macrophages (80) (Table 2).


TABLE 2 Potential drugs that target lactate metabolism and lactylation.
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5.4 Limitations

The current treatment of hyperlactatemia primarily focuses on addressing the underlying causes, without considering the long-term implications of hyperlactatemia and lactylation modification on CVD. The timing and efficacy of treatment for severe hyperlactatemia remain contentious. Most studies indicate that when the pH drops below 7.1, it can lead to cellular metabolic dysfunction, inhibition of the cardiovascular system, and diminished responsiveness to catecholamines. Sodium bicarbonate should be administered promptly to mitigate metabolic acidosis and restore normal cellular function; for patients with pH levels between 7.1 and 7.2, particularly those with severe acute kidney injury, sodium bicarbonate is also warranted (131–134). However, other studies suggest that sodium bicarbonate does not enhance cardiovascular function or reduce mortality (135). While carbon dioxide can traverse the cell membrane, the movement of bicarbonate into cells is hindered, potentially inducing intracellular respiratory acidosis. This underscores the need for caution when administering sodium bicarbonate to patients with hyperlactatemia (11, 132). In addressing this issue, Jeffrey A. Kraut discovered that hyperventilation and calcium infusion can enhance the cardiovascular function of animals during sodium bicarbonate administration, suggesting that these methods may optimize the therapeutic effects of sodium bicarbonate. Additionally, other buffers (such as tris-hydroxymethyl aminomethane or Carbicarb) or dialysis may help mitigate adverse effects. These findings necessitate further validation through clinical trials (132).




6 Conclusions

In this review, we have highlighted the key findings and advancements in the field of lactate metabolism, lactylation and drug treatment targets in cardiovascular disease. Lactylation can affect the function of various cells and progression of CVD through multiple mechanisms, including but not limited to regulating cell metabolism, influencing inflammatory responses, and participating in the repair process. These findings offer new perspectives and targets for the treatment of CVD.

The current understanding of the mechanism of lactylation in MI, HF, atherosclerosis and valvular heart disease (such as aortic valve disease) remains in the early stages. The mechanisms by which lactylation modification regulates cellular metabolism in hypertension, aortic dissection and infective endocarditis remain largely unexplored and require further research. In particular, hypertension, one of the most prevalent cardiovascular diseases, necessitates urgent exploration of the mechanisms by which lactylation affects this condition. Furthermore, understanding the interplay between lactylation and other cellular processes could unveil multi-target strategies that address the complex nature of CVD. Such approaches promise to open new avenues for the treatment of cardiovascular diseases, potentially leading to more effective and personalized therapies. Numerous technologies are now available for the study of lactylation, including gene editing, CUT&Tag and bioinformatics, which are poised to become significant directions for future research.
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Cardiometabolic diseases (CMD) are leading causes of death and disability worldwide, with complex pathophysiological mechanisms in which inflammation plays a crucial role. This review aims to elucidate the molecular and cellular mechanisms within the inflammatory microenvironment of atherosclerosis, hypertension and diabetic cardiomyopathy. In atherosclerosis, oxidized low-density lipoprotein (ox-LDL) and pro-inflammatory cytokines such as Interleukin-6 (IL-6) and Tumor Necrosis Factor-alpha (TNF-α) activate immune cells contributing to foam cell formation and arterial wall thickening. Hypertension involves the activation of the renin-angiotensin system (RAS) alongside oxidative stress-induced endothelial dysfunction and local inflammation mediated by T cells. In diabetic cardiomyopathy, a high-glucose environment leads to the accumulation of advanced glycation end products (AGEs), activating the Receptor for Advanced Glycation Endproducts (RAGE) and triggering inflammatory responses that further damage cardiac and microvascular function. In summary, the inflammatory mechanisms in different types of metabolic cardiovascular diseases are complex and diverse; understanding these mechanisms deeply will aid in developing more effective individualized treatment strategies.
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Introduction

Cardiometabolic diseases (CMD) represent a complex cluster of disorders, primarily encompassing atherosclerosis, coronary artery disease, and hypertension, all of which are intricately linked to metabolic dysfunction (1–3). These diseases are frequently associated with metabolic syndrome (MetS), a condition characterized by a constellation of symptoms including central obesity, insulin resistance, hyperglycemia, dyslipidemia, and hypertension (4–7). As societies continue to urbanize and modernize, the adverse lifestyle practices have become increasingly prevalent, leading to a rising incidence of cardiometabolic diseases globally (8–11). According to a large number of relevant literature findings, CMD have become one of the leading causes of mortality worldwide, exerting a considerable burden on individuals, families, and public health systems (12, 13). Given that these diseases often progress insidiously, with many patients remaining asymptomatic until severe cardiovascular events such as myocardial infarction, heart failure, or stroke occur, there is an urgent need to unravel the underlying mechanisms of CMD to develop effective preventive and therapeutic strategies that can improve patient outcomes and quality of life (14, 15).

The inflammatory microenvironment plays a critical role in the onset and progression of CMD (16–18). A growing body of research indicates that chronic low-grade inflammation in the cardiovascular system is a pivotal driver of the onset and progression of these diseases (19, 20). Inflammation impacts cardiovascular health through its regulation of processes such as lipid uptake, glucose metabolism, endothelial function, and vascular remodeling (21–24). During the development of atherosclerosis, inflammatory cells such as macrophages, T cells, and mast cells, along with various inflammatory mediators they secrete—including cytokines and chemokines—contribute to the formation and progression of arterial plaques (25, 26). These cells and molecules form a complex inflammatory network that affects multiple aspects of the cardiovascular system, not only causing direct damage to blood vessel walls but also modulating metabolic functions and activating immune responses (17, 26). Despite substantial evidence supporting the critical role of inflammation in CMD, the precise mechanisms by which it is initiated and sustained, and how it interacts with metabolic processes to accelerate disease progression, remain inadequately understood and warrant further investigation.

To address these challenges, this review aims to systematically explore the molecular mechanisms and cellular foundations underpinning the development and maintenance of the inflammatory microenvironment in cardiometabolic diseases. By synthesizing current research advancements, the article seeks to elucidate the specific roles of various inflammatory mediators in CMD, and how their interplay with metabolic abnormalities influences disease progression and outcomes. As our understanding of these pathological mechanisms deepens, we hope to lay a robust scientific foundation for future therapeutic innovations designed to improve the prognosis of patients with cardiometabolic diseases and alleviate the global health burden they pose. By enhancing our understanding of the pathological mechanisms at play, we aim to pave the way for the development of innovative interventions that improve patient outcomes and reduce the global burden of cardiometabolic diseases.



Metabolic factors are involved in the occurrence and development of cardiovascular diseases

Cardiovascular disease (CVD) is the leading cause of death worldwide and is characterized by atherosclerosis, endothelial dysfunction, inflammation, and oxidative stress (27–30). Metabolic factors play a crucial role in the onset and progression of CVD, primarily including hyperlipidemia, hyperglycemia, and insulin resistance (31). Mendelian randomization (MR) is an analytical method that employs genetic variants as instrumental variables and can be widely used to study the causal associations between exposures and outcomes (32–35). In a MR study, MetS exhibits significant causal relationships with various CVD (36). In clinical trials, patients with MetS have a significantly higher risk of developing CVD compared to those without MetS (37). In patients with hypopituitarism, the high prevalence of MetS is primarily linked to abdominal fat deposition, dyslipidemia, and insulin resistance, with growth hormone replacement therapy showing benefits for lipid profiles and body fat but potentially transiently worsening glucose tolerance (38).



Recent molecular and cellular mechanisms linking inflammation and metabolism

The interplay between inflammation and metabolism is crucial for physiological balance and disease pathogenesis, including type 2 diabetes (T2D), cardiovascular diseases, obesity, and autoimmune disorders (39). Silent Information Regulator 2 Ortholog 1 (SIRT1) regulates inflammation through various pathways, including affecting metabolic pathways, inflammatory cells and mediators, as well as key signaling pathways, thus playing a significant role in metabolic and immune diseases and serving as a potential therapeutic target (40). Research indicates that small dense low-density lipoprotein-cholesterol (sdLDL-C) and remnant-like particle cholesterol (RLP-C) induce inflammation by activating immune cells, while hyperlipidemia exacerbates inflammatory responses, leading to dysregulated lipid metabolism and alterations in lipoprotein profiles (41). These insights provide new directions for developing targeted therapies for chronic inflammatory and metabolic disorders, potentially leading to more precise and effective treatments.

By targeting these key biological processes, it is possible to develop more precise and effective interventions to improve patient health in the future. Therefore, an in-depth understanding of the mechanisms underlying the formation of the inflammatory microenvironment is essential for disease prevention and treatment. This review will focus on the formation mechanism of the inflammatory microenvironment of atherosclerosis, hypertension and diabetic cardiomyopathy from the perspective of molecular and cellular levels, focusing on the specific factors affecting the inflammatory response.



Inflammatory mechanisms in atherosclerosis


Initial events and the role of oxidized Low-density lipoprotein

Atherosclerosis is a chronic inflammatory disease characterized by the formation of lipid deposits, immune cell infiltration, and fibrosis in the arterial wall, eventually leading to atherosclerotic plaque formation (42, 43). One of the initial events in atherosclerosis is the accumulation of LDL in the subendothelial space of arteries (44, 45). In these regions, LDL becomes susceptible to oxidation by ROS, forming ox-LDL (46). ox-LDL not only exhibits pro-inflammatory properties but also activates various immune responses (46). ox-LDL binds to scavenger receptors on endothelial cell (EC), macrophages, and smooth muscle cells, triggering intracellular signaling pathways that initiate inflammatory responses (47). For instance, ox-LDL activates the Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, promoting the expression of various pro-inflammatory cytokines and chemokines like IL-6 and TNF-α (47, 48). Ox-LDL has different effects on vascular smooth muscle cells (VSMCs) and ECs (49, 50). In ECs, ox-LDL activates the NF-κB pathway through Toll-like receptors (TLRs) and other receptors, increasing the expression of pro-inflammatory cytokines such as IL-6, Interleukin-8 (IL-8), and Monocyte Chemoattractant Protein-1 (MCP-1), which attract monocytes to the vessel wall and promote plaque formation (51). In VSMCs, ox-LDL also activates the NF-κB pathway but primarily promotes cell proliferation and migration, influencing plaque stability or instability (52). Additionally, the phenotypic switch of VSMCs from a contractile to a synthetic phenotype is associated with NF-κB activation (52).



Inflammation amplification and immune cell recruitment

The presence of ox-LDL and lipid accumulation in the arterial wall further induces the overproduction of pro-inflammatory cytokines (such as IL-6 and TNF-α) and chemokines, such as Chemokine (C-C motif) ligand 2 (CCL2) and Chemokine (C-X-C motif) ligand 10 (CXCL10) (53, 54). These molecules bind to their respective receptors on EC and immune cells, further amplifying the inflammatory response. IL-6 and TNF-α activate the Janus Kinase—Signal Transducer and Activator of Transcription (JAK-STAT) and NF-κB signaling pathways, promoting inflammatory responses and stimulating the proliferation and migration of vascular wall cells (55, 56). Chemokines (like CCL2) recruit monocytes to the arterial wall, enhancing the local immune response (57). CCL2 binds to the Chemokine (C-C motif) receptor 2 (CCR2) on monocytes, facilitating their adhesion to the endothelium and subsequent infiltration into the vascular wall (57). As atherosclerosis progresses, the accumulation of cholesterol and its metabolites triggers additional inflammatory responses by activating the NLR family, pyrin domain containing 3 (NLRP3) inflammasome, a key intracellular inflammatory signaling complex (58). Activation of the NLRP3 inflammasome leads to Cysteine-aspartic protease 1 (caspase-1) activation, which promotes the conversion of Pro-Interleukin-1β (pro-IL-1β) and Pro-Interleukin-18 (pro-IL-18) into their mature forms, Interleukin-1β (IL-1β) and Interleukin-18 (IL-18) (59, 60). These cytokines further amplify local inflammation and induce apoptosis and necrosis of vascular wall cells (60). Activation of the inflammasome is also associated with plaque instability, potentially leading to plaque rupture and thrombosis, which can trigger acute cardiovascular events such as myocardial infarction and stroke (61).



Endothelial cell activation and foam cell formation

In the early stages of atherosclerosis, EC become activated due to various risk factors such as ox-LDL, hyperglycemia, and hypertension (62). Activated EC express various adhesion molecules, including intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and Endothelial Selectin (E-selectin) (63). The upregulation of ICAM-1 and VCAM-1 is a hallmark of endothelial cell activation (64). These molecules bind to integrins on monocytes, promoting firm adhesion of monocytes to the endothelium and their subsequent infiltration into the subendothelial space (65, 66). Endothelial cell activation also involves the release of pro-inflammatory cytokines like IL-1β and TNF-α, which further enhance endothelial adhesion and permeability, promoting monocyte migration (67). Monocytes that adhere to activated EC, guided by chemokines, cross the endothelial layer and infiltrate the intima (68). Once in the intima, monocytes differentiate into macrophages, which then phagocytose large amounts of ox-LDL through scavenger receptors (47). These macrophages, laden with excessive lipid, transform into foam cells (69). The formation of foam cells is a hallmark of atherosclerotic plaques and involves the release of various inflammatory mediators, further promoting the development of local inflammation (69, 70). The apoptosis and death of foam cells contribute to plaque instability by releasing large amounts of lipids and cellular debris, increasing the risk of plaque rupture and thrombosis (71).



Smooth muscle cell phenotypic switching and changes in plaque stability

In the progression of atherosclerosis, smooth muscle cells undergo proliferation and a shift towards a synthetic phenotype under the influence of inflammatory mediators (72). This process involves a phenotypic change that enables smooth muscle cells to produce extracellular matrix components such as collagen, forming fibrous caps and thickening the arterial intima (73). Smooth muscle cell proliferation and synthetic phenotype transformation play a critical role in stabilizing plaques (74). However, as the disease progresses, the apoptosis and necrosis of smooth muscle cells can lead to the rupture of fibrous caps, increasing plaque instability and the risk of cardiovascular events (75). In summary, the inflammatory mechanisms of atherosclerosis involve complex interactions among multiple cells and molecules. In Figure 1, the molecules and cells involved in the inflammatory microenvironment of atherosclerosis can be seen. The oxidation of LDL, the release of pro-inflammatory cytokines, the role of cholesterol metabolites, and the dynamic changes in EC, monocytes, and smooth muscle cells all contribute significantly to the progression of this disease.
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FIGURE 1
Diagram of inflammatory mechanisms in cardiometabolic diseases. LDL, low-density lipoprotein; ox-LDL, oxidized low-density lipoprotein; TNF-α, Tumor Necrosis Factor-alpha; IL-6, Interleukin-6; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cells; NLRP3, NLR family, pyrin domain containing 3; pro-IL-1β, Pro-Interleukin-1β; pro-IL-18, Pro-Interleukin-18; IL-1β, Interleukin-1β; IL-18, Interleukin-18; ROS, reactive oxygen species; ACE, Angiotensin-Converting Enzyme; AGEs, advanced glycation end products; RAGE, Receptor for Advanced Glycation Endproducts. This figure was created with BioRender.com.





Inflammatory mechanisms in hypertension


Role of RAS in hypertension-related inflammation

Hypertension is a complex chronic disease with pathophysiological mechanisms involving multiple aspects, with inflammatory mechanisms receiving increasing attention in recent years (76, 77). Inflammation not only serves as a consequence of hypertension but also plays a crucial role in its progression and maintenance. The Renin-Angiotensin System (RAS) plays a pivotal role in the pathogenesis and progression of hypertension, with Angiotensin II (Ang II) being the key effector molecule (78). Ang II, by binding to the Angiotensin II type 1 receptor (AT1R), activates multiple signaling pathways, leading to vasoconstriction, sodium and water retention, and increased blood pressure (79). These inflammatory mediators further attract and activate immune cells, leading to vascular wall inflammation. ROS, including superoxide, hydrogen peroxide, and hydroxyl radicals, play significant roles in the inflammatory mechanisms of hypertension (80). Ang II increases ROS production via the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system, which can directly damage vascular EC and activate inflammatory signaling pathways (81). In hypertensive patients, the activity of antioxidant enzymes such as superoxide dismutase (SOD) and glutathione peroxidase (GPx) often decreases, leading to weakened ROS clearance and further exacerbating oxidative stress and inflammation (82).



Oxidative stress and endothelial damage

Endothelial dysfunction is a critical aspect of inflammatory mechanisms in hypertension (83). Upon exposure to Ang II, ROS, and other stimuli, EC release molecules like endothelin-1 (ET-1) and VCAM-1, which promote vasoconstriction and increase leukocyte adhesion and infiltration, leading to vascular wall inflammation (84, 85). Under normal conditions, EC produce nitric oxide (NO) through endothelial nitric oxide synthase (eNOS), which has vasodilatory and anti-inflammatory effects (86, 87). However, in hypertension, eNOS activity declines, reducing NO production, resulting in vasoconstriction and heightened inflammation (88). The immune system plays a crucial role in the inflammatory mechanisms of hypertension, with lymphocytes, particularly T cells, being significantly involved (89). In hypertensive patients and animal models, there is significant infiltration of T cells around blood vessels and in renal tissues (90). These T cells release cytokines such as interferon-γ (IFN-γ) and interleukin-17 (IL-17), further promoting local inflammatory responses (91). T Helper 1 (Th1) cells primarily secrete IFN-γ, which activates macrophages and promotes inflammation; T Helper 17 (Th17) cells mainly secrete IL-17, which is involved in neutrophil recruitment and activation (91, 92). These cytokines work together to cause chronic inflammation in blood vessels and kidneys, further maintaining and exacerbating hypertension.

The inflammatory mechanisms in hypertension are a complex process involving multiple interactions at both molecular and cellular levels. Figure 1 shows the molecules and cells involved in the inflammatory microenvironment of hypertension. At the molecular level, activation of the RAS, particularly the pro-inflammatory effects of Ang II, and exacerbation of oxidative stress, are crucial drivers of inflammation. At the cellular level, endothelial dysfunction and the involvement of lymphocytes, particularly T cells, further promote local and systemic inflammatory responses. A deeper understanding of these mechanisms not only elucidates the pathophysiological basis of hypertension but also provides a theoretical foundation for developing new anti-inflammatory therapeutic strategies.




Inflammatory mechanisms in diabetic heart disease


Advanced glycation end products and inflammation in diabetic cardiomyopathy

Diabetes is classified into three primary types: type 1, type 2, and gestational diabetes (93–96). Diabetes is a long-term condition associated with various complications (97–105). Among these, diabetic cardiomyopathy (DCM) is a common and severe complication, characterized by myocardial dysfunction, cardiac remodeling, and heart failure (106). Inflammation plays a crucial role in the initiation and progression of DCM (107). In a hyperglycemic state, excess glucose can undergo non-enzymatic reactions with proteins, lipids, or nucleic acids to form advanced glycation end products (AGEs) (108). The formation of AGEs is a significant trigger of chronic inflammation in diabetic patients (109). In high glucose conditions, glucose reacts with proteins and lipids through the Maillard reaction to form Schiff bases, which then undergo Amadori rearrangement to produce stable AGEs (110). AGEs bind to their specific receptor, the receptor for advanced glycation end products (RAGE), and activate various pro-inflammatory signaling pathways (111). RAGE, a member of the immunoglobulin superfamily, is widely expressed in cardiomyocytes, EC, and macrophages (112). The binding of AGEs to RAGE can initiate multiple pro-inflammatory signaling cascades (113). Upon AGE-RAGE binding, the IκB kinase (IKK) complex is activated, leading to the phosphorylation and degradation of the inhibitory protein Inhibitor of κB alpha (IκBα) (114). This releases NF-κB, enabling its translocation to the nucleus and initiating the transcription of pro-inflammatory genes such as TNF-α and IL-6 (114). The AGE-RAGE complex can also activate the mitogen-activated protein kinase (MAPK) pathway (115). These kinases promote the expression of inflammatory factors and contribute to apoptosis (115).



Insulin resistance and oxidative stress in diabetic cardiomyopathy

Insulin resistance, a hallmark of T2D, is closely associated with inflammatory responses (116). Insulin resistance induces oxidative stress, leading to increased production of ROS, which in turn activates the expression of pro-inflammatory factors (117). In insulin-resistant states, the activity of NADPH oxidase and the mitochondrial electron transport chain increases, leading to elevated ROS production (118). ROS can activate multiple signaling pathways, including NF-κB and MAPK, promoting the expression of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, which further exacerbate myocardial inflammation and damage (119). Myocardial cells are severely damaged under the dual impact of high glucose toxicity and inflammatory factors (120). A high glucose environment directly causes metabolic disturbances in cardiomyocytes, including imbalances in glycolysis and fatty acid oxidation, leading to energy metabolism disorders and cell damage (121). Pro-inflammatory cytokines such as TNF-α and IL-6 activate apoptotic signaling pathways, including the Caspase family and B-cell Lymphoma 2 (Bcl-2) family, leading to myocardial cell apoptosis (122). High glucose and AGEs can activate EC through the NF-κB pathway (123). The cardiac microvascular system in diabetic patients is severely affected by inflammation, leading to coronary microcirculatory disorders, which further exacerbate myocardial ischemia and injury (124). As depicted in Figure 1, in diabetic cardiomyopathy, a high-glucose environment induces the formation of AGEs, which activate pro-inflammatory pathways through the RAGE. Additionally, insulin resistance increases pro-inflammatory factors related to oxidative stress. Myocardial cells are damaged, and microvascular inflammation leads to coronary microcirculatory dysfunction, exacerbating heart injury.



The role of gut microbiota in obesity-related cardiovascular metabolic disorders

Obesity-related CMD are closely associated with chronic low-grade inflammation (125). Key mechanisms include inflammation in adipose tissue, insulin resistance, and cardiac inflammation (126). Recent research has highlighted the role of gut microbiota in the inflammatory microenvironment of CMD (127). Impaired gut barrier function, reduced production of short-chain fatty acids (SCFAs), and increased generation of microbial metabolites like trimethylamine N-oxide (TMAO) are all linked to the development and progression of CMD (128, 129). Future research needs to further explore individual variations in gut microbiota, interactions with the host immune system, and potential interventions based on gut microbiota.



Systems biology integration of multi-omics data to elucidate mechanisms of CMD inflammatory microenvironment

From a systems biology perspective, integrating multi-omics data can provide a comprehensive theoretical framework and data support for elucidating the mechanisms underlying the formation of the inflammatory microenvironment in CMD. Firstly, genomics analysis can reveal genetic variations associated with CMD inflammation and identify potential risk genes (130). Secondly, proteomics data can elucidate the functions and interaction networks of key proteins in the inflammatory microenvironment, revealing the roles of proteins in signal transduction and functional regulation (131). Simultaneously, metabolomics research can capture the dynamic changes in metabolites during the inflammatory process, revealing the critical roles of metabolic pathways in inflammation regulation (132). This integrated analysis not only helps to uncover the complex regulatory network of the CMD inflammatory microenvironment but also provides a theoretical foundation and experimental basis for developing precision intervention strategies based on specific targets, thereby promoting the advancement of CMD-related research to a deeper level.




Conclusion

This review has explored the complex inflammatory mechanisms in CMD diseases, including atherosclerosis, hypertension, and DCM. These conditions involve intricate interactions among various inflammatory factors, cell types, and signaling pathways. In atherosclerosis, ox-LDL and cytokines like IL-6 and TNF-α drive foam cell formation and arterial thickening. Hypertension involves RAS activation, oxidative stress, and T cell-mediated inflammation. DCM results from AGEs accumulation, RAGE activation, and cardiac inflammation induced by high glucose levels. By understanding these mechanisms, we can develop targeted treatments that manage and potentially reverse disease progression. Personalized strategies based on specific inflammatory pathways are crucial for improving patient outcomes, and precision medicine offers promising avenues to enhance the quality of life and prognosis for individuals with these conditions.
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Glossary



	CMD	Cardiometabolic diseases

	ox-LD	Loxidized low-density lipoprotein

	IL-6	Interleukin-6

	TNF-α	Tumor Necrosis Factor-alpha

	RAS	renin-angiotensin system

	AGE	sadvanced glycation end products

	RAGE	Receptor for Advanced Glycation Endproducts

	MetS	metabolic syndrome

	CVD	Cardiovascular disease

	MR	Mendelian randomization

	T2D	type 2 diabetes

	SIRT1	Silent Information Regulator 2 Ortholog 1

	sdLDL-C	small dense LDL cholesterol

	RLP-C	remnant-like particle cholesterol

	VSMCs	vascular smooth muscle cells

	EC	endothelial cells

	TLRs	Toll-like receptors

	IL-8	Interleukin-8

	MCP-1	Monocyte Chemoattractant Protein-1

	LDL-C	low-density lipoprotein cholesterol

	ROS	reactive oxygen species

	DNA	Deoxyribonucleic Acid

	LDL	low-density lipoprotein

	FFA	free fatty acids

	NF-κB	Nuclear Factor kappa-light-chain-enhancer of activated B cells

	CCL2	Chemokine (C-C motif) ligand 2

	CXCL10	Chemokine (C-X-C motif) ligand 10

	JAK-STAT	Janus Kinase—Signal Transducer and Activator of Transcription

	CCR2	Chemokine (C-C motif) receptor 2

	NLRP3	NLR family, pyrin domain containing 3

	caspase-1	Cysteine-aspartic protease 1

	pro-IL-1β	Pro-Interleukin-1β

	pro-IL-18	Pro-Interleukin-18

	IL-1β	Interleukin-1β

	IL-18	Interleukin-18

	ICAM-1	intercellular adhesion molecule-1

	VCAM-1	vascular cell adhesion molecule-1

	E-selectin	Endothelial Selectin

	Ang	II Angiotensin II

	AT1R	Angiotensin II type 1 receptor

	NADPH	nicotinamide adenine dinucleotide phosphate

	SOD	superoxide dismutase

	GPx	glutathione peroxidase

	ET-1	endothelin-1

	NO	nitric oxide

	eNOS	nitric oxide synthase

	IFN-γ	interferon-γ

	IL-17	interleukin-17

	Th1	T Helper 1

	Th17	T Helper 17

	DCM	Diabetic cardiomyopathy

	IKKI	κB kinase

	IκBα	inhibitory protein Inhibitor of κB alpha

	MAPK	mitogen-activated protein kinase

	Bcl-2	B-cell Lymphoma 2

	SCFAs	short-chain fatty acids

	TMAO	trimethylamine N-oxide
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Background: Although reperfusion therapy has led to improvements in the acute phase of ST-segment elevation myocardial infarction (STEMI), the incidence of major adverse cardiovascular events (MACE) following STEMI has not significantly decreased. The accumulation of epicardial adipose tissue (EAT) may be associated with poorer STEMI prognosis and could serve as a potential prognostic marker. However, research examining this relationship remains limited.



Methods: This single-center prospective study enrolled 308 STEMI patients. Patients were randomly assigned to training set and validation set in a 7:3 ratio. The primary outcome was MACE one-year post-STEMI. Epicardial adipose tissue mass index (EAMI) was calculated as EAT volume divided by absolute value of the EAT attenuation index, measured using coronary computed tomography angiography (CTA). The relationship between EAMI and MACE was analyzed using Kaplan–Meier curves, Cox regression, and restricted cubic spline (RCS) plots. The predictive performance of EAMI was assessed through receiver operating characteristic (ROC) curves, C-index, net reclassification index (NRI), integrated discriminant improvement (IDI), coefficient of determination (R2), calibration curves, Brier score, and decision curve analysis (DCA) with comparisons to the GRACE score. Subgroup analyses were conducted based on age, gender, body mass index (BMI), left ventricular ejection fraction (LVEF), and culprit artery.



Results: A total of 308 patients were included in the analysis, with 212 in the training set and 96 in the validation set. In the training set, Kaplan–Meier survival analysis revealed that higher EAMI levels were associated with an increased cumulative risk of MACE. Cox multivariate regression analysis indicated that EAMI was independently associated with MACE (HR = 2.349, 95% CI 1.770–3.177, P < 0.001). Restricted cubic spline (RCS) analysis suggested a positive dose-response relationship between EAMI and MACE (P for nonlinearity = 0.87). EAMI showed better discriminative ability, prediction effect, accuracy, and clinical applicability compared to the traditional GRACE score. In the validation set, EAMI also demonstrated good predictive performance for MACE. Subgroup analyses suggested that EAMI's predictive ability was consistent across various demographic and clinical characteristics.



Conclusion: EAMI has high value in predicting MACE in patients 1-year after STEMI, helps identify high-risk patients with poor prognosis in early clinical practice.
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Introduction

Acute myocardial infarction (AMI) is a cardiovascular emergency resulting from coronary artery obstruction, leading to myocardial necrosis. According to the characteristics of electrocardiogram, it is divided into ST-segment elevation myocardial infarction (STEMI) and non ST-segment elevation myocardial infarction (NSTEMI), STEMI basically represents transmural necrosis of the myocardium. Epidemiological data show that approximately 7 million people are affected by AMI annually worldwide, with 500,000 new cases in China each year (1–3). While the success of acute-phase reperfusion has markedly reduced in-hospital mortality, the incidence of post-discharge major adverse cardiovascular events (MACE) remains largely unchanged (2).

Obesity is a key prognostic factor in AMI, with 11.98% of AMI-related cardiovascular deaths attributed to high BMI (4). However, BMI, as a systemic indicator, is not accurate enough in evaluating cardiac obesity, and even leads to completely opposite erroneous evaluations. Epicardial adipose tissue (EAT) is anatomically adjacent to the myocardium, and its release of lipophilic cytokines continues to affect myocardial cells. Especially for damaged myocardium, EAT can further exacerbate the damage. Compared to BMI, EAT is currently considered a more powerful indicator for evaluating cardiac obesity. Research indicates that excessive EAT accumulation contributes to myocardial inflammation, fibrosis, and cell apoptosis, leading to ventricular remodeling and heart failure (5, 6). Moreover, EAT continuously releases inflammatory factors that act on myocardial tissue and has a long-lasting effect, making it suitable as a predictive indicator for medium and long-term MACE. Compared with the serological indicator troponin I and the ultrasound indicator ejection fraction, EAT has stronger stability and does not show significant changes in the short term. A single measurement after admission can reflect the cardiac fat deposition over a period of time. In terms of clinical research, the higher the prevalence of EAT in STEMI patients, the larger the infarct size (IS) and coronary microvascular occlusion (MVO) (7, 8). EAT may disrupt myocardial electrophysiology, influencing the development of arrhythmias (9). Thus, EAT accumulation could be a significant factor in STEMI prognosis, warranting further exploration. In terms of measurement methods, previous studies have certain limitations. Ultrasound can only measure thickness and cannot accurately reflect EAT volume. Although cardiac magnetic resonance imaging (CMR) or enhanced computed tomography (CT) can accurately measure volume, researchers have often overlooked the simultaneous assessment of the degree of inflammatory response in EAT.

Although most studies on EAT and cardiovascular diseases focus on stable coronary disease and atrial fibrillation, research specifically addressing EAT in STEMI is limited. Early identification of high-risk STEMI patients is critical for improving treatment outcomes. While MACE prediction post-STEMI has relied more on cardiac itself structural and functional indicators, EAT, through its direct interaction with the myocardium, may influence post-STEMI myocardial remodeling. Current research on EAT in this context is sparse, with most metrics focusing on volume, and limited attention paid to fat density or attenuation index. This study aimed to assess STEMI prognosis using EAT imaging parameters, particularly the epicardial adipose tissue mass index (EAMI), which combines epicardial adipose tissue volume (EATV) and epicardial adipose tissue attenuation index (EAAI). Considering the pathological effects of EAT on myocardium, EAMI may hold potential as a reliable indicator for predicting major cardiovascular adverse events following STEMI.



Methods


Study population

This study followed the principles of the Helsinki Declaration and adhered to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE). The Ethics Committee of the Second Affiliated Hospital of Anhui Medical University approved this study (Approval Number: YX2022-001). Moreover, all included patients in this study obtained informed consent from the patients themselves or authorized family members. The inclusion criteria were as follows: (1) patients treated at the Second Affiliated Hospital of Anhui Medical University between October 2019 and December 2023; (2) diagnosis of AMI based on the fourth edition of the universal definition of myocardial infarction (10); (3) confirmed ST-elevation myocardial infarction (STEMI) by electrocardiogram; (4) age between 18 and 90 years; (5) successful reperfusion within 24 h, with a door-to-wire time (D2W) of less than 90 min. Exclusion criteria included: (1) previous myocardial infarction; (2) secondary vascular occlusion; (3) valvular heart disease, dilated cardiomyopathy, hypertrophic cardiomyopathy, or pulmonary heart disease; (4) new onset stroke; (5) severe infection; (6) malignancy; (7) severe liver dysfunction or dialysis (Figure 1).


[image: Flowchart showing the selection of STEMI patients from October 2019 to December 2023. Out of 387 patients, 79 were excluded for various conditions like old myocardial infarction and dialysis. 308 eligible patients are divided into a training queue (212) and validation queue (96).]
FIGURE 1
Study flow chart.


Sample size estimation was based on previous reports of the one-year incidence of MACE incidence rate in STEMI patients within 1-year post-discharge. Specifically, we referenced the study by Aldujeli et al. (11), which reported a one-year MACE incidence of 20.95% in STEMI patients. Using this incidence rate, we applied a standard sample size calculation formula for cohort studies, assuming a two-sided α = 0.05 and β = 0.20 (80% power), and a 10% estimated dropout rate. Based on these parameters, the minimum required sample size for this cohort was calculated to be 200 patients.



Data collection

Baseline data were collected through preliminary literature review and expert consultations, including demographic, clinical, laboratory, body composition, and echocardiographic parameters. The Global Registry of Acute Coronary Events (GRACE) score was recorded as a comparative indicator, and the culprit artery was used as a subgroup identifier. Demographic data, clinical parameters, laboratory measurements, and GRACE score were collected prior to reperfusion, while echocardiographic data were obtained within 3 days after reperfusion.

The baseline variables included: age, gender, body mass index (BMI), smoking history, alcohol consumption, co-morbidities of hypertension and diabetes mellitus, symptom onset time, door-to-wire (D2W) time, Killip classification, hemoglobin (HGB), platelet count (PLT), platelet distribution width (PDW), liver enzymes [alanine aminotransferase (ALT), aspartate aminotransferase (AST)], creatinine (Cr), total bilirubin (TBIL), N-terminal pro B-type natriuretic peptide (NT-proBNP), high-sensitivity troponin I (hs-CTnI), myoglobin (MYO), creatine kinase MB (CK-MB), glycosylated hemoglobin (HbA1c), uric acid (UA), triglycerides (TG), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), lipoprotein a (Lpa), homocysteine (HCY), D-dimer, fibrinogen degradation product (FDP), C-reactive protein (CRP), neutrophil-lymphocyte ratio (NLR), left ventricular ejection fraction (LVEF), left ventricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), left ventricular diastolic function (LVDF), interventricular septal thickness (IVS), left ventricular posterior wall thickness (LVPW), intraoperative slow-reflow/no-reflow, intraoperative hypotension, intraoperative ventricular arrhythmias, final angiographic TIMI (thrombolysis in myocardial infarction) flow grade, and the SYNTAX (SYNergy between PCI with TAXUS™ and Cardiac Surgery) score.

Considering the large range of data, hs-CnTI, MYO, CKMB and NT-proBNP are convert to ordinal variables based on their median values. BMI, LVEF, LVDF, LVESV, and LVEDV are categorized into ordinal groups according to established guidelines or consensus (12–14). The culprit artery was recorded as the left anterior descending artery (LAD), left circumflex artery (LCX), or right coronary artery (RCA), with LCX and RCA grouped as non-LAD.



EAT imaging

All enrolled patients underwent coronary computed tomography angiography (CCTA) within 5 days after reperfusion, performed using either a Philips Brilliance iCT or Philips Spectral IQon scanner. The scan range extended from 1 cm below the tracheal bifurcation to the base of the heart. Three-dimensional reconstruction was performed from the original CCTA images. A semi-automated quantitative method was employed to segment the adipose tissue within the pericardial silhouette, specifically targeting regions with CT values ranging from −190 to −30 HU, to ensure accurate analysis (15). The extracted adipose tissue was further processed to remove outliers and out-of-range voxels. EATV and EAAI were measured using a Siemens post-processing workstation (syngo.via) (Figure 2), and EAMI was calculated as the ratio of EATV to the absolute value of EAAI. All procedures were conducted by two senior radiologists who were blinded to the study's objectives and clinical data.


[image: CT scans of the heart in three views: A) axial, B) coronal, and C) sagittal. The heart is highlighted in red, with surrounding structures in green and a grayscale background showing other body parts.]
FIGURE 2
Schematic diagram of EAT delineation and measurement (A: axial, B: coronal, C: sagittal, green part indicate the EAT, Red part indicate the myocardium and blood vessels).




Outcomes processing

Patients were regularly followed up through outpatient visits or telephone consultations. Efforts were made to minimize loss to follow-up. In cases of loss to follow-up, the last available data were included in the analysis to maintain data integrity.

The primary endpoint was the occurrence of MACE, including recurrent AMI, heart failure with reduced ejection fraction (HFrEF), stroke and all-cause mortality. Among them, recurrent AMI was defined as the recurrence of AMI after hospitalization, which may involve restenosis of the original lesion or the development of new coronary artery lesions. The diagnosis of HFrEF was made in accordance with the 2022 AHA/ACC/HFSA Heart Failure Management Guidelines (14).



Statistical analysis

The STEMI patients included in the analysis were randomly divided into a training set and a validation set in a 7:3 ratio (16). Multiple imputation was applied to address missing baseline data, with missing values accounting for less than 5%. Data were presented as mean ± standard deviation, median (interquartile range) or frequency (%), as appropriate.

The cumulative incidence rate of MACE was estimated using the Kaplan–Meier method and differences between the high and low EAMI groups were compared using the log-rank test. The optimal cut-off value for dichotomizing EAMI was determined using the surv-cutpoint function of the survminer package in R language. Univariable and multivariable Cox proportional hazards regression analyses were conducted to assess the prognostic value of various parameters for MACE and identify independent predictors (To avoid collinearity, EATV and EAAI, as components of EAMI, are not included in the multivariate Cox analysis). A restricted cubic spline analysis was performed to examine the dose-response relationship between EAMI and MACE risk.

To evaluate the prognostic value of EAMI, its performance was compared to the GRACE score using metrics including the area under the ROC curve (AUC), concordance index (C-index), net reclassification index (NRI), and integrated discriminant improvement (IDI). Comparison between AUCs using z-test. The goodness of fit (accuracy) was assessed using coefficient of determination (R2), Brier score and calibration curves. Additionally, the clinical utility was evaluated using decision curve analysis (DCA).

Finally, patients were stratified into subgroups based on age (<65 years or ≥65 years), gender (male or female), BMI (<28 kg/m2 or ≥28 kg/m2), LVEF (<50% or ≥50%) (14), and culprit artery (LAD or Non-LAD). Cox regression and C-index analyses were used to assess the impact and predictive power of EAMI on MACE within each subgroup.

Statistical analyses were conducted using SPSS (version 26.0) and R (version 4.2.1). A two-sided P-value < 0.05 was considered statistically significant.




Results


Baseline patient characteristics

A total of 308 patients were included in the analysis after applying the inclusion and exclusion criteria. The training set consisted of 212 STEMI patients, with 80.7% male and a mean age of 58.02 years, while 10 patients were lost to follow-up. Among these, 45 patients experienced major adverse cardiovascular events (MACE), with the frequency of adverse events in the following order: HFrEF, recurrent AMI, stroke, and death. The validation set included 96 STEMI patients, with 6 lost to follow-up and 21 patients experiencing MACE. Baseline characteristics of both the training and validation cohorts were comparable (Table 1).


TABLE 1 Balance test of baseline data between training set and validation set.

[image: A table displaying clinical characteristics and laboratory findings for three groups: Total, Training, and Validation, with sample sizes of 308, 212, and 96, respectively. Variables include EAMI, age, gender, BMI, smoking, drinking, medical history, lab results, LVEF, LVESV, LVEDV, LVDF, and blood flow data, with corresponding median values, percentages, and P-values provided. Abbreviations are explained at the bottom of the table.]



Kaplan–Meier curve

In the training set, patients were classified into high- and low-EAMI groups based on an optimal cutoff value of 1.49 cm3/Hu. The Kaplan–Meier curve (Figure 3) demonstrated a significantly higher cumulative incidence of MACE in the high-EAMI group compared to the low-EAMI group (P < 0.001).


[image: Line graph showing cumulative incidence of MACE (%) over a 12-month follow-up. Two lines represent EAMI levels: ≤1.49 (blue) and >1.49 (red). The red line shows a higher incidence increase. Hazard ratio is 7.669 with p-value <0.001. Number at risk is detailed beneath the graph.]
FIGURE 3
Kaplan–meier curve showing comparison of the cumulative incidence of MACE between the EAMI ≤ 1.49 cm3/Hu group and the EAMI > 1.49 cm3/Hu group.




Relationship between EAMI and MACE

In training set, univariable Cox regression analysis (Table 2) showed that EAMI, EATV, EAAI, age, killip classification, LVEF, LVEDV, NLR, AST, Cr, TBIL, UA, NT-proBNP, hs-CTnI and CK-MB were all significantly associated with MACE. Multivariable Cox regression analysis (Table 2) indicated that EAMI (HR = 2.349, 95% CI 1.770–3.177, P < 0.001) was an independent risk factor for MACE after adjusting for confounders. Furthermore, restricted cubic spline analysis revealed a linear dose-response relationship between EAMI and MACE (Figure 4, P for nonlinearity = 0.872).


TABLE 2 Univariable and multivariable Cox regression analysis for MACE.

[image: Table displaying the results of a univariable and multivariable analysis of various health variables. Key variables include EAM, EATV, EAAT, gender, and age, among others, with hazard ratios (HR), 95% confidence intervals (CI), and p-values provided. Significant findings are in bold, indicating statistical significance across several variables, such as NT-proBNP, Hs-cTnI, CK-MB, LVEF, and EAM, among others. Further details and explanations are provided in the table's footnotes, including abbreviations for various medical terms.]


[image: Graph showing the relationship between EAMI and Hazard Ratio with a 95% confidence interval shaded in red. The curve rises sharply above 2.0 EAMI, indicating increased hazard ratio. P for overall is less than 0.001, and P for nonlinear is 0.872.]
FIGURE 4
RCS analysis for the dose-response relationship between EAMI and MACE.




Predictive performance of EAMI for MACE in training set

In training set, the ROC analysis (Figures 5A–D) indicated that EAMI has better predictive discrimination than GRACE score (AUC: 0.849 vs. 0.729, p = 0.022 at 3-month; AUC: 0.793 vs. 0.692, p = 0.025 at 6-month; AUC: 0.765 vs. 0.724, p = 0.032 at 9-month; AUC: 0.753 vs. 0.707, p = 0.030 at 12-month). The C-index (Figure 5E) further suggested that EAMI outperforms the GRACE score in predicting MACE, accounting for the time factor. The NRI (0.244, 95CI: 0.095–0.413) and IDI (0.197, 95CI: 0.094–0.332) show that EAMI has a positive improvement in predicting MACE compared to GRACE score. Additionally, the R2 values (Figure 6A) for EAMI at 3-, 6-, 9-, and 12-month follow-up were significantly higher than those for the GRACE score (0.307 vs. 0.085; 0.227 vs. 0.072; 0.202 vs. 0.111; 0.190 vs. 0.102, respectively), indicating a better model fit for EAMI. The Brier score (Figure 6B), which measures the accuracy of probability forecasts, was lower for EAMI than for the GRACE score at most time points (Brier: 0.029 vs. 0.043 at 3-month; 0.076 vs. 0.091 at 6-month; 0.124 vs. 0.139 at 9-month; 0.131 vs. 0.147 at 12-month). Calibration curves (Figures 6C–F) revealed superior predictive accuracy for EAMI relative to the GRACE score from 6 months onward. The decision curve (Figures 7A–D) showed that the clinical net benefit for EAMI exceeds that of the GRACE score at different follow-up periods across various threshold ranges (3-month: threshold range of 0.1–1.0; 6-month: threshold range of 0.2–1.0; 9-month: threshold range of 0.4–1.0; 12-month: threshold range of 0.45–1.0).


[image: Nine receiver operating characteristic (ROC) and line charts. Panels A-D show ROC curves for the training set at 3, 6, 9, and 12 months. Panels F-I display ROC curves for the validation set at the same intervals. Each ROC chart compares EAMI, Grace Score, and a combined method. Panels E and J depict line graphs showing the concordance index over 12 months for the training and validation sets. The ROC curves detail sensitivity vs. 1-specificity, while the line graphs plot follow-up months against the concordance index.]
FIGURE 5
ROC curve and C-index for the prediction of MACE by EAMI and GRACE score at follow-up time, training set (A–E), validation set (F–J).



[image: Graphs illustrate model performance for predicting risk of major adverse cardiac events (MACEs) over 12 months. Panels A-F show training set data and G-L show validation set data. Panels A and G depict risk over time, B and H depict cumulative incidence, and C-F and I-L are calibration plots at 3, 6, 9, and 12 months. Two models are compared: K-M (red line) and Green Score (green line). Calibration plots show actual versus predicted risk, with dotted lines indicating ideal calibration.]
FIGURE 6
R2, brier score and calibration curve for the prediction of MACE by EAMI and GRACE score at follow-up time, training set (A–F), validation set (G–L).



[image: Eight line graphs display net benefit against risk threshold across training and validation sets for three, six, nine, and twelve-month intervals. Each chart compares three models: EAMI (red), Gate_Score (green), and ALL (blue). Panels A to D represent the training set, and panels E to H represent the validation set, showing trends over time.]
FIGURE 7
DCA for the prediction of MACE by EAMI and GRACE score at follow-up time, training set (A–D), validation set (E–H).


The C-index, R2, calibration curve, Brier score, and DCA together indicate that EAMI is a more reliable predictor of MACE in STEMI patients than its individual components, EATV or EAAI, alone (Supplementary Figures S1–S15).



Predictive performance of EAMI for MACE in validation set

The results from the validation set were close to those from the training set. In validation set, ROC analysis (Figures 5F–I) shows that EAMI outperforms the GRACE score in predictive discrimination, with higher AUC values at 3-month (0.754 vs. 0.652, p = 0.023), 6-month (0.748 vs. 0.668, p = 0.034), 9-month (0.810 vs. 0.708, p = 0.020), and 12-month (0.805 vs. 0.730, p = 0.036). The C-index (Figure 5J) confirms that EAMI remains a more effective predictor of MACE over time. The NRI (0.179, 95CI: 0.078–0.280) and IDI (0.111, 95CI: 0.003–0.219), both showed EAMI increase the proportion of correct classification and improve the prediction effect than GRACE score. R2 values (Figure 6G) for EAMI are consistently higher than those for the GRACE score at all follow-up points: 3-month (0.130 vs. 0.047), 6-month (0.101 vs. 0.068), 9-month (0.118 vs. 0.115), and 12-month (0.166 vs. 0.130). The Brier score (Figure 6H) is lower for EAMI compared to the GRACE score at most time points: 3-month (0.062 vs. 0.066), 6-month (0.115 vs. 0.117), 9-month (0.153 vs. 0.153), and 12-month (0.173 vs. 0.186). Calibration curves (Figures 6I–L) demonstrate superior predictive accuracy for EAMI from 3 months onward. Decision curve analysis (Figures 7E–H) shows that EAMI provides a greater clinical net benefit than the GRACE score at various threshold ranges: 3-month (0.0–0.5), 6-month (0.0–0.5), 9-month (0.0–0.5), and 12-month (0.25–1.0).



Predictive performance of EAMI combined with GRACE score

In training set, the ROC analysis (Figures 5A–D) indicated that EAMI + GRACE score has better predictive discrimination than individual GRACE score. At 3 months, AUC: 0.872 vs. 0.729, p = 0.012; At 6 months, AUC: 0.811 vs. 0.692, p = 0.002; At 9 months, AUC: 0.818 vs. 0.724, p = 0.003; At 12 months, AUC: 0.812 vs. 0.718, p = 0.002. In validation set, the ROC analysis (Figures 5F–I) also indicated that EAMI + GRACE score has better predictive discrimination after 6 months. At 3 months, AUC: 0.769 vs. 0.652, p = 0.195; At 6 months, AUC: 0.766 vs. 0.668, p = 0.104; At 9 months, AUC: 0.814 vs. 0.708, p = 0.021; At 12 months, AUC: 0.812 vs. 0.730, p = 0.035.



Subgroup analysis

EAMI is identified as an independent factor associated with MACE at one-year post-STEMI across various subgroups, including age, gender, BMI, LVEF, and culprit artery (Figure 8). Significant variations in the influence of EAMI on MACE are observed within the BMI, LVEF, and culprit artery subgroups (P interaction < 0.05). The C-index (Figure 9) demonstrates that, across all subgroups, the predictive discrimination of EAMI for MACE exceeds the 0.70 threshold.


[image: Table displaying subgroup analysis with hazard ratios (HR) and confidence intervals (CI) for factors like age, gender, BMI, LVEF, and culprit artery. Age subgroups show HRs of 1.86 and 1.96, both significant. Gender has HRs of 1.89 and 1.94, both significant. BMI subgroups show HRs of 2.43 and 1.58, with interaction P value 0.007. LVEF subgroups have HRs of 1.52 and 2.29, significant interaction. Culprit artery subgroups show HRs of 1.60 and 2.62, with interaction P value 0.002. Confidence intervals and P values are displayed alongside.]
FIGURE 8
The HR of EAMI for MACE in different subgroups.



[image: Forest plot displaying C-index values and 95% confidence intervals for various subgroups. Subgroups include age, gender, BMI, LVEF, and culprit artery. Each subgroup has two categories with corresponding C-index values and confidence intervals. The plot visually compares the predictive performance, with a vertical dashed line at 0.5 indicating a baseline.]
FIGURE 9
The C-index of EAMI for MACE in different subgroups.





Discussion

This study demonstrates that EAMI, a novel index integrating both EAT volume and inflammatory response, is an effective predictor of MACE in STEMI patients. EAT has garnered increasing attention as a potential predictive and therapeutic target for various cardiovascular diseases. While EAT provides energy under normal conditions, its excessive accumulation exerts detrimental effects on the myocardium through the secretion of inflammatory mediators and cytokines (17). Gruzdeva et al. found that genes encoding inflammatory mediators, such as tumor necrosis factor-alpha, interleukin-6, and monocyte chemoattractant protein-1, were significantly upregulated in patients with excessive EAT deposition (18). Similarly, Huang et al. reported that abnormal EAT accumulation promotes macrophage polarization from a non-inflammatory M2 phenotype to a pro-inflammatory M1 phenotype via the NF-κB pathway, leading to the secretion of inflammatory factors and reduced secretion of lipocalin and adrenomedullin (19). In rat models, Abe et al. demonstrated that EAT activates myofibroblasts and induces extracellular matrix deposition through the TGF-β/Smad pathway, ultimately contributing to interstitial fibrosis (20). Other studies have linked excessive EAT accumulation in the pericardial space with diastolic dysfunction in heart failure with preserved ejection fraction (21). Furthermore, EAT has been implicated in heart failure with reduced ejection fraction by inducing cardiomyocyte dysfunction, impairing oxidative phosphorylation, and promoting apoptosis (22). The pro-inflammatory, pro-fibrotic, and pro-apoptotic effects of EAT may contribute to post-STEMI ventricular remodeling, which underlies MACE. Additionally, inflammatory cytokines secreted by pericoronary EAT can directly damage vascular endothelial cells, thereby facilitating atheromatous plaque formation and increasing plaque vulnerability (23, 24). Gavara et al. confirmed through cardiac magnetic resonance imaging that higher EAT in STEMI patients often means larger IS, and high EAT and greater subsequent EAT reduction were linked to more preserved LVEF in the chronic phase (7). The dual and paradoxical effect of EAT in the conclusion of this study may be related to only considering EATV and ignoring the degree of inflammatory response in EAT. This also reflects the progressiveness of this study in evaluating EAT methods to some extent.

As is well known, obesity is one of the important factors contributing to poor prognosis in STEMI patients. Currently, the evaluation of obesity is becoming increasingly precise, from the systemic obesity index - BMI to the exclusive cardiac obesity index - EAT. West et al. pointed out EAT forms a powerful marker of metabolically unhealthy visceral obesity, which could be used for cardiovascular risk stratification (25). EAT may have already played a pathological role in the early stages of heart failure in obese patients (26). Wacker et al. found a good correlation between EAT and abdominal obesity in cardiovascular disease populations (27). However, previous studies have not fully demonstrated the value of EAT. To the best of our knowledge, this is the first study to introduce EAMI, a comprehensive imaging-based parameter, for predicting MACE in STEMI patients. EAMI integrates both EATV and EAAI, which represent the anatomical and biological effects of EAT, respectively. Our analysis found that systemic biomarkers such as BMI and C-reactive protein were not independently associated with MACE. Subsequent restricted cubic spline analysis revealed a dose-response relationship between EAMI and MACE in STEMI patients. Moreover, during the follow-up period, the AUC at different time points of EAMI was higher than the GRACE score, the difference was statistically significant (p < 0.05). Indicating that EAMI is indeed superior to GRACE score in terms of predictive discrimination ability. Previous studies, which have predominantly used EATV alone as an outcome measure, fail to account for EAT lipotoxicity. EAT lipotoxicity correlates with inflammatory processes within the EAT, which can be quantified using the EAAI on CT scans (20). Antonopoulos et al. found that a higher EAAI, partly due to immature adipocytes with reduced fat content, is associated with inflammatory cytokine activity (15). As shown in Supplementary Figures S10–S14, EAMI outperforms EATV or EAAI alone in predicting MACE outcomes in STEMI. Therefore, EAMI, which combines both the quantity and quality of EAT, may provide a more reliable prediction of MACE in STEMI than EAT volume alone.

The extended follow-up period and inclusion of additional endpoint events in this study enhance its robustness. Our findings indicate that EAMI offers superior predictive performance compared to the GRACE score across various follow-up periods. Adverse events post-STEMI are primarily driven by ventricular remodeling, which typically takes over six months to manifest structural alterations (28). Previous studies have criticized the GRACE score for its exclusion of NT-proBNP and the inadequate dichotomization of CTnI, which fails to capture the full extent of cardiac injury (29). Moreover, blood biomarkers are time-dependent and subject to confounding factors, such as therapeutic interventions, blood pressure, and heart rate, which can fluctuate significantly in the perioperative period. Killip grading, based on clinical examination, also introduces subjectivity and variability during this period (30). In contrast, EAT, as a stable human tissue, undergoes minimal changes in response to short-term perioperative interventions, making it a more suitable marker for early prediction of long-term outcomes. Although EAT is an extra-cardiac tissue, it directly affects the myocardium both anatomically and physiologically, reflecting long-term pathological impacts (31). EAMI, which balances EAT volume and inflammatory response, relies on CTA image post-processing software to measure adipose tissue density, offering a more objective and reliable methodology. From a mechanistic perspective, EAMI, as an imaging parameter, can supplement the GRACE score (which does not have imaging indicators) and to some extent compensate for the lack of stability in GRACE scoring items. In this study, the combination of EAMI and GRACE score showed better predictive discrimination than GRACE alone. This discovery provides new ideas for the clinical application of EAMI. It is also worth noting that EAT, beyond being a marker, represents a potential therapeutic target. Díaz-Rodríguez et al. demonstrated that dapagliflozin could provide myocardial protection by improving EAT cell differentiation (32). The EMPA-TROPISM study found that empagliflozin significantly reduced EAT volume compared to placebo (−5.14 ml vs. −0.75 ml, P < 0.05), improving clinical outcomes in HFrEF patients (33).

Subgroup analysis further supports the clinical utility of EAMI in predicting MACE. It showed that EAMI significantly impacts MACE across various subgroups, including age, gender, BMI, LVEF, and culprit artery. Notably, within the BMI, LVEF, and culprit artery subgroups, EAMI demonstrated significant differences in hazard ratios for MACE (P interaction < 0.05), suggesting that EAMI has a greater impact on individuals with normal BMI and is a more specific indicator of “cardiac obesity”. Additionally, EAMI showed high predictive power in the normal LVEF population, highlighting the importance of EAT in STEMI patients with preserved cardiac function. In the Non-LAD subgroup, EAMI exhibited stronger predictive power, likely because RCA and LCX, which supply the inferior and lateral walls of the left ventricle, have a smaller effect on cardiac function compared to the anterior wall supplied by the LAD. This finding aligns with previous studies showing a higher incidence of poor prognosis in LAD myocardial infarction (34). Thus, these results underscore the need to closely monitor EAT status in Non-LAD STEMI patients.

This study has several limitations. First, as a single center observational study, it cannot establish causal relationships and may suffer from selection bias. Second, this study did not include NSTEMI patients in the analysis. Compared to STEMI, NSTEMI often has characteristics such as multivessel disease and incomplete occlusion of culprit vessels, resulting in myocardial necrosis that is mostly limited to the subendocardial or smaller range. Third, there may be residual confounding factors that were not accounted for in the analysis. For example, lifestyle factors such as diet or physical activity, which could influence EAT accumulation and inflammatory responses, were not fully considered in this study, potentially affecting the observed relationship between EAMI and MACE. Finally, the predictive discrimination of EAMI was higher than the GRACE score during the 1-year follow-up period, but showed a decreasing trend. Further research is needed to verify whether EAMI can maintain outstanding predictive performance over a longer follow-up period.



Conclusions

In conclusion, this study introduces a novel imaging-based parameter, EAMI, which effectively predicts MACE in STEMI patients. Notably, EAMI demonstrates superior predictive accuracy and clinical applicability compared to the traditional GRACE score. However, due to the single-center design of this study, further large-scale, multi-center research is needed to validate the prognostic value of EAMI in predicting MACE post-STEMI.
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Background: Kawasaki disease (KD) primarily affects children as an acute systemic vasculitis. Numerous studies indicated an elevated risk of cardiovascular disease due to metabolic disturbances. Despite this knowledge, the specific metabolic modes involved in KD remain unclear.



Methods: We examined the metabolome of individuals with 108 KD and 52 non-KD controls (KD vs. nKD) by ultraperformance liquid chromatography (UPLC) and tandem mass spectrometry (MS).



Results: Differential analysis uncovered the disturbed production of bile acids and lipids in KD. Furthermore, we investigated the impact of treatment, intravenous immunoglobulin (IVIG) resistance, and coronary artery (CA) occurrence on the metabolome. Our findings suggested that IVIG treatment alters the lipid and amino acid metabolism of KD patients. By orthogonal projections to latent structures discriminant analysis (OPLS-DA), there was no significant difference between the coronary injury groups and non-coronary injury groups, and IVIG resistance didn't appear to cause the metabolic change in KD patients.



Conclusions: Patients with KD exhibit metabolic abnormalities, particularly in bile acids and lipids. IVIG interventions may partially ameliorate these lipid abnormalities.
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Introduction

Kawasaki disease (KD) is a multisystem inflammatory condition predominantly affecting children under five years of age, characterized by distinctive clinical manifestations including persistent fever, oral mucosa changes, hyperemic bilateral conjunctiva, extremity changes, and cervical lymphadenopathy (1–3). This condition significantly impacts both physical and mental health, necessitating prompt diagnosis and intervention (3). Intravenous immunoglobulin (IVIG) remains the primary therapeutic approach, functioning through multiple mechanisms including modulation of inflammatory cytokine expression, reduction of toxicity, improvement of vascular endothelial function, and mitigation of coronary artery lesions (CAL) (4). However, IVIG resistance poses a significant clinical challenge, as affected patients may develop serious complications, particularly CAL. Current biochemical indicators associated with KD, such as erythrocyte sedimentation rate, C-reactive protein, and procalcitonin, lack disease specificity, highlighting the urgent need for developing specific diagnostic biomarkers to enable more effective clinical management of KD (3, 5–10).

Metabolomics offers a comprehensive approach to understanding systemic metabolic changes, providing both quantitative and qualitative methods for extensive biomarker detection and precise disease state classification. This analytical approach has proven particularly valuable in identifying cardiovascular disease biomarkers. Studies have revealed specific metabolic signatures associated with various cardiovascular conditions: valine has been identified as a protective factor in acute myocardial infarction, while elevated serum creatinine levels indicate an increased risk (11). Furthermore, several metabolites, including medium-chain acylcarnitines, short-chain and long-chain dicarboxylacylcarnitines, branched-chain amino acids, and fatty acids, have demonstrated independent predictive value for future cardiovascular events (12). In the context of cerebral infarction, key metabolic biomarkers have been identified, including folic acid, cysteine, S-adenosyl homocysteine, and oxidized glutathione (13).

Research has established that KD is characterized by significant metabolic dysregulation. Early studies identified urinary neopterin as a predictive biomarker for coronary artery abnormalities, while subsequent research revealed that low serum 25(OH)-vitamin D levels, crucial for immunological regulation, may contribute to coronary artery complications (14). The growing recognition of metabolites’ role in KD pathogenesis has led to increased application of metabolomics in recent research (15). Notably, lipidomics investigations have yielded important insights: Japanese researchers demonstrated elevated oxidized phosphatidylcholine (PC) levels during KD's acute phase, while another study focusing on IVIG-resistant KD patients identified significant pre- and post-treatment variations in lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) (16, 17). Although these studies have established the relevance of metabolic investigations in KD, comprehensive understanding of KD metabolism remains limited. The field has also benefited from other omics approaches, including genomics and metagenomics, which have provided valuable insights from genetic and microbial perspectives, highlighting the crucial role of multi-omics approaches in advancing KD research (18–20).

In this study, we conducted untargeted metabolomic profiling to characterize the metabolic signatures distinguishing KD patients from non-KD controls. Our comprehensive analysis encompassed 108 KD patients and 52 non-KD controls, examining not only the baseline metabolic differences but also investigating how these profiles were influenced by medical intervention, IVIG resistance, and the development of CAL.



Results


Blood serum samples collection and untargeted metabolome assessments

To establish the profiles of the metabolic characteristics of KD patients, blood serum samples from 108 patients with KD and 52 non-KD controls were collected (KD vs. nKD) for untargeted metabolome assessments. Initially, the serum samples had been collected before or after IVIG administration in KD patients, which were used to compare the differences between metabolites pre-treatment and post-treatment. Then, comparisons were also made based on whether the patients underwent resistance in IVIG initial supplementation (IVIG vs. rIVIG), and whether coronary artery lesions (CAL) had been observed in the acute or sub-acute term when KD onset (CAL vs. nCAL). Moreover, in order to further exploration of the potential molecular mechanisms of the metabolic substrates in the pathogenicity and pathophysiological process of KD, the patients who were diagnosed with KD had been recognized by various clinical manifestations (Supplementary Tables S1–S4). Essentially, a total of 1,069 metabolites were detected between KD and nKD (Supplementary Table S5), including lipids, organic acids, organic heterocyclic metabolites, and others.



Alternation of metabolism had been identified in KD patients

Firstly, differential analyses were performed to detect the differentially expressed metabolites among various groups. Moreover, to achieve more scientific and convincing results, orthogonal projections to latent structures discriminant analysis (OPLS-DA) were involved. The identified metabolites were clustered based on OPLS-DA, and the OPLS-DA score plots were visualized with the first principal component (t1, 10%) and the orthogonal component (to1, 8.1%) (Figure 1A), presenting two separated clusters between KD and nKD samples which indicated a significant difference in metabolic substrates analysis. Moreover, further validation plots were obtained through 200 permutation tests (Figure 1B). The R2Y and Q2Y scores were 0.96 and 0.9, which demonstrated the OPLS-DA as a satisfied analytical model with test effectiveness. 146 differentially expressed metabolites (O_DEMs) (VIP value >1, P-value <0.05, and |Log2FC|>1) were targeted by OPLS-DA method (Figure 1C). Next, we involved KEGG enrichment for O_DEMs (Figures 1D,E). It demonstrated that the down-regulated O_DEMs in KD enriched in the biosynthesis of unsaturated fatty acids pathway. The O_DEMs demonstrated significant enrichments in lipids, mainly in fatty acid metabolism, which indicated the alternations of fatty acid metabolism contributed to the pathogenicity of KD.
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FIGURE 1
Metabolomics between KD and nKD. (A) OPLS-DA scores scatter plot of KD and nKD. (B) OPLS-DA permutation test. The R2X, R2Y, and Q2Y were 0.229, 0.96, and 0.9. (C) Volcano plot for the OPLS-DA model. Blue indicated upregulated O_DEMs in nKD and red indicated upregulated O_DEMs in KD. Only points with VIP greater than 1 have a color in the plot. (D) KEGG pathway enrichments of nKD (E) KEGG pathway enrichments of KD. (F) The proportions of lipids in nKD(left) and KD(right)'s DEMs pie chart. (G) Schema of dysregulated bile acid metabolism. Brightening color boxes represent metabolites that had been identified and have significant differences; darkening color boxes represent metabolites that had been identified but did not have significant differences; grey boxes represent metabolites that had not been identified; red showed a positive correlation and blue showed a negative correlation; PE, Phosphatidylethanolamine.


Then all the O_DEMs had been enrolled for the next analysis. Interestingly, lipids-related metabolites took a major proportion (66.7%) of nKD's O_DEMs (Figure 1F, left). Moreover, multiple lipids-related metabolites found among all the DEMs were associated with hepatic function. The lipid metabolites, such as bilirubin, uric acid were identified as both reduced in KD patients (Supplementary Table S5). Notably, the regulation of bile acids were found to be elevated in KD patients with significant enrichments of primary bile acid biosynthesis (Figure 1E), which were critical in fatty acid metabolism (21). To further analysis the specific metabolites had been identified to participate in what metabolic processes, such as deoxycholic acid. We linked the bile acid and lipid metabolism pathways to illustrate the alternations of fatty acid metabolisms involved in KD, which were induced by the down-regulated cholesterol and upregulated bile acids resulting in the decreased biosynthesis on fatty acid (Figure 1G).



IVIG alleviated the dysfunction in fatty acid metabolism in KD patients

Next, we focused on the effects of the medical treatment on KD's metabolism, so we performed an OPLS-DA analysis. The OPLS-DA score plot is shown in Figure 2A, with 8.8% t1 and 9.4% to1, confirming a clear separation of results between post-treatment and pre-treatment groups. The 200 permutation tests were used to determine the OPLS-DA models’ reliability, showing the OPLS-DA model was reliable (Figure 2B). And OPLS-DA detected 114 O_DEMs (VIP value >1, P-value <0.05, and |Log2FC|>1) (Figure 2C).
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FIGURE 2
Metabolomics between post-treatment and Pre-treatment. (A) OPLS-DA scores scatter plot of Post-treatment and Pre-treatment. (B) OPLS-DA permutation test. The R2X, R2Y, and Q2Y were 0.182, 0.713, and 0.51. (C) Volcano plot for the OPLS-DA model. Yellow indicated upregulated O_DEMs in Pre-treatment and green indicated upregulated O_DEMs in Post-treatment. Only points with VIP greater than 1 have a color in the plot. (D) KEGG pathway enrichments of Post-treatment (E) KEGG pathway enrichments of Pre-treatment. (F) The proportions of lipids in Post-treatment (left) and Pre-treatment (right)'s DEMs pie chart.


Up-regulated O_DEMs in Post-treatment were enriched in aminoacyl-tRNA biosynthesis, protein digestion and absorption, arginine biosynthesis and D-amino acid metabolism KEGG pathway (Figure 2D). Meanwhile, down-regulated O_DEMs had different KEGG enrichment results, such as small cell lung cancer, et al. (Figure 2E). Notably, multiple lipids (LPE, etc.) (Figure 2F, left) and amino acids (DL-arginine, etc.) elevated in Post-treatment.

Comparing the CAL and nCAL, the difference is too rare to build a valid statistical model in OPLS-DA. In addition, the OPLS-DA method also didn't show any significant differences between IVIG and rIVIG.



Weighted gene co-expression network analysis

Weighted gene co-expression network analysis (WGCNA) was used to identify potential biomarkers and further grouped metabolites into 8 different modules (excluding the grey color module, Figure 3A). Five modules (including turquoise, yellow, brown, black and blue) were significantly related to KD factor (|r|≥0.4, P-value < 0.05), and two modules (including turquoise and yellow) were significantly related to the treatment factor. To characterize module functions, the metabolites of modules were used to perform KEGG database searches and literature-based functional mining. Surprisingly, some WGCNA modules merited attention. For example, both the turquoise and black modules were related to the bile acid metabolism (Supplementary Table S5) but showed opposite correlations in KD and after the IVIG treatment (Figure 3A). The turquoise module contained mainly non-bile acid metabolites related to bile acid metabolism, such as uric acid, phosphatidyl ethanolamine (PE), etc. While the black module contained mainly free bile acids, such as deoxycholic acid.
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FIGURE 3
Screening markers for KD. (A) Module-trait relationships between WGCNA modules and KD. (B) The KEGG enrichment analysis of brown module. (C) The KEGG enrichment analysis of blue module. (D) The KEGG enrichment analysis of yellow module.


Next, we focused on modules with KEGG pathway enrichment results. Another module that was also related to bile acid metabolism was the brown module. The brown module had the strongest positive relation with KD (r = 0.624, P-value < 0.001), including metabolites involved in purine metabolism, bile acid metabolism, etc. This work was similar with the differential results by OPLS-DA analysis. Metabolites in the brown module were enriched in purine metabolism, primary bile acid biosynthesis, arginine and proline metabolism, pentose phosphate pathway, and inositol phosphate metabolism KEGG pathway (Figure 3B).

The blue module positively correlated only with the KD trait and contained metabolites mainly enriched in amino acid-related pathways (Figure 3C), such as glycine, serine and threonine metabolism. The blue module was not associated with the treatment trait. However, in the differential results, we found that multiple amino acids were down-regulated in the Post-treatment group. It may because that WGCNA places more emphasis on correlation and difference analysis focuses more on the difference.

The yellow module was also highly negatively correlated with KD and treatment traits and acted as the strongest correlation with treatment traits. The yellow module contained metabolites mainly enriched in the biosynthesis of unsaturated fatty acids and arachidonic acid metabolism (Figure 3D).

Similar to the differential results, there were no significant correlations between these modules and CAL and IVIG traits.




Discussion

KD is an acute systemic vasculitis that primarily affects the heart and coronary arteries, while also impacting multiple visceral organs, including the liver—the key organ for bile acid synthesis and secretion. Our study revealed significant alterations in bile acid metabolism associated with KD.

The liver is the primary site for high-density lipoprotein (HDL) production. Once secreted, HDL binds with cholesterol to form HDL-cholesterol (HDL-C), which facilitates cholesterol transport back to the liver. HDL-C plays crucial roles in both vascular inflammation and calcification (22–26). In hepatic metabolism, cholesterol catabolism leads to the synthesis of primary bile acids. These primary bile acids undergo transformation by intestinal microbiota to form secondary bile acids, which are either excreted or reabsorbed through enterohepatic circulation (27–29). Both primary and secondary bile acids can undergo conjugation with glycine or taurine to form conjugated bile acids (30). Through Weighted Gene Co-expression Network Analysis (WGCNA), we observed distinct expression patterns: conjugated bile acids clustered in the brown module, while free bile acids were grouped in the black module.

Bile acids serve crucial physiological functions but can also act as double-edged swords in human health. While essential for normal metabolism, elevated bile acid levels can promote inflammation, and their chronic accumulation may result in cholestasis, leading to liver inflammation and injury. Although cholestasis has been occasionally observed in clinical cases of KD, none of our study samples exhibited this condition. This absence of cholestasis might be attributed to either well-controlled disease states in our samples or that the disease had not progressed to a more severe stage.

Our analysis of differentially expressed metabolites (DEMs) in KD revealed two significant changes: a decrease in cholesterol derivatives, such as 22(S)-Hydroxycholesterol, and an elevation in bile acid levels. Clinical laboratory findings (Supplementary Table S1) further demonstrated significant reductions in TC and HDL-C, while LDL-C remained unchanged. The observed decrease in TC and HDL-C likely stems from two mechanisms: reduced hepatic HDL production and enhanced cholesterol catabolism. This increased cholesterol breakdown subsequently led to elevated bile acid synthesis (31). Our results indicated disturbed bile acid metabolism in KD patients, suggesting compromised hepatic scavenging capacity resulting in bile acid accumulation. The liver-cardiovascular disease connection is well-documented in the literature, and our findings revealed multiple indicators of impaired hepatic clearance capacity, including abnormalities in liver metabolites, elevated liver function markers (ALT and LDH), and decreased bilirubin levels. This was further supported by reduced TB and DBIL in clinical tests.

Bile acids play essential roles in lipid metabolism by breaking down lipids into smaller molecules and facilitating their dispersion into oil-in-water colloidal particles. This process enhances lipid solubility in aqueous solutions, creating optimal conditions for lipid particle interactions and lipase activity, thereby promoting efficient lipid digestion and absorption. In KD, we observed widespread downregulation of multiple lipids, particularly those affecting vasoactive endothelial function, including lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), and lysophosphatidic acid (LPA) (32–34). LPC and LPE serve dual roles as metabolites of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) respectively, while also functioning as structural components of mammalian cell membranes. Studies have revealed diverse immunological effects of LPCs: saturated and monounsaturated forms exhibit pro-inflammatory properties, while polyunsaturated variants demonstrate anti-inflammatory effects (35, 36). Similarly, LPE has been shown to exert anti-inflammatory effects on macrophages and can potentially trigger protective immunity through natural killer T cell-dependent mechanisms (37, 38). Notably, all identified LPCs and LPEs were found among the downregulated overlapping differentially expressed metabolites (O_DEMs) in KD, with the majority clustering within the blue module.

Previous lipidomics studies in KD have demonstrated that oxidized phospholipids, particularly PCs, can trigger inflammatory signals leading to coronary arteritis (16). Our findings revealed that elevated bile acid levels were associated with decreased lipid concentrations, with these down-regulated lipids subsequently affecting vasoactive endothelial function. Furthermore, disturbances in bile acid metabolism could directly impact cardiovascular health, as bile acids can impair cardiac mitochondrial function, potentially leading to cardiomyopathy (39).

Comparing metabolite profiles before and after medical treatment revealed significant changes in both lipid and amino acid metabolism. Post-treatment analyses showed marked increases in various lipids, such as LPC, and amino acids, including citrulline. These changes are particularly significant as amino acids not only serve as protein building blocks but also promote endothelial cell proliferation and angiogenesis, while abnormal lipid metabolism can trigger vascular inflammation through immune cell activation, particularly macrophages (40). The therapeutic intervention effectively ameliorated these lipid disorders in KD patients, addressing the metabolic disturbances we previously described (41).

Our study involved several limitations. For example, even if our conclusions fitted the clinical laboratory examination, but still need more patients to validate conclusions. Our IVIG vs. rIVIG was inconclusive, probably because there were too few individuals in the rIVIG group due to sampling limitations, resulting in our failure to analyze metabolic difference results. And some content of research needed to be explored in depth. Our study comprehensively profiled the changes in metabolites related to KD, yet did not delve deeply into the pathogenesis of KD. Subsequent studies could use targeted metabolomics for more precise quantitative analysis, delving into the specific roles of metabolites in the pathogenesis of KD. For bile acid metabolism, many studies have shown that microbes in the body regulate it. A disorder in bile acid metabolism was found in our results, which may be related to the patient's microbial metabolism. There have been multiple microbial studies demonstrating interactions between bile acids and microbial populations (28, 42, 43). As for microbial studies in KD, the spotlight was on variations in microbial content. For example, Kinumaki et al. (44) revealed an elevated presence of Streptococcus spp. in the gut microbiota of patients in the acute phase of KD. So continued research combining metabolome and metagenomic may explore new biological pathways. We only used blood as the research object, and later studies can add substances such as urine and tissue fluid. We can also improve our study by determining the amount of undetected or non-significantly different substances in our study through methods such as targeting metabolome.

In summary, metabolomics analysis identified potential metabolic pathways in the KD. Our analyses suggested that significant changes in bile acid and lipid metabolism correspond to KD.



Methods


Study design and subjects

This study was approved by the Ethics Committee of West China Second University Hospital of Sichuan University (NO. 2020-092). Written informed consents were obtained from all subjects. Besides, another serum was collected and used later to determine the measurement of liver function, renal function, lipid level, and so on. The 108 participants involved in this research were enrolled from the West China Second University Hospital of Sichuan University from August 2022 to June 2023. The enrolled 52 controls were age-appropriate and sex-matched healthy children who were totally absent from the history of KD. A total of 108 consecutive KD children (57 males/51 females, average aged 3.19 ± 2.38 years) and 52 volunteer controls (21 males/31 females, average aged 3.99 ± 2.23 years) were included for blood samples collection and 160 in total.



Inclusion and exclusion criteria

We recruited candidates for further analysis using the following inclusion criteria: (1) All patients should meet the diagnostic criteria for complete or incomplete diagnosis of KD as recommended by the AHA (2017), and the diagnosis should be confirmed by two physicians; (2) Echocardiography found coronary aneurysms in the acute or subacute phase; (3) Procedure questionnaire, basic information, clinical manifestations, hematological examination results, treatment procedures, echocardiogram results were collected; (5) In order to easy balance the bias from high-risk ages, the age of the included patients ranged from 1 to 10 years old, which was convenient to balance the bias of high-risk age; (6) Neither transthoracic echocardiography nor transcatheter angiography evaluated coronary features. Exclusion criteria included: (1) Patients with cardiovascular malformations; (2) The patient had been diagnosed with autoimmune disease before the onset of KD; (3) The patients had received anticoagulant or antiplatelet drugs before the onset of KD; (4) Patients who have undergone heart surgery; (5) Suspected myocarditis before KD; (6) Glucocorticoids were provided before IVIG; (7) Patients provided monoclonal antibodies, including tumor necrosis factor (TNF)-α or interleukin-6 antibodies; (8) Kawasaki disease diagnosed with macrophage activation syndrome or hemophagocytic lymphohistiocytosis; (9) No echocardiography was available to record KD in the acute and subacute phases.



Ultra-performance liquid chromatography-tandem-mass spectrometry

The collected blood samples were kept in sodium heparin anticoagulation tubes. After centrifuging the blood samples in the field and dispensing their upper liquid layer, all samples were transferred to the laboratory in dry ice and kept in a −80°C cryogenic refrigerator until extraction was initiated. Serum samples were subjected to ultra-performance liquid chromatography-tandem-mass Spectrometry (UPLC-MS/MS) analysis. A HypersilGoldcolumn (C18) was used, with 5 mM ammonium acetate (A, for negative mode), 0.1% formic acid (A, for positive mode), and methanol (B). The mass spectrometer was operated in both positive and negative electrospray ionization (ESI+/ESI−) mode. The UPLC-MS/MS raw data were analyzed by the Metabolite Discoverer 3.3 (CD3.3, ThermoFisher), and raw data was extracted, peak-identified and QC processed. The qualitative and quantitative analysis of metabolites by matching peaks with the mzCloud, mzVault, and MassList databases. Then Metabolites were annotated using LipidMaps (http://www.lipidmaps.org) (45), HMDB (http://www.hmdb.ca/) (46), and KEGG (http://www.genome.jp/kegg) (47) databases.



Metabolomics data were analyzed by statistical analysis

Differential metabolites analysis was conducted using the R package MetaboAnalystR4.0 (48). Preprocessing data with “Normalization(mSet, “MedianNorm”, “NULL”, “AutoNorm”, ratio = FALSE, ratioNum = 20)”. Processed data were subjected to statistical analyses to identify between-group DEMs. P-values are from hypergeometric tests. The part of OPLS-DA analysis used package ropls (49) function“opls” to get the variable important in projection (VIP) values of each metabolite. OPLS-DA scores scatter plot and OPLS-DA permutation test were also used package ropls. The screening criteria for O_DEMs were VIP value >1, P-value <0.05, and |Log2FC|>1. The KEGG database was used for pathway enrichment analysis to find enriched metabolic signaling pathways involving differential metabolites between two groups. The number of all human KEGG pathway metabolites equaled “N” (N = m + n) and the number of individual pathway metabolites equaled “m”. Names of DEMs were all converted to KEGG IDs starting with “C” followed by a five-digit number, and the number of DEMs enriched in the pathway was counted as “x” (q = x-1). For KEGG pathway enrichment analysis, enter the total number of metabolites as “k”. The P-value of each pathway was calculated using the “phyper” function that comes with the R language, and the pathways were finally screened for significance according to the P-value <0.05. Volcano plots and KEGG pathway annotations and enrichments plots were drawn using the ggplot2 package, and the Venn plot used an online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Weighted gene co-expression network and receiver operating characteristic analyses

WGCNA was performed in R using the WGCNA package (50). Setting the soft power threshold at 8 to arrive at the network adjacency and a minimum module size of 30. The grey module contains all analytes that were not assigned to any of the other modules, and a total of 8 non-gray modules were generated. For the brown module, the correlation between every metabolite was calculated.
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Objectives: This study investigates the association between blood cystatin-C (Cys-C) and monocyte-to-high-density lipoprotein cholesterol ratio (MHR), both established inflammatory markers, with the severity of obstructive sleep apnea (OSA) in male patients.



Methods: A total of 117 male participants who underwent overnight polysomnography (PSG) between February 2019 and December 2022 were included. Based on the apnea-hypopnea index (AHI), participants were categorized into three groups: G1 (AHI < 5 events/hour, n = 9; control group), G2 (5 ≤ AHI < 30 events/hour, n = 32), and G3 (AHI ≥ 30 events/hour, n = 76). Serum Cys-C and MHR levels were measured and analyzed for their correlation with OSA severity. Multivariate logistic regression and receiver operating characteristic (ROC) analyses assessed their diagnostic value, while restricted cubic spline (RCS) analysis examined potential nonlinear relationships.



Results: Cys-C and MHR levels increased with OSA severity and showed significant positive correlations with AHI (Cys-C: r = 0.084, P < 0.05; MHR: r = 0.1286, P < 0.05). In multivariate regression, MHR remained an independent correlate of OSA severity (adjusted OR = 47.130, 95% CI: 1.014–6.692, P = 0.008), whereas Cys-C lost statistical significance after adjusting for confounders. RCS analysis found no significant nonlinear relationship (P > 0.05). ROC analysis showed that combining Cys-C and MHR modestly improved diagnostic accuracy (AUC = 0.6622, 95% CI: 0.554–0.77). Subgroup analysis indicated that severe OSA patients with hypertension had higher Cys-C and MHR levels compared to those without hypertension, though the differences were not statistically significant (P > 0.05).



Conclusions: Cys-C and MHR are positively associated with OSA severity, with MHR emerging as a stronger independent biomarker. Incorporating these markers into OSA risk stratification may enhance clinical assessment and targeted interventions. Future large-scale prospective studies are needed to validate their prognostic value and clinical utility.
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1 Introduction

Obstructive sleep apnea syndrome (OSA) is a common sleep-related breathing disorder characterized by recurrent upper airway partial or complete obstruction during sleep, leading to intermittent hypoxia and disrupted sleep architecture (1). With an estimated prevalence of 4% in China, OSA significantly impacts public health and socio-economic systems (2). The apnea-hypopnea index (AHI), derived from overnight polysomnography (PSG), is the gold standard for assessing OSA severity (3). However, PSG is resource-intensive and fails to capture the inflammatory and metabolic disturbances underlying OSA pathophysiology. The identification of accessible blood-based biomarkers may complement PSG, providing a more practical and efficient diagnostic approach.

The hallmark symptoms of OSA include snoring and apnea episodes, which, in severe cases, may lead to hypoxemia, carbon dioxide retention, respiratory failure, and pulmonary encephalopathy. In extreme scenarios, nocturnal hypoxia can result in sudden death (4). Chronic inflammation plays a central role in OSA pathophysiology, with intermittent hypoxia triggering systemic inflammation, oxidative stress, and endothelial dysfunction, thereby increasing cardiovascular risks (4, 5). Traditional inflammatory markers, such as C-reactive protein (CRP) and erythrocyte sedimentation rate, are well-established indicators but lack specificity in reflecting the complex inflammatory mechanisms of OSA. In contrast, cystatin-C (Cys-C) and the monocyte-to-high-density lipoprotein cholesterol ratio (MHR) may provide more targeted insights into OSA-associated inflammation (6, 7).

Cys-C, a cysteine protease inhibitor, is widely used as a sensitive biomarker of glomerular filtration rate and early renal impairment (8–10). Recent studies have highlighted its role in systemic inflammation and cardiovascular disease (11). Elevated serum Cys-C levels have been correlated with OSA severity and are independently associated with an increased risk of cardiovascular events and mortality (12). Moreover, Cys-C modulates protease hydrolysis, elevates blood homocysteine levels, and influences neutrophil migration and endothelial stability, thereby contributing to vascular inflammation and dysfunction in OSA (13).

MHR serves as an indicator of chronic vascular inflammation and is extensively studied in cardiovascular diseases (7). Monocytes and macrophages regulate inflammatory cytokine production and vascular remodeling, whereas high-density lipoprotein cholesterol exerts anti-inflammatory effects by suppressing monocyte activation and promoting cholesterol efflux (14). Elevated MHR levels have been associated with OSA severity, particularly in patients with hypertension (15), reflecting heightened systemic inflammation and oxidative stress (16). Both Cys-C and MHR are inflammatory biomarkers that contribute to cardiovascular disease and hypertension, conditions frequently exacerbated by OSA-related intermittent hypoxia and reoxygenation cycles (17, 18). These processes induce oxidative stress, endothelial dysfunction, and inflammatory responses, further worsening cardiovascular outcomes (19).

Although Cys-C and MHR have been investigated in relation to cardiovascular disease, their roles in OSA patients, particularly those with comorbid hypertension, remain incompletely understood. Given the cross-sectional design of this study, we emphasize that Cys-C and MHR serve as diagnostic markers of OSA severity rather than predictors of disease progression. Inflammatory biomarkers are crucial in OSA assessment, primarily for evaluating disease severity rather than establishing causal relationships.

The primary objective of this study is to examine the association between Cys-C, MHR, and OSA severity and to determine their potential as diagnostic biomarkers. This study seeks to establish whether these markers reflect the degree of systemic inflammation in OSA patients and their utility in identifying individuals at higher risk for comorbid conditions. By investigating the combined role of Cys-C and MHR in OSA, this study contributes to the understanding of inflammation-driven pathophysiological mechanisms and their clinical relevance. The findings may provide valuable insights into the potential applications of these biomarkers in risk stratification and disease management, thereby improving diagnostic approaches for OSA.



2 Material and methods


2.1 Participants

This study adheres to the principles of the Helsinki Declaration and has received approval from the Ethics Committee of the Second Affiliated Hospital of Fujian Medical University (IRB No. 2017-78 and 2020-160). A total of 117 male participants were enrolled in the study between February 2019 and December 2022. Written informed consent was obtained from all participants.

All participants underwent overnight PSG (SOMNOscreen™ plus PSG+, SOMNOmedics GmbH, Randersacker, Germany), which was conducted by trained technologists at the Sleep Medicine Center from 10 p.m.–8 a.m. The participants were newly diagnosed with OSA and had no prior history of medication treatment.

Exclusion criteria included participants with a history of OSA treatment, prior uvulopalatopharyngoplasty or continuous positive airway pressure therapy, antihypertensive medication use, active smoking, alcohol dependence, recent caffeine consumption or vigorous exercise, and those diagnosed with periodic limb movement disorder or severe insomnia. All participants underwent a comprehensive clinical evaluation to ensure eligibility.

Hypertension was defined as clinic blood pressure (BP) ≥140/90 mmHg, home BP ≥135/85 mmHg, or a 24 h ambulatory BP average of ≥130/80 mmHg. On the day of PSG monitoring, baseline characteristics were recorded, including age, average heart rate, blood pressure elevation index, average systolic blood pressure, and average diastolic blood pressure. Height and weight were measured to calculate body mass index (BMI). To ensure accuracy, all heart rate and blood pressure measurements were standardized and conducted in a quiet environment under controlled conditions.



2.2 PSG

All participants followed standardized preprocessing procedures before undergoing polysomnography (PSG) performed with a computerized polysomnographic system, to ensure the accuracy and consistency of the data. This included instructions for participants to avoid alcohol, caffeine intake, and strenuous exercise on the night before the monitoring, as these factors could affect sleep. All connections strictly followed the international 10–20 system, and scoring and analysis were conducted according to the AASM 2.6 version standards. PSG scoring was performed by professionally trained technicians to ensure data consistency and accuracy. On the evening of the examination, participants reported to the hospital and were fitted with various monitoring devices, including those for electroencephalography, electrocardiography, monitoring of eye movements and jaw muscles, thoracoabdominal respiratory movements, airflow through the nose and mouth, pulse oximetry, and snoring. A full-night PSG examination was conducted. The diagnostic results were analyzed and interpreted by the hospital's sleep technicians to calculate the apnea-hypopnea index. According to the diagnostic criteria established by the American Academy of Sleep Medicine in 2007, 3 all enrolled participants were categorized based on their AHI as follows: the G1 group (AHI < 5 events/hour, n = 9), as a control group; the G2 group (5 ≤ AHI < 30 events/hour, n = 32); and the G3 group (AHI ≥ 30 events/hour, n = 76). Considering that hypertension is a common complication of OSA and that OSA is an independent risk factor for hypertension, 15 the severe OSA group was further divided into two subgroups based on the presence or absence of a history of hypertension. These subgroups include severe OSA with hypertension (n = 44) and without hypertension (n = 32).



2.3 Blood biochemistry analysis

The morning following PSG monitoring, fasting venous blood samples were collected from all participants to conduct a comprehensive biochemical analysis. This analysis included measurements of cystatin-C (Cys-C) and additional inflammatory and metabolic biomarkers relevant to the study. Biochemical assessments were performed using the Mindray BS-280 fully automated biochemical analyzer (Mindray, Shenzhen, China), which ensured precision in measuring various parameters. The analyzer was calibrated prior to each testing session to maintain data accuracy and consistency. Specific assays were conducted for each biomarker, including enzymatic methods for lipid profiles and immunoturbidimetric methods for Cys-C, following manufacturer guidelines. Quality control samples were run alongside each batch to validate the reliability of results.



2.4 Blood cells analysis

Fasting venous blood samples were also collected to measure blood cell indices, including monocytes (MO) and high-density lipoprotein cholesterol (HDL-c). Blood cell evaluations were performed using the Mindray BC-7500 fully automated hematology analyzer (NMT, Shenzhen, China). The monocyte to high-density lipoprotein cholesterol ratio (MHR) was calculated based on the ratio of MO to HDL-c.



2.5 Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics software (version 29.0.1.0) and R software (version 4.1.1). Normally distributed data are presented as mean ± standard deviation (X ± SD), with intergroup comparisons performed using one-way analysis of variance (ANOVA) and independent samples t-test. Non-normally distributed data are reported as median and interquartile range P50, (P25, P75), analyzed using the Kruskal–Wallis (KW) test and Mann–Whitney U test. The analyses also included Spearman correlation analysis, simple linear regression and ordinal logistic regression. P values less than 0.05 were considered statistically significant. To robustly assess the associations between Cys-C, MHR, and severity OSA, the analyses adjusted for potential confounders such as age and BMI using a multivariate ordinal logistic regression framework. Considering the impact of renal function on Cys-C levels and the significant correlation of glomerular filtration rate with age, age was included as a critical covariate to control for its potential influence on the outcomes. The receiver operating characteristic (ROC) curve was utilized to calculate and compare the area under the curve (AUC), evaluating the diagnostic performance of Cys-C and MHR in assessing OSA severity. Additionally, restricted cubic spline (RCS) analysis was conducted to explore potential nonlinear relationships between Cys-C, MHR, and OSA severity.




3 Results


3.1 Characteristics of patients

As presented in Table 1, significant differences were observed among the groups in age, BMI, average heart rate, mean systolic blood pressure, and mean diastolic blood pressure (P < 0.05). The G1 group had a lower age compared to the G2 and G3 groups, while the G3 group exhibited a higher BMI and average heart rate than the G2 group. Additionally, pairwise comparisons of mean systolic and diastolic blood pressure among the three groups showed significant differences (P < 0.05), with both parameters increasing progressively with OSA severity.


TABLE 1 Characteristics, polysomnography (PSG), blood biochemistry, and blood cell of all subjects.

[image: A table displaying demographic, physiological, and biochemical data for three groups (G1, G2, G3) with various indices such as age, BMI, heart rate, blood pressure, sleep characteristics, blood biochemistry, and blood cell metrics. Significance levels (p-values) indicate differences between groups. Group G1 has fewer participants (n=9) compared to G2 (n=32) and G3 (n=76). Statistical symbols show the level of significance between groups. Abbreviations and statistical notations are explained below the table.]



3.2 PSG

Comparisons of PSG-related indicators among the three groups revealed that the N1 stage percentage, AHI, oxygen desaturation index, SIT90, and SIT80 were significantly higher in the G3 group than in the G1 and G2 groups (P < 0.05). In contrast, the N3 stage percentage and minimum SpO₂ were lower in the G3 group compared to the G1 and G2 groups, with these differences also reaching statistical significance (P < 0.05). However, no significant differences were observed in other PSG-related indicators among the three groups (P > 0.05; Table 1).



3.3 Blood biochemistry and blood cells

In the comparison of blood indicators among the G1, G2, and G3 groups, patients in the G3 group exhibited significantly higher levels of Cys-C and GGT compared to those in the G1 and G2 groups. Additionally, TG, UA, and Apo-B/Apo-A levels were elevated in both the G2 and G3 groups relative to the G1 group, with statistically significant differences (P < 0.05; Table 1).

Patients in the G3 group also showed significantly higher levels of MHR, RBC, HGB, HCT, and RET compared to those in the G1 group. Moreover, MHR and RBC levels were higher in the G3 group than in the G2 group, with these differences reaching statistical significance (P < 0.05; Table 1).



3.4 Correlation results

Spearman correlation analysis and simple linear regression demonstrated a positive correlation between Cys-C and AHI (r = 0.316, P < 0.001), with the regression equation Y = 0.001708X + 0.8231 (F = 10.55, R² = 0.084, P < 0.05; Figure 1A). Similarly, MHR exhibited a positive correlation with AHI (r = 0.347, P < 0.001), with the regression equation Y = 0.001967X + 0.2651 (F = 16.97, R² = 0.1286, P < 0.05; Figure 1B). Through 1,000 bootstrap resampling iterations, the 95% confidence interval (CI) for the correlation coefficient between AHI and Cys-C was 0.137–0.475 (P < 0.001), confirming their association. Similarly, the 95% CI for the correlation coefficient between AHI and MHR was 0.171–0.501 (P < 0.001), further validating the correlation (Figure 1).


[image: Two scatter plots showing relationships between the Apnea-Hypopnea Index (AHI) and two variables. The left plot shows AHI versus Cystatin C (Cys-C) with a positive trend line, R-squared of 0.084, and p-value less than 0.05. The right plot shows AHI versus the Monocyte to HDL ratio (MHR) with a positive trend line, R-squared of 0.1286, and p-value less than 0.05. Both plots have axes ranging from zero to one hundred fifty.]
FIGURE 1
The correlation analysis between the apnea-hypopnea index (AHI) and cystatin-C (Cys-C) (A), as well as the monocyte-to-high-density lipoprotein cholesterol ratio (MHR) (B).


Spearman correlation analysis also assessed the relationship between Cys-C and multiple variables. Cys-C was positively correlated with AHI (r = 0.316, P < 0.001), N1 stage percentage (r = 0.202, P = 0.029), oxygen desaturation index (r = 0.291, P = 0.001), SIT90 (r = 0.286, P = 0.002), and SIT80 (r = 0.216, P = 0.019). A negative correlation was observed between Cys-C and minimum SpO₂ (r = −0.227, P = 0.014; Table 2). Similarly, MHR was positively correlated with AHI (r = 0.347, P < 0.001), oxygen desaturation index (r = 0.303, P < 0.001), SIT90 (r = 0.245, P = 0.008), and SIT80 (r = 0.262, P = 0.004). A negative correlation was observed between MHR and minimum SpO₂ (r = 0.285, P = 0.002; Table 2).


TABLE 2 The spearman correlation of cystatin-C (Cys-C) and monocyte-to-high-density lipoprotein cholesterol ratio (MHR) with polysomnography (PSG) parameters.

[image: Table showing PSG-related parameters with their R-squared and P values for Cys-C and MHR. Parameters include sleep efficiency, wake after sleep onset (WASO), arousal index, N1, N2, and N3 stage percentages, apnea-hypopnea index (AHI), minimum oxygen saturation (SpO2), oxygen desaturation index, SIT90, and SIT80. Significant P values are marked with asterisks: * for P < 0.05, ** for P < 0.01, and *** for P < 0.001. "ns" indicates no statistical significance.]



3.5 Logistic regression results

The results of logistic regression analysis indicate that Cys-C is a risk factor for OSA severity. An increase in Cys-C levels is associated with a significant upward trend in OSA severity (β = 2.546, OR = 12.76, 95% CI: 0.391–4.701, P = 0.021). This suggests that for every 1-unit increase in Cys-C, the likelihood of OSA severity increasing by one grade is 12.76 times higher. After 1,000 bootstrap resampling verifications, the 95% CI for the regression coefficient of AHI and Cys-C was 0.479–6.006 (P < 0.001), further confirming their association.

Similarly, MHR was identified as an independent risk factor for OSA severity, with OSA severity progressively increasing with higher MHR levels (β = 4.226, OR = 68.44, 95% CI: 1.423–7.029, P = 0.003). Specifically, for every 1-unit increase in MHR, the likelihood of OSA severity increasing by one grade is 68.44 times higher. After 1,000 bootstrap resampling, the 95% CI for the regression coefficient of AHI and MHR was 2.006–7.000 (P < 0.001), reinforcing the association between AHI and MHR.

In multivariate ordinal logistic regression analysis, adjustments were made for potential confounders, including age and BMI. While the initial analysis demonstrated significant associations between Cys-C, MHR, and OSA severity, adjustments for age and BMI attenuated the effect of Cys-C, rendering it statistically non-significant (β = 1.944, OR = 6.99, 95% CI: −0.300–4.187, P = 0.089). Conversely, MHR remained a robust and statistically significant independent factor (β = 3.853, OR = 47.14, 95% CI: 1.014–6.692, P = 0.008). These findings suggest that after adjusting for age and BMI, MHR maintains a stronger and more independent association with OSA severity (Table 3).


TABLE 3 Logistic regression analysis of cystatin-C (Cys-C) and monocyte-to-high-density lipoprotein cholesterol ratio (MHR).

[image: Logistic regression results table displaying single and multifactor analyses. Single factor regression: Cys-C (β = 2.546, OR = 12.760, P = 0.021, CI = 0.391–4.701) and MHR (β = 4.226, OR = 68.440, P = 0.003, CI = 1.423–7.029). Multifactor regression: Cys-C (β = 1.944, OR = 6.990, P = 0.089, CI = -0.300–4.187) and MHR (β = 3.853, OR = 47.130, P = 0.008, CI = 1.014–6.692).]



3.6 Analysis of RCS

RCS analysis indicated no significant nonlinear relationship between Cys-C, MHR, and AHI severity within the assessed ranges. Figure 2A shows the association between Cys-C and AHI severity, with no significant nonlinear effects (P-overall = 0.285, P-nonlinear = 0.536), suggesting a stable relationship across the observed range. Similarly, Figure 2B illustrates the association between MHR and AHI severity, where no significant nonlinear effects were observed (P-overall = 0.299, P-nonlinear = 0.473), indicating a consistent trend across the examined range.


[image: Two line graphs compare the odds ratio (OR) against Cys-C and MHR. The left graph shows the OR for Cys-C, with a red estimation line and dashed lines indicating the ninety-five percent confidence interval (CI). The right graph shows the OR for MHR with similar elements. Both graphs include overall p-values and p-non-linear values, indicating statistical significance analyses.]
FIGURE 2
Non-linear relationships between cystatin-C (Cys-C) (A) and monocyte-to-high-density lipoprotein cholesterol ratio (MHR) (B) with AHI severity assessed by restricted cubic spline. The red lines represent the estimated effects, while the shaded areas denote the 95% confidence interval. Vertical lines indicate the threshold values for Cys-C (0.729) and MHR (0.577). The analysis revealed no significant non-linear relationships between these biomarkers and AHI severity.




3.7 Comparison of severe OSA patients with and without hypertension

In the comparison between severe OSA patients with and without hypertension, those with hypertension exhibited significantly higher mean systolic and diastolic blood pressures than those without hypertension (P < 0.05). However, no significant differences were observed in other clinical indicators between the two groups (Table 4). Regarding PSG parameters, patients with severe OSA and hypertension had higher sleep efficiency, oxygen desaturation index, and SIT80 compared to those without hypertension (P < 0.05). Conversely, arousal time after sleep onset and minimum oxygen saturation were lower in the severe OSA with hypertension group than in the non-hypertensive group (P < 0.05). No significant differences were found in blood biochemical and blood cell parameters between severe OSA patients with and without hypertension. However, Cys-C (0.86 ± 0.12 vs. 0.99 ± 0.15, P > 0.05) and MHR (0.25 ± 0.13 vs. 0.42 ± 0.19, P > 0.05) exhibited an increasing trend in the hypertensive group (Figure 3).


TABLE 4 Characteristics, polysomnography (PSG), blood biochemistry, and blood cell of the severe obstructive sleep apnea (OSA) patients.

[image: Table comparing characteristics, polysomnography (PSG), blood biochemistry, and blood cells between severe OSA (n = 32) and severe OSA with hypertension (n = 44). Categories include age, BMI, heart rate, blood pressure, sleep metrics, biochemistry, and blood cell measurements. P values are provided for each comparison, indicating statistical significance levels, with notable differences in blood pressure, sleep efficiency, WASO, minimum SpO₂, and SIT80.]
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FIGURE 3
No significant differences were observed in cystatin-C (Cys-C) levels (A) or monocyte-to-high-density lipoprotein cholesterol ratio (MHR) levels (B) between severe obstructive sleep apnea (OSA) patients with and without hypertension. ns, No statistical difference.




3.8 Receiver operating characteristic (ROC) curve

ROC curve analysis was performed to assess the diagnostic value of Cys-C and MHR in relation to OSA severity. The area under the curve (AUC) for Cys-C was 0.638, with a sensitivity of 64.5% and a specificity of 59.4%. For MHR, the AUC was 0.628, with a sensitivity of 62.8% and a specificity of 90.6%. When both biomarkers were combined, the AUC improved to 0.662, with an increased sensitivity of 72.4% but a lower specificity of 56.2% (Figure 4, Table 5).


[image: ROC curve graph showing sensitivity versus 1-specificity. It includes three curves: Cys-C in red (AUC = 0.6384), MHR in green (AUC = 0.6281), and Cys-C+MHR in blue (AUC = 0.6622). A red dashed line serves as the reference.]
FIGURE 4
Receiver operating characteristic (ROC) curves for cystatin-C (Cys-C) and monocyte-to-high-density lipoprotein cholesterol ratio (MHR).



TABLE 5 Predictive value of cystatin-C (Cys-C) and monocyte-to-high-density lipoprotein cholesterol ratio (MHR) in determining patient with OSA.

[image: Table comparing three indices: Cys-C, MHR, and Cys-C + MHR. Each index shows values for AUC, sensitivity, specificity, cutoff value, confidence interval (CI 95%), and P value. Cys-C + MHR has the highest AUC at 0.6622, sensitivity at 0.724, and a P value of 0.003, suggesting a stronger predictive performance.]




4 Discussion

This study demonstrated elevated levels of Cys-C and MHR in OSA patients, with the highest levels observed in severe cases. Both biomarkers showed a positive correlation with AHI, which was further validated through bootstrap resampling. While Cys-C and MHR exhibited potential as auxiliary diagnostic markers for OSA, only MHR remained a significant independent association after adjusting for age and BMI, reinforcing its reliability in assessing OSA severity. However, neither marker demonstrated sufficient sensitivity to severe OSA in hypertensive patients.

Inflammation plays a multifaceted role in OSA, with recurrent hypoxia during sleep triggering systemic immune activation, leading to increased inflammatory cytokines and immune cell activity (4, 7, 18). These inflammatory responses contribute to endothelial dysfunction and atherosclerosis, underlying the cardiovascular complications commonly observed in OSA patients. The biomarkers examined in this study, Cys-C and MHR, serve as indicators of this inflammatory burden, potentially reflecting disease severity.

Traditionally recognized as a sensitive kidney function biomarker, Cys-C is also involved in vascular function and inflammation (20, 21). Studies have reported that Cys-C levels correlate with OSA severity and oxygen desaturation, even in the absence of chronic kidney disease (22). Furthermore, Cys-C levels tend to decrease following CPAP treatment, suggesting its potential role in cardiovascular risk stratification (23). Additionally, Cys-C interacts with homocysteine, amplifying endothelial dysfunction and oxidative stress, particularly in hypertensive OSA patients (24–26), underscoring its relevance in OSA, hypertension, and cardiovascular health.

MHR reflects the balance between monocyte-driven inflammation and HDL-mediated anti-inflammatory effects, providing insights into systemic inflammation in OSA. Elevated MHR levels strongly correlate with OSA severity, positioning it as a promising marker for disease progression (22, 27). Beyond OSA, MHR is recognized as an inflammatory marker associated with major cardiovascular risks, cardiac events, and hypertensive end-organ damage (15, 28). These findings align with existing research, highlighting the central role of inflammation in OSA pathogenesis. As OSA severity progresses, Cys-C and MHR levels increase, suggesting their potential role in reflecting disease progression. Combining these markers may provide a more comprehensive diagnostic approach.

OSA is a well-established risk factor for hypertension (18). In this study, severe OSA patients with hypertension exhibited a non-significant increasing trend in Cys-C and MHR levels compared to those without hypertension. This discrepancy may be attributed to the small sample size, limiting statistical power, as well as unadjusted confounding factors such as individual inflammatory responses and vascular function variability. Intermittent hypoxia in OSA exacerbates oxidative stress and endothelial inflammation, particularly in hypertensive patients, potentially contributing to elevated Cys-C and MHR levels (15). Larger-scale studies are warranted to further establish their role as biomarkers for inflammation and oxidative stress in severe OSA with hypertension, thereby enhancing their clinical utility.

The role of Cys-C as an inflammatory and cardiovascular biomarker remains complex. Elevated Cys-C levels have been associated with inflammation in atherosclerosis and vulnerable plaque formation, while low levels have been linked to impaired infection resistance and chronic low-grade inflammation, potentially contributing to plaque progression (29, 30). Experimental studies suggest that Cys-C deficiency enhances cysteine protease activity, triggering vascular remodeling and inflammation (Ref. 31). Conversely, elevated Cys-C levels may represent a compensatory response to acute inflammation, which normalizes in chronic conditions (32, 33). The weaker correlation of Cys-C with OSA severity in this study, compared to MHR, may reflect these intricate regulatory dynamics. MHR, as a more robust inflammation marker, demonstrated stronger associations with OSA severity, particularly in patients with coexisting cardiovascular risks, reinforcing its clinical relevance (34).

Beyond its well-established impact on cardiovascular health, inflammation has also been increasingly recognized for its role in other physiological processes, including bone metabolism. Recent studies have identified the systemic inflammation response index as a composite inflammatory marker associated with both cardiovascular disease and bone health, suggesting a broader involvement of inflammation in disease pathogenesis (35). In OSA, chronic low-grade inflammation, driven by recurrent hypoxia and oxidative stress, may not only exacerbate hypertension, atherosclerosis, and heart failure but also impair bone metabolism, potentially increasing the risk of osteoporosis and fractures.

While, obesity is a major contributor to OSA severity, as it promotes airway narrowing, increases upper airway collapse risk, and exacerbates intermittent hypoxia, worsening disease progression (36). Recent studies have identified alternative obesity indices, such as waist-to-weight index (37) and body roundness index (38), which have also been associated with adverse OSA outcomes. Beyond mechanical airway obstruction, obesity is linked to chronic low-grade inflammation, potentially contributing to elevated Cys-C and MHR levels and increasing cardiovascular risk (39). These findings underscore the importance of considering obesity-related factors when assessing OSA severity and associated complications. To minimize BMI-related confounding effects, we adjusted for BMI in multivariate analyses, and MHR remained an independent marker of OSA severity, whereas Cys-C lost statistical significance, reinforcing MHR serves as a more robust biomarker of OSA-related inflammation, independent of obesity-related influences, reinforcing its potential clinical utility in assessing disease severity.

Other inflammatory markers, including neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, eosinophil-to-lymphocyte ratio, monocyte-to-lymphocyte ratio, and systemic immune-inflammation index, were also analyzed in this study. However, due to a lack of statistical significance, these results were not presented. Previous research suggests that these ratios are commonly used as inflammatory biomarkers to assess OSA diagnostic value and severity indicators (40). Further research is needed to clarify their roles in pathophysiology of OSA.

This study has several limitations. The small sample size necessitates validation in larger cohorts to ensure greater statistical power and reproducibility. Additionally, the cross-sectional design precludes causal inference, making it unclear whether changes in Cys-C and MHR contribute to OSA progression or simply reflect disease characteristics. The underlying regulatory mechanisms of Cys-C and MHR in OSA and their potential effects on blood pressure regulation were not explored. Despite adjustments for known variables, unmeasured confounders may still influence the results.

Future longitudinal studies are needed to assess temporal changes in Cys-C and MHR, clarify their causal relationships with OSA severity, and evaluate their predictive value for OSA progression and cardiovascular outcomes. Moreover, incorporating a broader range of clinical and laboratory variables would provide a more comprehensive understanding of OSA pathophysiology. Given the well-established role of obesity in OSA, future research should stratify participants based on obesity levels to better delineate how Cys-C and MHR influence OSA severity across different obesity phenotypes. While this study demonstrates the associations between Cys-C, MHR, and OSA severity, these biomarkers should not be solely relied upon for clinical decision-making. Further research should explore their mechanistic roles in OSA-related inflammation and cardiovascular dysfunction, as well as investigate potential therapeutic interventions targeting these pathways. Expanding sample sizes and conducting multicenter studies will enhance the generalizability and clinical relevance of these findings.

These results highlight the potential of Cys-C and MHR as biomarkers for assessing OSA severity and cardiovascular risk. Integrating these markers into clinical practice may improve early identification of high-risk patients and facilitate targeted interventions to reduce cardiovascular complications and improve patient outcomes.



5 Conclusion

This single-center cross-sectional study highlights the significant association between Cys-C, MHR, and OSA severity, with both biomarkers increasing progressively with disease severity and exhibiting positive correlations with AHI. While Cys-C showed potential as an OSA severity correlate, MHR emerged as a more robust independent marker, maintaining significance after adjusting for confounders such as age and BMI. The combined assessment of Cys-C and MHR further improved diagnostic accuracy, suggesting their complementary roles in capturing the inflammatory and cardiovascular implications of OSA. However, their ability to distinguish between severe OSA patients with and without hypertension remains limited, warranting further investigation. Future large-scale, longitudinal, and multicenter studies are essential to validate these findings, refine their clinical applicability, and establish their prognostic value in OSA management and cardiovascular risk assessment, ultimately contributing to improved patient outcomes.
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Cardiovascular diseases (CVD) remain the primary cause of morbidity and mortality in developed countries, highlighting the urgent need to identify biomarkers associated with CVD and its risk factors. Vascular adhesion protein-1 (VAP-1), a 170 kDa surface molecule expressed predominantly by endothelial cells, smooth muscle cells, and adipocytes, has garnered significant attention in this field. Beyond its role in inducing inflammatory mediators, VAP-1 is closely linked to coronary artery disease, heart failure, diabetes, obesity, and other CVDs, along with their associated risk factors. Notably, elevated plasma VAP-1 activity has been observed in patients with CVD and diabetes. The toxic metabolites produced by its enzymatic activity contribute to vascular endothelial injury and oxidative stress, thereby accelerating atherosclerosis and diabetes-related cardiovascular complications. Consequently, understanding the pathophysiological roles of VAP-1 in CVD has become a major research focus. This review examines the effects of VAP-1 on CVD pathogenesis and explores the therapeutic potential of VAP-1 inhibitors in managing these conditions.
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1 Introduction

Vascular adhesion protein-1 (VAP-1), also known as semicarbazide-sensitive amine oxidase (SSAO) or primary amine oxidase, belongs to the family of copper-containing amine oxidases. This protein was first identified in 1992 as a novel adhesion molecule capable of mediating endothelial cell-lymphocyte interactions, encoded by the amine oxidase copper-containing 3 (AOC3 gene, official gene nomenclature) (1). Notably, the SSAO family also encompasses AOC1 (encoding diamine oxidase) and AOC2 (encoding retina-specific amine oxidase), whereas VAP-1/SSAO specifically refers to the AOC3 gene product (2). SSAO is ubiquitously expressed in mammalian tissues and plasma, with interspecies variations in isoform composition, structure, and ligand specificity (3–6). Ruminants show the highest plasma SSAO activity, while human tissues display greater activity than rodent and porcine systems (7). The mature, functional form of VAP-1 is a heavily sialylated 170-kDa dimer that adopts a heart-shaped configuration, with each monomer containing three key domains (D2, D3, and D4) characteristic of dimeric proteins (8). Immunoblotting under non-reducing conditions primarily detects the 170-kDa dimer, which likely consists of two 90-kDa glycoprotein subunits, as reduction or boiling disrupts its integrity. In contrast, metabolic labeling studies also reveal a 90-kDa species, which may represent a monomeric or proteolytic fragment observed primarily in organ cultures (9, 10). Each subunit comprises an extracellular region containing the catalytic site, a transmembrane domain, and a short intracellular N-terminal tail that lacks known binding motifs, suggesting it may not play a role in signal transduction (8, 11). VAP-1 at the plasma membrane typically forms homodimers consisting of two ∼90 kD glycoproteins, with the extracellular portion of each monomer consisting of three structural domains (D2- D4) (9, 12). The D2 and D3 structural domains adopt the same α-β fold, characterized by alternating α-helices and β-strands. The large D4 domains in each subunit are catalytic domains containing residues involved in the modification of topaquinone and its localization, catalytic bases, and copper-coordinated histidine, which form the surface of the dimer and each of which also contains a catalytic site buried on the surface of the deep cleavage site (12). The catalytic activity of VAP-1/SSAO depends on key structural components, including a quinone cofactor, copper ions, and six glycosylation sites. Glycosylation, particularly near the catalytic entrance, influences substrate specificity (13). The molecule's sensitivity to oxidative agents is attributed to its incorporation of 2 mol copper ions, 1 mol carbonyl cofactors, and a 6-hydroxydopamine quinone residue per mol of protein (14).

Functionally, VAP-1 exhibits dual biological roles as both an amine oxidase and an adhesion molecule (15–17). Its oxidase activity catalyzes the oxidative deamination of short-chain primary amines, generating aldehydes, hydrogen peroxide (H2O2), and ammonia (16). In contrast, its adhesion molecule activity facilitates the selective binding of lymphocytes to vascular endothelium in a sialic acid-dependent manner (17). These dual roles are intricately linked to cardiovascular disease (CVD) pathogenesis.VAP-1 exists in one main form, a membrane-bound form, mainly on the surface of vascular endothelium, smooth muscle cells, and adipocytes (18–20). Additionally, studies have reported the presence of VAP-1 in myofibroblasts, identifying it as a novel biomarker (21). From a functional point of view, VAP-1 expressed in smooth muscle cells has SSAO activity and catalyzes exogenous and endogenous deamination of primary amines but does not have the ability to bind to lymphocytes (19). In contrast, VAP-1 localized on vascular endothelium possesses both adhesive functions and enzymatic activity (22, 23). In addition to the membrane-bound form of VAP-1, another form is soluble vascular adhesion protein-1 (sVAP-1), which is present in the blood circulation (24, 25). Membrane-bound VAP-1 is cleaved by matrix metalloproteinases (MMPs) to generate sVAP-1 (25–27). Both membrane-bound and soluble forms of VAP-1 exhibit similar enzymatic properties, sharing at least 80% sequence homology (24). However, it is believed that the membrane-bound form of VAP-1 exhibits higher activity than its soluble counterpart. The membrane-bound VAP-1 can rapidly relocate to the cell surface under acute inflammatory conditions to exert its functions, whereas sVAP-1 primarily accumulates at elevated concentrations in various chronic diseases with a relatively slower response (28, 29). Moreover, the deamination of endogenous substrates by membrane-bound VAP-1 can directly damage endothelial cells, enhance oxidative glycation, and increase oxidative stress mediators (16). In contrast, the effects of sVAP-1 are further constrained by its concentration in the bloodstream.

Elevated sVAP-1 levels have been documented in various CVDs and diabetes, including coronary artery disease, aortic stenosis, hypertension, heart failure, and stroke (30, 31). Furthermore, sVAP-1 is significantly elevated in patients with nonalcoholic fatty liver disease (NAFLD), suggesting its potential role as a pathogenic link between NAFLD and CVD (32). The widespread expression of VAP-1 within the vascular system underscores its pivotal role in inflammatory processes and its contribution to CVD pathophysiology. In the past decade, clinical studies have established VAP-1 as a novel biomarker for CVD and a promising therapeutic target. Understanding its specific mechanisms in disease progression may enable the development of innovative strategies for CVD management. This review focuses on the intricate relationship between VAP-1 and CVD, as well as the therapeutic potential of targeting VAP-1.



2 Pathophysiological mechanisms of VAP-1 in cardiovascular diseases

CVD represent a significant global health challenge, with atherosclerotic cardiovascular disease (ASCVD) being the primary contributor to mortality worldwide. The incidence and fatality rates of ASCVD, which encompasses coronary heart disease (CHD), ischemic stroke (IS), and peripheral vascular disease, continue to rise (33–35). Atherosclerosis, the pathological basis of ASCVD, leads to acute and chronic ischemic events due to progressive arterial lumen narrowing, plaque instability, intraplaque hemorrhage, rupture, and thrombus formation (36, 37). The growing burden of CVD, exacerbated by socioeconomic development and an aging population, has emerged as a major public health issue, with younger individuals increasingly affected (33–35). T cells, B cells, neutrophils, macrophages, and NK cells all play respective roles in CVD (particularly T cells and macrophages), and VAP-1 exerts a recruitment effect on all of them (22, 38–44). VAP-1, a multifunctional adhesion molecule, plays a crucial role in the pathogenesis of atherosclerosis. It exerts its effects through inflammation regulation, vascular endothelial damage induction, glucose and lipid metabolism modulation, and plaque stability alteration. Strong associations between VAP-1 and both the development and prognosis of ASCVD have been established in numerous studies.

The pathophysiological mechanisms of VAP-1 involvement in cardiovascular disease are depicted in Figure 1.
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FIGURE 1
Pathophysiological mechanisms of VAP-1 in cardiovascular diseases. VAP-1, vascular adhesion protein-1; IL-6, interleukin-6; IL-8, interleukin-8; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; MAdCAM-1, mucosal addressin cell adhesion molecule-1; NF-κB, nuclear factor kappa-B; LDL, low-density lipoprotein; VSMC, vascular smooth muscle cell.



2.1 VAP-1 in inflammatory responses

Atherosclerosis is fundamentally a chronic inflammatory disease, characterized by highly specific cellular and molecular reactions throughout its progression—from plaque initiation to instability (45, 46). VAP-1 significantly contributes to this process by mediating leukocyte adhesion, migration, and chemotaxis, thereby amplifying vascular inflammation. As an adhesion molecule, VAP-1 interacts with Siglec-9 and Siglec-10 receptors on lymphocytes to facilitate their binding to endothelial cells (2, 42, 47). Its SSAO activity further enhances the expression of adhesion molecules, including E-selectin, P-selectin, interleukin-6 (IL-6), interleukin-8 (IL-8), intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1), which collectively strengthen leukocyte-endothelial interactions (48–52). Moreover, VAP-1 promotes leukocyte migration to inflammatory sites by inducing the secretion of mucosal addressin cell adhesion molecule-1 (MAdCAM-1) and establishing hydrogen peroxide gradients in the extracellular matrix (53, 54). Leukocyte surface glycoproteins, belonging to the sialic acid adhesion molecule family, serve as ligands for VAP-1, forming transient covalent bonds with its amine groups to mediate leukocyte extravasation (42, 55). Inhibition of VAP-1 has been shown to reduce granulocyte adhesion, increase rolling velocity and jump frequency, and decrease CXCL1 and MAdCAM-1 levels, thereby mitigating leukocyte recruitment and migration (22, 51, 56, 57). The above mechanisms provide a theoretical basis for VAP-1-mediated leukocyte infiltration into plaques. Jaakkola et al. reported that VAP-1 expression was significantly elevated in coronary vessels surrounding myocardial infarction regions, with increased leukocyte extravasation observed (58). Additionally, blocking endothelial VAP-1 reduced granulocyte adhesion by 60% in ischemia-reperfusion models. These findings underscore the pivotal role of VAP-1 in leukocyte trafficking during atherosclerosis.



2.2 VAP-1-induced vascular endothelial injury

Endothelial dysfunction, a critical initiating factor in atherosclerosis, is driven by inflammation, immune responses, and oxidative stress (59, 60). VAP-1 contributes to endothelial injury through its enzymatic activity, which catalyzes the oxidative deamination of physiological substrates such as methylamine and aminoacetone. This process generates reactive byproducts, including formaldehyde, methylglyoxal (MGO), H2O2, and ammonia (61). Tobacco smoking and adrenal hormone hypersecretion constitute established cardiovascular risk factors, both of which promote increased systemic methylamine concentrations (62, 63). Elevated concentrations or enzymatic activity of VAP-1/SSAO have been observed in patients with tobacco use, atherosclerosis, hypertension, heart failure, aortic stenosis, coronary artery disease, and diabetes mellitus, potentially leading to enhanced conversion of methylamine and aminoacetone (64–71). Formaldehyde, a highly reactive and toxic byproduct, disrupts endothelial integrity and is implicated in atherosclerosis pathogenesis (61, 72). It reacts with amines or amides to form irreversible protein-DNA crosslinks (DPCs), impairing DNA structure and function (72). Inadequate repair of these crosslinks during DNA replication can result in aberrant gene expression, contributing to endothelial dysfunction and vascular stiffening (73, 74). In mice susceptible to AS, increased methylamine deamination was found to result in a significant increase in formaldehyde production, which further supports that VAP-1-mediated production of this toxin may contribute to the development of AS (75). Similarly, VAP-1-mediated MGO production is highly cytotoxic (76). Hyperglycemia, oxidative stress, inflammation, and exogenous sources of MGO all lead to elevated MGO levels and reduced glyoxalase 1 (Glo1) activity, and an MGO-Glo1 imbalance will lead to vascular dysfunction (77). Downregulation of Glo1 allows for the perpetuation of MGO accumulation, which has been linked to age-related diseases such as diabetes mellitus, obesity, central nervous system disorders, and cardiovascular diseases that are closely associated with endothelial dysfunction (77–79). MGO reacts mainly with arginine residues on proteins, of which methylglyoxal hydroimidazolone (MG-H1) is the most common MGO-derived AGE (advanced glycosylation end product) modification found in vivo, which leads to structural alterations, inactivation, and degradation of the target protein (80). Thus, elevated MGO levels impair endothelial function in various ways and in different regions of the organism. Another product generated by the catalytic reaction of VAP-1, H2O2, can not only be converted to oxygen free radicals, resulting in elevated levels of oxidative stress, which in turn damages endothelial cells and contributes to the pathogenesis of a variety of cardiovascular diseases (81). In addition, H2O2 can co-modify various proteins with aldehydes and glucose to produce advanced glycated end products (AGEs) (82, 83), which are important factors leading to atherosclerosis (84). In transgenic mice with endothelial-specific overexpression of human VAP-1/SSAO, increased formation of AGEs in glomeruli and upregulation of AGE receptor expression were observed (26). Clinical studies have further confirmed that serum VAP-1 levels show significant positive correlations with systemic oxidative stress (ROS) and AGE levels in humans (85). Collectively, these mechanisms highlight the detrimental impact of VAP-1's enzymatic byproducts on vascular endothelial health, reinforcing its critical role in atherosclerosis development.



2.3 VAP-1 in the regulation of glucose and lipid metabolism

Disturbances in glucose and lipid metabolism are well-established major risk factors for atherosclerosis (86). The role of VAP-1 in regulating glucose uptake has been a major focus of translational medical research. Research has shown that VAP-1 substrates, such as benzylamine, combined with low-dose vanadate, improve glucose tolerance by enhancing glucose transporter-4 (GLUT-4) expression in adipocytes and reducing hyperglycemia (87). In type 2 diabetes models like Goto-Kakizaki rats, both acute and chronic administration of benzylamine (with vanadate) stimulated glucose utilization in adipocytes and muscle cells, upregulated GLUT-4 expression, and alleviated insulin resistance in muscle tissue (88). In vitro experiments using liver slice models developed by Karim et al. (89) demonstrated an oxidase activity-dependent increase in both glucose uptake and GLUT-4 expression. However, transgenic mice overexpressing VAP-1 initially showed improved glucose tolerance, which was later offset by vascular complications typical of diabetes, such as glomerulosclerosis, atherosclerosis, and hypertension (26). Clinical studies have corroborated a positive correlation between fasting sVAP-1 levels and fasting blood glucose. Elevated sVAP-1 levels have also been observed during oral glucose tolerance tests, with levels peaking two hours after glucose loading, further correlating with fasting sVAP-1 levels (90). In cholesterol-rich diet-fed KKAy diabetic mice, SSAO inhibitors reduced body weight and atherosclerotic lesions (91, 92). Interestingly, VAP-1 knockout mice exhibited mild obesity and reduced leukocyte infiltration in adipose tissue but maintained normal blood glucose and glucose tolerance (93). These findings imply a role for VAP-1 in glucose regulation, though its precise mechanisms remain uncertain. One study proposed that VAP-1 exerts insulin-like effects by inducing Caveolin-1 mRNA expression and catalyzing endogenous amines to produce hydrogen peroxide. This activity was absent in adipocytes from AOC3 knockout mice (94–96). While elevated sVAP-1 levels under hyperglycemic conditions might confer hypoglycemic effects, conflicting data exist. For instance, studies using the VAP-1 inhibitor PXS-4728A reported reduced blood glucose levels in apolipoprotein E-deficient mice after 7 and 15 weeks of treatment (70). Therefore, the precise mechanisms underlying VAP-1-mediated regulation of blood glucose levels remain to be fully elucidated.

VAP-1 also plays a role in lipid metabolism. Hydrogen peroxide, a key product of its catalytic reactions, generates ROS (97, 98). These ROS oxidatively modify low-density lipoprotein (LDL), resulting in dysfunctional LDL that bypasses normal metabolic pathways and is absorbed by scavenger receptors, leading to foam cell formation and lipid accumulation within vascular walls (99–103). Metabolites of VAP-1 lead to endothelial cell damage, lipid deposition in the vessel wall, and ultimately, the formation of atherosclerotic lesions. A large clinical study found that MACROD2 gene expression could promote VAP-1 production in adipose tissue, and its level was positively correlated with body mass index (104), and higher levels of VAP-1 were also observed in obese mice, suggesting that obesity and related genetic factors may stimulate the production of VAP-1 in adipose tissue (94). VAP-1 inhibitors have demonstrated effects such as suppressed adipogenesis, reduced body weight, and lower cholesterol levels in mice. Conversely, AOC3 knockout mice showed increased weight, fat mass, and total cholesterol levels (96, 105–108). In addition, VAP-1 has been found to be negatively correlated with HDL cholesterol levels (104, 109). Notably, Weston et al. (32) demonstrated that genetic ablation of AOC3 attenuated the severity of hepatic steatosis in mice, whereas expression of enzymatically inactive VAP-1 failed to produce this protective effect. These results suggest that VAP-1 plays a multifaceted role in lipid metabolism, though further exploration is necessary. In summary, VAP-1 significantly influences glucose and lipid metabolism, both of which are integral to atherosclerosis development. However, its precise regulatory mechanisms remain to be fully elucidated.



2.4 VAP-1 in atherosclerosis

Vascular smooth muscle cells (VSMCs) play a critical role in maintaining atherosclerotic plaque stability. Reductions in VSMC numbers or phenotypic changes directly contribute to atherosclerosis progression (110–112). Current evidence suggests that inhibition of VAP-1 reduces monocyte adhesion and transendothelial migration, suppresses macrophage recruitment and activation, and decreases smooth muscle cell (SMC) migration and proliferation, thereby significantly attenuating the formation or progression of atherosclerotic lesions (70, 108). Studies in VAP-1 knockout mice have demonstrated increased VSMC content within plaques and a phenotypic shift from contractile to synthetic states, resulting in higher collagen deposition. This structural remodeling produces thicker fibrous caps, improving plaque stability (31, 113–115). Similarly, semicarbazide treatment in LDL receptor knockout (LDLr−/−) mice for 6–9 weeks yielded comparable improvements in plaque composition (113). Further research using PXS-4728A in cholesterol-fed rabbit models of atherosclerosis demonstrated that 12-week treatment reduced VSMC migration and proliferation (108). Discrepancies in study outcomes may stem from differences in animal models, inhibitor selection, or treatment durations. Overall, these findings underscore the therapeutic potential of targeting VAP-1 to improve atherosclerotic plaque stability and mitigate associated cardiovascular risks.




3 VAP-1 and coronary heart disease (CHD)

A large prospective cohort study demonstrated that elevated sVAP-1 levels are strongly associated with an increased risk of major adverse cardiovascular events (MACE), including CHD, unstable angina, acute myocardial infarction, coronary revascularization, and stroke (109). Serum VAP-1 independently predicts 10-year all-cause mortality, cardiovascular mortality, and cancer mortality in subjects with type 2 diabetes (116). Additionally, elevated sVAP-1 levels were linked to increased mortality risk. These findings suggest that plasma VAP-1 serves as a reliable biomarker for CHD presence and severity. Furthermore, inhibition of VAP-1 activity, such as through PXS-4728A, has been proposed as a potential therapeutic strategy for atherosclerosis management (31, 70). Clinical studies have consistently shown higher plasma VAP-1 levels in CHD patients compared to healthy controls, with a positive correlation between sVAP-1 concentrations and CHD severity (70). Elevated sVAP-1 levels were also associated with both the number and extent of coronary artery stenoses. Even after adjusting for confounding factors, sVAP-1 levels remained an independent predictor of CHD severity (OR = 2.09, 95% CI: 1.29–3.38; P = 0.003) (70). This highlights the potential of VAP-1 as a diagnostic and prognostic tool for CHD. Preclinical studies further validate the therapeutic potential of VAP-1 inhibition. In apolipoprotein E-deficient mice, VAP-1/SSAO inhibitors significantly reduced atherosclerotic plaque area in both preventive and therapeutic regimens. For instance, 15 weeks of PXS-4728A treatment alongside a high-fat diet reduced plaque formation to a degree comparable to atorvastatin (2.5 mg·kg−1·d−1 for 15 weeks) (70). These findings suggest that VAP-1 inhibitors may represent a novel class of therapeutics for CHD. The association between VAP-1 and calcific aortic stenosis (CAS) also underscores its clinical relevance. In patients undergoing aortic valve replacement, elevated VAP-1 mRNA expression was observed in calcified regions of the aortic valve (117, 118). Plasma VAP-1 levels were found to increase proportionally with CAS severity (69, 118), indicating its potential role in the progression of valvular diseases. Beyond CHD, VAP-1 has been implicated in hyperglycemia-induced atherosclerosis. Studies in low-risk populations have identified plasma VAP-1 concentrations as predictors of carotid intima-media thickness (IMT) and plaque formation (109, 119). Karadi et al. demonstrated that serum SSAO activity correlates with carotid artery stenosis severity and plaque scores in diabetic patients (120). In non-diabetic subjects, glucose loading during oral glucose tolerance tests increased sVAP-1 levels, which were independently associated with serum AGEs and carotid IMT (85). Aalto et al. conducted a longitudinal study involving 2,138 healthy individuals and reported a positive correlation between sVAP-1 activity, IMT, and carotid plaque formation. This suggests a potential role for sVAP-1 in subclinical atherosclerosis development (121). The therapeutic implications of VAP-1 inhibition extend beyond reducing atherosclerotic lesion size and inflammation to stabilizing plaques and preventing adverse clinical events. For example, in a rat model of myocardial ischemia-reperfusion injury, elevated myocardial SSAO activity was associated with increased leukocyte infiltration, endothelial P-selectin expression, and oxidative stress markers. Treatment with SSAO inhibitors—semicarbazide (a non-specific agent concurrently inhibiting both SSAO and Lysyl Oxidase), hydralazine (an irreversible SSAO inhibitor with additional inhibitory effects on aldehyde oxidase and NADPH oxidase), and LJP 1207 (a selective SSAO inhibitor)—significantly ameliorated the aforementioned pathological alterations and reduced infarct size (122). These findings emphasize the critical role of VAP-1/SSAO in CHD development and post-myocardial infarction tissue damage. While immune and inflammatory mechanisms are well-established contributors to CHD progression, most anti-inflammatory therapies have failed to demonstrate significant benefits in clinical trials. This highlights the need for precise inflammatory targets. Current evidence positions VAP-1 as a promising therapeutic target for CHD, offering new avenues for disease management and prevention.



4 VAP-1 and essential hypertension

Essential hypertension, a common cardiovascular disease among middle-aged and elderly individuals, is influenced by both environmental and genetic factors. It is a significant risk factor for severe clinical events such as coronary heart disease, heart failure, stroke, and end-stage renal disease. The disease is characterized by a high prevalence, insidious onset, low awareness rate, high disability rate, and the need for lifelong medication (123). Although the exact pathogenesis of essential hypertension remains unclear, most studies suggest it involves a chronic low-grade inflammatory process (124, 125). Inflammatory responses disrupt vascular microenvironment homeostasis by driving monocyte and macrophage infiltration during vascular injury. This triggers the secretion of adhesion molecules and other vascular active substances, promoting endothelial cell proliferation, migration, and differentiation. Such pathological vascular remodeling processes are integral to the development, progression, and complications of hypertension (126–128). Previous studies have suggested that inflammatory response increases the prevalence of hypertension and is closely related to the diagnosis, treatment, and prognosis of patients with hypertension, making it an important area of research in the pathogenesis of hypertension (129). Meanwhile, recent studies have shown that the increase in the levels of inflammatory factors precedes the increase in clinical blood pressure levels, which may have potentially important clinical applications in the prediction and diagnosis of hypertension (130). Maciorkowska et al. reported elevated circulating renin and VAP-1 levels in hypertensive patients with poorly controlled blood pressure (67). As a marker of systemic inflammation, VAP-1 is implicated in various inflammatory pathways (119, 131). Inhibition of VAP-1 has been shown to reduce levels of inflammatory mediators such as ICAM-1, MCP-1, and TNF-α, thereby alleviating inflammation (132). These findings suggest that VAP-1 may contribute to the development of hypertension via inflammatory mechanisms, potentially influencing its prevalence, diagnosis, and treatment. Additionally, excessive SSAO activity associated with VAP-1 may affect vascular elasticity by increasing elastin cross-linking and altering the structure of newly synthesized elastin. However, studies involving SSAO-deficient arteries have shown conflicting results. For instance, SSAO−/−mice exhibited increased arterial diameter with mechanical properties comparable to those of normal arteries, challenging the hypothesis that SSAO significantly alters elastic fiber organization and vascular responsiveness (27, 133). Overall, there is a strong correlation between VAP-1 and essential hypertension, likely mediated by inflammatory processes. Pharmacological targeting of VAP-1 may offer a novel approach to reducing inflammation and slowing hypertension progression. However, further research is needed to fully elucidate the role of VAP-1 in hypertension pathogenesis and to develop targeted therapeutic strategies.



5 VAP-1 and obesity

Obesity, a major risk factor for cardiovascular diseases, is closely linked to metabolic disorders such as diabetes and dyslipidemia (134–136). VAP-1 has garnered significant attention in obesity research due to its insulin-like effects and high expression on adipocyte membranes. In adipocytes, VAP-1 colocalizes with GLUT-4 within endosomal compartments, facilitating glucose uptake by stimulating GLUT-4 translocation to the plasma membrane (88, 137). VAP-1 enzymatic byproducts, including hydrogen peroxide, enhance glucose uptake and inhibit adipogenesis when combined with SSAO substrates and vanadate (138). These effects mimic insulin action. Jargaud et al. demonstrated that AOC3 knockout (AOC3KO) and VAP-1 mutant (AOC3KI) mice, which lack functional SSAO activity, exhibited greater fat deposition than controls, despite normal food intake (96). Thus, adipocyte-expressed VAP-1 deserves more attention in improving blood glucose and controlling obesity. While AOC3KO mice showed mild obesity (96), other studies reported a negative correlation between circulating sVAP-1 levels and obesity (90). Conversely, serum VAP-1 activity has been positively associated with body mass index (BMI) (139, 140). Increased SSAO activity in adipose tissue has been linked to low-grade inflammation observed in obesity and diabetic obesity (137). However, to date, there is no conclusive evidence of a link between VAP-1 and obesity. Current evidence indicates that VAP-1 expression is significantly upregulated in differentiated adipocytes compared to preadipocytes, paralleling an increase in enzymatic activity (20). In certain obese individuals, membrane-bound VAP-1 may remain localized within adipose tissue rather than being cleaved into circulation, potentially contributing to adipocyte proliferation and glucose transport while reducing circulating sVAP-1 levels (93, 121). However, the mechanisms governing sVAP-1 shedding and its regulation remain unclear and may depend on the severity of obesity and its associated comorbidities. Further research is required to elucidate the complex role of VAP-1 in obesity pathophysiology, particularly its contributions to adipose tissue inflammation and metabolic dysfunction.



6 VAP-1 and diabetes

Elevated plasma SSAO levels and activity are strongly associated with the onset and progression of diabetes. SSAO catalyzes the oxidative deamination of endogenous substrates such as methylamine and aminoacetone, producing toxic metabolites that directly damage vascular endothelial cells, promote glycation, and enhance oxidative stress. These processes exacerbate diabetes and contribute to its vascular complications. The primary mechanisms by which SSAO/VAP-1 influences diabetes pathogenesis involve oxidative stress and the formation of AGEs. Increased SSAO activity is closely linked to late-stage complications of diabetes, including atherosclerosis, retinopathy, and nephropathy. The link between sVAP-1 and diabetes was initially identified in individuals with type 1 diabetes (141, 142). sVAP-1 levels and SSAO activity were higher in individuals with type 1 diabetes, and plasma sVAP-1 was positively correlated with blood glucose (141, 142). Subsequently, plasma sVAP-1 was also found to be elevated in studies of type 2 diabetic patients compared to normal subjects (143). In addition, it has been shown that in patients with gestational diabetes, sVAP-1 levels are higher than in normoglycemic pregnant women (144). In the Taiwan Lifestyle Cohort Study, prediabetic individuals were found to have higher serum sVAP-1 levels compared to normoglycemic controls, further implicating sVAP-1 as a potential biomarker for early metabolic dysregulation (90). VAP-1 is also linked to diabetes complications such as retinopathy and nephropathy. Plasma VAP-1 levels correlate positively with vascular endothelial growth factor (VEGF) levels, which are elevated in diabetic retinopathy (132). Several studies suggest that VAP-1 is associated with the pathogenesis of diabetic retinopathy (30, 145, 146). Animal studies testing VAP-1 inhibitors have demonstrated therapeutic potential. For instance, RTU-1096 prevented retinal thickening in mice following laser photocoagulation, while the oral VAP-1 inhibitor 1H-imidazol-2-amine significantly reduced ocular permeability in diabetic rats (51, 147). In addition, several other studies have shown that VAP-1 is associated with the development of diabetic nephropathy (148–150). The VAP-1 inhibitor ASP8232 significantly reduced albuminuria in a phase 2 trial involving diabetic nephropathy patients (151). In patients with type 2 diabetes, we found that serum VAP-1 levels predicted the incidence of end-stage renal disease (ESRD). After adjusting for other risk factors, each standard deviation increase in serum VAP-1 was associated with a hazard ratio (HR) of 1.55 for ESRD risk (148). Beyond vascular complications, Valente et al. reported that VAP-1 levels were significantly elevated in hippocampal vessels of diabetic patients with Alzheimer's disease compared to those with Alzheimer's alone. This was accompanied by increased markers of oxidative stress, AGEs, and inflammation (152). Additionally, acute fluctuations in plasma VAP-1 levels have been observed in non-diabetic individuals during oral glucose tolerance tests, where SSAO/VAP-1 levels rose significantly 30 min post-glucose loading and remained elevated for 2 h. These changes correlated with systemic oxidative stress, AGEs, and carotid IMT, suggesting that VAP-1 could serve as a biomarker for hyperglycemia-induced atherosclerosis (85). These findings highlight the critical role of VAP-1 in diabetes onset and progression through its contributions to inflammation, oxidative stress, and AGE production. Targeting VAP-1 with inhibitors represents a promising therapeutic approach for diabetes and its complications.



7 VAP-1 and heart failure (HF)

HF, the terminal stage of many cardiovascular diseases, remains a leading cause of mortality worldwide. Epidemiological studies report high global prevalence and fatality rates for HF (153). In patients with chronic HF, Boomsma et al. found elevated plasma SSAO levels, with further increases observed in those with diabetes or more severe disease. These findings suggest that plasma SSAO may serve as a useful biomarker for assessing HF severity and prognosis (64). In a subsequent 3.4-year follow-up study of 372 patients, baseline plasma SSAO levels were significantly higher in those who died during the study period compared to survivors. This supports the role of SSAO as a prognostic marker for mortality in chronic HF (68). Similarly, Marinho et al. evaluated SSAO and monoamine oxidase (MAO) activity in patients with hypertensive heart disease and left ventricular systolic dysfunction (across NYHA HF classes II–IV). Both SSAO and MAO activity were significantly higher in patients than in controls, with the highest SSAO levels observed in NYHA class IV patients. These findings suggest that amine oxidases contribute to endothelial damage in HF pathogenesis (154). In addition, results from a prospective multicenter cohort study of patients undergoing hemodialysis showed that higher VAP-1 plasma levels were strongly associated with an increased likelihood of myocardial infarction, heart failure, cerebral infarction, cerebral hemorrhage, and other cardiovascular events (155). The role of VAP-1 in endothelial injury mechanisms during HF progression is particularly notable. Endothelial activation, especially in HF with preserved ejection fraction (HFpEF), plays a critical role in clinical HF. Therapies targeting endothelial activation may help prevent the progression of cardiovascular risk factors into overt HF (156). Given its involvement in leukocyte adhesion and inflammation, VAP-1 inhibition holds promise for improving HF prognosis. Despite strong evidence supporting its diagnostic and prognostic value, the specific mechanisms through which VAP-1 contributes to HF remain underexplored. Future research should investigate the therapeutic potential of VAP-1 inhibitors to better manage HF and enhance patient outcomes.



8 Potential of VAP-1 inhibitors as emerging therapeutics

Elevated VAP-1 activity is closely associated with the onset and progression of various diseases. By inhibiting VAP-1 activity, the oxidative deamination process can be suppressed, reducing the production of toxic metabolites and thereby minimizing endothelial damage, oxidative stress, and AGE formation. Research has shown that VAP-1 inhibition effectively decreases leukocyte extravasation and tissue inflammation (2, 56, 157, 158). VAP-1 inhibitors and anti-VAP-1 antibodies have demonstrated promising therapeutic potential in various animal models and inflammatory diseases. VAP-1's involvement in the pathogenesis of numerous conditions, such as rheumatoid arthritis, chronic liver inflammation and fibrosis, neuroinflammatory diseases, Parkinson's disease, Alzheimer's disease, and cancer, highlights its importance as a therapeutic target in the pharmaceutical industry (131, 159–164). Among small-molecule VAP-1 inhibitors, ASP8232 has shown favorable safety and tolerability profiles in phase II trials for diabetic nephropathy and diabetic macular edema (151, 165). However, its efficacy for macular edema was limited, leading to the trial's termination (165). Conversely, ASP8232 demonstrated greater promise in the ALBUM study by reducing albuminuria in diabetic nephropathy patients (151). Other VAP-1 inhibitors, such as MDL-72974A and aminoguanidine, have been shown to prevent obesity and atherosclerosis in KKAy mice (91, 92). PXS-4728A is a novel, orally available small-molecule inhibitor of VAP-1/SSAO that demonstrates irreversible and highly selective characteristics (5). It effectively suppresses neutrophil migration during acute pulmonary inflammation, lung infection, and airway hyperresponsiveness, thereby inhibiting airway inflammation and fibrosis while improving pulmonary function (57, 166). In addition to its potential therapeutic effects on atherosclerosis as described in Section 2.4, PXS-4728A has also been shown to significantly ameliorate renal fibrosis, with particularly prominent effects in diabetic nephropathy (70, 108, 167, 168). In myocardial ischemia-reperfusion injury models, SSAO inhibitors (e.g., SCZ, HYD, LJP 1207) administered shortly before reperfusion significantly reduced SSAO activity, disrupted leukocyte-endothelial adhesion, decreased leukocyte infiltration, and mitigated myocardial injury (122). However, certain VAP-1 inhibitors exert additional cardiovascular effects. For instance, hydralazine has been shown to reduce blood pressure at higher doses (169). Despite these advances, clinical trials evaluating VAP-1-targeted therapies for hypertension, coronary heart disease, heart failure, or other cardiovascular conditions are lacking. Further research is needed to explore these therapeutic possibilities. Ongoing efforts to develop high-efficiency, selective, and low-toxicity VAP-1 inhibitors are crucial for translating these findings into clinical practice. Future studies should focus on investigating novel VAP-1 inhibitors for the treatment and prevention of cardiovascular diseases.



9 Conclusion and future perspectives

Plasma VAP-1 levels and activity are markedly elevated in conditions such as inflammation, diabetes, atherosclerosis, and congestive heart failure. VAP-1 contributes to atherosclerosis progression through its enzymatic activity, facilitating leukocyte transendothelial migration and producing toxic metabolites that damage vascular endothelial cells. These functions position VAP-1 as a valuable biomarker for cardiovascular disease diagnosis and prognosis, aiding in the prediction of hypertension and coronary heart disease risk, as well as the assessment of major adverse event rates in CHD and HF patients. As a glycoprotein that mediates leukocyte migration and is readily detectable in circulation, VAP-1 holds significant potential as a future biomarker for cardiovascular diseases. Extensive research has explored its tissue distribution, substrates, and inhibitors, identifying it as a viable therapeutic target across multiple pathological contexts. However, the precise mechanisms underlying VAP-1's pathophysiological roles, along with the pharmacological effects of its inhibitors, remain insufficiently understood. Addressing these knowledge gaps will be critical for advancing VAP-1-targeted therapies. The development of novel, high-efficiency, and specific VAP-1 inhibitors will be instrumental in improving cardiovascular disease outcomes. Continued research efforts are necessary to fully elucidate the pathological significance of VAP-1 and to harness its therapeutic potential in future clinical applications.
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Introduction: Shexiang Tongxin Dropping Pills (STDP), a traditional Chinese medicine (TCM), is clinically used for cardiovascular diseases like myocardial ischemia. Myocardial ischemia-reperfusion injury (MIRI), worsened by oxidative stress and inflammation, remains a significant problem, and the mechanisms underlying STDP's cardioprotection are incompletely understood. This study aimed to investigate STDP's effects on the SOD/TNF-α/IL-6 pathway and its impact on inflammation and oxidative stress in MIRI.



Methods: A mouse model of MIRI was employed to evaluate the cardioprotective effects and mechanisms of STDP in vivo. Pretreatment with STDP was administered prior to MIRI induction. Assessments included serum SOD activity, cardiac tissue ROS levels, cardiomyocyte apoptosis rates (TUNEL assay), mRNA and protein expression of IL-1β, TNF-α, and IL-6 (qPCR, Western blot), histopathological evaluation of myocardial tissue morphology and inflammatory infiltration (H&E staining), myocardial infarction size (TTC staining), and cardiac function parameters (contractility, diastolic function).



Results: STDP pretreatment significantly enhanced serum SOD activity and reduced cardiac ROS levels and cardiomyocyte apoptosis. It effectively downregulated mRNA and protein expression of IL-1β, TNF-α, and IL-6. Histopathology revealed reduced inflammatory cell infiltration and more intact cardiomyocyte morphology in STDP-treated groups. TTC staining confirmed a reduction in myocardial infarction size. Cardiac function assessments showed STDP improved both contractility and diastolic function post-MIRI and reduced arrhythmia incidence.



Discussion: STDP ameliorates MIRI in mice by inhibiting inflammatory responses and oxidative stress, primarily through modulation of the SOD/TNF-α/IL-6 pathway. Its cardioprotective effects include reducing apoptosis, inflammation, ROS, infarction size, and arrhythmias, while improving cardiac function and tissue repair. These findings elucidate a key mechanism for STDP and provide empirical support for its clinical use in MIRI, offering innovative perspectives for managing cardiovascular disorders with TCM and facilitating the integration of traditional and modern medicine.
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1 Introduction

Acute myocardial infarction (AMI) represents a significant global health concern, marked by elevated incidence and mortality rates (1). Current therapeutic approaches for myocardial revascularization encompass percutaneous coronary intervention, coronary artery bypass grafting, and conventional thrombolytic therapy, all of which are capable of partially restoring blood perfusion to the affected myocardial region (2). Nevertheless, these interventions may inadvertently enhance oxygenated blood flow to the area surrounding the infarction, potentially resulting in myocardial reperfusion injury (MIRI) (3). Presently, there exists a considerable deficiency in safe and effective pharmacological agents aimed at alleviating MIRI (4).

Shexiang Tongxin Dropping Pills (STDP), which are derived from “Zhibaodan” in the “Taiping Huimin Heji Ju Fang” of the Song Dynasty, comprise seven components: artificial musk, total saponins from ginseng stems and leaves, toad venom, salvia miltiorrhiza, artificial bezoar, bear bile powder, and borneol. These constituents are recognized for their aromatic properties that benefit cardiac function, promote qi and blood circulation, alleviate meridian obstructions, and relieve pain. Currently, STDP are clinically employed for the management of stable angina pectoris associated with coronary heart disease (5). Contemporary pharmacological investigations have revealed that STDP possess anti-inflammatory, antiplatelet aggregatory, and antioxidant stress properties (6), which align with the fundamental pathophysiology of coronary heart disease and MIRI (7, 8). Recent studies have demonstrated musk's neuroprotective and anti-inflammatory properties (9). It has been shown to inhibit neuronal apoptosis and reduce oxidative stress, suggesting its potential role in treating neurological disorders such as stroke and Alzheimer's disease (10). Additionally, musk has been reported to enhance the penetration of other drugs across the blood-brain barrier, making it a valuable adjuvant in the formulation of neuroactive compounds (11). Borneol has been extensively studied for its ability to enhance the bioavailability and penetration of drugs across biological membranes (12). It has been shown to improve the absorption and distribution of various compounds, including those targeting the central nervous system (13). The active compounds in Ginseng, such as ginsenosides, have been shown to regulate blood pressure, improve heart function, and reduce oxidative stress (14). Ginseng has also been reported to enhance cognitive function and improve mood, making it a potential treatment for stress-related disorders (15). Salvia miltiorrhiza is a traditional Chinese medicine with a long history of use in cardiovascular diseases. Recent research has focused on its ability to inhibit platelet aggregation, reduce inflammation, and promote angiogenesis (16, 17). These properties make salvia miltiorrhiza a promising candidate for the treatment of cardiovascular diseases, including myocardial infarction, atherosclerosis, and stroke (18, 19). Bear bile powder has been traditionally used in Traditional Chinese Medicine for its detoxifying and bile-promoting properties. Modern research has delved into its anti-inflammatory, antioxidant, and hepatoprotective activities (20, 21). Bezoar, derived from the gallstones of certain bovines, has been extensively studied for its anti-inflammatory, antipyretic, and anticonvulsant properties (22). Its active components, including bilirubin and bile acids, have shown promise in treating febrile conditions, seizures, and inflammation-related disorders (23, 24). The bufadienolides present in toad venom have demonstrated efficacy in enhancing heart contractility and reducing edema (25). Furthermore, research has explored its potential as an anti-cancer agent, targeting specific signaling pathways involved in tumorigenesis (26). These findings underscore toad venom's therapeutic potential in cardiovascular diseases and oncology (27). However, the protective effects and underlying mechanisms of STDP on myocardial cells and blood vessels following MIRI remain inadequately understood.

The advent of interdisciplinary fields such as computational biology, bioinformatics, artificial intelligence, and big data science has facilitated the emergence of network pharmacology, offering a novel framework for elucidating the mechanisms of traditional Chinese medicine (TCM). By employing a “network” approach to regain a “holistic” perspective, significant progress has been achieved in medical research (28). Numerous studies have indicated that STDP can effectively diminish the accumulation of reactive oxygen species (ROS) in tissues, enhance superoxide dismutase (SOD) activity (29–31), and markedly reduce serum levels of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β) in patients with heart failure. During episodes of myocardial ischemia-reperfusion, there is a substantial buildup of ROS, accompanied by a significant release of lactate dehydrogenase (LDH) into the bloodstream and a reduction in SOD levels, which exacerbates myocardial cell injury post-reperfusion (32–34). Concurrently, the accumulation of inflammatory cytokines such as IL-6, IL-1β, and TNF-α intensifies the inflammatory response, further worsening myocardial damage and exacerbating oxidative stress injury (35, 36).

Consequently, this study aims to explore the protective effects of STDP against myocardial ischemia-reperfusion injury by administering it prior to the induction of MIRI in a murine model. Building upon this foundation, we conducted a network pharmacological analysis of the in vivo components (37) to identify potential regulatory targets and pathways. Ultimately, we validated the core targets through methodologies such as enzyme-linked immunosorbent assay (ELISA) and Western blotting (WB) to elucidate the regulatory mechanisms by which STDP intervenes in MIRI.



2 Materials and methods


2.1 Animals

A total of sixty healthy male ICR mice, aged 8 weeks and weighing between 22 and 24 grams, classified as SPF grade, were procured from Guangdong Vital River Laboratory Animal Technology Co., Ltd. [License No.: SYXK (Guangdong) 2019–0202]. Following their acquisition, the mice were housed in individually ventilated cages within a SPF barrier system at the Experimental Animal Center of Guangzhou University of Chinese Medicine, which operates under a usage license number of SYXK (Guangdong) 2018-0085, in compliance with established animal experimentation standards. The breeding environment was maintained at a temperature range of 22–25°C, with relative humidity levels between 50% and 70%, and a 12-hour light/dark cycle. The mice were allowed a one-week acclimatization period prior to the commencement of the experiment and were housed individually with unrestricted access to food and water. The animal care and experimental protocols received approval from the Animal Ethics Committee of Guangzhou University of Chinese Medicine (Ethics No.: 20240721007), and the mice were treated with humane consideration in accordance with the principles of the 3Rs throughout the duration of the study.



2.2 Drugs

The Shexiang Tongxin Dropping Pills (STDP) were procured from the Shenglong Branch of Inner Mongolia Kangenbei Pharmaceutical Co., Ltd. (Batch No.: 190310). The Aspirin Enteric-coated Tablets (Aspirin) were acquired from Bayer Healthcare Co., Ltd. (Batch No.: 85551191).



2.3 Reagents

The interleukin (IL)-1β protein antibody and horseradish peroxidase (HRP) secondary antibody were acquired from Cell Signaling Technology, Inc. (USA), with catalog numbers 12703S and 7074S, respectively. Superoxide dismutase (SOD) and reactive oxygen species (ROS) assay kits were obtained from Beyotime Biotechnology (Shanghai) Co., Ltd., catalog numbers S0101S and S0033S, respectively. Enzyme-linked immunosorbent assay (ELISA) kits for interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) were sourced from Suzhou Sipure Biotechnology Co., Ltd., with batch numbers 4AC052413 and 4AD222414, respectively. The SF594 TUNEL Cell Apoptosis Detection Kit (red fluorescence), Lactate Dehydrogenase (LDH) Activity Assay Kit, and Hematoxylin-Eosin (HE) Staining Kit were purchased from Beijing Solarbio Science & Technology Co., Ltd., with batch numbers T2195, BC0685, and G1120, respectively. The 2,3,5-triphenyltetrazolium chloride powder was obtained from Sigma-Aldrich (USA) with batch number T8877. Additionally, the RNA extraction kit, reverse transcription kit, and fluorescence quantitative kit were purchased from Yisheng Biotech Co., Ltd., with batch numbers 19211ES60, 11142ES10, and 11211ES03, respectively. Tribromoethanol was purchased from Nanjing Aibei Biotechnology Co., Ltd., catalog number M2910.



2.4 Instruments

The VS200 research-grade whole slide scanning system, specifically the laser slide panoramic scanner, was procured from Olympus (China). The EG1150C embedding machine and the SM2000R paraffin sliding microtome were acquired from Leica Microsystems GmbH (Germany). The VO-53 vacuum dryer was obtained from Shanghai Titan Scientific Co., Ltd. The Revos dehydrator was sourced from Thermo Fisher Scientific (USA). The NANODROP 2000 spectrophotometer and the QuantStudio™ 1 Plus real-time fluorescent quantitative PCR system were acquired from Thermo Fisher Scientific (Shanghai) Instruments Co., Ltd. The BL-420N signal acquisition and processing system was sourced from Chengdu Taimeng Software Co., Ltd. The Vinno 6lab small animal ultrasound instrument was obtained from Feino Technology Co., Ltd. The JB-P5 embedding machine and the JB-L5 freezing platform were sourced from Wuhan Junjie Electronics Co., Ltd. The Leica HistoCore AUTOCUT hard tissue microtome and the KD-P tissue spreading machine were procured from Zhejiang Kedi Instrument and Equipment Co., Ltd. The XSP-C204 microscope was obtained from Chongqing Liuhui Technology Co., Ltd. The small animal ventilator was sourced from Shanghai Aoke Biotechnology Co., Ltd. The Orbital Shaker TS-1 shaker was acquired from Haimen Qilin Bell Instrument Manufacturing Co., Ltd. The KZ-Ⅲ-FP low-temperature tissue homogenizer was obtained from Wuhan Saiweier Biotechnology Co., Ltd. The Synergy H1 microplate reader was sourced from BioTek Instruments, Inc. (USA). The JIDI-17R micro high-speed refrigerated centrifuge was procured from Guangzhou Jidi Instrument Co., Ltd. Finally, the Sartorius BP211D electronic analytical balance was obtained from Sartorius AG (Germany).



2.5 Methods


2.5.1 Animal grouping

A total of sixty ICR mice were randomly assigned to one of five groups: a sham group, a model group, a positive control group, and three groups receiving low, medium, and high doses of STDP, with each group comprising ten mice.



2.5.2 Model preparation

Thirty minutes following the final gavage, mice assigned to the model, positive drug, and STDP groups were subjected to myocardial ischemia-reperfusion injury modeling, whereas those in the sham group underwent thoracotomy without coronary artery ligation. In accordance with previously established protocols by our research team (38), the mice were anesthetized via intraperitoneal injection of 1% pentobarbital sodium (60 mg/kg), positioned supinely, shaved, placed on a temperature-controlled heating pad, and connected to an electrocardiogram (ECG) monitor. Tracheal intubation was performed orally to facilitate ventilation. Utilizing a dissecting microscope, the skin was prepared, and the pectoral muscles were separated bluntly in layers. The thoracic cavity was accessed between the fourth and fifth intercostal spaces, and the left anterior descending coronary artery was ligated 2 mm distal to the left auricular appendage using a 6–0 surgical suture. In the sham group, the suture was passed through but not tied. Myocardial ischemia was confirmed by the observation of a pale area on the cardiac surface and an ST-segment elevation or depression of 0.1 mV on the ECG. Following a 30-min ischemic period, reperfusion was initiated, with successful reperfusion indicated by a 50% reduction in the elevated ST-segment. The thoracic cavity was cleared of blood, and the chest wall was sutured in layers. After the resumption of spontaneous respiration, the ventilator was removed, and samples were collected for various analyses 24 h post-reperfusion.



2.5.3 Drug administration

The clinical dose of STDP is 3.5 mg/kg/d. According to the transformation clinical formula equivalent doses for mice (mg/kg) = 0.13 × the dose for human (mg/kg) × 60 kg (5), we adjusted the dose administered to mice to 57.60 mg/kg/day as high doses, 27.30 mg/kg/day as middle doses and 13.65 mg/kg/day as low doses. STDP was dissolved in 1% sodium carboxymethyl. Seven days prior to the modeling phase, mice assigned to the low, medium, and high-dose STDP groups were administered 13.65 mg/kg, 27.30 mg/kg, and 57.60 mg/kg of STDP, respectively, via gavage. The positive control group was given 13.00 mg/kg of enteric-coated aspirin tablets. Meanwhile, both the sham and model groups received an equivalent volume of distilled water through gavage once daily for a duration of seven consecutive days.



2.5.4 Echocardiographic assessment of mouse cardiac function

Mice were subjected to anesthesia and secured on the surgical table. Following the stabilization of respiratory and cardiac rates, M-mode echocardiography was employed to assess the left ventricular internal diameters at both end-systole and end-diastole from the parasternal short-axis perspective. The ultrasound system subsequently computed the left ventricular ejection fraction and left ventricular fractional shortening automatically.



2.5.5 The mice serum and cardiac tissue samples collected

Mice were humanely euthanized via intraperitoneal injection of tribromoethanol (Avertin) at a dosage of 30 μl/g body weight. Prior to injection, the injection site was sterilized with 70% ethanol. Following administration, animals were monitored for the loss of righting reflex and response to nociceptive stimuli. Upon achieving full anesthesia, exsanguination was performed by carefully enucleating the eyeball to allow blood drainage into pre-labeled 1.5 ml Eppendorf tubes, followed by cervical dislocation to ensure complete euthanasia. Tubes were maintained at room temperature for 30–60 min to facilitate coagulation. After clot formation, samples were centrifuged at 3,000 rpm for 10 min to separate serum from cellular components. Serum was carefully aspirated and transferred into sterile cryovials for storage at −80°C until subsequent use. For tissue harvesting, midline thoracotomy was performed using sterile surgical instruments. Hearts were meticulously dissected and rinsed with ice-cold phosphate-buffered saline (PBS) to remove residual blood and contaminants. For cryopreservation, cardiac tissues were directly placed into pre-labeled cryovials, snap-frozen in liquid nitrogen, and promptly transferred to −80°C freezer. Alternatively, for histological preservation, hearts were immersed in freshly prepared 4% paraformaldehyde in PBS solution with sufficient volume. Tissues were fixed at room temperature for 24 h with gentle agitation.



2.5.6 Cardiac tissue processing and TTC staining protocol for myocardial infarction quantification

Hearts from euthanized mice underwent systemic perfusion with cold saline to remove residual blood components. Excised hearts were briefly rinsed in PBS and trimmed before immediate embedding in OCT compound within pre-chilled (−80°C) cryomolds. The embedded tissues were flash-frozen in liquid nitrogen-chilled isopentane and stored at −20°C for subsequent analysis. For histological evaluation, 90% of collected specimens were sectioned coronally at 2-mm intervals using a precision cryostat. Tissue sections underwent vital staining with 2% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma-Aldrich) in PBS (pH 7.4) for 20 min at 37°C, followed by overnight fixation in 4% neutral buffered formalin. The stained sections were digitally photographed under standardized illumination conditions. Myocardial infarction area was quantitatively analyzed using ImageJ software (NIH v1.53) by calculating the percentage of TTC-negative (infarcted) tissue relative to total left ventricular area across all sections.



2.5.7 He staining and pathological morphological observation

Myocardial tissue obtained from the ischemic central region was preserved in 4% neutral buffered formalin, subsequently embedded in paraffin, and sectioned to a thickness of 4 μm. The sections were stained with hematoxylin and eosin (HE) and analyzed using the Olympus VS200 whole slide scanning system to identify appropriate fields of view.



2.5.8 Immunofluorescence detection of ROS expression

Frozen myocardial tissue sections were subjected to incubation with the DCFH-DA probe at 37°C for a duration of 30 min in a dark environment. This was followed by a 10-min DAPI staining of the cell nuclei, also conducted in the dark. Subsequent to the mounting process, the slides were photographed and analyzed for fluorescence signal intensity utilizing the VS200 research-grade whole slide scanning system, specifically employing a laser slide panoramic scanner with an excitation wavelength of 488 nm and an emission wavelength of 525 nm. The reactive oxygen species (ROS) staining exhibited a green fluorescence, while the DAPI staining displayed a blue fluorescence. The relative fluorescence intensity was quantified using ImageJ software, with the calculation for ROS levels expressed as a percentage: ROS level (%) = (green fluorescence intensity/blue fluorescence intensity) × 100%.



2.5.9 Detection of myocardial cell apoptosis in mice groups via TUNEL staining

Frozen myocardial tissue sections were thawed at room temperature for 15 min to eliminate ice crystals. The TUNEL staining procedure was performed according to the manufacturer's instructions (Solarbio). The sections were fixed with 4% paraformaldehyde (prepared in PBS) at room temperature for 30 min, followed by two 10-minute washes with PBS. Excess liquid around the sections was absorbed with filter paper, and the sample outlines were marked with an immunohistochemical pen to facilitate subsequent permeabilization and labeling. Proteinase K solution (2 mg/ml) was diluted with PBS at a ratio of 1:100 to a final concentration of 20 µg/ml. Each sample was covered with 100 µl of the diluted solution and incubated at 37 ℃ for 120 min. The sections were then washed twice with PBS for 5 min each, and excess liquid was removed with filter paper. The processed samples were placed in a humidified chamber to maintain moisture. TUNEL reaction mixture was freshly prepared and added to each sample (50 µl per sample) to ensure even coverage. The samples were incubated at 37 ℃ in the dark for 2 h. The TUNEL reaction mixture was discarded, and the sections were washed twice with PBS, followed by three 5-minute washes with 0.1% Triton X-100 (prepared in PBS containing 5 mg/ml BSA) to remove unbound labeling molecules. The sections were dried, and anti-fade mounting medium containing DAPI was applied for coverslipping. The mounted sections were scanned using the VS200 research-grade whole-slide scanning system. The excitation and emission wavelengths were set at 594 nm and 615 nm for red fluorescence, and 358 nm and 461 nm for DAPI, respectively. Appropriate exposure times and gain settings were applied to obtain clear fluorescent images. The acquired fluorescent images were opened using the VS200-integrated image analysis software. Suitable analysis regions were selected to ensure consistency and representativeness. The intensities of red (TUNEL) and blue (DAPI) fluorescence were measured using the measurement tool in ImageJ software, with correct fluorescence channels and measurement areas selected. The relative fluorescence intensity was calculated using the formula: TUNEL level (%) = red fluorescence intensity/blue fluorescence intensity×100%, which was used to evaluate the proportion of TUNEL levels in myocardial tissue relative to the number or size of nuclei.



2.5.10 RT-qPCR detection of TNF-α, Il-6, and Il-1β mRNA expression

Primers targeting TNF-α, IL-6, and IL-1β mRNA were developed based on gene sequences obtained from the Gene Bank and subsequently synthesized by Sangon Biotech (Shanghai) Co., Ltd. (refer to Table 1 for primer sequences). Cardiac tissue was meticulously dissected into small fragments on ice, homogenized, and total RNA was extracted utilizing the Trizol method. Reverse transcription to complementary DNA (cDNA) was conducted in accordance with the manufacturer's instructions (conditions: 37℃ for 15 min, 85℃ for 5 s, followed by a hold at 4℃). Quantitative fluorescent analysis was executed following the guidelines of the TaqMan multiplex qPCR master mix kit (conditions: initial denaturation at 95℃ for 5 min, succeeded by 45 cycles of denaturation at 95℃ for 5 s and annealing/extension at 60℃ for 30 s). The relative expression levels in each group were determined using the 2−ΔΔCt method.


TABLE 1 The list of specific primers used for qRT-PCR.

[image: A table displaying primer sequences for four genes: IL-1β, TNF-α, IL-6, and GAPDH. Each row lists the gene name followed by its forward (F) and reverse (R) primer sequences. Note: F indicates forward primer, R indicates reverse primer.]



2.5.11 Acquisition of drug targets

The relevant targets for the candidate compounds and diseases were determined by conducting searches in several databases, including PubChem (https://pubchem.ncbi.nlm.nih.gov/) (39), BATMAN-TCM (http://bionet.ncpsb.org.cn/batman-tcm/) (40), and GeneCards (https://www.genecards.org/) (41). Instances of duplicate targets were eliminated, as it is common for multiple compounds or diseases to be associated with several targets.



2.5.12 Network construction and analysis

The intersection of targets associated with specific compounds and diseases was determined utilizing the Venny version 2.1.0. The protein-protein interaction (PPI) network was developed using the STRING database (https://cn.string-db.org/) (42). Additionally, the compound-target-disease network was established through the use of Cytoscape version 3.10.2. A comprehensive analysis of the network's topological properties was performed employing the CytoNCA plugin within Cytoscape. The PPI network was constructed on the STRING database platform, followed by a topological analysis aimed at elucidating the target interaction network and identifying key targets.



2.5.13 Validation of core targets in key pathways enriched in section 2.9 and measurement of indicators

Blood samples were obtained from the ocular region 24 h following reperfusion and subjected to centrifugation at 3,000 revolutions per minute for a duration of 10 min. The serum was subsequently collected and analyzed for levels of lactate dehydrogenase (LDH), superoxide dismutase (SOD), tumor necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6) in accordance with the protocols provided by the respective LDH and SOD assay kits, as well as the ELISA kits for TNF-α and IL-6. Approximately 20 mg of myocardial tissue from mice was excised, minced, and placed in a homogenizer containing 0.2 ml of RIPA protein lysis buffer, which included protease inhibitors, phosphatase inhibitors, and phenylmethylsulfonyl fluoride (PMSF), to facilitate thorough homogenization. The homogenate was allowed to incubate on ice for 30 min and was then sonicated in an ice-water bath for 10 min to ensure complete lysis of the tissue. The lysate was transferred to a 1.5 ml centrifuge tube and centrifuged at 4℃ at 12,000 revolutions per minute (with a centrifugal radius of 40 cm) for 15 min. The supernatant was collected, and the protein concentration of each sample was quantified using the bicinchoninic acid (BCA) method, followed by adjustment to achieve uniformity across samples. An equal volume of protein loading buffer was incorporated, and the mixture was heated at 95℃ for 5 min to denature the proteins. A volume of 10 μl of the protein sample was then applied to SDS-PAGE gel electrophoresis, followed by membrane transfer, antigen blocking, primary antibody incubation, and secondary antibody incubation, among other procedural steps. Finally, enhanced chemiluminescence (ECL) color development solution was utilized for visualization, and images were captured using a gel imager. The gray value of the β-actin protein band served as an internal reference, and the relative expression levels of the target protein were analyzed using Image J software.



2.5.14 Statistical methods

All statistical analyses were performed using GraphPad Prism software (version 8.0.2) (43). Datasets were imported into the software and evaluated for distribution properties via the Normality and Lognormality Tests module under column analyses. This assessment determined compliance with Gaussian (normal) or lognormal distributions and calculated relative sampling probabilities from these distributions (assuming no alternative distributions). Normality testing incorporated three complementary methods: the Shapiro–Wilk test (44), Kolmogorov–Smirnov test (45) with Lilliefors correction, and the D'Agostino-Pearson omnibus test. A significance threshold of α = 0.05 was applied, with P ≥ 0.05 indicating adherence to a normal distribution. For normally distributed data, intergroup comparisons were conducted using one-way analysis of variance (ANOVA) (46). When ANOVA revealed significant between-group variance (P < 0.05), post hoc pairwise comparisons of means were performed using Tukey's Honest Significant Difference (HSD) test (47) to control family-wise error rates. Non-normally distributed datasets were analyzed via the Kruskal–Wallis nonparametric test, followed by Dunn's multiple comparisons test (48) with Bonferroni adjustment. Specific analytical objectives included: ① Comparisons between experimental groups and the model control group. ② Dose-dependent effects across STDP treatment groups.





3 Results


3.1 Effects of Shexiang Tongxin Dropping Pills on cardiac function in mice

Echocardiographic assessment of mice indicated significant changes between the sham, model, and therapy groups. In the sham group, the left ventricular motion curves showed significant movement amplitudes in both the front and posterior walls, indicating symmetry. In contrast, the model group's coefficients showed a significant increase of the ventricular chamber and thinning of the ventricular anterior wall. The left ventricular motion curves revealed a considerable reduction in anterior wall movement amplitudes. When compared to the model group, mice in the positive control and traditional Chinese medicine groups had thicker ventricular anterior walls and enlarged ventricular cavities. Compared to the Sham group, mice in the ischemia/reperfusion (I/R) group showed significant decreases in ejection fraction (EF), fractional shortening (FS), and interventricular septum diameter in diastole (IVSD) (P < 0.01), as well as a marked increase in left ventricular internal dimension in systole (LVIDS) (P < 0.01). These data point to the successful creation of the myocardial ischemia-reperfusion damage model, with a significant loss in heart function following surgery. Compared to the I/R group, mice in the low-dose (L-STDP), medium-dose (M-STDP), and high-dose (H-STDP) Shexiang Tongxin Dropping Pills groups, as well as the Aspirin group, showed significant increases in EF, FS, and IVSD (P < 0.01), whereas LVIDS decreased significantly (P < 0.01). Importantly, STDP-mediated cardioprotection demonstrated a dose-dependent response, with higher doses yielding progressively greater improvements in functional parameters (P < 0.001 for L-STDP vs. M-STDP). These findings suggest that the medication can significantly enhance cardiac function after myocardial reperfusion injury (Figure 1).


[image: Six ultrasound images are labeled: Sham, I/R, L-STDP, M-STDP, H-STDP, and Aspirin. Below are four bar graphs comparing groups: Sham, I/R, L-STDP, M-STDP, H-STDP, and Aspirin. The metrics shown are EF (%), FS (%), IVSd (mm), and LVIDs (mm), with significant differences marked by asterisks.]
FIGURE 1
Comparison of M-mode ultrasound images and EF, FS, IVSD, LVIDS of left ventricle in mice after MIRI. Data are represented as mean ± SD. ###P < 0.001. *P < 0.05; **P < 0.01; ***P < 0.001.




3.2 Myocardial tissue TTC staining and myocardial infarction ratio in mice

The results of TTC staining revealed that the sham group showed almost no myocardial infarction, while the model group exhibited significantly increased myocardial infarction compared to the sham group (P < 0.05). In contrast to the model group, all STDP-treated groups and the aspirin group demonstrated a reduction in the myocardial infarction ratio (P < 0.05). The effect of STDP administration was dose-dependent, with the high-dose group proving more effective than the medium-dose group (P < 0.001 for M-STDP vs. H-STDP). These findings suggest that the drug can significantly improve the ischemic infarct area of myocardial tissue after myocardial reperfusion injury (Figure 2).


[image: Three images display cross-sections of heart tissue from five groups: Sham, Model, L-STDP, M-STDP, H-STDP, and Aspirin. A bar graph shows the ischemic area ratio for each group, with I/R having the highest ratio and H-STDP the lowest. Statistical significance is indicated by symbols: hashtags for Sham vs. I/R, and asterisks for group comparisons.]
FIGURE 2
Comparison of TTC staining images and statistical maps of mice myocardial tissue after MIRI. Data are represented as mean ± SD. ###P < 0.001. *P < 0.05; **P < 0.01; ***P < 0.001.




3.3 Effects on myocardial pathological morphology

In the model group, there was obvious interstitial edema in the heart, which was accompanied by severe necrosis of cardiomyocytes, loss of nuclei, red staining of the cytoplasm, and substantial neutrophil infiltration around the dead cells. Myofilament disruptions and myofiber degradation were also observed. In comparison to the model group, the positive drug group had much less interstitial edema in the myocardium, with more ordered arrangement of myofibrils and localized moderate vascular dilatation and congestion. In the medium and high-dose groups of Shexiang Tongxin Dropping Pills (STDP), there was also considerable reduction of cardiac interstitial edema, with cleanly ordered myofibrils and infrequent infiltration of inflammatory cells and minor foci of necrosis. In the low-dose STDP group, minor interstitial edema in the heart was detected, with spatially ordered arrangement of myofibrils and tiny patches of cardiomyocyte necrosis (Figure 3).


[image: Microscopic images displaying heart tissue cross-sections under different conditions: Sham, Model, L-STDP, M-STDP, H-STDP, and Aspirin. Each column shows a progression from a full tissue section at 500 micrometers to more detailed views at 50 and 20 micrometers, highlighting the structural differences and cellular arrangements across conditions.]
FIGURE 3
Effect of Shexiang Tongxin Dripping Pills on myocardial pathological changes in MIRI mice.




3.4 Impact of Shexiang Tongxin Dropping Pills on ROS levels in myocardial tissue of MIRI mice

Mice in the model group had significantly higher ROS levels in their myocardial tissue compared to the sham group (P < 0.01), whereas mice in the L-STDP, M-STDP, H-STDP, and Aspirin groups had significantly lower ROS levels (P < 0.05). Furthermore, the improvement in ROS levels in cardiomyocytes exhibited a dose-dependent relationship, becoming more optimal with increasing drug dosage (P < 0.01 for M-STDP vs. H-STDP). These results indicate that the medication can significantly ameliorate oxidative stress damage in cardiomyocytes following myocardial reperfusion injury (Figure 4).


[image: Left panel shows fluorescence microscopy images with three columns labeled DCFH-DA, DAPI, and Merge, and six rows labeled Sham, Model, L-STDP, M-STDP, H-STDP, and Aspirin. Right panel displays a bar graph comparing ROS fluorescence intensity across these groups, measured against DAPI. Statistical significance is indicated with asterisks and pound signs.]
FIGURE 4
Effect of Shexiang Tongxin Dripping Pills on ROS levels in myocardial tissue of MIRI mice (×200). Data are represented as mean ± SD. ###P < 0.001. *P < 0.05; **P < 0.01; ***P < 0.001.




3.5 Detection of cardiomyocyte apoptosis by TUNEL staining

TUNEL staining demonstrated a marked increase in cardiomyocyte apoptosis rates in the model group compared to the sham group (P < 0.001). Pretreatment with STDP and aspirin significantly reduced apoptosis indices in all treatment cohorts relative to the model group (P < 0.001). Notably, these therapeutic effects exhibited a dose-dependent pattern, with higher-dose regimens demonstrating superior efficacy over lower-dose interventions(P < 0.05 for L-STDP vs. M-STDP, P < 0.01 for M-STDP vs. H-STDP). Collectively, these findings indicate that the pharmacological intervention effectively alleviates post-reperfusion cardiomyocyte apoptosis (Figure 5).


[image: Fluorescence microscopy images and a bar graph. Images show TUNEL and DAPI staining merged in groups: Sham, Model, L-STDP, M-STDP, H-STDP, and Aspirin. The bar graph on the right compares TUNEL fluorescence intensity across groups, with significant differences marked by asterisks and hashtags.]
FIGURE 5
Effect of Shexiang Tongxin Dripping Pills on TUNEL levels in myocardial tissue of MIRI mice (×200). Data are represented as mean ± SD. ###P < 0.001. *P < 0.05; **P < 0.01; ***P < 0.001.




3.6 Compound-target-disease protein interaction network and pathway enrichment analysis

Drawing upon our team's previous research endeavors, we have successfully identified 30 blood-borne constituents in the Shexiang Tongxin Dropping Pills from the blood samples of normal rats, among which cryptotanshinone is included. The specific information and names of these constituents are detailed in Tables 2, 3. All corresponding targets for these blood-borne components were retrieved by searching the BATMAN-TCM database (49), resulting in 682 unique targets after deduplication. Additionally, 2021 unique targets were obtained by searching the GeneCards database using keywords like “myocardial ischemia-reperfusion,” “ischemia-reperfusion,” “myocardial ischemia-reperfusion injury,” and “ischemia-reperfusion injury,” after deduplication. Using Venny 2.1.0, 297 targets were found to be common between the blood-borne components and disease targets (Figure 6). By building a target protein interaction network and conducting KEGG enrichment analysis (Figure 7), it was discovered that the key targets at the center of this network are SOD, IL-6, IL-1β, and TNF-α. The proposed mechanism of action pathways may involve TNF-related inflammation and oxidative stress pathways.


TABLE 2 The results of UHPLC-Q TOF-MS analysis and identification of the blood-borne components of Shexiang Tongxin Dropping Pills in positive ion mode.

[image: Table listing chemical compounds with details: serial numbers, retention time, precursor ion, measured molecular weight, error in ppm, molecular formula, compound name, and MS/MS values. Entries include taurine, L-adrenaline, adenine, hypoxanthine, and more, each with specific data such as retention times, molecular weights, and formulas.]


TABLE 3 The results of UHPLC-Q TOF-MS analysis and identification of the blood-borne components of Shexiang Tongxin Dropping Pills in negative ion mode.

[image: A table displaying chemical analysis data for various compounds. Columns include serial number, retention time (min), precursor ion, measured molecular weight (m/z), error (ppm), molecular formula, compound name, and MS/MS values. Compounds listed are Danshensu, Protocatechuic aldehyde, Ginsenoside Rg₁, Ginsenoside Re, Salvianolic acid B, Tauroursodeoxycholic acid, Ginsenoside Rb₁, Ginsenoside Rb₂, Ginsenoside Rd, Ginsenoside Rh₁, and Ginsenoside Rg₃. Each entry contains specific measurements and chemical information relevant to the analysis.]


[image: Venn diagram displaying overlap between "MIRI" and "Blood component." The "MIRI" circle contains 1724 (71.7%), the overlap area contains 297 (12.3%), and the "Blood component" circle contains 385 (16%).]
FIGURE 6
Intersection diagram of blood components and disease targets of Shexiang Tongxin Dripping Pills.



[image: Panel A shows a network graph of interacting proteins like Nos3, Sod2, and Il6, connected with color-coded lines. Panel B displays a central group of proteins, including Il1b and Tnf, linked to peripheral proteins. Panel C presents a bubble chart of biological pathways such as TNF and VEGF signaling, where bubble size indicates count and color represents the negative logarithm of the p-value.]
FIGURE 7
Target protein interaction network diagram and KEGG analysis enrichment pathway diagram. (A) Target protein interaction network; (B) Core target protein enrichment map; (C) KEGG pathway enrichment map.




3.7 Effects of Shexiang Tongxin Dropping Pills on mRNA expression of Key targets in inflammatory pathways in the heart tissue of MIRI mice

The model group had considerably higher mRNA expression levels of IL-6, TNF-α, and IL-1β in cardiac tissue than the control group, according to qRT-PCR data, with statistically significant differences (P < 0.05). The Aspirin group, high-dose Shexiang Tongxin Dropping Pills group, and medium-dose Shexiang Tongxin Dropping Pills group all displayed statistically significant (P < 0.05) reductions in mRNA expression levels of IL-6, TNF-α, and IL-1β in heart tissue when compared to the model group. Moreover, the improvement in the inflammatory status of the myocardial tissue showed a dose-dependent effect, becoming more pronounced with increasing dosage (P < 0.001 for L-STDP vs. M-STDP). These results suggest that Shexiang Tongxin Dropping Pills can reduce inflammatory reactions in MIRI mice's heart tissue (Figure 8).


[image: Bar charts display mRNA expression levels of IL-6, TNF-α, and IL-1β across six conditions: Sham, I/R, L-STDP, M-STDP, H-STDP, and Aspirin. Each chart shows significant differences marked by asterisks and hashes, indicating statistical significance.]
FIGURE 8
Effects of Shexiang Tongxin Dripping Pills on the expression of IL-6, TNF-α and IL-1β mRNA in the heart of MIRI mice. Data are represented as mean ± SD. ###P < 0.001. *P < 0.05; **P < 0.01; ***P < 0.001.




3.8 Effects of Shexiang Tongxin Dropping Pills on serum oxidative stress and inflammatory-related protein expression in mice

Compared with the sham group, mice in the model group exhibited significantly elevated levels of LDH (P < 0.01) and significantly decreased levels of SOD (P < 0.01) in their serum, which are key targets in the oxidative stress pathway. In contrast, when compared to the model group, mice in the Shexiang Tongxin Dropping Pills group showed marked decreases in LDH levels (P < 0.01) and significant increases in SOD levels (P < 0.01) in their serum. Additionally, compared with the sham group, mice in the model group had significantly elevated levels of TNF-α and IL-6 (P < 0.01), which are key targets in the inflammatory pathway. However, when compared to the model group, mice in the Shexiang Tongxin Dropping Pills group exhibited significant decreases in TNF-α and IL-6 levels (P < 0.01) in their serum. Notably, STDP exhibited marked dose-dependent cardioprotection, demonstrating progressive suppression of oxidative stress and inflammatory mediators with successive dose escalation. Compared to low-dose treatment (L-STDP), medium-dose administration (M-STDP) significantly attenuated myocardial SOD levels (P < 0.001), while high-dose intervention (H-STDP) induced stepwise reductions in both TNF-α and IL-6 concentrations compared to lower dosage groups (P < 0.001 for all comparisons). This graded pharmacological response pattern mechanistically establishes that STDP confers protection against myocardial ischemia-reperfusion injury through coordinated attenuation of oxidative damage and stepwise inhibition of inflammatory cascades, directly correlating with therapeutic concentration (Figure 9).


[image: Bar graphs labeled A to D compare biochemical parameters across different treatments: Sham, I/R, L-STDP, M-STDP, H-STDP, and Aspirin. Graph A shows LDH concentration; B shows serum SOD; C shows IL-6 in serum; and D shows TNF-alpha in serum. Statistical significance is indicated with symbols. Treatments have varying effects on each parameter.]
FIGURE 9
Effects of Shexiang Tongxin Dripping Pills on the expression of SOD, LDH, IL-6 and TNF-α in serum of MIRI mice. (A) LDH content in serum of mice in each group; (B) SOD content in serum of mice in each group; (C) IL-6 content in serum of mice in each group; (D) TNF-α content in serum of mice in each group. Data are represented as mean ± SD. ###P < 0.001. *P < 0.05; **P < 0.01; ***P < 0.001.




3.9 Impact of Shexiang Tongxin Dropping Pills on the expression of inflammation-related proteins in mouse myocardial tissue

When compared to the sham group, the model group exhibited a notable increase in IL-1β protein expression in myocardial tissue. Conversely, when compared to the model group, both the H-STDP and Aspirin groups showed a significant decrease in IL-1β protein expression in myocardial tissue (P < 0.05). These findings suggest that Shexiang Tongxin Dropping Pills inhibit the further exacerbation of inflammatory responses (Figure 10).


[image: Western blot and bar graph showing IL-1β and β-actin expression across various treatments: Sham, I/R, L-STDP, M-STDP, H-STDP, and Aspirin. The blot shows bands at 31 kDa for IL-1β and 43 kDa for β-actin. The bar graph indicates higher IL-1β expression in I/R compared to others, with statistical significance noted by asterisks.]
FIGURE 10
Effect of ShexiangTongxin Dripping Pills on the expression level of IL-1β protein in myocardial tissue of MIRI mice.Data are represented as mean ± SD. ##P < 0.01. *P < 0.05; **P < 0.01; ***P < 0.001.





4 Discussion

Reperfusion is an essential process in the treatment of myocardial ischemia, aimed at improving myocardial blood supply. However, it is accompanied by a series of complex pathophysiological responses, including oxidative stress, inflammatory responses, calcium overload, mitochondrial dysfunction, and ferroptosis. Among these, oxidative stress is a key driver of reperfusion injury (50). Currently, traditional Chinese medicine (TCM) clinically employs organic compounds such as flavonoids and natural compounds from Chinese herbs to prevent and treat myocardial ischemia-reperfusion injury (MIRI) by inhibiting oxidative stress, inflammatory responses, and apoptosis. However, the underlying mechanisms remain incompletely understood (51, 52). In Western medicine, propofol, sevoflurane, etomidate, statins, and other drugs are used to alleviate MIRI by regulating pathways such as MAPK/NF-κB to suppress inflammatory cytokines and oxidative stress. Yet, these treatments have drawbacks such as poor safety, strong side effects, and uninvestigated mechanistic targets (53).

Previous research by our research group found that Shexiang Tongxin Dropping Pills (STDP) promote macrophage polarization and angiogenesis through the PI3 K/Akt/mTORC1 pathway, thereby alleviating coronary microvascular dysfunction following myocardial ischemia-reperfusion (29). Therefore, this study focuses on STDP. The major blood components of STDP include 31 compounds such as hypoxanthine, bufalin, tanshinone I, protocatechuic aldehyde, ginsenoside Rg1, and salvianolic acid B. Using network pharmacological methods, this study screened potential targets for these 31 compounds and identified 297 common targets through intersection with targets related to myocardial ischemia-reperfusion injury. Protein-protein interaction (PPI) analysis of these common targets was conducted using the STRING database to construct a PPI network. Based on network topology parameters, eight core targets were selected. Among them, TNF and IL can inhibit the release of inflammatory cytokines TNF-α and IL-1β, and reduce myocardial cell apoptosis and other damage through SOD-mediated inhibition of oxidative stress, thereby improving myocardial ischemia-reperfusion injury (54). By constructing and analyzing the “STDP blood components–targets–pathways” network, the top five key core targets identified were SOD, TNF, IL-1β, IL-6, and NOS. The top five Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways included the TNF signaling pathway, VEGF signaling pathway, C-type lectin receptor signaling pathway, IL-17 signaling pathway, and nitrogen metabolism pathway. These targets and pathways are associated with multiple physiological processes such as inflammation and oxidative stress, demonstrating high connectivity centrality in network topology parameter analysis. This suggests that the potential mechanism of STDP in protecting the myocardium from reperfusion injury is highly correlated with these targets and pathways.

Declines in myocardial diastolic and systolic function directly impact cardiac pumping and hemodynamic functions. Left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) are the most commonly used clinical indicators for monitoring cardiac function, accurately reflecting changes in cardiac function and hemodynamics. Hematoxylin and eosin (HE) staining allows observation of myocardial fibers, myocytes, and inflammatory cells (55). A foundational study identified elevated oxidative stress during blood reperfusion as the cardinal pathological alteration underlying Myocardial Ischemia-Reperfusion Injury (MIRI). During MIRI reperfusion, cardiovascular endothelial cells experience impaired mitochondrial function, enhanced catecholamine auto-oxidation, and a dramatic surge in neutrophil respiratory activity, all contributing to reactive oxygen species (ROS) generation. Concurrently, diminished activity and expression of antioxidant enzyme transporters compromise myocardial defense mechanisms. The resultant ROS accumulation disrupts intracellular redox homeostasis, precipitating structural damage to cardiomyocytes, metabolic dysfunction, and apoptosis. Emerging evidence underscores that mitochondrial ROS overproduction, energy metabolic imbalance, and cellular infrastructure destabilization serve as critical determinants of aberrant cardiomyocyte apoptosis in MIRI (56–59). LDH levels reflect the degree of myocardial cell damage, with higher levels indicating increased intracellular generation of oxygen free radicals and their damage to cells (60). Based on our research group's previously established method for preparing mouse models of myocardial ischemia-reperfusion injury (38), this study constructed a MIRI mouse model by ligating the left anterior descending coronary artery (LAD). The findings revealed a dose-dependent cardioprotective effect of STDP pretreatment in a mouse model of myocardial ischemia-reperfusion injury (MIRI). Specifically, high-dose STDP selectively enhanced the recovery of cardiac function, alleviated oxidative stress, and suppressed the expression of inflammatory cytokines. In the MIRI model, the successful induction of ischemic injury was confirmed by significant reductions in left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS), as well as histopathological features such as myocardial edema, fiber disarray, inflammatory infiltration, elevated levels of reactive oxygen species (ROS), and increased rates of cardiomyocyte apoptosis. STDP pretreatment dose-dependently ameliorated these perturbations: high-dose STDP notably restored LVEF and LVFS, decreased myocardial ROS accumulation, reduced the rate of cardiomyocyte apoptosis, and enhanced superoxide dismutase (SOD) activity, which were associated with preserved myocardial ultrastructure and improved contractile-relaxation performance. At the molecular level, higher-dose STDP exhibited superior efficacy in downregulating mRNA expression of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) and suppressing IL-6 and TNF-α protein levels, suggesting its capacity to disrupt transcriptional and translational inflammatory cascades. However, while STDP reduced serum lactate dehydrogenase (LDH) and myocardial IL-1β protein expression, these effects were not dose-dependent, implying distinct regulatory mechanisms. The anti-inflammatory properties of STDP likely involved inhibition of NF-κB signaling, thereby attenuating TNF-α and IL-6 synthesis (61), whereas its antioxidant effects were mediated through SOD upregulation, potentially via activation of the Nrf2/ARE pathway (62). The lack of dose dependency in IL-1β protein modulation—despite reduced mRNA levels—may reflect post-transcriptional regulation, such as inflammasome-dependent IL-1β maturation (e.g., NLRP3 activation) (63), which remained unaltered by STDP dosing. Similarly, the dose-independent reduction in LDH, a marker of membrane integrity, suggested that STDP stabilized cardiomyocyte membranes through mechanisms independent of oxidative-inflammatory crosstalk, possibly involving direct membrane repair or calcium homeostasis (64). The superior efficacy of STDP in restoring redox balance (via ROS reduction and SOD restoration) and suppressing TNF-α/IL-6 expression highlighted the therapeutic potential of dose optimization. The dose-dependent effects on these parameters suggested that higher STDP concentrations more potently engaged critical signaling nodes, such as Nrf2-driven antioxidant defenses and NF-κB inhibition. Conversely, the absence of dose-responsive effects on IL-1β protein and LDH underscored the multifactorial nature of MIRI pathophysiology, where parallel pathways [e.g., mitochondrial permeability transition (65), inflammasome activation (66)] may dominate certain aspects of injury progression. These findings positioned STDP as a dual-target agent capable of mitigating oxidative and inflammatory injury in MIRI, albeit with mechanistic selectivity. To further enhance the translational relevance of these findings, future studies evaluating STDP's pharmacokinetic profile and long-term safety would provide critical insights into its therapeutic window and clinical applicability. Additionally, expanding mechanistic investigations to explore STDP's interactions with other regulators—such as MAPK or autophagy-related signaling pathways—would help refine our understanding of its broader cardioprotective network and potential synergies with existing therapies. Employing multi-omic approaches in subsequent work would further delineate STDP's global targets and clarify its role in modulating cross-pathway dynamics, particularly in combination with ischemic preconditioning or adjunctive reperfusion strategies. In conclusion, our work established that STDP pretreatment alleviated MIRI through dose-dependent modulation of oxidative and inflammatory pathways, with higher doses offering enhanced cardioprotection. By delineating the scope and limits of its efficacy, our findings provided a mechanistic foundation for optimizing STDP-based therapies in ischemic heart disease, while emphasizing the need for integrative approaches to address the complexity of MIRI pathophysiology.



5 Conclusion

In summary, Shexiang Tongxin Dropping Pills demonstrate efficacy in ameliorating oxidative stress damage induced by myocardial ischemia-reperfusion in mice, enhancing antioxidant capacity, mitigating myocardial tissue damage, improving cardiac function, and protecting myocardial tissue. The mechanism of action may be attributed to the anti-inflammatory and anti-oxidative stress properties of individual herbs within its compound formulation, such as Salvia miltiorrhiza. Moving forward, our research team aims to further explore the correlation between the spatial distribution of components and their mechanisms of action, delving deeply into the specific processes of functional components and pathway regulation. The ultimate objective is to systematically unveil the precise regulatory mechanisms of the efficacious components.
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Objective: The aim of this study was to investigate the correlation between blood urea nitrogen-albumin index (BAR) and 30-day and one-year all-cause mortality in patients with heart failure admitted to the intensive care unit (ICU).



Method: This is a retrospective cohort study with data from two non-overlapping datasets from the Medical Information Marketplace in Intensive Care (MIMIC), where MIMIC-IV was used for training and MIMIC-III for external validation. Risk ratios (HR) and 95% confidence intervals (CI) between the BAR index and all-cause mortality were assessed using Cox proportional risk regression and Kaplan–Meier curves. Restricted cubic spline regression modeling was used to assess potential nonlinear relationships between BAR indices and outcome indicators. Nine machine learning (ML) algorithms were used to build predictive models, and, in addition, the Shapley additive interpretation (SHAP) method was used to determine feature importance.



Result: This study included 2,470 critically ill heart failure patients. Multivariate Cox regression analysis revealed that the risk of all-cause mortality was significantly higher at both 30 and 365 days for patients in the highest quartile of the BAR index. Kaplan–Meier analyses indicated that the cumulative incidence of mortality increased with higher quartiles of the BAR ratio. Additionally, multivariate restricted cubic spline regression showed a nonlinear increase in death risk at 30 and 365 days with higher BAR index values. Subgroup analyses confirmed consistent effect sizes and stability across groups. Among the nine models, XGBoost performs the best, with an AUC value of 0.894 [95% confidence interval (CI): 0.85–0.93] in the internal validation dataset and 0.924 [95% confidence interval (CI): 0.88–0.96]. The model demonstrated the best predictive performance in terms of discrimination and clinical application.



Conclusion: We found that higher BAR levels were significantly associated with a higher risk of 30- and 365-day all-cause mortality in critically ill patients with heart failure.
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Background

Cardiovascular disease has been the number one threat to global health over the past few decades, with approximately 20.8 million people dying from cardiovascular disease (CVD) every year up to 2023, accounting for approximately one-third of all global deaths (1). Heart failure (HF) is a clinical syndrome characterized by structural and functional damage to the heart and is the end stage of cardiovascular disease. Heart failure has long been a major global health challenge, especially as the prevalence of HF continues to rise with the aging population and the increasing burden of comorbidities such as hypertension, diabetes, and obesity, which not only severely reduces the quality of life of patients but also imposes a huge economic burden worldwide. Patients with heart failure often have a poor prognosis, with a five-year survival rate similar to that of malignant tumors, and it is important to actively develop predictive models for patients with heart failure to improve their prognosis.

HF is the end stage of many cardiovascular diseases, and the reduction of effective circulating blood volume and insufficient organ perfusion are important pathophysiologic mechanisms of heart failure (2). The BAR index introduced by blood urea nitrogen and albumin is a valuable biomarker discovered in recent years. Although BUN is less sensitive to renal insufficiency than serum creatinine, studies are confirming that increased BUN is associated with poor prognosis in patients with heart failure (3). The kidneys have a close relationship with the heart, and in patients with chronic heart failure, the compensatory effects of the kidneys may keep BUN low, but with heart failure loss of compensation, there is insufficient effective circulating blood volume, which leads to the secretion of a variety of neurohormones, resulting in a further reduction in renal perfusion when high levels of BUN may herald more severe heart failure. Reduced levels of albumin (ALB), an abundant soluble protein component of the circulatory system, are thought to be primarily associated with cachexia, renal insufficiency, hepatic dysfunction, and inflammation. Previous studies have shown that hypoalbuminemia is an independent predictor of poor prognosis in heart failure (4). Metabolic imbalance, inflammatory response, oxidative stress, and endothelial dysfunction are important features of heart failure, and BAR, as a combination of these two hematological indices, reflects the multiple pathophysiological processes of cardiovascular disease. Therefore, active research on the BAR index and the outcome and prognosis of heart failure is necessary to help provide better insights into the clinical management of cardiovascular disease.

Previous studies have shown that higher BAR indices are associated with an increased risk of adverse outcomes in patients with myocardial infarction (5), acute coronary syndromes (6), and after cardiac surgery. However, studies on the association between BAR index and critically ill patients with heart failure are lacking. This study investigated the correlation between the BAR index and all-cause mortality in heart failure patients admitted to the intensive care unit (ICU). The results of the study may help to explore new strategies for early identification and improvement of prognosis in critically ill patients with heart failure and provide important new insights into the function of BAR in predicting patient prognosis.



Method


Data source

The data used to construct the model came from the Medical Information Mart for Intensive Care IV (MIMIC-IV, version: v2.2) (7) which contains clinical information on 431,231 hospital admissions for 299,712 patients admitted to Beth Israel Deaconess Medical Center from 2008 to 2020. We also performed external validation using a subset of the MIMIC-III database (8), which included 26,836 admissions for 23,692 patients between 2001 and 2008, and there was no overlap with patients with MIMIC-IV. The MIMIC-IV database details information on patient demographics, laboratory tests, medications, vital signs, surgeries, disease diagnoses, and follow-up survival status. In order to protect patient privacy, all personal information is de-identified and a random code is used instead of patient identification, so we do not require the patient's informed consent and ethical approval. To access the database, author Yi Tang completed the Collaborative Institutional Training Initiative (CITI) course and passed the Conflict of Interest and Data or Sample Study Only exams (ID: 13870584).



Inclusion and exclusion criteria

The study included patients with heart failure who were hospitalized for the first time and admitted to the ICU for the first time.

The inclusion criteria were as follows:


	(1)Age ≥18 years.

	(2)Meeting the diagnostic criteria for heart failure. In this study, heart failure and other comorbidities were diagnosed using the International Classification of Diseases, Ninth Revision (ICD-9) and Tenth Revision (ICD-10) codes (I5083, I5082, I5084, I5089,I509,40201,40291,40491,40492, 4280,4281,42820, 42821,42822,42823, 42830,42831,42832,42833, 42840,42841, 42842, 42843,4289, I5020, I5021, I5022, I5023, I5030, I5031, I5032, I5033, I5040, I5041, I5042, I5043, I50810, I50811, I50812, I50813, I50814).



The exclusion criteria were as follows:

	(1)Patients with ICU hospitalization time less than 24 h.

	(2)Lack of blood urea nitrogen and serum albumin in laboratory tests.

	(3)For patients with multiple ICU admissions, only data from the first hospitalization were included.

	(4)Patients with direct or indirect causes of abnormal release of blood urea nitrogen and albumin, including hepatitis, cirrhosis, and malignancy, were excluded from the study.






Data collection and definitions

Structured Query Language (SQL) in PostgreSQL was used to extract data from both databases for patients admitted to the ICU within the previous 24 h. The variables extracted for this study were (1) demographics: age, gender, weight; (2) comorbidities: acute myocardial infarction (AMI), hypertension (HTN), atrial fibrillation (AF), coronary heart disease (IHD), diabetes mellitus (DM), chronic obstructive pulmonary disease (COPD), stroke (CVA), pneumonia (PNA), acute kidney injury (AKI), chronic kidney disease (CKD), hyperlipidemia (HLD). (3) Vital signs: systolic blood pressure (SBP), diastolic blood pressure (DBP), mean blood pressure (MBP), heart rate (HR), respiratory rate (RR), oxygen saturation (SPO2), temperature; (4) Drugs: angiotensin-converting enzyme inhibitors/angiotensin receptor blockers (ACEI/ARB), diuretics, statins, antiplatelet agents, Anticoagulants; (5) Laboratory data: red blood cells (RBC), red blood cell distribution width (RDW), hematocrit (Hct), hemoglobin (Hb), platelets (PLT), white blood cells (WBC), glucose, blood urea nitrogen (BUN), creatinine, neutrophil, lymphocytes, monocytes, lactic acid (Lac), blood urea nitrogen (BUN), albumin (ALB); (6): scoring data: Oxford Acute Severity of Illness Score (OASIS), Simplified Acute Physiology Score (SAPSII), Sequential Organ Failure Assessment (SOFA), Acute Physiology and Chronic Health Score (APSIII), Acute Physiology and Chronic Health Score (APACHEII). (7): Baseline treatment: Invasive mechanical ventilation (IMV).

All laboratory indices extracted from the MIMIC-IV (2.2) database were taken from each measurement made after the patient's admission to the ICU, and the worst of these values was taken. The blood urea nitrogen-albumin ratio (BAR) was defined as an index calculated using the following formula: BAR = blood urea nitrogen/albumin. Missing values for laboratory indicators are common in the MIMIC-IV database. To minimize bias due to sample exclusion, we calculated the percentage of missing values for each continuous variable. To avoid bias, variables with missing values exceeding 20% were excluded. Variables with missing values between 5% and 10% were treated using multiple imputations, and variables with missing values less than 5% were treated using mean imputation. Outliers were filtered using the BoxPlot method.



Outcome measures

The primary study endpoints were 30 and 365-day mortality after ICU admission, and the secondary study endpoints were in-hospital and ICU all-cause mortality.



Statistical analysis

Categorical variables were assessed using Fisher's exact probability method or chi-square test and expressed as counts (percentages). Continuous variables were expressed as interquartile ranges, and medians were tested using the Wilcoxon rank sum test. Multicollinearity was checked using Variance Inflation Factor (VIF), and variables with VIF above 5 were deleted (9, 10). Patients were categorized into 4 groups based on the quartiles of the BAR index, with the lowest quartile as the reference group. Kaplan–Meier survival analysis was used to assess the incidence of 30-day and one-year mortality events between groups based on different BAR levels, followed by a log-rank test to assess the significance of the differences between groups and a log Rank test to compare the two curves. Restricted cubic spline (RCS) curves were used to explore potential nonlinear relationships between the BAR Index and 30-day and one-year mortality rates and to create a threshold effects model to identify inflection points in the BAR Index. Univariate and multivariate Cox regression analyses were conducted using Boruta's algorithm to characterize the screened variables and to test for trends, adjusting for several confounding variables. (Model 1: includes only the BAR index without any adjustment; Model 2 is adjusted for demographic variables such as age, gender, weight, etc.; Model 3: Combines important characteristic variables based on clinical expertise and screening from Boruta and Random Forest algorithms, including age, weight, PNA, AKI, PLT, RDW, neutrophils, HCT, blood urea nitrogen, lactate, lymphocytes, monocytes, diuretics, APSIII, SAPAII, and OASIS. Finally, we also performed subgroup analyses including sex, age, comorbidities [acute kidney injury (AKI), coronary heart disease (CKD), type 2 diabetes mellitus, diuretics, and mechanical ventilation], and assessed the P of the interaction using the log-likelihood ratio test. Statistical analyses for this study were performed using Python (version 3.9.12), SPSS (version 25.0), and DecisionLnc1.0 (11) software.



The establishment and validation of predictive models

We internally validated the MIMIC-IV database by dividing the training and test sets in 7:3. Subsequently, we validated the model externally using MIMIC-III. By combining internal and external validation, we were able to comprehensively assess the performance and generalization ability of the constructed models. In this study, nine machine learning algorithms, namely Extreme Gradient Boosting (XGBoost), Support Vector Machine (SVM), Adaptive Boosting (Adaboost), Light Gradient Boosting Machine (LGB), K-Nearest Neighbor Classifier (KNNC), Decision Tree (DT), Random Forest (RF), Gradient Boosting Based (CatBoost), and Gradient Boosting Tree (GBDT), are used to construct the prediction models. In order to optimize the overall performance of the model, we implemented feature selection during the modeling process to reduce the complexity of the model and enhance generalization.

The essence of the algorithm is based on two concepts: “shadow features” and “binomial distribution”. Boruta generates a set of copies of features, called shaded features, from the original dataset. Elements were considered significant and retained if their Z-scores exceeded the maximum possible Z-score for the shaded elements, indicating that they had the largest matching effect (ratio or risk ratio) among the set of biomarkers; otherwise, they were excluded (12). The maximum area under the curve (AUC) of the subject's work characteristics (ROC) was selected as the optimal model during the parameter tuning process. The performance of the predictive model was evaluated by AUC, sensitivity, specificity, recall, F1 score, accuracy and recall of the ROC curve. In addition, decision curve analysis (DCA) and calibration curves were plotted to assess the net clinical benefit. The interpretability of the final predictive model was explored using the Shapley summation and interpretation (SHAP) method (13).




Results


Baseline demographic and clinical characteristics

As shown in Figure 1, After screening, the study included 2470 patients from the MIMIC-IV database (mean age 72.06 years, 57.81% male) and 2179 patients from the MIMIC-III database (mean age 74.36 years, 45.30% male). Table 1 summarizes the comparison of baseline characteristics, vital signs, severity scores, comorbidities, medications used, and laboratory indices between nonsurvivors and survivors at 30 days. The comparison between the survival (2108,85.3%) and non-survival (362, 14.7%) groups showed that, in the non-survivor group, age, weight, RR, SPO2, WBC, RDW, Hb, Hct, Albumin, Urea Nitrogen, Lactic acid, Glucose, Creatinine, Neutrophil, SOFA, SAPS II, OASIS, APSIII, APACHEII, PNA, HLD, AKI, CKD, ACEI/ARB, statins, diuretics compared to survivors significantly. In addition, we divided heart failure into heart failure with reduced ejection fraction (HFrEF), heart failure with preserved ejection fraction (HFpEF), and heart failure with intermediate ejection fraction (HFmrEF) according to the ejection fraction LVEF, and we found that HFmrEF had the highest number of people, and although the proportion of HFmrEF was slightly higher in the death group than in the survival group, this difference was not statistically significant (p = 0.178). Among patients receiving medications, we found that mortality was lower in patients using ACEI/ARBs, statins, and diuretics, and the use of these medications was significantly higher in the survivor group than in the fatal group, suggesting that these medications may be associated with lower mortality. However, the relationship between anticoagulants and antiplatelet agents and mortality was not significant, and further studies are needed to confirm their effects.


[image: Flowchart outlining the data selection and validation process for patients with acute heart failure in the MIMIC-IV database. Two cohorts are formed by excluding patients with missing data or specific conditions. The first cohort undergoes variable filtering and is divided into a training set of 1,729 and an internal validation set of 741. Machine learning models are applied, evaluated using SHAP, and validated internally and externally. The second cohort is used for external validation, focusing on metrics like AUC, accuracy, recall, F1-score, and precision.]
FIGURE 1
Study flow diagram depicting exclusion criteria and outcomes.




TABLE 1 Baseline characteristics between survivors and non-survivors.



	Characteristics
	MIMIC-IV (N = 2,470)
	MIMIC-III (N = 2,179)



	Survivor N =2,108
	Non-survivor N = 362
	P
	Survivor N =2,026
	Non-Survivor N =153
	P





	BAR
	13.18 ± 8.15
	20.58 ± 10.85
	<0.001
	13.40 ± 8.33
	20.81 ± 11.43
	<0.001



	Demographic



	Age, year
	71.19 ± 13.62
	77.10 ± 10.44
	<0.001
	73.80 ± 12.69
	81.73 ± 9.89
	<0.001



	Weight
	84.19 ± 20.96
	79.19 ± 21.93
	<0.001
	85.02 ± 25.42
	82.61 ± 23.89
	0.009



	Gender, n (p %)



	F
	65 (48.87%)
	1,440 (44.97%)
	0.376
	900 (44.42%)
	65 (42.48%)
	0.027



	M
	68 (51.13%)
	1,762 (55.03%)
	1,126 (55.58%)
	88 (57.52%)



	Vital signs



	HR, beats/min
	89.19 ± 20.16
	90.41 ± 20.84
	0.302
	87.79 ± 18.71
	91.84 ± 19.77
	0.045



	NBPS, mmHg
	118.51 ± 23.53
	117.44 ± 24.35
	0.440
	121.48 ± 23.47
	113.68 ± 25.37
	<0.001



	NBPD, mmHg
	71.48 ± 150.91
	66.70 ± 18.92
	0.166
	67.97 ± 152.13
	62.86 ± 19.04
	0.310



	NBPM, mmHg
	80.69 ± 17.81
	82.35 ± 48.91
	0.525
	77.86 ± 17.28
	74.16 ± 19.08
	0.019



	RR, times/min
	19.56 ± 6.44
	20.86 ± 6.26
	<0.001
	18.27 ± 5.71
	20.84 ± 6.87
	<0.001



	SPO2,%
	96.72 ± 4.05
	95.83 ± 4.79
	<0.001
	96.83 ± 4.38
	96.02 ± 5.51
	0.250



	Temperature, °F
	98.04 ± 3.76
	98.10 ± 1.39
	0.572
	97.64 ± 4.64
	97.46 ± 1.74
	<0.001



	Laboratory tests



	RBC, 109/L
	2.92 ± 0.64
	2.87 ± 0.66
	0.137
	3.13 ± 0.64
	3.03 ± 0.75
	0.032



	WBC, 109/L
	18.32 ± 7.75
	20.03 ± 9.73
	0.002
	7.51 ± 2.97
	9.82 ± 6.30
	<0.001



	PLT, 109/L
	143.94 ± 61.47
	141.39 ± 70.93
	0.520
	171.89 ± 82.84
	146.94 ± 84.78
	<0.001



	RDW, (%)
	16.07 ± 2.20
	17.29 ± 2.28
	<0.001
	15.88 ± 2.11
	16.94 ± 2.16
	<0.001



	Hb, g/dl
	8.68 ± 1.87
	8.43 ± 1.85
	0.020
	9.31 ± 1.83
	8.90 ± 1.93
	0.012



	Hct, mg/dl
	37.31 ± 5.96
	35.72 ± 6.06
	<0.001
	35.62 ± 4.85
	35.98 ± 5.01
	0.414



	Urea Nitrogen, mg/dl
	42.80 ± 24.10
	61.85 ± 30.01
	<0.001
	38.64 ± 20.49
	52.94 ± 24.76
	<0.001



	Albumin (g/dl)
	3.38 ± 0.57
	3.10 ± 0.57
	<0.001
	3.04 ± 0.56
	2.69 ± 0.61
	<0.001



	Lactic acid
	2.70 ± 1.48
	3.19 ± 1.78
	<0.001
	2.53 ± 1.80
	5.49 ± 4.73
	<0.001



	Glucose (mg/dl)
	198.92 ± 69.53
	225.30 ± 72.90
	<0.001
	176.55 ± 58.38
	191.14 ± 63.61
	<0.001



	Creatinine (mg/dl)
	1.27 ± 0.61
	1.44 ± 0.66
	<0.001
	1.65 ± 1.01
	2.37 ± 1.37
	<0.001



	Monocyte (mg/dl)
	6.64 ± 3.35
	7.02 ± 3.43
	0.054
	5.66 ± 3.40
	5.86 ± 4.31
	0.925



	Neutrophil (mg/dl)
	81.89 ± 7.92
	85.88 ± 7.12
	<0.001
	82.90 ± 9.68
	85.17 ± 12.15
	<0.001



	Severity scores



	SOFA
	5.42 ± 3.02
	6.65 ± 3.56
	<0.001
	4.55 ± 2.75
	6.83 ± 3.65
	<0.001



	APSIII
	46.79 ± 17.80
	56.98 ± 19.63
	<0.001
	44.88 ± 17.13
	63.56 ± 25.29
	<0.001



	SAPSII
	39 ± 12.14
	46.10 ± 13.14
	<0.001
	37.75 ± 11.73
	49.92 ± 15.63
	<0.001



	OASIS
	32.77 ± 8.14
	37.13 ± 8.64
	<0.001
	32.58 ± 8.25
	39.65 ± 8.72
	<0.001



	APACHEII
	13.15 ± 3.14
	13.58 ± 2.89
	0.125
	11.24 ± 3.24
	13.47 ± 2.18
	0.145



	Comorbidities



	HF
	
	
	0.178
	
	
	NA



	HFmrEF
	856 (42.50%)
	190 (47.27%)
	
	
	
	



	HFpEF
	620 (30.30%)
	119 (25.76%)
	
	
	
	



	HFrEF
	560 (27.20%)
	123 (26.97%)
	
	
	
	



	AF
	38 (28.57%)
	763 (23.83%)
	0.210
	927 (45.76%)
	92 (60.13%)
	0.002



	HTN
	34 (25.56%)
	1,004 (31.36%)
	0.158
	982 (48.47%)
	59 (38.56%)
	0.057



	PNA
	45 (33.83%)
	599 (18.71%)
	<0.001
	742 (36.62%)
	82 (53.59%)
	<0.001



	CVA
	16 (12.03%)
	354 (11.06%)
	0.726
	183 (9.03%)
	9 (5.88%)
	0.407



	T2DM
	48 (36.09%)
	1,202 (37.54%)
	0.735
	851 (42.00%)
	44 (28.76%)
	0.006



	T1DM
	1 (0.75%)
	27 (0.84%)
	0.910
	25 (1.23%)
	2 (1.31%)
	0.785



	HLD
	60 (45.11%)
	1,729 (54%)
	0.044
	727 (35.88%)
	44 (28.76%)
	0.019



	MI
	16 (12.03%)
	468 (14.62%)
	0.407
	171 (8.44%)
	13 (8.50%)
	0.782



	CAD
	76 (57.14%)
	2,018 (63.02%)
	0.169
	78 (60.34%)
	1,978 (66.78%)
	0.134



	COPD
	24 (18.05%)
	702 (21.92%)
	0.288
	28 (19.34%)
	698 (20.56%)
	0.32



	AKI
	1,040 (49.34%)
	252 (69.61%)
	<0.001
	767 (37.86%)
	98 (64.05%)
	<0.001



	CKD
	640 (30.36%)
	145 (40.06%)
	<0.001
	521 (25.72%)
	42 (27.45%)
	0.814



	Drugs



	ACEI-ARB
	
	
	<0.001
	1,321 (65.20%)
	50 (32.68%)
	<0.001



	No
	1,411 (66.94%)
	285 (78.73%)
	
	705 (34.81%)
	103 (67.32%)
	



	Yes
	697 (33.06%)
	77 (21.27%)
	
	1,320 (65.19%)
	50 (32.68%)
	



	Stains
	462 (21.92%)
	57 (15.75%)
	0.008
	1,598 (78.87%)
	98 (64.05%)
	<0.001



	No
	1,646 (78.08%)
	305 (84.25%)
	
	428 (21.14%)
	55 (35.95%)
	



	Yes
	462 (21.92%)
	57 (15.75%)
	
	1,597 (78.86%)
	98 (64.05%)
	



	Diuretics
	886 (42.03%)
	72 (19.89%)
	<0.001
	1,856 (91.61%)
	137 (89.54%)
	0.617



	No
	1,222 (57.97%)
	290 (80.11%)
	
	170 (8.40%)
	16 (10.46%)
	



	Yes
	886 (42.03%)
	72 (19.89%)
	
	1,855 (91.60%)
	137 (89.54%)
	



	Anticoagulants
	1,963 (93.12%)
	334 (92.27%)
	0.555
	1,879 (92.74%)
	143 (93.46%)
	0.851



	No
	145 (6.88%)
	28 (7.73%)
	
	147 (7.26%)
	10 (6.54%)
	



	Yes
	1,963.00 (93.12%)
	334 (92.27%)
	
	1,878 (92.74%)
	143 (93.46%)
	



	Antiplatelet
	488 (23.15%)
	82 (22.65%)
	0.835
	1,155 (57.01%)
	66 (43.14%)
	<0.001



	No
	1,620 (76.85%)
	280 (77.35%)
	
	871 (43.01%)
	87 (56.86%)
	



	Yes
	488 (23.15%)
	82 (22.65%)
	
	1,154 (56.99%)
	66 (43.14%)
	




	Bold text indicates statistical significance.


	WBC, white blood cell; RDW, red cell distribution width; BUN, blood urea nitrogen; RBC red blood cell; HR, heart rate; SpO2, oxyhemoglobin saturation; RR, respiratory rate; PLT, platelet; RDW, red cell distribution Width; Hct, hematocrit; Hb, hemoglobin; SBP, systolic blood pressure; DBP, diastolic pressure; CKD, chronic kidney disease; T1DM, diabetes I type 1 diabetes; T2DM, diabetes II type 2 diabetes; COPD, chronic obstructive pulmonary disease; CAD, coronary artery disease; AKI, acute kidney injury; AF, atrial fibrillation; PNA, pneumonia; CVA, cerebrovascular accident; HLD, hyperlipemia; SOFA, sequential organ failure assessment; APSIII, acute physiology score III; SAPSII, simplified acute physiology score II; OASIS, oxford acute severity of illness score; APACHEII, acute physiology and chronic health evaluation II score; ICU, intensive care unit; MI, myocardial infarction; HFrEF, heart failure with reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFmrEF, heart failure with mid-range ejection fraction; Data are n/N (%) or mean ± standard deviation.







In Table 2, the hospital, ICU, 30-day, and 365-day mortality rates of the patients were 3.52%, 10.97%, 14.66%, and 15.3%, respectively. Patients were categorized into 4 groups based on the quartiles of the BAR index: quartile 1 (1.33 ≤ BAR < 6.58), quartile 2 (6.58 ≤ BAR < 9.39), and quartile 3 (9.39 ≤ BAR ≤ 13.94) quartile 3 (13.94 ≤ BAR ≤ 59.41), with the first 3 groups consisting of 617 individuals and the fourth group consisting of 619 individuals. Patients in quartile 4 exhibited higher weight, age, heart rate, blood pressure, respiratory rate, neutrophil count, white blood cell count, blood urea nitrogen, glucose, monocyte count, creatinine, lactate, SOFA score, mechanical ventilation, and proportion of statin use, as well as lower levels of albumin, erythrocytes, platelet count, hemoglobin, hematocrit, and SPO2.



TABLE 2 Patient demographics and baseline characteristics.



	Variables
	Overall N = 2,470
	Q1 N = 617
	Q2 N = 617
	Q3 N = 617
	Q4 N = 619
	p





	BAR
	14.26 ± 8.99
	5.75 ± 1.24
	9.56 ± 1.12
	14.64 ± 1.96
	27.05 ± 7.61
	<0.001



	Demographic



	Weight
	83.45 ± 21.17
	82.84 ± 20.54
	82.84 ± 20.75
	83.75 ± 21.67
	84.38 ± 21.72
	0.514



	Age, year
	72.06 ± 13.37
	65.85 ± 14.71
	72.45 ± 12.47
	74.65 ± 12.56
	75.28 ± 11.40
	<0.001



	Male, n (%)
	1,428 (57.81%)
	350 (56.73%)
	347 (56.24%)
	344 (55.75%)
	387 (62.52%)
	0.055



	Vital signs



	HR, beats/min
	89.37 ± 20.26
	89.17 ± 19.52
	89.53 ± 20.31
	89.21 ± 20.11
	89.56 ± 21.12
	0.995



	NBPS, mmHg
	119.05 ± 23.72
	116.86 ± 22.55
	119.52 ± 23.34
	119.65 ± 24.73
	120.17 ± 24.11
	0.032



	NBPD, mmHg
	70.78 ± 139.63
	68.81 ± 17.62
	68.30 ± 18.26
	68.78 ± 38.32
	77.21 ± 275.08
	0.032



	NBPM, mmHg
	80.94 ± 24.89
	80.98 ± 17.84
	81.28 ± 17.90
	80.32 ± 18.45
	81.17 ± 38.68
	0.495



	RR, times/min
	19.76 ± 6.43
	18.86 ± 6.32
	19.58 ± 6.22
	19.92 ± 6.35
	20.66 ± 6.69
	<0.001



	SPO2, %
	96.59 ± 4.18
	97.02 ± 4.24
	96.88 ± 3.54
	96.07 ± 4.54
	96.39 ± 4.25
	<0.001



	Temperature, °F
	98.05 ± 3.51
	97.96 ± 5.14
	98.22 ± 1.07
	97.93 ± 4.50
	98.07 ± 1.24
	0.002



	Laboratory



	RBC, 109/L
	2.91 ± 0.65
	3.08 ± 0.64
	2.99 ± 0.66
	2.90 ± 0.63
	2.68 ± 0.58
	<0.001



	WBC, 109/L
	18.57 ± 8.09
	16.96 ± 7.57
	18.32 ± 7.16
	18.64 ± 7.47
	20.35 ± 9.57
	<0.001



	PLT, 109/L
	143.57 ± 62.94
	145.61 ± 58.98
	148.60 ± 61.10
	143.63 ± 65.19
	136.44 ± 65.74
	0.014



	RDW, (%)
	16.25 ± 2.26
	15.25 ± 1.97
	15.87 ± 2.05
	16.47 ± 2.19
	17.39 ± 2.23
	<0.001



	Hb, g/dl
	8.64 ± 1.86
	9.18 ± 1.86
	8.89 ± 1.92
	8.60 ± 1.80
	7.89 ± 1.62
	<0.001



	Hct, mg/dl
	37.07 ± 6.00
	38.52 ± 5.77
	37.82 ± 6.03
	36.69 ± 5.85
	35.28 ± 5.86
	<0.001



	BUN, mg/dl
	45.59 ± 25.94
	20.77 ± 5.09
	32.70 ± 5.97
	47.69 ± 9.82
	81.08 ± 21.99
	<0.001



	Albumin (g/dl)
	3.34 ± 0.58
	3.63 ± 0.54
	3.43 ± 0.53
	3.26 ± 0.53
	3.04 ± 0.53
	<0.001



	Lactic acid
	2.77 ± 1.54
	2.57 ± 1.32
	2.66 ± 1.43
	2.83 ± 1.59
	3.03 ± 1.74
	0.001



	Glucose (mg/dl)
	202.78 ± 70.64
	171.84 ± 54.18
	192.07 ± 63.53
	210.53 ± 71.75
	236.58 ± 74.72
	<0.001



	Creatinine (mg/dl)
	1.29 ± 0.62
	0.88 ± 0.28
	1.11 ± 0.42
	1.39 ± 0.57
	1.79 ± 0.69
	<0.001



	Lymhocytes
	13.36 ± 6.83
	15.61 ± 7.08
	13.82 ± 6.48
	12.83 ± 6.83
	11.20 ± 6.16
	<0.001



	Monocyte
	6.69 ± 3.36
	6.23 ± 3.20
	6.38 ± 3.25
	6.88 ± 3.39
	7.28 ± 3.50
	<0.001



	Neutrohil
	82.48 ± 7.93
	79.80 ± 8.03
	81.82 ± 7.90
	83.42 ± 7.69
	84.86 ± 7.21
	<0.001



	Comorbidities



	HF
	
	
	
	
	
	0.088



	HFmrEF
	936 (39.28%)
	224 (41.30%)
	256 (37.94%)
	246 (35.53%)
	210 (42.34%)
	



	HFpEF
	901 (34.36%)
	221 (33.73%)
	210 (34.81%)
	209 (37.09%)
	261 (31.82%)
	



	HFrEF
	633 (26.36%)
	162 (24.97%)
	157 (27.25%)
	158 (27.37%)
	156 (25.84%)
	



	AF
	801 (24.02%)
	187 (22.45%)
	199 (23.89%)
	206 (24.73%)
	209 (25%)
	0.614



	HTN
	604 (24.45%)
	176 (28.53%)
	182 (29.50%)
	142 (23.01%)
	104 (16.80%)
	<0.001



	PNA
	922 (37.33%)
	156 (25.28%)
	215 (34.85%)
	251 (40.68%)
	300 (48.47%)
	<0.001



	CVA
	257 (10.40%)
	48 (7.78%)
	68 (11.02%)
	70 (11.35%)
	71 (11.47%)
	0.104



	T2DM
	931 (37.69%)
	160 (25.93%)
	215 (34.85%)
	252 (40.84%)
	304 (49.11%)
	<0.001



	T1DM
	32 (1.30%)
	5 (0.81%)
	3 (0.49%)
	11 (1.78%)
	13 (2.10%)
	0.035



	HLD
	1,210 (48.99%)
	292 (47.33%)
	340 (55.11%)
	297 (48.14%)
	281 (45.40%)
	0.004



	MI
	522 (21.13%)
	122 (19.77%)
	138 (22.37%)
	131 (21.23%)
	131 (21.16%)
	0.741



	CAD
	785 (31.78%)
	66 (10.70%)
	148 (23.99%)
	225 (36.47%)
	346 (55.90%)
	<0.001



	COPD
	567 (22.96%)
	118 (19.12%)
	131 (21.23%)
	158 (25.61%)
	160 (25.85%)
	0.009



	Severity scores



	SOFA
	4.61 ± 2.60
	4.01 ± 2.47
	4.48 ± 2.59
	4.66 ± 2.48
	5.27 ± 2.71
	<0.001



	APSIII
	42.26 ± 15.78
	35.58 ± 14.53
	39.86 ± 14.68
	43.18 ± 14.01
	50.36 ± 16.01
	<0.001



	SAPSII
	37.06 ± 10.96
	31.96 ± 10.14
	35.66 ± 10.42
	38.13 ± 10.18
	42.45 ± 10.37
	<0.001



	OASIS
	30.76 ± 7.71
	28.92 ± 7.46
	30.55 ± 7.56
	31.19 ± 7.84
	32.39 ± 7.55
	<0.001



	APACHEII
	13.56 ± 2.90
	13.56 ± 3.03
	13.50 ± 3.10
	13.68 ± 2.61
	13.50 ± 2.83
	0.081



	Drugs



	ACEI/ARB
	774 (31.34%)
	206 (33.39%)
	227 (36.79%)
	200 (32.41%)
	141 (22.78%)
	<0.001



	Stains
	519 (21.01%)
	112 (18.15%)
	141 (22.85%)
	121 (19.61%)
	145 (23.42%)
	0.066



	Diuretics
	958 (38.79%)
	274 (44.41%)
	263 (42.63%)
	246 (39.87%)
	175 (28.27%)
	<0.001



	Anticoagulants
	2,297 (93%)
	557 (90.28%)
	570 (92.38%)
	586 (94.98%)
	584 (94.35%)
	0.005



	Antilatelet
	570 (23.08%)
	110 (17.83%)
	149 (24.15%)
	169 (27.39%)
	142 (22.94%)
	<0.001



	Treatment



	Ventilation
	1,198 (48.50%)
	285 (46.19%)
	290 (47%)
	291 (47.16%)
	332 (53.63%)
	0.031



	Outcomes



	30-day mortality
	362 (14.66%)
	25 (4.05%)
	52 (8.43%)
	104 (16.86%)
	181 (29.24%)
	<0.001



	In-hospital mortality
	87 (3.52%)
	3 (0.49%)
	11 (1.78%)
	25 (4.05%)
	48 (7.75%)
	<0.001



	365-day mortality
	378 (15.30%)
	25 (4.05%)
	55 (8.91%)
	108 (17.50%)
	190 (30.69%)
	<0.001



	ICU mortality
	271 (10.97%)
	22 (3.57%)
	40 (6.48%)
	77 (12.48%)
	132 (21.32%)
	<0.001




	Bold text indicates statistical significance.


	Q1, 1st quartile; Q2, 2st quartile; Q3, 3st quartile; Q4, 4st quartile.









Clinical outcomes

To investigate the independent effect of the BAR index on mortality, three Cox regression models were applied Table 3. Supplementary Table S1 shows the variance inflation factors, indicating that there is no multicollinearity between the variables. After adjusting for age, sex, and weight (Model 2), the HRs and 95% CIs for 30-day all-cause mortality for the BAR index categories (Q1, Q2, Q3, and Q4) were 1 (reference), 1.92 (1.18, 3.098), 3.92 (2.52–6.10), and 7.19 (0.98–0.99). Subsequent adjustments for age, body weight, PNA, PLT, RDW, neutrophils, hematocrit, blood urea nitrogen, lactate, lymphocytes, monocytes, diuretics, APSIII, SAPAII, and OASIS (Model 3) resulted in the following risk ratios for 30-day all-cause mortality: respectively:1.00 (reference), 1.52 (0.94–2.47), 2.28 (1.41–4.54) and 2.54 (1.42–4.54). In Model 2, the risk ratios for 365-day all-cause mortality were 1.00 (reference), 2.02 (95% CI: 1.26–3.26), 4.09 (95% CI: 2.64–6.35), and 7.49 (95% CI: 4.91–11.44), respectively. In model 3, the HRs were 1.00 (reference), 1.63 (95% CI: 1.01–2.64), 2.46 (95% CI: 1.53–3.95) and 2.75 (95% CI: 1.55–4.89). The results of the study showed that patients with a BAR index of 9.39 or higher had a significantly higher risk of all-cause mortality at both 30 and 365 days compared to those in Q2. The Kaplan–Meier survival curves illustrate the survival differences in 30- and 365-day mortality between the 4 BAR groups (Figure 2). Patients in the highest BAR index group (Q4) had significantly lower survival at 30 and 365 days than those in the lowest BAR index group (Q1) (log-rank P < 0.05).



TABLE 3 Logistic regression analysis of 30-day, 1-year, in-hospital, and ICU mortality in heart failure patients.



	Exposure
	Model 1
	
	Model 2
	
	Model 3
	P-value



	HR (95% CI)
	p-value
	HR (95% CI)
	p-value
	HR (95% CI)





	30-day mortality



	BAR index
	1.05 (1.05, 1.07)
	<0.00001
	1.05 (1.05, 1.07)
	<0.00001
	1.02 (1, 1.04)
	0.04



	Q1
	Ref
	
	Ref
	
	Ref
	



	Q2
	2.13 (1.32, 3.43)
	0.002
	1.92 (1.18, 3.098)
	0.008
	1.52 (0.94, 2.47)
	0.09



	Q3
	4.48 (2.89, 6.93)
	<0.00001
	3.92 (2.52, 6.10)
	<0.00001
	2.28 (1.41, 3.66)
	0.001



	Q4
	8.15 (5.37, 12.39)
	<0.00001
	7.19 (0.98, 0.99)
	<0.00001
	2.54 (1.42, 4.54)
	0.002



	P for trend
	<0.00001
	
	<0.00001
	
	0.001
	



	365-day mortality



	BAR index
	1.06 (1.05, 1.08)
	<0.00001
	1.06 (1.04, 1.08)
	<0.00001
	1.01 (0.96, 1.07)
	0.65



	Q1
	Ref
	
	Ref
	
	Ref
	



	Q2
	2.26 (1.41, 3.63)
	0.001
	2.02 (1.26, 3.26)
	0.004
	1.63 (1.01, 2.64)
	0.08



	Q3
	4.68 (3.03, 7.22)
	<0.00001
	4.09 (2.64, 6.35)
	<0.00001
	2.46 (1.53, 3.95)
	<0.00001



	Q4
	8.57 (5.65, 12.99)
	<0.00001
	7.49 (4.91, 11.44)
	<0.00001
	2.75 (1.55, 4.89)
	0.001



	P for trend
	<0.00001
	
	<0.00001
	
	0.99
	



	In-hospital mortality



	BAR index
	0.99 (0.97, 1.01)
	0.32
	0.99 (0.97, 1.01)
	0.36
	1.02 (0.06, 1.08)
	0.56



	Q1
	Ref
	
	Ref
	
	Ref
	



	Q2
	1.07 (0.30, 3.84)
	0.91
	1.05 (0.29, 3.78)
	0.94
	1.21 (0.32, 4.53)
	0.78



	Q3
	1.46 (0.44, 4.84)
	0.54
	1.58 (0.47, 5.26)
	0.46
	3.28 (0.91, 11.74)
	0.06



	Q4
	11.33 (0.35, 3.65)
	0.83
	1.15 (0.36, 3.74)
	0.81
	3.89 (0.92, 16.34)
	0.06



	P for trend
	0.98
	
	0.92
	
	0.01
	



	ICU mortality



	BAR index
	0.10 (0.98, 1.01)
	0.38
	0.99 (0.98, 1.01)
	0.37
	1.02 (0.10, 1.05)
	0.14



	Q1
	Ref
	
	Ref
	
	Ref
	



	Q2
	0.60 (0.36, 1.02)
	0.05
	0.59 (0.35, 1.00)
	0.05
	0.60 (0.35, 1.03)
	0.06



	Q3
	0.70 (0.44, 1.13)
	0.15
	0.68 (0.42, 1.10)
	0.12
	0.61 (0.36, 1.04)
	0.07



	Q4
	0.56 (0.35, 0.87)
	0.01
	0.54 (0.33, 0.85)
	0.01
	0.49 (0.26, 0.95)
	0.03



	P for trend
	0.04
	
	0.04
	
	0.11
	




	Model 1: unadjusted.


	Model 2: adjusted for age, sex and weight.


	Model 3: adjusted for age, sex, weight, PNA, AKI, RDW, HCT, APSIII, SAPAII, OASIS, Neutrophils, Blood Urea Nitrogen (BUN), Lactate, Lymphocytes and Diuretics.








[image: Kaplan-Meier curve plots labeled A and B. Both charts display survival probability over time across four groups: Q_BAR equals 1 (blue), 2 (red), 3 (green), and 4 (yellow). Each plot includes a "Number at risk" table below, showing the number of subjects over time points zero, ten, twenty, and thirty. Plot A shows a distinct separation among groups, while Plot B exhibits more overlapping curves.]
FIGURE 2
Kaplan–Meier survival analysis curves for all-cause mortality. Kaplan–Meier curves and cumulative incidence of 30-day (A) and 365-day (B) all-cause mortality stratified by BAR index. BAR, blood urea nitrogen to serum albumin ratio.




Restricted cubic spline

According to the multivariate RCS model, the risk of 30- and 365-day mortality was found to increase nonlinearly (p-value <0.05, non-linear p > 0.05) with increasing BAR index (Figure 3). In addition, a combination of Cox proportional risk modeling and two-stage Cox proportional risk modeling was used to investigate the nonlinear relationship between the level of BAR in heart failure patients and the aforementioned mortality rates (both P for log-likelihood ratio <0.05) (Supplementary Table S3). The inflection points for 30-day and 365-day all-cause mortality were 13.23 and 12.97, respectively. When the BAR index was below 13.23 or 12.97, the adjusted HR for 30- and 365-day mortality increased by a factor of 1 for each unit increase in the BAR level (HR 1.14; 95% CI, 1.06–1.23; HR 1.15; 95% CI, 1.06–1.24, respectively). However, when the BAR was greater than the inflection point, there was no significant association with 30- and 365-day mortality.


[image: Two RCS prediction plots showing hazard ratios for all-cause death related to BAR scores. Plot A reflects data at 30 days, and plot B at 365 days. Each plot includes a dashed line showing hazard ratios with shaded confidence intervals and a vertical line at BAR. p-values for overall and non-linear effects are indicated.]
FIGURE 3
Multivariable RCS regression showed the nonlinear association between the BAR index and 30-day mortality (A) and one-year (B) mortality after full adjustment.




Subgroup analysis

The results show a subgroup analysis of 30-day all-cause mortality (Figure 4). In subgroups defined by age, sex, T2DM, AKI, CAD, diuretics, and mechanical ventilation status, Q4 consistently demonstrated a higher risk of death, with or without adjustment for covariates. The results of the subgroup analyses indicated that the BAR index was similarly associated with the 30-day risk of death in patients with critical heart failure in most subgroups of the population. The model was not significant for the interaction test of covariates with the BAR index.


[image: Subgroup interaction regression forest plot showing odds ratios (OR) and 95% confidence intervals (CI) for variables such as age, gender, acute kidney injury (AKI), type 2 diabetes mellitus (T2DM), ischemic heart disease (IHD), diuretics, and ventilation. Squares represent ORs, and horizontal lines indicate CIs. P-values for interaction are listed next to each subgroup category, indicating no significant interactions.]
FIGURE 4
Forest plots of stratified analyses of BAR index and all-cause mortality (30 days). With the exception of the stratified variable itself, the adjustment approach is the same as for Model 3.




Establishment and validation of the prediction model

We constructed 9 models to predict 30-day mortality in patients with heart failure, and Figure 5 shows the discriminative performance of these 9 models on the ROC curve. In addition, we evaluated and compared the performance of the models using metrics such as precision, accuracy, recall, and F1 score. Among the 9 base models, the XGBoost model demonstrated the best predictive performance with an AUC of 0.894 (95% CI: 0.85–0.93) for the XGBoost model. Following closely behind, the LGBM model showed considerable efficacy with an AUC of 0.893 (95% CI: 0.855–0.931), outperforming the remaining algorithms. The remaining models, while still showing good predictive power, are as follows in descending order of performance: CatBoost (AUC = 0.877, 95% CI: 0.842–0.914), KNNC (AUC = 0.805, 95% CI: 0.761–0.849), GBDT (AUC = 0.825, 95% CI: 0.773–0.877), AdaBoost (AUC = 0.814, 95% CI: 0.77–0.859), RF (AUC = 0.775, 95% CI: 0.729–0.823), DecisionTree (AUC = 0.689, 95% CI: 0.64–0.739), and SVM (AUC = 0.667, 95% CI: 0.602–0.731). According to the DCA curves (Figure 6B), each model showed a large net gain, indicating robust clinical validity of the models developed. Table 4 shows the detailed performance metrics of the nine models. XGBoost demonstrated the most balanced and excellent performance (precision = 0.813, recall = 0.654), LightGBM was the close alternative, and both were significantly better than the other models.


[image: A composite image presents several data visualizations related to SHAP (SHapley Additive exPlanations) values. Panel A displays a SHAP Beeswarm Plot indicating feature impact with color gradients. Panel B shows a Boruta Feature Importance Box Plot, highlighting feature significance with box plots. Panel C illustrates a SHAP Line Plot, presenting feature SHAP values with a color gradient. Panel D is a Variable Importance Plot, listing variables alongside their importance scores. Panel E contains a SHAP Heat Force Plot, visualizing individual feature contributions with color coding.]
FIGURE 5
(A) SHAP Bees Plot.The distribution of each feature's impact on the model output. Each point represents a patient in a row. The color of the points indicates the feature value: purple represents higher values, while green represents lower values. (B) Feature Selection Using the Boruta Algorithm to Analyze the Relationship Between Various BAR Indices and 30-day Mortality. The x-axis displays the names of each variable, while the y-axis represents the Z-values of each variable. Box plots illustrate the Z-values of each variable calculated in the model, where red boxes indicate important variables, green boxes indicate tentative attributes and purple boxes indicate unimportant variables. (C) SHAP double-coordinate line graph. The SHAP plot shows the contribution of different features to the model prediction. The X-axis represents the SHAP value, and the Y-axis lists the names of each feature. The color bars indicate the magnitude of the feature values, with red representing higher feature values and blue representing lower feature values. (D) SHAP waterfall plot. The SHAP waterfall plot shows the composition of the predicted value for a single sample. The plot lists the contribution of each feature to the final predicted value. A red upward arrow indicates that the feature value increases the predicted value, while a blue downward arrow indicates that the feature value decreases the predicted value. (E) SHAP Heat Force plot.The SHAP heat force plot shows the contribution of each feature in the model prediction process. The arrows in the figure indicate the direction and magnitude of the feature's impact on the predicted value, with red arrows indicating an increase in the predicted value and blue arrows indicating a decrease in the predicted value.



[image: Panel A displays an ROC curve plot comparing multiple models, with XGBTEST showing the highest AUC of 0.894. Panel B shows a DCA curve plot assessing the net benefit at different risk thresholds. Panel C includes a calibration plot indicating the observed versus predicted probabilities for various models. Panel D features a PR curve plot highlighting precision and recall, with XGBTEST also performing well with an AUC of 0.778. Each plot includes a legend identifying the models and their performance metrics.]
FIGURE 6
(A) ROC curves for the machine learning models. (B) DCA curves for the machine learning models. (C) Callibration for the machine learning models. (D) PR curves for the machine learning models. DT, decision tree; RF, random forest; XGB, extreme gradient boosting; LGB, light gradient boosting machine; KNNC, K-nearest neighbors classifier; SVM, support vector machine; Adaboost, adaptive boosting; Catboost, gradient boosting based; GBDT, gradient boosting machine; ROC, receiver operating characteristic; AUC, area under the curve.




TABLE 4 Predictive performances of the nine machine learning models for predicting 30day mortality.



	Models
	Specificity
	Precision
	Accuracy
	Recall
	F1 score





	CatBoost



	Training cohort
	0.985
	0.816
	0.897
	0.3738
	0.512



	Testing cohort
	0.9950
	0.8
	0.940
	0.25
	0.380



	RF



	Training cohort
	0.985
	0.608
	0.862
	0.130
	0.215



	Testing cohort
	0.998
	0.875
	0.935
	0.145
	0.250



	KNNC



	Training cohort
	0.955
	0.540
	0.862
	0.308
	0.392



	Testing cohort
	0.981
	0.312
	0.917
	0.104
	0.156



	DesicionTree



	Training cohort
	0.9747
	0.529
	0.858
	0.168
	0.255



	Testing cohort
	0.993
	0.636
	0.931
	0.145
	0.237



	XGB



	Training cohort
	0.968
	0.780
	0.924
	0.663
	0.717



	Testing cohort
	0.993
	0.878
	0.964
	0.604
	0.716



	SVM



	Training cohort
	1.0
	1.0
	0.856
	0.0093
	0.018



	Testing cohort
	1.0
	1.0
	0.928
	0.0208
	0.040



	LGBM



	Training cohort
	0.974
	0.8139
	0.928
	0.654
	0.725



	Testing cohort
	0.993
	0.885
	0.967
	0.645
	0.746



	AdaBoost



	Training cohort
	0.917
	0.593
	0.887
	0.710
	0.646



	Testing cohort
	0.971
	0.638
	0.946
	0.625
	0.631



	GBDT



	Training cohort
	0.917
	0.596
	0.889
	0.719
	0.652



	Testing cohort
	0.973
	0.652
	0.948
	0.625
	0.638



	Mean_scores



	Training cohort
	0.964
	0.697
	0.885
	0.415
	0.459



	Testing cohort
	0.988
	0.742
	0.942
	0.351
	0.422









Performance comparison of the model on the external validation set

Despite the inherent differences in baseline characteristics between the two datasets, our model exhibits strong generalization. The externally validated ROC curve yields an AUC of 0.924 (95% CI: 0.88–0.96).



Selection of characteristic variable

The SHAP method is a comprehensive interpretation method applicable to both overall and individual sample analyses for interpreting models. For the overall interpretation, SHAP implies assessing the contribution of features to the model, with the five most important features (BAR, neutrophil count, weight, uric acid, and OASIS score) listed in descending order of importance (Figure 5).




Discussion

This study is the first retrospective study to explore the association between BAR levels and all-cause mortality in critically ill patients with heart failure based on the MIMIC-IV database. Blood urea nitrogen/albumin ratio (BAR) is a newly discovered biological indicator in recent years that has the advantages of being noninvasive, easy to obtain, and widely used. Our study demonstrated a significant association between higher levels of the BAR index and increased 30-day and one-year mortality in critically ill patients with heart failure. This association held even after accounting for potential confounders, demonstrating the robustness of the findings. The study also found that patients' 30-day and one-year mortality rates were nonlinearly correlated with the BAR index.

In recent years, several clinical studies have demonstrated a correlation between elevated BUN levels and decreased ALB and poor prognosis in patients with cardiovascular disease, including acute coronary syndrome (14) and acute myocardial infarction (15). Blood urea nitrogen and albumin have long been of interest as single indicators, and the BAR index, as a combination of the two, with elevated levels that may reflect the patient's nutritional status, hepatic and renal function, as well as the inflammatory response, makes up for the lack of predictive performance of albumin or BUN alone and has the potential to be a complementary predictor for clinicians managing patients with heart failure. Lin ZB et al. (5) found that higher levels of BAR were associated with increased short-term mortality in heart failure patients undergoing intensive care. Zhao L et al. (16) conducted a cohort study with a median follow-up of 22 months and found that BAR was still associated with an increased risk of death in heart failure patients. A previous study on the association between BAR and heart failure patients only explored the relationship between BAR and in-hospital and 90-day mortality, and our study supports the previous studies; moreover, the present study reveals for the first time the relationship between the BAR index and 30-day and one-year mortality rates in heart failure patients, which is a major highlight of our study. In addition, we included patients from the U.S. Critical Care Database, which helps to provide more comprehensive results for clinical practice.

The exact biological mechanism between the BAR index and clinical outcome and prognosis in heart failure is not clear. In this study, we tried to understand the relationship between BAR and the poor prognosis of heart failure patients from the perspective of blood urea nitrogen and albumin, respectively. Blood urea nitrogen (BUN) is a major indicator of renal function, and elevated BUN levels suggest impaired renal function, blood volume deficiency, or neurohormonal activation, which may lead to poor prognosis in patients with heart failure through oxidative stress, activation of the sympathetic nervous system (SNS) and renin-angiotensin aldosterone system (RAAS), and activation of the renin-angiotensin aldosterone system (RAAS). Angiotensin aldosterone system (RAAS) leading to poor prognosis in patients with heart failure. In patients with heart failure, activation of RAAS promotes sodium retention and leads to reabsorption of blood urea nitrogen in the proximal renal tubules, whereas activation of SNS accelerates reabsorption of blood urea nitrogen in the distal renal tubules, and both mechanisms lead to elevated blood urea nitrogen (17). It is thus clear that activation of the SNS and RAAS systems is closely related to the progression of heart failure (18, 19).

Albumin is a protein synthesized by ALB from the liver and has a variety of biological functions such as antiplatelet aggregation, anticoagulation, maintenance of plasma osmolality, transport of a variety of substances, and inhibition of inflammatory responses (20). Previous studies have found a correlation between low albumin levels and poor prognosis in patients with heart failure (21). Heart failure is a disease of insufficient perfusion of relative organs due to systolic and/or diastolic dysfunction of the heart. Heart failure itself does not lead to hypoproteinemia, but patients with prolonged heart failure are often combined with infections, malnutrition, and other complications, which exacerbate the loss of albumin, and the reduction of albumin levels is closely related to inflammation, oxidative stress, endothelial dysfunction, and other pathologies, which can lead to circulating blood volume deficiency, disrupting fluid balance, and leading to heart failure decompensation.

Boruta's algorithm, a widely used method in feature selection, determines which features are most important for predicting the target variable by modeling randomness (22). The feature selection results of Boruta's algorithm in this study show that BAR significantly occupies the red region and exhibits high Z-scores in feature selection, suggesting that the BAR index may play a key role in this study, showing a significant association with the study objectives. However, we also recognize that this does not mean it is a decisive factor. This is because the Boruta algorithm may also be affected by correlations between data features. The results of multivariate COX regression analyses support the correlation between the BAR index and the risk of 30-day and 1-year mortality in patients with heart failure, which is consistent with the Boruta algorithm. In the subgroup analysis, regarding 30-day mortality, we observed no statistically significant results after stratification by variables such as age and gender. This may be due to the reduced sample size after stratification, resulting in a reduced effect size. However, the consistent direction of all results suggests the stability and reliability of the core results. Therefore, we believe that BAR can be used as a predictor of 30-day all-cause mortality in patients with heart failure.

With the rapid development of artificial intelligence in recent years, ML algorithms have been widely adopted in medical research, especially in predicting treatment outcomes and patient prognosis. We incorporate feature-significant variables into nine machine learning algorithms. The results show that the XGBoost algorithm exhibits strong performance in differentiation and calibration and shows significant net gains in clinical practice. Compared with traditional regression algorithms, the XGBoost model can automatically deal with nonlinear relationships between features, and through regularization and pruning techniques, XGBoost can reduce the risk of overfitting, thus improving the generalization ability of the model (23). In addition, the XGBoost model is robust to outliers and noisy data, and it reduces the effect of outliers by weighting the loss function, thus improving the stability of the model. This study also has some limitations. First, the present study was retrospective and could not establish a clear causal relationship between BAR index and heart failure. Nonetheless, a series of rigorous statistical methods were adopted to ensure that the results were robust and credible. Second, the BAR index is not monitored dynamically, and the BAR index obtained from taking the most severe urea nitrogen and albumin measurements may not be fully representative of the pathology in the body. Third, this is an observational study, and there may be some unmeasured or residual confounding effects that may affect the results. Fourth, when patients receive enteral or parenteral nutrition, it may affect urea nitrogen and albumin levels, potentially leading to an elevated BAR index. However, this effect may be mitigated due to the large sample size included in our study. Fifth, due to the inherent limitations of the database, the absence of some key metrics, such as NT-proBNP, may affect the comprehensiveness of our prediction model. Finally, although we used MIMIC-III as an external validation, the data were from a single center, and further large-scale, multicenter prospective studies are needed to validate the accuracy of our model.



Conclusions

Our study demonstrated that the BAR index is a predictor of 30-day mortality and one-year mortality in heart failure ICU patients. In high-risk groups, the BAR may be a valuable tool for risk assessment and subsequent intervention, and further studies are needed in the future to validate the generalizability of the ratio and the optimal cut-off value and to determine the mechanisms underlying the association between the BAR and mortality in heart failure patients.
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Serum uric acid (SUA) has emerged as a significant biomarker for cardiovascular disease (CVD) risk assessment, garnering increasing attention in recent years. As CVD remains a leading cause of global mortality, identifying effective biomarkers for risk stratification is of paramount importance. Current evidence indicates a strong association between elevated SUA levels and increased CVD risk. However, the precise mechanisms and confounding factors underlying this relationship remain unclear. This review examines the link between SUA and CVD, exploring potential biological pathways—including metabolic syndrome, inflammatory responses, and oxidative stress—that may mediate this association. By synthesizing existing literature, this article aims to provide insights for future research and clinical applications, ultimately enhancing the understanding of SUA's utility in CVD risk evaluation.
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1 Introduction

Serum uric acid (SUA), a product of purine metabolism, plays critical biological roles in humans. Uric acid not only acts as an antioxidant, but also exhibits Pro oxidative properties at high concentrations, which may play a key role in the development of a variety of diseases (1). The metabolism of uric acid is mainly synthesized by the liver and excreted by the kidney to maintain the balance of uric acid in the body (2). With the evolution of modern lifestyles, the increase in SUA levels has become a global phenomenon, especially under the influence of high sugar and high-fat diets, making hyperuricemia (HU) an increasingly prevalent metabolic concern (3). This trend coincides with the growing burden of cardiovascular disease (CVD), which remains the leading cause of mortality worldwide. According to World Health Organization estimates, CVD claims millions of lives annually, with its prevalence continuing to escalate (4). The risk factors of cardiovascular disease include hypertension, hyperlipidemia, diabetes, and lifestyle factors, among which the increase of SUA level is considered to be one of the potential independent risk factors (5). This study investigates the relationship between SUA levels and cardiovascular disease, focusing on the role of uric acid in the development of cardiovascular conditions and its potential clinical implications. By reviewing the relevant literature, we hope to provide a reference for clinical practice to better understand and manage SUA levels in patients with cardiovascular disease.



2 Search strategy


2.1 Search strategy

This study systematically searched the PubMed, MEDLINE, and SCIE medical databases without publication date restrictions, covering records from database inception to December 25, 2024 (last search date). We used the following key terms: “serum uric acid”, “hyperuricemia”, “cardiovascular disease”, “coronary artery disease”, “mechanism”, “risk factor”, “therapy”. Drawing on the author's experience, this narrative review selectively analyzes 45 recent and highly cited publications through a priority retrieval approach.



2.2 Literature exclusion criteria


	1.Studies without adjusted analyses for key confounders (e.g., renal function, metabolic syndrome).

	2.Non-English publications (unless critical evidence with translatable data).

	3.Editorials, or conference abstracts without peer-reviewed full texts






3 Physiological functions and metabolism of SUA


3.1 Production and metabolism of uric acid

Uric acid is the final product of purine metabolism its production and excretion in the body are crucial for maintaining the balance of SUA levels. Under normal circumstances the production of uric acid mainly originates from purines in food (25%) and the metabolism of nucleic acids within the body (75%). The liver is the main organ for uric acid synthesis. Under the action of purine nucleoside phosphorylase and xanthine oxidase, purine undergoes a series of enzymatic reactions and is ultimately converted into uric acid (Figure 1). Once formed, uric acid is primarily excreted by the kidneys, with approximately 70% filtered and eliminated through urine, while the remaining 30% is expelled via the intestines (6). SUA levels are influenced by a variety of factors, such as dietary choices, genetic predispositions, kidney function and the use of specific medications. The consumption of foods high in purines can lead to an increase in uric acid production, while kidney dysfunction can hinder the body's ability to excrete uric acid, resulting in elevated levels. Certain medications, including diuretics and nonsteroidal anti-inflammatory drugs, can also influence uric acid metabolism. In addition to purine-rich foods, medications also play a significant role in the pathogenesis of HU (7). Relevant drugs can increase SUA levels by enhancing uric acid reabsorption and/or reducing uric acid secretion (Table 1). Moreover, the activity of several transporters, including URAT1 and GLUT9, is closely related to uric acid excretion, and they play an important role in uric acid reabsorption and excretion (8). Abnormal elevation of uric acid (i.e., HU) is associated with the occurrence and development of gout, hypertension, and cardiovascular diseases. Understanding the production and metabolism of uric acid is of great significance for the prevention and treatment of related diseases.
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FIGURE 1
Uric acid production and metabolic pathways.




TABLE 1 Common uric acid-elevating drugs.



	Drug categories
	Specific drugs
	Primary mechanism of action





	Diuretics
	Hydrochlorothiazide, Furosemide. etc
	It causes an increase in SUA by reducing the excretion of uric acid by the renal tubules



	Immunosuppressants
	Cyclosporine, Tacrolimus
	Inhibit renal excretion of uric acid and increase SUA retention



	Low-dose Aspirin
	Aspirin (<325 mg/day)
	By inhibiting uric acid reabsorption in the kidney tubules, it reduces uric acid excretion



	Antituberculosis Drugs
	Pyrazinamide, Ethambutol
	Pyrazinamide competitively inhibits uric acid excretion, while ethambutol reduces uric acid clearance through an unknown mechanism









3.2 The antioxidant effect of uric acid

Uric acid is not only the final product of purine metabolism in the body but also plays significant physiological roles, especially its antioxidant effects. Research indicates that uric acid can effectively remove free radicals in the body and reduce the damage of cells caused by oxidative stress. Uric acid can influence multiple physiological and pathological processes because of its antioxidant capacity. For instance, in conditions like chronic kidney disease and cardiovascular disease, uric acid's antioxidant effects may help slow disease progression (9). In addition, the antioxidant effect of uric acid is closely related to its concentration, and the appropriate amount of uric acid can play a protective role, but the excessive level of uric acid may lead to the increase of oxidative stress, and then lead to inflammation and tissue damage. Therefore, the concentration of uric acid in the body needs to be precisely regulated to ensure that it can play an antioxidant role without causing potential negative effects.



3.3 Epidemiological study on SUA and cardiovascular disease


3.3.1 Epidemiological evidence: association between SUA and cardiovascular events

Epidemiological studies in recent years have revealed a significant association between SUA levels and cardiovascular disease (CVD). Multiple studies have found that high SUA levels are strongly associated with an increased risk of hypertension, coronary artery disease, heart failure, congenital heart disease, and cardiovascular death. For example, a study of 2,633 residents of a Japanese community found a U-shaped relationship between very high and very low SUA levels and cardiovascular mortality, especially in the high uric acid group, with a significantly increased risk of cardiovascular death (10). Another study noted that elevated SUA levels are strongly associated with an increased risk of chronic kidney disease (CKD) and atherosclerosis, which may be related to the effects of uric acid on endothelial function and oxidative stress (11). In addition, elevated SUA levels were found to be associated with an increased risk of coronary artery disease (CAD) in patients with type 2 diabetes, and SUA levels were positively correlated with levels of oxidation-inflammatory biomarkers and negatively correlated with serum total antioxidant capacity (TAC). This suggests that SUA can be used as a biomarker to predict CAD risk in patients with type 2 diabetes (12).

Additionally, cross-sectional studies conducted among Korean adults have shown a significant relationship between SUA levels and cardiovascular disease risk scores indicating that high uric acid levels might constitute an independent risk factor for cardiovascular disease (13). In children with dilated cardiomyopathy (DCM), it was found that increased SUA level was positively correlated with NYHA functional grade, left ventricular end-diastolic diameter, left ventricular end-systolic diameter, and left atrial diameter. It was negatively correlated with left ventricular ejection fraction and left ventricular shortening rate. Therefore, changes in SUA levels may serve as a biomarker of DCM severity in children (14). One study found that SUA levels in patients with congenital heart disease-associated pulmonary hypertension (PAH-CHD) were significantly higher than those in patients with normal pulmonary artery pressure and healthy controls, and were higher in the medium-high risk group than in the low-risk group, suggesting that SUA can be used as a useful biomarker for risk stratification and treatment response assessment in patients with PAH-CHD (15). Concurrently, investigations into congenital heart disease (CHD) pathogenesis revealed that maternal amniotic fluid metabolite analysis demonstrated significantly elevated levels of both uric acid and proline in samples associated with CHD (16). Collectively, these epidemiological studies consistently demonstrate a strong association between elevated SUA levels and increased cardiovascular event risk.

Peripheral artery disease (PAD) is one of the manifestations of systemic atherosclerosis and an important component of cardiovascular diseases. A cross-sectional study (17) of Chinese adults showed a certain association between HU and PAD. The study included 9,839 Chinese adults with hypertension, with a mean age of 63.14 ± 8.99 years, and the prevalence of HUA was 50.72%. The overall prevalence of PAD was 2.67%, with a higher rate in men (3.17%) than in women (2.25%). The proportion of HUA was also higher in men (56.82%) than in women (45.47%). After conducting multivariable logistic regression analysis separately for men and women, the study found that HUA was positively associated with PAD risk in men, with those in the highest tertile of SUA having a significantly increased likelihood of PAD. However, no such positive association was observed in women. These findings suggest that clinicians should pay attention to HU as a risk factor when assessing PAD risk in male patients.



3.3.2 Large-scale cohort study: association between SUA and the risk of cardiovascular disease

Several large-scale cohort studies and randomized controlled trials (RCTS) have provided more direct evidence of a causal relationship between SUA and cardiovascular disease. The landmark Framingham Heart Study, which followed approximately 5,000 middle-aged and older participants for up to 23 years, demonstrated that elevated SUA levels were significantly associated with increased risks of multiple cardiovascular outcomes, including coronary heart disease, stroke, and heart failure (18). A prospective study showed that lowering uric acid levels could significantly improve cardiovascular outcomes in hypertensive patients. This discovery indicates that uric acid could play a significant role in both the onset and advancement of cardiovascular disease (5). While Mendelian randomization studies have not conclusively established causality between SUA and cardiovascular disease, the consistent findings from observational studies continue to support uric acid's potential pathogenic contribution (19). Therefore, there is a pressing need for additional high-quality clinical trials in the future to explore the effectiveness and mechanisms of uric acid-lowering therapy in preventing cardiovascular disease, which will ultimately provide more robust support for clinical practice.



3.3.3 Differences among populations: the impact of gender, age, and race on associations

Multiple studies have investigated population-specific variations and consistently demonstrated that elevated SUA levels exert a more substantial impact on cardiovascular disease risk in women (20). Notably, while postmenopausal women may face a higher risk of cardiovascular disease in the context of HU, a study of older women in China found that high uric acid levels were significantly associated with the risk of stroke and cardiovascular disease, and showed a significant increase with age, especially in women over 50 years old (21). Chinese multi-ethnic research revealed substantial disparities in cardiovascular risk profiles between young Miao males and middle-aged Dong and Buyi females, suggesting potential interactions between age and gender factors (22). Chilunga et al. (23) s further highlighted significant variations in the hyperuricemia-cardiovascular disease association between migratory and non-migratory African populations. Their findings particularly emphasized distinct risk patterns between non-migratory rural dwellers and their urban migrant counterparts, implying potential synergistic effects of genetic predisposition and environmental influences in this relationship (23). Additionally, Yang et al. metabolic syndrome scoring system, incorporating age, sex, and racial parameters, established both a positive correlation between uric acid levels and cardiovascular risk and significant interethnic variability in this association, thereby reinforcing the critical role of racial factors in cardiovascular risk evaluation (22). Collectively, these findings indicate that the SUA-cardiovascular disease association exhibits substantial modulation by gender, age, racial background, and other demographic factors. Consequently, rigorous investigation of this relationship necessitates careful consideration of population-specific characteristics to enable accurate cardiovascular risk assessment.




3.4 Potential mechanism of SUA and cardiovascular disease


3.4.1 Metabolic syndrome and uric acid level

Metabolic syndrome refers to a cluster of interrelated metabolic abnormalities that include insulin resistance, hypertension, hyperglycemia, and abnormal lipid metabolism, all of which together elevate the risk of developing cardiovascular disease. Studies have shown that the increase of SUA level is closely related to the occurrence of metabolic syndrome. HU frequently coexists with metabolic syndrome, demonstrating strong positive correlations with its core diagnostic components. For instance, one study found that the SUA levels in patients with metabolic syndrome were significantly higher than those in healthy controls. Within the different components of metabolic syndrome, an increase in uric acid levels was linked to an increase in waist circumference, blood pressure, and triglyceride levels (24). In addition, as an antioxidant, uric acid may be involved in the oxidative stress response related to metabolic syndrome to a certain extent, which in turn affects insulin sensitivity and secretion (25). Regulating uric acid levels may prove to be a vital approach for enhancing metabolic syndrome and its associated complications. A study conducted among the elderly Chinese population revealed a significant positive correlation between uric acid levels and metabolic syndrome, suggesting that elevated uric acid levels could serve as a potential risk factor for the development of metabolic syndrome (26). A recent study highlighted the critical role of monitoring uric acid levels in clinical environments, as it can significantly contribute to the early detection of metabolic syndrome (27).



3.4.2 The association between inflammatory response and cardiovascular disease

The inflammatory response constitutes a pivotal mechanism in cardiovascular disease pathogenesis. HU is not only a risk factor for cardiovascular disease, but also may aggravate the progression of cardiovascular disease by inducing chronic inflammatory response. Research has shown that uric acid can trigger various inflammatory signaling pathways, leading to the release of pro-inflammatory cytokines such as IL-1β and TNF-α, these factors play an important role in pathological states such as atherosclerosis and heart failure (28). Uric acid plays a significant role in activating the NLRP3 inflammasome, which triggers inflammatory signaling pathways that can damage the arterial intima and contribute to plaque formation. Additionally, the buildup of uric acid may increase the risk of cardiovascular disease by affecting endothelial function, encouraging the growth of vascular smooth muscle cells, and preventing apoptosis (29). Therefore, therapies targeting HU not only reduce uric acid levels but may also improve cardiovascular health by reducing the inflammatory response.



3.4.3 The role of oxidative stress in cardiovascular pathology

Oxidative stress refers to the imbalance between free radical generation and antioxidant defense system in the body, which plays an important role in the occurrence and development of cardiovascular diseases. Elevated uric acid levels are considered an important pathological factor in oxidative stress. Studies have shown that uric acid can worsen oxidative stress by facilitating the production of reactive oxygen species (ROS) (30). These reactive oxygen species not only directly damage cardiovascular cells, but also promote endothelial dysfunction and the formation of atherosclerosis. Additionally, oxidative stress triggers multiple signaling pathways that result in cardiomyocyte apoptosis and cardiac remodeling, which in turn accelerates the pathological progression of cardiovascular diseases (31). Reducing uric acid levels to alleviate oxidative stress could be an effective approach for preventing and treating cardiovascular diseases (Figure 2).
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FIGURE 2
Several major hazards of high uric acid levels.





3.5 SUA levels in clinical evaluation


3.5.1 Monitoring and assessment of uric acid levels

Monitoring SUA levels holds significant clinical value, particularly for evaluating chronic diseases and metabolic disorders. As the terminal product of purine metabolism, elevated uric acid concentrations may be associated with multiple pathological conditions, including gout, renal insufficiency, and cardiovascular disease. Research indicates that chronic HU can contribute to renal impairment and cardiovascular complications (32, 33). Therefore, it is essential to regularly check uric acid levels to facilitate early detection and timely intervention for these conditions. Monitoring uric acid levels can be accomplished through several methods, such as serum biochemical analysis and urinalysis. These techniques offer valuable insights into uric acid concentration and its relationship with other biomarkers, helping to assess an individual's metabolic state and potential health risks associated with elevated uric acid levels (34, 35).

The assessment of uric acid level is not limited to a single value, but also should be combined with the patient's clinical background and other biochemical indicators for comprehensive analysis. For example, uric acid levels are closely linked to renal tubular function, the inflammatory response, and metabolic syndrome (36, 37). Monitoring uric acid levels serves as a crucial reference for assessing various pathological conditions. By continuously tracking these levels, healthcare professionals can swiftly modify treatment strategies, which helps lower the risk of associated diseases and improves patient outcomes.



3.5.2 Application in cardiovascular disease risk assessment

The SUA level is receiving growing attention in the assessment of cardiovascular disease risk. Substantial evidence demonstrates a significant association between elevated uric acid concentrations and cardiovascular event rates, particularly in high-risk populations including hypertensive, diabetic, and chronic kidney disease patients (38). While uric acid possesses inherent antioxidant properties that may confer some cardiovascular benefits, excessive levels paradoxically contribute to endothelial dysfunction and accelerate atherosclerotic progression (35).

Specifically, elevated uric acid levels are considered to be an independent risk factor for cardiovascular disease. Each unit increase in uric acid level is associated with an increased risk of cardiovascular disease, suggesting that clinicians should take uric acid level into account when evaluating the risk of cardiovascular disease (39). In addition, the interaction between uric acid and other cardiovascular risk factors also deserves attention. For example, the relationship between uric acid and hypertension, dyslipidemia may further aggravate the risk of cardiovascular disease (3). Detection of SUA level can not only help identify patients at high risk of cardiovascular disease, but also provide important basis for formulating individualized prevention and treatment strategies.




3.6 Clinical management and future research directions


3.6.1 Diagnostic criteria for HU

HU is a common clinical condition characterized by elevated SUA levels. The diagnostic criteria may vary slightly depending on laboratory standards and testing methods. Generally, HU is defined as: SUA > 7 mg/dl (420 μmol/L) in men and postmenopausal women (40), SUA > 6 mg/dl (360 μmol/L) in premenopausal women (41). HU can be classified into symptomatic (gout, urolithiasis, or acute urate nephropathy) and asymptomatic forms. Studies have shown that although most asymptomatic patients do not develop urate crystal deposition-related disorders, elevated SUA can still cause tissue damage and increase the risk of hypertension, metabolic syndrome, diabetes, and cardiovascular diseases (40). Clinical recommendations (42): All gout patients should maintain SUA levels below 6 mg/dl (360 μmol/L), For severe gout cases (polyarticular involvement or tophi), SUA should be kept below 5 mg/dl (300 μmol/L).



3.6.2 Effects of uric acid lowering therapy on cardiovascular disease

Uric acid-lowering therapy, especially through the use of xanthine oxidase inhibitors such as allopurinol and febuxostat, has demonstrated effectiveness in lowering blood uric acid levels and has shown some improvement in cardiovascular health. Clinical trials have shown that uric acid-lowering therapy can effectively reduce both systolic and diastolic blood pressure, while also decreasing the occurrence of cardiovascular events. This evidence suggests that lowering uric acid levels may provide a protective benefit to the cardiovascular system (43). The research also found that uric acid-lowering treatment demonstrated a protective effect on the kidneys in patients with chronic kidney disease, further emphasizing the significance of uric acid control in the management of cardiovascular diseases (44). Additionally, lifestyle modifications—including dietary adjustments, weight control, reduced intake of high-purine foods, and increased consumption of fruits, vegetables, and whole grains—can lower SUA levels and consequently reduce cardiovascular risk. While current evidence supports the potential cardiovascular benefits of uric acid-lowering therapy, large-scale prospective studies remain necessary to establish its efficacy and safety across diverse populations and to determine optimal treatment strategies (Figure 3).
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FIGURE 3
Treatment options for clinical HU.




3.6.3 Key areas and challenges for future research

Future research should prioritize several key areas to elucidate the potential and mechanisms of uric acid-lowering therapy. First, the management of asymptomatic HU remains controversial, necessitating additional randomized controlled trials to evaluate the risk-benefit profile of uric acid-lowering treatment in this population (45). Second, while uric acid-lowering medications (e.g., allopurinol and febuxostat) have demonstrated cardiovascular benefits, their long-term safety and efficacy across diverse patient groups require further investigation. Additionally, the identification and implementation of novel biomarkers could facilitate risk stratification and personalized treatment approaches (43). Finally, advancing understanding of uric acid metabolism and its cardiovascular interactions should guide development of novel therapeutics, with concurrent evaluation of their clinical safety and effectiveness. In summary, despite the promise of uric acid-lowering therapy for cardiovascular disease management, significant challenges remain that demand multidisciplinary collaboration to address.

This review examines the complex relationship between SUA and cardiovascular disease. SUA represents not merely a metabolic byproduct but also a potential contributor to cardiovascular pathogenesis. As an emerging biomarker for cardiovascular risk assessment, SUA offers clinicians novel perspectives for early detection and personalized treatment. However, academic consensus regarding the SUA-cardiovascular disease relationship remains elusive. While some studies suggest a direct causal link between HU and cardiovascular events, others posit that SUA may serve as an indirect marker influenced by concomitant metabolic disorders. These diverse research findings reflect SUA's multifaceted roles in metabolic and inflammatory pathways, underscoring the need for cautious interpretation. Future investigations should clarify SUA's precise mechanisms and clinical utility in cardiovascular diseases through large-scale prospective studies that account for population-specific biological variations, thereby enabling more targeted preventive strategies.

In conclusion, SUA's significance in cardiovascular research warrants substantial attention. Synthesizing evidence from diverse studies enables a more comprehensive understanding of this biomarker's clinical relevance and informs future directions for advancing cardiovascular prevention and treatment paradigms.
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Cardiomyopathy (CM) is a heterogeneous group of diseases characterized by structural and functional changes in the heart, with the exact cause often remaining unknown. CM can arise from both inherited and acquired metabolic disturbances. Alterations in energy production and substrate utilization impair the heart's contractile function and limit its ability to respond to stress. Given the complexity and dynamic nature of CM, as well as the multiple etiologies involved, we reviewed metabolomic studies employing high-throughput platforms to understand how metabolic pathways shift across CM subtypes and how these perturbations may inform clinical translation. Several recurring disruptions emerge across CM with alterations in amino acid metabolism (valine, leucine, methionine, tryptophan, tyrosine); mitochondrial redox imbalance (NAD/NADH shifts, niacinamide, acylcarnitines); and oxidative stress as central hallmarks. Each subtype, however, displays a different emphasis. For instance, hypertrophic CM is characterized by nucleotide remodeling, particularly in cases involving MYBPC3 mutations; dilated CM shows accumulation of Krebs cycle intermediates and trimethylamine-N-oxide; restrictive CM is associated with amino acid stress related to amyloidosis; tachycardia-induced CM involves fatty acid remodeling and elevated uric acid, while Takotsubo CM is linked to ketone utilization and glutamate excitotoxicity. Overall, a single metabolomic profile cannot capture CM. What emerges from this review is that subtype-specific shifts, and the way they interact, provide meaningful insight into disease mechanisms and highlight pathways with diagnostic, prognostic, and therapeutic relevance. This broader perspective shifts the focus beyond narrow comparisons, making the translational relevance of metabolomics in CM more apparent.
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Introduction

The World Heart Report 2023 identifies cardiovascular diseases (CVD) as the leading global cause of mortality, accounting for over 20.5 million deaths in 2021 and representing a significant burden of premature non-communicable disease deaths (1, 2). Cardiomyopathies (CM), a subset of CVD, are defined by structural and functional myocardial changes such as altered size, shape, or wall thickness arising from either ischemic (coronary artery disease-related) or non-ischemic origins (3, 4). The Centers for Disease Control and Prevention (CDC) notes that CM etiology often remains idiopathic. However, it may be inherited or acquired, with risk factors including hypertension, arrhythmias, valvular diseases, endocarditis, and metabolic disorders such as diabetes mellitus, Gaucher disease, and mitochondrial dysfunction (5, 6).

CM subtypes, hypertrophic (HCM), dilated (DCM), arrhythmogenic (ACM), restrictive (RCM), left ventricular noncompaction, and Takotsubo, exhibit distinct morphological, genetic, and metabolic profiles (7). In healthy adult hearts, fatty acid oxidation generates approximately 60% of adenosine triphosphate (ATP), with carbohydrates as a secondary substrate. In CM, heightened energy demands drive substrate flexibility, utilizing glucose, fatty acids, and ketone bodies. Disruptions in ATP production rates and substrate preference impair contractility and stress responses, hallmarks observed across CM subtypes (8–11).

Metabolomics, the systematic study of metabolites (amino acids, fatty acids, carbohydrates, nucleotides), provides a window into these biochemical shifts. Key metabolites linked to CM, including branched-chain amino acids (BCAAs), acylcarnitines, glucose, and ketone bodies, reflect altered pathways such as glycolysis and lipid metabolism, offering potential diagnostic and therapeutic targets (Figure 1) (12, 13). These metabolites demonstrate the metabolic pathway changes that occur in CM (14–16), highlighting the disease mechanisms and acting as potential biomarkers for diagnosis and treatment. Although the genetic and structural features of CMs are well established, the metabolic dimension has not been systematically addressed. Previous studies have often restricted their focus to narrow pairwise comparisons, which has left a fragmented view of the field. In this review, we seek to close that gap by bringing together evidence on metabolic remodeling across the full spectrum of CM phenotypes. We aim to move beyond earlier fragmented investigations and to highlight the translational promise of metabolomics for enhancing diagnosis, refining risk stratification, and informing therapeutic strategies in CM.
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FIGURE 1
Metabolic alterations in cardiomyopathy and cardiovascular diseases leading to metabolic shifts. The graphic illustrates the principal metabolic alterations identified in cardiomyopathy (CM) and ischemic heart failure. The metabolic changes are classified into various categories based on their biological activities. BCAAs, branched-chain amino acids; CM, cardiomyopathy; ATP, adenosine triphosphate; LDL, low-density lipoprotein. Figure created with BioRender.com.




Cardiomyopathy classifications

The American Heart Association classifies CM into primary (genetic, acquired, or mixed) and secondary (systemic/non-cardiac) forms (Figure 2) (17).
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FIGURE 2
Classification and causes of cardiomyopathy (CM) based on the American Heart Association. This figure categorizes CM into primary and secondary forms, emphasizes the variety of etiologies that can cause CM, including acquired and genetic manifestations, as well as a range of systemic and metabolic conditions. Figure created with BioRender.com.




Primary cardiomyopathy

HCM, the most common genetic CM, involves left ventricular wall thickening, often due to autosomal dominant mutations in genes such as MYH7, MYBPC3, or TNNT2 (18). Arrhythmogenic right ventricular cardiomyopathy (ARVCM), another genetic form, features fibrofatty tissue infiltration in the right ventricle, causing arrhythmias. About 66% of patients test positive for causative genetic mutations (19–21). This tissue replacement impairs contraction, reduces oxygen utilization, and lowers ATP production, thereby driving metabolic shifts and the accumulation of diacylglycerols and ceramides (22, 23).

Acquired CM result from external factors, such as infections in viral myocarditis, pregnancy in peripartum CM, or stress in Takotsubo CM (20). In Takotsubo, stress-induced catecholamine release causes myocyte injury, impairs perfusion, dysregulates fatty acid metabolism, increases inflammatory metabolites (chemokines, cytokines), and elevates oxidative stress via reactive oxygen species (ROS) (24, 25). Mixed CM is a combination of genetic and acquired types associated with both dilated and restrictive forms. DCM involves left ventricle dilation and impaired contraction (17), driven by acquired factors such as myocarditis, cardiotoxins such as alcohol, antineoplastic agents, and metabolic disorders, including insulin resistance, obesity, dyslipidemia, and diabetes. These conditions alter energy utilization, increase oxidative stress, and promote inflammation and fibrosis, often progressing to heart failure (26–28).

RCM features nondilated ventricles with impaired diastolic function, causing wall stiffening and restricted filling (29). Amyloidosis, a primary cause of RCM, involves amyloid protein deposits in the myocardium, leading to cardiomyocyte separation, toxicity, and stiffness (30). These deposits disrupt lipid metabolism, increase lipid peroxidation, reduce mitochondrial respiration, and contribute to severe heart failure (29, 30).



Secondary cardiomyopathy

Endocrine disorders, such as diabetes, thyroid disorders, and obesity, significantly alter carbohydrate and lipid metabolism, frequently increasing ketone body levels (17, 31–33). Viral infections, on the other hand, increase anaerobic glycolysis and hypoxia, resulting in high levels of ROS and lactate (34). Glycogen storage disorders lead to muscular dystrophies and further dysregulate ATP and creatine phosphate levels (35). Nutritional deficiencies, including vitamin C, selenium, and thiamine, disrupt carbohydrate metabolism, leading to elevated pyruvate and lactate levels (36). Toxic causes such as alcohol, anabolic steroids, and radiation disrupt various metabolic pathways through the production of acetaldehyde (37). Collectively, these metabolites play significant roles in the pathogenesis of secondary CM (6).



Metabolomic profiling of cardiovascular diseases

The Human Metabolome Project (HMDB), launched two decades ago, has enabled the quantification of metabolites in body fluids, aiding biomarker discovery, early diagnosis, disease progression, therapeutic response, and drug development (38). Key techniques include NMR and MS platforms, such as liquid chromatography-tandem mass spectrometry (LC-MS/MS) or gas chromatography-tandem mass spectrometry (GC-MS) (39). NMR facilitates metabolite identification with minimal sample preparation, while MS offers high sensitivity for ionized molecules (40). High-resolution ¹H NMR provides reproducible results and fast data acquisition (9, 39, 40). Carbon NMR (13C-NMR) reveals structural details, identifies functional groups, and provides more comprehensive positional information compared to 1H-NMR (39). GC-MS requires derivatization for volatile metabolites (41). Whereas LC-MS enables analysis of both polar/non-polar metabolites in complex samples such as blood or urine with minimal derivatization (42).

A single metabolomic approach cannot fully capture the metabolome. Psychogios et al. integrated 1H-NMR, GC-MS, and LC-MS in heart transplant patients, identifying key metabolites like glucose and lactic acid (indicating anaerobic glycolysis in ischemic CM) and arachidonic acid in atherosclerosis (43). High acylcarnitine ratios (C4/C18:2) signal mitochondrial dysfunction and increased CAD risk in diabetic patients (44). Anlar et al. found altered carbohydrate, steroid, and fatty acid metabolism in CAD using UPLC-MS, with elevated mannitol, glucose, and oleoylcarnitine linked to CAD risk (45). Fu et al. noted phospholipid and fatty acid changes such as lysoPC (18:2), lysoPE (20:3), and MG (20:0) aiding CAD diagnosis (46). Harshfield et al. identified creatine and sphingomyelin (d18:2/24:1) associated with cerebral small vessel disease severity using UPLC-MS and NMR from different ethnicities (Caucasians, Caribbean, and African) (47). In peripheral artery disease (PAD), altered lipoprotein and phospholipid metabolism were shown to correlate with mortality (48), while phenylalanine, tyrosine, and oxidized low-density lipoprotein (oxLDL) were associated with arterial stiffness (49). Ismaeel et al. used LC-MS to show phenylalanine/tyrosine ratios and ceramides indicating PAD severity (50).

Rheumatic heart disease (RHD) is characterized by cumulative valvular lesions resulting from acute rheumatic fever and often remains undiagnosed until reaching an advanced stage (51). Das et al. revealed significantly altered pathways, particularly in D-glutamine, D-glutamate, and linoleic acid metabolism via untargeted LC-MS analysis (52). Furthermore, N-acetylneuraminate and arachidonic acid were identified as the primary metabolites, considering them promising therapeutic biomarkers. Congenital heart disease depends on fetal echocardiography. Despite this examination, some cases might be missed. Untargeted metabolomics can detect low-concentration metabolites and predict different subtypes (53). Dong et al. detected changes in nicotinamide adenine dinucleotide (NAD), glutamine, and arginine levels, indicating hypoxia-driven metabolic remodeling (54).

In deep venous thrombosis, overdiagnosis or underdiagnosis due to the poor specificity and moderate sensitivity of D-dimer testing and imaging can lead to fatal pulmonary embolism or increased bleeding risk from excessive anticoagulant use (55). Altered carnitine, glucose, and tryptophan metabolism dysregulate glycolysis and lipid pathways, aiding early diagnosis (56). Chen et al. noted tryptophan derivative DT-26 as an antithrombotic (57). Culler et al. linked myoinositol and carnitine to subclinical cardiac dysfunction in heart failure with preserved ejection fraction (HFpEF) using 1H-NMR (58).

However, the reviewed studies exhibit critical limitations that significantly impair their clinical impact. Small and potentially non-representative sample sizes, a lack of mechanistic depth, reliance on non-specific markers, the absence of diagnostic metrics, limited focus on clinical translation, and the use of cross-sectional designs collectively restrict their generalizability and applicability. Addressing these shortcomings through larger, more diverse cohorts, in-depth mechanistic studies, quantitative validation, longitudinal designs, and practical implementation strategies will be essential to enhance their utility in advancing precision medicine for cardiovascular disease.



Metabolic signature in primary cardiomyopathy


Hypertrophic cardiomyopathy

HCM, a genetic disorder caused by mutations in various genes, poses diagnostic challenges due to variable gene expression within families and phenotypic overlap with conditions like amyloidosis and hypertensive heart disease, risking misdiagnosis (59, 60). Often undetected until complications like sudden cardiac death or heart failure arise, HCM is typically diagnosed using cardiovascular magnetic resonance imaging and electrocardiograms (60). Emerging metabolomic studies offer more profound insights (Table 1). Wang et al. used targeted LC-MS/MS and lipidomics to identify dysregulated metabolites in glycolysis, the Krebs cycle, purine/pyrimidine metabolism, and carnitine synthesis in HCM tissues and plasma, and noted significant alterations in the pentose phosphate pathway and oxidative stress (61). They identified three metabolic subgroups: Subtype 1, characterized by elevated Krebs cycle metabolites such as isocitrate, was associated with better survival, whereas Subtype 2, marked by high purine/pyrimidine metabolites and short-chain carnitines, was linked to worse outcomes. Together, these profiles suggest that such metabolites may serve as both diagnostic and prognostic tools.



TABLE 1 Representative metabolite alterations in HCM with clinical relevance.



	Metabolites
	Clinical outcomes
	Translational implications





	Dimethylglycine, N-acetyl-L-glutamine, β-aminobutyric acid, XMP, GMP, PC38:6p (16:0/22:6), TAG52:2 (C18:0)
	Associated with adverse prognosis; predictive of overall survival
	Serve as biomarkers of disease severity and mortality risk



	PG38:6 (18:2/20:4), UDP-galactose, branched-chain amino acids, NADP, acetyl-CoA, NADH
	Reflect increased oxidative stress, inflammatory activation, and impaired mitochondrial respiration
	Highlight potential druggable pathways for therapeutic modulation in HCM



	PE32:0 (16:0/16:0), phosphocreatine, 1,3-dimethyluracil, uric acid
	Linked to impaired myocardial contractility; metabolic signature associated with MYBPC3 mutations
	Useful as diagnostic/prognostic biomarkers and as genotype-specific metabolic readouts




	Key metabolites identified in the hypertrophic cardiomyopathy subtype. These metabolites have been linked to diagnostic accuracy, treatment monitoring, risk stratification, and potential therapeutic targeting, underscoring their value for advancing clinical practice.







Previs et al., using LC-MS-based proteomics and targeted metabolomics, reported reduced long-chain acylcarnitine, a shift to ketone metabolism (elevated 3-hydroxybutyrate), and increased branched-chain amino acids in HCM, reflecting reduced ATP availability and impaired contractility (62). In HCM patients with MYBPC3 variants, alterations in acylcarnitine, histidine, lysine, purine, and steroid hormones were associated with disease progression (63). Comparing Dutch MYBPC3 carriers with severe vs. mild/no symptoms, the study identified potential biomarkers for disease severity, offering insights into mechanisms and targeted therapies. Current metabolomic studies in HCM face significant hurdles that limit their translational potential. Uncontrolled external factors like diet, medication (e.g., beta-blockers), and comorbidities introduce confounding variables, while variability in control samples (age, sex differences) undermines biomarker specificity. The predominant focus on tissue-level changes, rather than systemic biomarkers, restricts non-invasive clinical use, and the emphasis on MYBPC3 variant carriers or end-stage HCM patients limits generalizability across genotypes and disease stages. There is growing evidence that links impaired mitochondrial metabolism arising from mutations in either mitochondrial or nuclear DNA to the development of CM, with recent investigations emphasizing their role in disease mechanisms and as potential therapeutic targets (64). Nollet and colleagues, for instance, demonstrated that mitochondrial dysfunction in HCM disrupts cardiomyocyte structure. Yet, these defects could be reversed with the cardiolipin-stabilizing compound elamipretide, which enhances NAD+ availability and supports respiration. Their findings highlight the potential of mitochondria-targeted therapies, particularly in genotype-negative HCM patients (65). In a complementary line of work, Franco and collaborators identified a rare MFN2 mutation (R400Q) that selectively impairs mitophagy, leading to a newly recognized entity termed “mitophagy CM” (66). This mutation, identified in both HCM and DCM and found more frequently among individuals of African ancestry, points to ancestry-specific risks and underscores the value of genetic screening for mitophagy-related defects in otherwise unexplained cases (66).

To enhance translation, future research should control for external factors, match control groups, prioritize blood/urine biomarkers, and include diverse HCM genotypes and stages for broader applicability in early diagnosis and personalized treatment.



Arrhythmogenic cardiomyopathy

Arrhythmogenic CM is a genetically complex disease with variable severity and clinical presentation, which complicates diagnosis even with traditional methods. Metabolomic profiling offers a comprehensive approach to screening and characterization in ACM (67, 68). Volani et al. identified key metabolites in ACM patients’ plasma, revealing dysregulated pathways (68). Notably, α-Aminoadipic acid was found to be downregulated, indicating disrupted lysine degradation. At the same time, propionyl carnitine and asymmetric dimethylarginine were upregulated, pointing to endothelial dysfunction via altered beta-oxidation and nitric oxide synthesis pathways. These metabolites highlight potential biomarkers and therapeutic targets for ACM management.



Dilated cardiomyopathy

DCM, a leading cause of heart failure in adults, presents challenges due to its complex pathophysiology, including systolic dysfunction, ventricular dilation, connective tissue thickening, heart enlargement, and metabolic alterations (28). Standard diagnostic biomarkers like B-type Natriuretic Peptide (BNP), NT-proBNP, troponins, and galectin-3, alongside clinical evaluation and echocardiogram imaging, often lack sensitivity and accuracy to fully capture DCM's complexity and prognosis, especially in comorbid patients (69). Targeted metabolomics offers broader molecular coverage, making it a valuable tool for studying complex diseases (70).

Ampong reviewed metabolomic profiles of DCM in serum, plasma, and heart tissues using GC-MS, LC-MS, UHPLC, and NMR (Table 2) (71). Upregulated metabolites included methylhistidine (protein degradation), prolylhydroxyproline (cardiac remodeling), and isoleucine, linoleic acid, BCAA, and phenylalanine (dysregulated amino acid metabolism, oxidative stress). Other elevated metabolites were glucose, serine, acetate, dimethylsulfone, hypoxanthine, creatinine, creatine, and trimethylamine-N-oxide (TMAO) compared to ischemic CM. Glutamine, piperine, and citrulline were also increased, reflecting metabolic adaptation to stress. Downregulated metabolites included threonine (impaired protein synthesis), histidine, tryptophan, lactate, methionine, formate, arginine, and hydroxytetradecanoylcarnitine. Dysregulation of amino acid and lipid metabolism offers potential biomarkers for differentiating DCM from ischemic CM and for monitoring disease progression.



TABLE 2 Representative metabolite alterations in DCM with clinical relevance.



	Metabolites
	Clinical outcomes
	Translational implications





	Acylcarnitines, succinic acid, malate, methylhistidine, aspartate, methionine, phenylalanine
	Associated with the presence of DCM
	Support early diagnosis



	Acylcarnitines, isoleucine, linoleic acid, tryptophan
	Reflect changes with treatment
	Useful for monitoring therapy response



	1-pyrroline-2-carboxylate, lysophosphatidylinositol (16:0/0:0), phosphatidylglycerol, norvaline,phosphatidylcholine
	Show distinct metabolic patterns in DCM vs. ICM
	Aid in non-invasive differential diagnosis



	Trimethylamine-N-oxide, creatine, creatinine, lactate
	Linked with prognosis in HF secondary to DCM
	Predict risk of mortality and guide risk stratification




	Key metabolites identified in the dilated cardiomyopathy subtype. These metabolites have been linked to diagnostic accuracy, treatment monitoring, risk stratification, and potential therapeutic targeting, underscoring their value for advancing clinical practice.







Verdonschot et al. performed targeted metabolomics on plasma and urine from DCM patients, using NT-proBNP as a reference (27). The High levels of C16-acylcarnitine, glutamic acid, sialic acid, and cystathionine in severe DCM indicated dysregulated beta-oxidation, mitochondrial dysfunction, systemic inflammation, and oxidative stress, all strongly correlated with NT-proBNP. Conversely, low levels of 3-methylhistidine, urine carnosine, 3-hydroxyisovaleric acid, and citric acid showed an inverse correlation, suggesting reduced protective metabolic responses. These findings support the use of acylcarnitine and amino acid metabolites as adjuncts to NT-proBNP for improved severity stratification in DCM.

Vignoli et al., using untargeted 1H-NMR on serum, confirmed similar disruption in energy and lipid metabolism, inflammation, oxidative stress, and gut microbiome interactions in DCM-induced heart failure (72). High creatinine, succinic acid, lactate, LDL-triglycerides, and TMAO were linked to higher mortality risk, while lower creatine, ApoA2, and HDL phospholipids indicated better outcomes. Combining metabolomics with left ventricular ejection fraction improved prognostic accuracy (hazard ratio: 7.47 to 8.09) compared to NT-proBNP alone. The clinical implications demonstrate the predictive value of serum metabolic markers in predicting mortality and enhancing risk stratification beyond NT-proBNP.

Zhao et al. analyzed plasma metabolomics in DCM and Ischemic CM heart failure patients compared with healthy controls using untargeted LC-MS/MS (73). In DCM, reduced 1-pyrroline-2-carboxylate and altered norvaline levels suggested impaired oxidative stress response and anti-inflammatory capacity, with disruptions in alpha-linolenic acid metabolism. In Ischemic CM, decreased lysophosphatidylinositol (16:0/0:0) reflected altered adrenergic signaling, while elevated phosphatidylglycerol (6:0/8:0) and fatty acid esters pointed to mitochondrial and lipid metabolism dysregulation. Pathways like linoleic acid metabolism, arginine biosynthesis, and D-glutamine/D-glutamate metabolism were dysregulated in Ischemic CM. Both conditions showed altered phosphatidylcholine (18:0/18:3) and glycerophospholipid metabolism, highlighting shared metabolic disturbances. The reviewed studies shed light on the metabolic complexity of DCM, highlighting the potential of plasma-based metabolomics in enhancing diagnostic accuracy and patient stratification.

Overall, these studies highlight the metabolic complexity of DCM and the utility of plasma and tissue-based metabolomics for diagnosis, prognosis, and patient stratification. Vignoli et al. identified a metabolic signature predictive of mortality, Zhao et al. highlighted clear metabolic distinctions between DCM and ischemic CM, and Ampong further revealed disrupted lipid and amino acid pathways central to disease progression. However, all studies remain limited by small sample sizes, methodological variability, and cross-sectional designs, underscoring the need for larger, longitudinal studies with standardized protocols to harness the clinical potential of metabolomics in DCM fully.



Restrictive cardiomyopathy

Cardiac Amyloidosis (CA) is a well-established cause of RCM, yet few studies have characterized its metabolic signature (74). In CA, deposition of immunoglobulin light chain (AL) and transthyretin (ATTR) amyloid leads to ventricular thickening and impaired filling. Diagnosis is challenging and often requires advanced modalities, such as cardiac magnetic resonance, positron emission tomography, or endomyocardial biopsy (74). Proteomic analysis using Nano LC-MS/MS has successfully differentiated CA subtypes (AL, ATTR, serum amyloid A) by detecting amyloid signature proteins like ApoE, ApoA-IV, and SAP, which were upregulated in affected tissues. At the same time, conventional cardiac markers such as troponins I and T were decreased (75).

These shifts indicate misfolded protein accumulation and associated cardiac dysfunction in RCM and suggest that proteomic and metabolomic profiling can differentiate CA subtypes and may complement or reduce reliance on invasive biopsy.

Additionally, Olsson et al. applied untargeted metabolomics (GC-MS and LC-MS) to plasma from ATTRV30M patients, identifying reduced tryptophan, phenylalanine, and tyrosine, along with altered malic acid and acylcarnitines (Table 3). Alterations in plasma amino acids and acylcarnitines may serve as non-invasive biomarkers for monitoring disease progression in ATTR amyloidosis (76).



TABLE 3 Representative metabolite alterations in RCM with clinical relevance.



	Metabolites
	Clinical outcomes
	Translational implications





	Tryptophan, phenylalanine, tyrosine, maltose
	Indicators of oxidative stress, endothelial dysfunction, and adrenergic stress
	Early biomarkers for diagnosis and stratification, especially in amyloidosis-related RCM



	Leucine, ketoleucine, malic acid, valine
	Reflect mitochondrial dysfunction and impaired contractile performance
	Prognostic markers for mitochondrial impairment; aid in detecting restrictive changes before overt heart failure



	Leucine, niacinamide
	Capture metabolic adaptation to energy stress
	Candidates for therapeutic monitoring, particularly in NAD⁺ augmentation strategies




	Key metabolites identified in the restrictive cardiomyopathy subtype. These metabolites have been linked to diagnostic accuracy, treatment monitoring, risk stratification, and potential therapeutic targeting, underscoring their value for advancing clinical practice.









Inflammatory cardiomyopathy

Myocarditis, an inflammatory CM, is often caused by viruses such as Coxsackie A/B, leading to cardiac dysfunction and remodeling (77, 78). Diagnosis remains difficult due to the non-specificity of biomarkers like troponins and C-reactive protein, and the limited sensitivity of imaging and invasive endomyocardial biopsy (EMB) (79). Although emerging biomarkers such as microRNAs show potential, they are not yet clinically established. Metabolomic profiling offers rapid detection of metabolic shifts, with notable dysregulation in lipid metabolism and amino acid biosynthesis. The PGC-1α/PPARγ axis, central to energy metabolism, appears to be particularly affected (80).

Kong et al. used NMR-based metabolomics in CVB3-induced myocarditis mouse models, revealing elevated leucine, isoleucine, valine, lysine, and 3-hydroxybutyrate in chronic myocarditis, and reduced alanine, glutamate, lactate, and succinate in both acute and DCM stages (81). Disrupted pathways included nicotinamide, alanine-glutamate, and taurine metabolism. The present results may help differentiate between acute, chronic, and dilated cardiomyopathy–transition stages of myocarditis.

A complementary UPLC-MS/MS study by Kong et al. found elevated metabolites such as betaine, shikimic acid, and estrone 3-sulfate, which correlated with gut microbes such as Streptococcus and Enterococcus, linking gut dysbiosis to myocarditis-induced metabolic disturbances (82). Integration of metabolomics with microbiome profiling may provide novel approaches for early diagnosis and therapeutic targeting in viral myocarditis.



Tachycardia-induced cardiomyopathy

Tachycardia-induced CM (TICM) is a reversible form of CM linked to persistent arrhythmias, particularly atrial fibrillation (AF) and atrial flutter. Still, in severe cases, it can progress to cardiogenic shock or sudden death (83, 84). Standard diagnostics include ECG, echocardiography, cardiac MRI, and plasma BNP/NT-proBNP levels, yet these markers lack specificity, making early differentiation from other cardiomyopathies challenging (85).

Lu et al. developed a metabolomics-based model using non-targeted GC-MS and LC-MS to analyze serum from various AF subtypes, identifying increased D-glutamic acid, uric acid, and 2-ketoglutaric acid, and decreased oleic acid and glycerol-2-phosphate across all AF types (86). Unique metabolite changes were observed in AF-related stroke, indicating disruptions in glutamate, glycerophospholipid, and fatty acid metabolism, which may contribute to arrhythmogenesis by promoting membrane instability and energy dysregulation. The current observations could improve early AF/TICM diagnosis and identify high-risk patients predisposed to stroke.

Tu et al. further explored metabolic rewiring in TICM using hiPSC-derived cardiac tissues and a canine tachypacing model (87). They observed increased glucose metabolites (pyruvate, sorbitol, succinic acid) and reduced expression of genes involved in oxidative phosphorylation and fatty acid oxidation (Table 4). This metabolic shift toward glycolysis impaired NAD+ redox balance and increased protein acetylation, including that of SERCA2a, leading to contractile dysfunction. These findings underscore the role of altered energy metabolism in TICM pathogenesis and its potential as a therapeutic target.



TABLE 4 Representative metabolite alterations in TICM with clinical relevance.



	Metabolites
	Clinical outcomes
	Translational implications





	Oleic acid, D-glutamic acid, uric acid, L-acetylcarnitine, decanoylcarnitine, stearic acid, creatinine
	Linked with recurrence, oxidative stress, and structural remodeling
	Can function as diagnostic markers for recurrence and patient stratification



	L-lysine, valine, tyrosine, methionine, alanine; evidence of glycolytic shift, protein acetylation, and NAD redox imbalance
	Associated with impaired contraction and mitochondrial dysfunction
	Useful for therapeutic assessment, particularly when evaluating metabolic modulators




	Key metabolites identified in the tachycardia induced cardiomyopathy subtype. These metabolites have been linked to diagnostic accuracy, treatment monitoring, risk stratification, and potential therapeutic targeting, underscoring their value for advancing clinical practice.









Takotsubo/stress cardiomyopathy

Takotsubo Syndrome (TTS) or stress CM is often misdiagnosed as myocardial infarction (MI) due to overlapping features like ECG abnormalities and elevated BNP/NT-proBNP levels. However, these biomarkers lack specificity for TTS and can also be elevated in cardiac and systemic conditions (88, 89). Despite evidence of myocardial inflammation and oxidative stress in TTS, systemic biochemical validation remains limited.

Vanni et al. used ¹H-NMR metabolomics to analyze serum from TTS patients, revealing increased ketone bodies (2-hydroxybutyrate, acetyl-L-carnitine, glutamate) and decreased amino acid metabolites (Table 5) (88). These findings indicate systemic oxidative stress and metabolic dysregulation, which correlated with reduced left ventricular ejection fraction (LVEF), suggesting potential diagnostic and prognostic value.



TABLE 5 Representative metabolite alterations in Takotsubo CM with clinical relevance.



	Metabolites
	Clinical outcomes
	Translational implications





	Ketone bodies, 2-hydroxybutyrate, glutamate
	Higher ketone levels track with disease severity (LVEF decline, arrhythmia risk, ventricular remodeling), redox imbalance reflects stress response; glutamate excess linked to excitotoxicity and poor contractile reserve
	Prognostic markers of severity, point to oxidative stress as a treatment target, help in patient risk stratification



	Acetyl-L-carnitine
	Signals mitochondrial dysfunction
	Can be followed as a therapeutic monitoring marker, indicating recovery of mitochondrial function



	Reduced amino acids
	Indicate catabolic stress and are associated with myocardial injury and remodeling
	Provide rationale for supportive metabolic strategies, including amino acid supplementation




	Key metabolites identified in the Takotsubo cardiomyopathy subtype. These metabolites have been linked to diagnostic accuracy, treatment monitoring, risk stratification, and potential therapeutic targeting, underscoring their value for advancing clinical practice.







Scally et al. observed that TTS patients, even with preserved LVEF, exhibited reduced peak VO₂ and elevated VE/VCO2 slope, consistent with a heart failure-like phenotype and raising concerns about long-term effects on cardiac function (90). Functional capacity testing may therefore be valuable for detecting persistent cardiac impairment in TTS patients, even after apparent recovery.

Further, a study by Chou et al. using a mouse model of isoprenaline-induced stress demonstrated sustained cardiac damage due to a metabolic shift toward anabolic glucose pathways (glycolysis, hexosamine biosynthesis), persistent oxidative stress, and progressive structural remodeling (91). These findings underscore the importance of early intervention targeting metabolic alterations to prevent long-term cardiac consequences in TTS.



Metabolic signatures in secondary cardiomyopathy

Secondary CM are heart conditions caused by a mix of factors such as tropical living environments, poverty, poor nutrition, and limited access to healthcare. Genetic predisposition also influences how individuals respond to infections. This review highlights how metabolic disturbances such as deficiencies in thiamine, selenium, and calcium, as well as immune-mediated alterations or toxin exposure, contribute to the development of these conditions (Table 6, Figure 3). It also discusses how these insights may inform targeted treatment strategies (92).



TABLE 6 Overview of metabolic signatures in human models of primary and secondary cardiomyopathy.



	CM subtype
	Sample type
	Cohort
	Ethnicity
	Metabolic high throughput technique/methods
	Upregulated 
metabolites
	Downregulated metabolites
	Dysregulated pathways
	Ref





	Hypertrophic Cardiomyopathy (HCM)
	Cardiac tissue Plasma
	Cardiac tissues: 349 patients (with HCM) and 16 controls (without HCM) Plasma: 143 patients (with HCM), 60 controls (without HCM) and 46 patients (with DCM)
	Asian (Chinese)
	Targeted metabolomics, lipidomics and proteomics analysis.
	Purine and pyrimidine nucleotides, Short-chain carnitines
	Long-chain carnitines, S-adenosylmethionine
	Vit B6 metabolism, Pentose phosphate pathway, Purine and Pyrimidine Metabolism, Glutathione Metabolism
	(61)



	Cardiac tissue
	29 HCM patients carrying variants in MYBPC3 and MYH7, 10 HCM patients with no sarcomere variants, 8 individuals with no significant heart disease as a control group
	Caucasian
	Proteomics and targeted metabolomics.
	Ketone bodies, lactate
	Long-chain acylcarnitine's ATPPhosphocreatineNADHNADPHAcetyl-CoA
	Fatty Acid OxidationKetone Body MetabolismAmino Acid MetabolismNucleotide Metabolism
	(62)



	Plasma sample
	30 HCM patients carriers of MYBPC3 variants with sever phenotype 30 HCM patients carriers of MYBPC3 with no/mild phenotype10 HCM patients with no variants in MYBPC3
	European
	Untargeted and targeted Metabolomics using direct-infusion high-resolution mass spectrometry
	AcylcarnitineHistidineLysine
	Di- and oligopeptidesSteroid hormone metabolites
	Acylcarnitine MetabolismHistidine MetabolismLysine MetabolismPurine MetabolismProteolysis Metabolism
	(63)



	Arrhythmogenic Cardiomyopathy (ACM)
	Plasma
	36 ACM patients, 27 healthy controls
	European
	Targeted metabolomics with (UHPLC-MS/MS)
	Asymmetric dimethylargininePropionyl C3 carnitine
	Alpha-aminoadipic acid, Phosphatidylcholines (PCs and lysoPCs), Tryptophan
	Lysine DegradationBeta Oxidation of Fatty AcidsTryptophan MetabolismArginine and Proline Metabolism
	(68)



	DilatedCardiomyopathy (DCM)
	Plasma and Urine
	273 patients with DCM at varying disease stages (with LVRR, asymptomatic, or symptomatic)
	European
	Targeted quantitative metabolomics (using internal isotopic standards)
	Long chain acylcarnitine's, Sialic acidGlutamic acid, Cystathionine, 3-Methylhistidine, Urine carnosine
	Citric acid, 3-hydroxyisovaleric acid, Short and medium-chain acylcarnitine's
	Impaired fatty acid, Ketone body metabolism, Mitochondrial dysfunction, Inflammatory pathway, Oxidative stress
	(27)



	Serum
	106 patients with heart failure due to DCM
	European
	NMR Spectroscopy
	Trimethylamine-N-oxideCreatinineLactateSuccinic acid
	CreatineApolipoprotein-A1,A2HDL-2,3,4
	Energy production pathwaysLipid metabolismTCA cycle dysfunctionGut microbiota involvement
	(72)



	Plasma
	38 patients with DCM, 18 patients with Ischemic CM, 20 healthy controls
	Asian (Chinese)
	LC–MS/MS untargeted metabolomics
	O-Acetylcarnitine, Tyramine-O-sulfate and 3-tyramine, Phosphatidylglycerol (6:0/8:0), Fatty acid esters of hydroxy fatty acids, Phosphatidylcholine (18:0/18:3)
	1-Pyrroline-2-carboxylate, Ornithine, Citrulline, Alpha-ketoglutaric acid, Lysophosphatidylinositol (16:0/0:0)
	Glycerophospholipid metabolism, Linoleic acid and alpha-linolenic acid metabolism, Arginine and proline metabolism
	(73)



	Cardiac amyloidosis
	Endomyocardial Biopsies
	78 patients with cardiac amyloidosis subgroups are: AL (Immunoglobulin Light Chain) Amyloidosis, ATTR (Transthyretin) Amyloidosis, AA (Inflammatory-Related) Amyloidosis
	European
	retrospectively analyzed from fresh frozen cardiac amyloidosis patients and from 12 biopsies of unused donor heart explants.Nano LC-MS/MS mass spectrometry-based proteomics
	Branched-chain amino acids (BCAA)Lipid metabolites (e.g., ceramides)Acylcarnitine'sKetone bodies, ApoE, ApoA-IV and SAP
	Glucose metabolism intermediates (e.g., pyruvate and ATP), Taurine, Citrate
	Fatty acid oxidation, Glycolysis and gluconeogenesis, TCA cycle, Amino acid metabolism
	(75)



	Plasma
	27 patients with ATTRV30 M amyloidosis, 26 asymptomatic ATTRV30 M carriers, and 26 controls
	European
	GC-MS and LC-MS
	kynurenine, Xanthine, Niacinamide (S1P)
	Amino acids, Glucose, L-Carnitine, Acylcarnitines
	Tryptophan metabolism, BCAA metabolism, Purine metabolism, Fatty acid oxidation
	(76)



	Tachycardia-induced cardiomyopathy response to Atrial fibrillation (AF)
	Serum
	Cohort of 363 patients.Validation phase (134)Discovery phase (229) patient as following: Healthy control =86 participants, Suspected AF N = 30, Cardiogenic ischemic stroke = 32, Other diagnosed AF subtypes =81
	Chinese
	GC-MS and LC-QTOF-MS
	Kynurenine, Xanthine, NiacinamideSphingosine 1-phosphate (S1P)
	Amino acids, Glucose, L-carnitine, Acylcarnitines
	Tryptophan metabolism, BCAA metabolism, Purine metabolism, Fatty acid oxidation
	(86)



	Tachycardia-induced cardiomyopathy response to Heart failure (HF)
	Human cardiac tissue
	Human cardiac tissue data of 16 HF patients, 19 HF with tachycardia patients and 14 Control Canine model of tachycardia-induced HF, Engineered heart tissue derived from human induced pluripotent stem cells
	Caucasian
	RNA-seq using canine model of tachycardia-induced HF, Engineered heart tissue derived from human induced pluripotent stem cells
	Glucose metabolites (dihydroxyacetone phosphate, pyruvate)SerineRibulose 5-phosphateSorbitol
	NAD+/NADH ratio
	Oxidative phosphorylationTCA cycleFatty acid oxidationGlycolysisHIF1 signalling Acetylation of sarco/endoplasmic reticulum.Ca2+-ATPase (SERCA2a)
	(87)



	TakotsuboCardiomyopathy
	Serum
	10 Takotsubo patients and 10 control subjects
	European
	1H-NMR
	Ketone bodies (e.g., 3-hydroxybutyrate)2-hydroxybutyrate Acetyl-L-carnitineGlutamate
	Several amino acidsincluding histidine, arginine methionine, Alanine
	oxidative stress response pathways lipolysis metabolism, and amino acid metabolism
	(88)



	Secondary Autoimmune diseases related to Cardiomyopathy
	Serum
	Meta analysis based-study of patients diagnosed with multiples autoimmune diseases e.g systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), multiple sclerosis (MS), inflammatory bowel disease (IBD)
	GWAS database
	Two-sample Mendelian randomization approach integrating genetic data and metabolite profiling data
	1-Myristoylglycerophosphocholine in RA
	Arachidonate (20:4 n6) in IBD, Glycerol in RA, 2-Methoxyacetaminophen sulphate in SLE
	Galactose metabolism, Glycine, Serine, and threonine metabolism, Biosynthesis of Unsaturated fatty acids, Glycerophospholipid metabolism, Arachidonic acid pathway
	(104)



	Serum
	71 Young female adults diagnosed with SLE
	Caucasian
	Lipidomic analysis targeting total cholesterol and triglyceride
	Triglycerides, VLDL-C
	HDL-C, LDL-C, APO-A, APO-B
	Lipid and phospholipid metabolism
	(105)




	Overview of metabolic signatures in human models of primary and secondary cardiomyopathy. This table summarizes recent studies that used high-throughput metabolomics techniques to identify the most upregulated and down regulated altered metabolites and dysregulated pathways in cardiomyopathic cohorts across various ethnicities. ATP, adenosine triphosphate; NADH, nicotinamide adenine dinucleotide (reduced form); NADPH, nicotinamide adenine dinucleotide phosphate (reduced form); LVRR, left ventricular reverse remodeling; HDL, high-density lipoprotein; TCA cycle, tricarboxylic acid cycle (also known as the krebs cycle or citric acid cycle); BCAA, branched-chain amino acids; HIF1, hypoxia-inducible factor 1; VLDL-C, very low-density lipoprotein cholesterol; APO-A, apolipoprotein A; APO-B, apolipoprotein B.
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FIGURE 3
Shared and distinct metabolic alterations in cardiomyopathies. The left panel summarizes shared metabolic themes across CM subtypes. The right panel highlights distinct metabolic fingerprints unique to each subtype.




Nutrition deficiency–related cardiomyopathy

Thiamine (vitamin B1) is essential for carbohydrate, lipid, and branched-chain amino acid metabolism, serving as a cofactor for enzymes including pyruvate dehydrogenase and α-ketoglutarate dehydrogenase. Its deficiency disrupts oxidative metabolism, reduces energy production, and promotes pyruvate accumulation, leading to elevated lactic acid levels. This metabolic imbalance impairs cardiac function and contributes to DCM (93). Thiamine supplementation has been shown to improve left ventricular ejection fraction after several weeks of treatment (94). However, its therapeutic efficacy remains limited by the absence of large randomized controlled trials and variability in patient response, necessitating further investigation to establish standardized clinical protocols.

Keshan disease, an endemic CM associated with selenium deficiency, is characterized by myocardial necrosis and fibrosis (95). Selenium, a critical component of selenoproteins such as glutathione peroxidase, mitigates oxidative stress by neutralizing reactive oxygen species (96). Insufficient selenium levels compromise antioxidant defenses, leaving cardiomyocytes exposed to oxidative damage and upregulating pro-apoptotic pathways. Conversely, excess selenium intake has been associated with adverse outcomes, including reduced cardiac output (97, 98). The mechanisms remain unclear, underscoring the need for precise dosing and longitudinal studies.

Hypocalcemia, most often resulting from hypoparathyroidism or vitamin D deficiency, significantly impairs cardiac function by disrupting calcium-dependent myocardial contraction and rhythm regulation (99, 100).

Calcium homeostasis, modulated by parathyroid hormone and 1,25-dihydroxyvitamin D, is essential for coordinating systole and diastole via interactions with the sarcoplasmic reticulum and ryanodine receptors. Hypocalcemia induces metabolic alterations, including increased serum taurine, glutamine, and lipid dysregulation, which compromise cardiac contractility (101). Clinical reports emphasize hypocalcemia's role in congestive heart failure, advocating its inclusion in differential diagnoses (102, 103). Still, management is complicated by heterogeneous etiologies, requiring individualized therapeutic approaches.



Autoimmune disorders related cardiomyopathy

Notably systemic lupus erythematosus (SLE), rheumatoid arthritis, and dermatomyositis are implicated in secondary CMs through chronic inflammation and immune-driven metabolic dysregulation. In SLE, altered lipid metabolism and xenobiotic pathways enhance oxidative stress and heighten cardiovascular risk (104).

In SLE, reduced levels of 2-methoxy acetaminophen sulfate indicate disrupted xenobiotic metabolism, contributing to oxidative stress and inflammation, both key drivers of CM (104). Zhou et al. further identified dysregulated lipid profiles in young female SLE patients, including reduced Apo A, Apo B, HDL, phosphatidylcholine, and phosphoglyceride, along with elevated triglycerides and VLDL-C (105). These alterations are associated with endothelial dysfunction and increased cardiovascular risk. Persistent inflammation appears to perpetuate these metabolic disturbances, worsening myocardial injury.

In dermatomyositis, elevated betaine levels are associated with impaired amino acid metabolism. While betaine supports methylation and osmoregulation, excess levels can drive the production of TMAO via gut microbiota, an established contributor to atherosclerosis and cardiac dysfunction (106, 107). Monitoring betaine and TMAO levels could help stratify cardiovascular risk in patients with dermatomyositis.



Toxins related cardiomyopathy

Cardiotoxic agents, including anthracyclines (Doxorubicin), psychotropics, and antiretrovirals, precipitate CM primarily through mitochondrial injury and disruption of lipid metabolism (108, 109). Doxorubicin, for instance, upregulates fatty acid transport genes (FABP4), thereby amplifying cardiotoxicity (110). Balancing therapeutic efficacy against cardiotoxic risks remains a clinical challenge, requiring vigilant monitoring and the development of cardioprotective adjuncts.

Although current evidence supports the role of nutritional deficiencies and cardiotoxic agents in secondary CM, significant gaps remain. Thiamine and selenium supplementation have shown potential benefits, but the absence of extensive, well-controlled studies and variability in methodologies limit definitive conclusions. While hypocalcemia's contribution to cardiac dysfunction is established, management is complicated by heterogeneous etiologies. Autoimmune- and toxin-mediated CM underscore the need for precision medicine, yet current therapies broadly address symptoms rather than underlying metabolic pathways. Future research must focus on longitudinal studies that clarify disease mechanisms and refine therapeutic strategies.



Challenges and advances in the metabolomics of cardiomyopathy

While metabolomics has emerged as a powerful tool for exploring the biochemical landscape of CM, its application still faces key challenges. High-throughput platforms are susceptible to low-abundance metabolites but often struggle to detect or quantify metabolites present at higher concentrations reliably. Identification is further complicated by variable biochemical properties, such as polarity, which affect detection and reproducibility. Sample integrity is another limitation; exposure to light or fluctuating temperatures can degrade metabolites, compromising consistency.

Moreover, current metabolomic techniques typically rely on relative signal intensities compared to control samples, which reveal trends but lack the absolute quantification needed for clinical decision-making. The complexity of metabolomic data demands a multidisciplinary approach involving clinicians, biochemists, and data scientists to ensure accurate interpretation.

From a technological perspective, traditional one-dimensional chromatography lacks the resolution to separate closely related analytes in complex biological samples. Advanced platforms, such as two-dimensional gas chromatography (2D-GC) and two-dimensional high-performance liquid chromatography (2D-HPLC), offer greater sensitivity, separation, and sample preservation, but at the expense of high costs and technical complexity, which can limit their application in large-scale or translational studies (111–113).

From a translational standpoint, most current CM studies are cross-sectional, rely on small and homogenous cohorts, and use inconsistent sample processing protocols. These issues limit reproducibility and generalizability. Confounding factors, including age, medication use, dietary habits, and lifestyle, further complicate interpretation.




Conclusion

CM's heterogeneity and lack of specific biomarkers complicate both diagnosis and treatment. Metabolomics offers valuable insights, but its application is limited by technical constraints and insufficient validation. Single-metabolite strategies fail to capture the complexity of metabolic networks, necessitating the integration of multi-omics approaches. This review takes a broader view by comparing metabolic changes across CM subtypes and illustrating their interactions, which provides meaningful insight into disease mechanisms and highlights pathways with diagnostic, prognostic, and therapeutic relevance. This perspective shifts the focus beyond narrow comparisons, making the translational relevance of metabolomics in CM more apparent. We also highlight how advanced techniques, including two-dimensional chromatography and multi-omics integration, can facilitate the development of metabolic biomarker panels with direct clinical applications. Longitudinal studies in diverse cohorts will be crucial for improving diagnostic precision and generalizability. Addressing environmental and comorbid factors is essential, while multidisciplinary collaboration and investment in advanced platforms are vital to advancing metabolomics in precision cardiovascular medicine.
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Serial Retention Precursor Measured Molecular Compound name
number time (min) lon molecular weight formula
m/z

[M+H]" 1260218 3 GH;NOSS Taurine 108.0127, 96.9966,
80962
[M+H]" 1840971 T CoH13NOs L-Adrenaline 1660868, 1510692,
107.0492
[M+H]" 1360617 . CHLN, Adenine 119.0394, 1100344,
91,0545, 55.0288
[M+H]" 1370456 £ GHN,0 Hypoxanthine 119.0350, 94.0397,
0394
[M+H]" 1771024 X CioH N0 5 Hydroxytryptamine 160.0759, 132.0804,
1150538
[M+H]" 4032490 CoH3,05 Gamabufotalin 385.2376, 367.2284,
3492167, 253.1960
[M+H]" 4172276 ¥ CoiH306 Arenobufagin 399.2150, 175.0762,
147.1175, 107.0860,

810707
M+H]" 4172281 CuH306 Desacetylcinobufotalin 3992160, 175.0759,
147.1170, 107.0854,

810705
[M+H]" 4032488 : CoH3,05 Telocinobufagin 385.2372, 349.2166,
253.1961
M+H]* 500.3039 2 CoeHusNOS Taurochenodeoxycholic | 4822924, 4642827

acid

[M+H]" 4452589 X CaeHeOs Bufotalin 385.2376, 367.2277,
3492171

[M+H]" 4592376 . CoH3,0; Cinobufotalin 417.2265, 363.1957,
345.1844, 2011635
[M+H]" 385.2386 £ 04 Resibufogenin 385.2368, 367.2263,
3492162

[M+H]" 387.2538 CaH304 Bufalin 3512325, 305.2261,
255.2119, 215.1805
[M+H]" 4432437 I CaeH3:06 Cinobufagin 4012323, 365.2116,
347.2010, 215.1800
[M+H]" 3992174 ! CoH0s Bufogenin 381.2069, 363.1941,
353.2051, 257.1906
[M+H]" 277.0870 X CisHi203 Tanshinone T 249.0927, 2310814,
193.1022, 178.0786
[M+H]" 297.1501 CisHaO3 Cryptotanshinone 282.1238, 279.1390,
2511447

[M+H]" 2951342 CisH1505 Tanshinone 1A 277.1240, 266.0941,
249.1286, 235.0757
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Variables Total (n = 308) Training (n = 212) Validation (n = 96)

EAMI, n (%) 0723
<1.49 cm*/Hu 149 (48.4) 104 (49.1) 45 (46.9)
>1.49 cm’/Hu 159 (51.6) 108 (50.9) 51 (53.1)
Grace score, Median (Q1,Q3) 12950 (11000, 156.00) 126.00 (108.00, 154.25) 132,00 (112,00, 162.00) 0.138
Age, n (%)
<65 years [ 209 (67.9) | 143 (67.5) | 66 (688) 0.821
265 years [ 99 (32.1) [ 69 (325) [ 30 (312)
Gender, n (%) 0761
Male 247 (802) 171 (80.7) 76 (79.2)
Female 61 (19.8) 41 (19.3) 20 (20.8)
D-to-W Time, Median (Q1,Q3), min 76.00 (63.00, 96.00) 75.50 (63.00, 96.00) 77.00 (63.75, 94.25) 0817
BMI, n (%)
<185 kg/m* 4(13) 3(14) 1(10) 0.672
18.5-24 kg/m® 121 (39.3) 85 (40.1) 36 (37.5)
24-28 kgm’ 17 (380) 81 (38.2) 36 (375)
228 kg/m” 66 (21.4) 43 (203) 23 240)
Smoking, n (%) 0451
No [ 167 (54.2) | 118 (55.7) | 9 (510)
Yes | 141 (458) | 94 (443) | 47 (49.0)
Drinking, n (%) 0.363
No 275 (89.3) 187 (88.2) 88 (91.7)
Yes 33 (10.7) 25 (11.8) 8(83)
Onset time, Median (Q1,Q3), hours 12,00 (8.00, 16.00) 12.00 (8.00, 16.00) 13.00 (8.00, 17.25) 0394
b history, n (%) 0.943
No [ 121 (393) | 83 (392) | 38 (396)
Yes [ 187 (607) [ 129 (60.8) [ 58 (60.4)
Diabetes history, n (%) 0.106
No 209 (67.9) 150 (70.8) 59 (61.5)
Yes 99 (32.1) 62 (292) 37 (385)
NLR, Median (Q1,Q3), % 397 (236, 8.08) 366 (233, 7.74) 5.06 (256, 8.70) 0.073
CRP, Median (Q1,Q3), ug/ml 220 (050, 8.40) 205 (050, 6.65) 2,60 (050, 9.85) 0324
HGB, Median (Q1,Q3), g/L 145.00 (131.00, 155.00) 145.00 (132.00, 153.00) 14450 (117.50, 162.25) 0.878
PLT, Mean +SD, x 10°/L. 217.03 £ 69.99 216.55 + 68.30 218.10 + 73.97 0.861
PDW, Median (Q1,Q3), % 1425 (11.57, 16.30) 15.00 (11.80, 16.30) 13.65 (10.00, 16.20) 0.115
AST, Median (Q1,Q3), U/L 39.00 (24.00, 150.25) 33.00 (22.75, 114.25) 3350 (22,00, 122.50) 0.277
ALT, Median (Q1,Q3), U/L 35.00 (25.00, 62.25) 34.00 (25.00, 56.00) 3850 (27.75, 77.75) 0215
TBIL, Median (Q1,Q3), umol/L 12,50 (8.60, 17.25) 12,50 (870, 16.92) 1230 (8.20, 18.27) 0.901
UA, Median (Q1,Q3), umol/L. 342,00 (270.00, 396.25) 343.00 (274.00, 396.25) 329,50 (267,50, 398.25) 0534
NT-proBNP, Median (Q1,Q3), pg/ml 276.50 (67.75, 765.50) 234.00 (54.75, 688.25) 238.50 (56.75, 709.50) 0.615
Hs-CTnl, Median (Q1,Q3), pg/ml 2,362.00 (235.15, 23,083.25) 2,180.00 (149.65, 24,604.97) 2,719.00 (641.88, 19,430.00) 0.187
CKMB, Median (Q1,Q3), U/L 17.91 (8:84, 47.96) 17.91 (943, 43.35) 18.12 (5.70, 57.83) 0.743
HBIAC, Median (QLQ3), % 580 (550, 650) 580 (550, 6.40) 5.80 (5.50, 6.85) 0.357
TG, Median (Q1,Q3), mmol/L 142 (095, 2.15) 141 (095, 2.15) 1.44 (094, 2.15) 0.743
HDL, Median (Q1,Q3), mmol/L 119 (100, 1.37) 118 (100, 1.36) 1.25 (1,00, 139) 0.645
LDL, Median (Q1,Q3), mmol/L 304 (243, 352) 3.00 (233, 3.50) 3.08 (251, 363) 0213
HCY, Median (Q1,Q3), mmol/L 15.40 (12.38, 20.40) 15.15 (12.50, 19.85) 16.55 (10.60, 21.85) 0.961
LVEF, n (%)
250% 250 (81.2) 173 (81.6) 77 (802) 0.688
40%-49% 35 (11.4) 23 (108) 12 (125)
<40% 23 (7.4) 16 (7.5) 7(3)
LVESV, n (%) 0301
Male 15-62 ml, female 13-47 ml [ 236 (76.6) [ 166 (78.3) [ 70 (729)
Male >62 ml, female >47 ml [ 72 23.4) [ 46 (21.7) [ 26 (27.1)
LVEDV, n (%) 0725
Male 53-156 m), female 46-121 ml 260 (84.4) 180 (84.9) 50 (83.3)
Male 156 ml, female >121 ml 48 (15.6) 32 (15.1) 16 (16.7)
IVS, Median (Q1,Q3), mm 10.00 (9.00, 11.00) 10.00 (9.00, 11.00) 10.00 (8.00, 11.25) 0.176
LVPW, Median (Q1,Q3), mm 9.00 (.00, 10.00) 9.00 (9.00, 10.00) 9.00 (8.00, 10.00) 0569
LVDF, n (%) 0.206
0 43 (140) 35 (165) 8 (83)
1 128 (416) 89 (42.0) 39 (406)
il 88 (28.6) 57 (269) 31 (323)
m 49 (15.9) 31 (14.6) 18 (18.8)
No reflow slow blood flow, n (%) 0.182
No [ 21 (718) [ 157 (74.1) [ 64 (66.7)
Yes | 87 (28.2) | 55 (259) | 32 (333)
n (%) 0.248
No [ 264 (85.7) [ 185 (87.3) [ 79 (823)
Yes I 44 (143) | 27 127) | 17 (17.7)
ventricular n (%) 0.496
No | 272 (883) [ 189 (89.2) [ 83 (865)
Yes [ 36 (11.7) [ 23 (108) [ 13 (135)
TIMI blood flow classification, n (%) 0.496
No 272 (88.3) 189 (89.2) 83 (863)
Yes 36 (11.7) 23 (108) 13 (13.5)
SYNTAX score, Median (Q1,Q3) 20.00 (1600, 25.00) 2025 (16,00, 25.00) 19.00 (1600, 23.12) 0.157
Culprit artery, n (%) 0935
LAD 140 (45.5) 95 (44.8) 45 (469)
LCX 64 208) 45 (212) 19.(1938)
RCA 104 (338) 72 (340) 32 (333)

EAMI, epicardial adipose tissue mass index; GRACE, Global Registry of Acute Coronary Events; BMI, body mass index; NLR, Neutrophil-lymphocyte ratio; CRP, C-reactive protein; HGB,
hemoglobin; PLT, platelet count; PDW, platelet distribution width; ALT, alanine AST, aspartate Cr, creatinine; TBIL, total bilirubin; UA,uric acid; NT-
proBNP, N-terminal pro B-type natriurctic peptide; MYO, myoglobin; Hs-CTal, high-sensitivity troponin I; CK-MB, creatine kinase MB; FDP, fibrinogen degradation product; HbAIc,
glycosylated hemoglobin; TG, triglycerides; HDL-c, high-density lipoprotein cholesterol; LDL-¢, low-density lipoprotein cholesterol; Lpa, lipoprotein a; HCY, homocysteine; LVEF, lef
ventricular jection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume, LVDF, left ventricular diastolic function; IVS, interventricular
septal thickness; LVPW, left ventricular posterior wall thickness; TIMI, thrombolysis in myocardial infarction; SYNTAX, SYNergy between PCI with TAXUS™ and Cardiac Surgery;
LD 1 auteciee doncaniliog artern TEE: Tall chvaniios artery 1A vidhicoomnre ashury;
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Univariable analysis

Variables HR (95% CI) P HR (95% ClI)
EAMI (>149 vs. <149 cm*/Hu) 2,659 (1727, 4.094) <0.001 2349 (1770, 3.177)

Multivariable analysis

EATV (5116 vs. <116 cm’) 1.108 (1.009, 1.026) <0.001 -

EAAI (> =769 vs. <769 Hu) 1.041 (1024, 1.059) <0.001 - -
Gender (Female vs. Male) 0.903 (0.420, 1.939) 0793

Age (265 vs. <65 years) 1048 (1023, 1.075) <0.001 1031 (1.006, 1.057) 0.017
D-to-W Time (min) 1.000 (0.992, 1.008) 0921

Killip classification (II vs. 1) 1.987 (1.289, 3.077) 0.002 0.853 (0505, 1.441) 0.552
Killip classification (III vs. ) 2.685 (1577, 4.733) <0.001 1420 (1219, 2.124) 0.008
Killip classification (IV vs. 1) 6124 (3.274, 12.065) <0.001 1635 (1.156, 2.276) 0.005
BMI (185-240 vs. <185 kg/m®) 0.809 (0.107, 6.098) 0837

BMI (240-280 vs. <185 kg/m’) 0.867 (0.115, 6541) 0890

BMI (2280 vs. <185 kg/mz) 0.954 (0.121, 7.529) 0.964

Smoking history (yes vs. no) 0.991 (0550, 1.784) 0975

Drinking history (yes vs. no) 0.936 (0370, 2.373) 0890

Hypertension (yes vs. o) 0.663 (0.370, 1.190) 0168

Diabetes mellitus (yes vs. no) 1,565 (0857, 2.860) 0145

Onset time (hour) 1.023 (0969, 1.081) 0411

NLR (%) 1.068 (1019, 1.119) 0.006 1018 (0.956, 1.085) 0599
CRP (ug/ml) 1.002 (0.989, 1.016) 0728

HGB (g/L) 0.986 (0.969, 1.002) 0093

PLT (x10°/L) 0.99 (0.991, 1.000) 0063

PDW (%) 0.978 (0.903, 1.060) 0591

ALT (U/L) 1.001 (1000, 1.001) 0.010 1.000 (0999, 1.000) 0450
AST (U/L) 1.002 (0996, 1.008) 0551

Cr (umol/L) 1.003 (1.001, 1.005) 0.025

TBIL (umol/L) 1011 (1003, 1.019) 0.007 1.003 (0993, 1.014) 0575

UA (umol/L) 1.001 (1000, 1.001) 1.001 (1000, 1.002)
NT-proBNP (>234 vs. <234 pg/ml) 4447 (2141, 9.237) 2,665 (1166, 6.087)
Hs-CTnl (>2,180 vs. <2,180 pg/ml) 3.918 (1939, 7.914) <0.001 3.007 (1843, 4.776) 0.006
MYO (>50.75 vs. <50.75 ng/ml) 0.671 (0.236, 1.904) 0453
CK-MB (>17.91 vs. <1791 U/L) 2392 (1.272, 4.496) 0.007 0.890 (0.433, 1.831) 0752
D-Dimer (mg/L) 1115 (0925, 1.345) 0254
FDP (ug/L) 1.059 (0994, 1.129) 0078
HbAIC (%) 0.892 (0.691, 1.152) 0382
TG (mmol/L) 0.996 (0.810, 1.224) 0967
HDL-c (mmol/L) 0,615 (0.229, 1.655) 0336
LDL-c (mmol/L) 0.886 (0.679, 1.156) 0373
Lpa (mmol/L) 0.999 (0.998, 1.001) 0500
HCY (mmol/L) 1.016 (0990, 1.043) 0218
LVEF (40%-49% vs. 250%) 7.532 (3737, 15.181) <0.001 3.590 (1540, 8.370) 0.003
LVEF (<40% vs. 250%) 11686 (5.654, 24.153) <0.001 5077 (1921,13.423) 0.001
LVESV (male >62 vs. <62 ml; female >47 vs. <47 ml) 0.941 (0.130, 6.828) 0952
LVEDV (male >156 vs. <156 ml; female >121 vs. <121 ml) 2.577 (1370, 4.847) 0.003 0847 (0.377, 1.901) 0687
LVDF (I vs. 0) 1.378 (0509, 3.736) 0528
LVDF (Il vs. 0) 2,041 (0.748, 5.572) 0.164
LVDF (Il vs. 0) 1.634 (0518, 5.147) 0402
VS (mm) 1152 (0959, 1.383) 0131
LVPW (mm) 1.064 (0.828, 1.367) 0627
No reflow Slow blood flow (yes vs. no) 1,673 (0909, 3.081) 0099
Intraoperative hypotension (yes vs. no) 0.981 (0.415, 2318) 0966

ventricular arrhythmia (yes vs. no) 1.184 (0.501, 2.797) 0.700
TIMI dlassification (non-III vs. III) 1184 (0501, 2.797) 0700
SYNTAX score 0.961 (0911, 1.014) 0148

EAMI, epicardial adipose tissue mass indes, EATV, epicardial adipose tisue volume; EAAL epicardial adipose tssue attenuation index; BMI, body mass index; NLR, Neatrophil lymphocyte
ratio; CRP, C-reactive protein; HGB, hemoglobin; PLT, platelet count; PDW, platelet distribution width; ALT, i AST, Cr, creatinine; TBIL,

total bilirubin; UA,uric acid; NT-proBNP, N-terminal pro B-type natriuretic peptide; MYO, myoglobin; Hs-CTal, high-sensitivity troponin I; CK-MB, creatine kinase MB; FDP, fibrinogen
degradation product; HbA1c, glycosylated hemoglobin; TG, trighycerides; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; Lpa, lipoprotein a; HCY.
homocysteine; LVEF, left ventricular cjection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume, LVDF, left ventricular diastolic function;
IVS, interventricular septal thickness; LVPW, left ventricular posterior wall thickness; TIMI, thrombolysis in myocardial infarction; SYNTAX, SYNergy between PCI with TAXUS™ and
Cardiac Surgery.

Bold indicates statistical significance.
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Gl(n=9) G2(n =32) G3(n=76) |Pvalue|Glvs. G2|Glvs. G3|G2vs.G3

Characteristics
Age (year) 23.00+12.18 40.63 +12.87 41.13 +13.10
BMI (kg/m’) 18.93 (17.08, 25.44) | 2588 (23.62, 28.47) | 30.07 (27.04,322)
Average heart rate (times/min) 7100 (6150.88.00) | 6250 (582574.25) | 73.00 (65.00, 92.00)
Mean systolic blood pressure (mmHg) | 103,67 £9.937 1235+ 13877 13108 17.657
Mean diastolic blood pressure (mmHg) 68.67 = 4848 8175 £ 10571 87.66+ 12624
PSG
Sleep efficiency (%) 7710 (51.90, 8120) | 75.60 (60.68, 85.10) | 82.60 (69.10, 88.60)
WASO (min) 10290 (69.20, 164.80) | 107.20 (62.13, 194.83) | 75.80 (48.40, 147.50)
Arousal index (times/hour) 240 (140, 490) 295 (2.13, 4.08) 200 (120, 3.10)
N1 stage percentage (%) 2090 (1060, 29.05) | 2405 (19.13, 32.38) | 34.30 (2300, 45.60) |
N2 stage percentage (%) 47.40 (3630, 5230) | 47.55 (4295, 53.68) | 45.20 (3370, 53.70)
N3 stage percentage (%) 17.10 (830, 2430) | 10.65 (7.93, 14.83) 380 (0, 9.70)
AHI (times/hour) 1.70 (0.60, 3.50) 1675 (958, 23.30) | 66.40 (52.40, 8120)
Minimum SpO, (%) 93.00 (85.50, 94.50) | 85.00 (81.00, 88.75) | 68.00 (64.00, 74.00)
Oxygen desaturation index 260 (085, 440) | 17.30 (118, 24.10) | 68.00 (5480, 79.60)
(times/hour)
SIT90 (%) 0.0, 001) 001 (001, 0.05) 0.43 (022, 0.53)
SITS0 (%) 0(0,0) 0(0,0) 0.07 (0.02, 0.16)
Blood biochemistry
Cys C (mgL) 00 (0.74, 096) 036 (0.75, 0.95) 0.94 (085, 106)
AST/ALT 115 (082,1.38) 083 (0.68, 0.98) 0.71 (054, 089)
GGT(UIL) 1400 (995, 17.65) | 2825 (16.00, 41.78) | 47.30 (2460, 79.00)
TG (mmol/L) 07 (0.67, 151) 149 (118, 2.27) 1.86 (136, 272)
UA (mmol/L) 343.11 +50.07 41594 + 74.77 445.49 +93.97
Apo-B/Apo-A 0.58 +0.10 0.77 £0.19 0.96 +0.27
BUN/CREA 008 (0.07, 009) 0.06 (0.05, 0.08) 0.06 (005, 0.07)
Blood cells
MHR 025 (0.18, 035) 031 (0.20, 0.42) 036 025,052) | 0018 ns - .
RBC (x10'/L) 488+ 024 5.02+0.45 523039 0.007 ns 2 #
HGB (g/L) 1440 (13800, 148.00) | 154.0 (145.25, 162.00) | 1600 (152,00, 166.00) | <0001 ns - ns
HCT (L/L) 0.43 (0.42, 0.44) 0.45(0.43, 0.48) 047(045,049) | <0001 ns - ns

GI, AHI <5 events/hour; G2, 5 < AHI < 30 events/hour; G3, AHI 2 30 events/hour.
BMI, body mass index; WASO, wake after sleep onset; AHI, apnea-hypopnea index; SIT, supine index time; Cys-C, Cystatin-C; AST/ALT,
GGT, gamma-glutamyl transferase; TG, triglycerides; UA, uric acid; Apo-B/Apo-A, apolipoprotein B/apolipoprotein A; BUN/CREA, blood urea nitrogen/creatinine; MHR, monocyte-to-HDL
cholesterol ratio; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; ns, no statistical difference.

*P<005.

“P<001

P < 0001
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Severe OSA (n = 32) Severe OSA with hypertension (n = 44) P value

Characteristics

Age (year) 40.94 + 14.91 41.27 + 11.80 0.700
BMI (kg/m’) 28.41 (2595, 32.53) 30.58 (27.90, 31.62) 0305
Average heart rate (times/min) 72,00 (65.00, 91.00) 73.00 (64.50, 93.75) 0755
Mean systolic blood pressure (mmHg) 12100 (111.00, 129.00) 134.00 (126,00, 149.50) <0.001
Mean diastolic blood pressure (mmHg) 82,00 (74.00, 87.00) 92.00 (86.25, 99.75) <0.001
PSG

Sleep efficiency (%) 76.20 (65.20, 82.60) 87.00 (74.25, 88.90) 0015
WASO (min) 107.00 (5090, 171.40) 62.05 (45.93, 115.55) 0.034
Arousal index 220 (140, 3.70) 1.90 (1.03, 2.68) 0077
N1 stage percentage (%) 4076 +27.25 36.96+ 17.89 0.466.
N2 stage percentage (%) 46.88+23.74 43171472 0405
N3 stage percentage (%) 4.10 (1.009.30) 3.5 (0,12.10) 0.903
AHI (times/hour) 65.10 (51.30, 73.80) 68.00 (57.55, 85.30) 0.176
Minimum SpO, (%) 7100 (66.00, 77.00) 67.00 (62.00, 74.00) 0031
Oxygen desaturation index (times/hour) 6159+19.26 70.80 £ 17.96 0.036
SIT90 (%) 035 (0.22, 0.46) 044 (0.2, 0.58) 0.066
SIT80 (%) 0.05 (0.02, 0.09) 0.09 (0.03, 0.22) 0027
Blood biochemistry

Cys-C (mg/L) 0.89 (075, 1.08) 0.96 (0.89, 1.06) 0312
AST/ALT 0.7920.30 069021 0126
GGT(U/L) 4230 (2200, 74.00) 48.50 (25.50, 80.50) 0310
TG (mmol/L) 171 (123, 2.52) 2,00 (151, 2.79) 0312
UA (mmol/L) 435.00 = 8158 453.11%10229 0410
Apo-B/Apo-A 095+0.29 096+0.26 0.884
BUN/CREA 0.06 (0.05, 0.08) 0.06 (0.05, 0.07) 0.651
Blood cells

MHR 0.34 (0.23,043) 037 (0.27,055) 0234
RBC (x10'/L) 5.14 040 529+0.38 0.097
HGB (g/L) 157.00 (148.00, 163.00) 161.50 (152.00, 166.75) 0.106
HCT (L/L) 0.46(0.44, 0.49) 047(0.45, 0.50) 0.145

BMI, body mass index; WASO, wake after sleep onset; AHI, apnea-hypopnea index; SIT, supine index time; Cys-C, Cystatin-C; AST/ALT,
GGT, gamma-glutamyl transferase; TG, triglycerides; UA, uric acid; Apo-B/Apo-A, apolipoprotein Blapolipoprotein A; BUN/CREA, blood urea nitrogen/creatinine; MHR, monocyte-to-HDL
cholesterol ratio; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit.
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