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INTRODUCTION
Cardiovascular diseases encompass a variety of diseases affecting the heart and vascular system, including coronary artery disease, hypertension, and diverse cardiac disorders. These pathologies are frequently associated with numerous risk factors such as hypertension, high cholesterol, and diabetes (Prousi et al., 2023). Research has elucidated that these factors can often instigate chronic inflammation which can induce a series of adverse physiological reactions, thereby facilitating the occurrence and progression of cardiovascular diseases (Ferrucci and Fabbri, 2018; Goswami et al., 2021).
Presently, to counteract the detrimental effects of chronic inflammation on the cardiovascular system, researchers have initiated the exploration and implementation of various pharmacological intervention strategies (Li et al., 2023). Predominantly focusing on the utilization of anti-inflammatory drugs to attenuate the severity of chronic inflammation and its associated risks, these interventions aim to offer a more secure treatment regimen for patients with cardiovascular diseases (Delbaere et al., 2023).
In the first series of studies centered on “Chronic Inflammation and Pharmacological Interventions in Cardiovascular Diseases”, a large number of studies were conducted. Given the sustained interest and critical importance of this area, we have initiated the second round of thematic discussions and eventually accepted eight original research papers and one review (Figure 1).
[image: Figure 1]FIGURE 1 | Illustrating New Discoveries in Cardiovascular Disease Treatment within this Topic Section. #Natural product; *New Inhibitors; ¥Clinical medicine.
TRADITIONAL TECHNIQUES IN CARDIOVASCULAR DISEASE TREATMENT
Within this anthology of nine contributions, the mechanisms of clinical drug interventions in cardiovascular health continue to be unraveled with attention. To illustrate, Maganova et al. has delineated the beneficial effects of the dietary supplement fir terpenoids in enhancing cerebral blood flow and ameliorating arterial conditions indicative of biological aging. Concurrently, Wang et al. has cast a spotlight on the salutary properties of the natural entity FO in bolstering cardiac function. This is achieved through a marked reduction in Ang II-induced apoptosis, facilitated by the modulation of USP22/Sirt1 signaling pathways. Besides, Zhang et al. assessed the effect of GSDMD inhibitor Z-LLSD-FMK or Z-YVAD-FMK in diminishing vascular inflammation and hindering lesion progression in ApoE−/− mice, a process orchestrated through the suppression of GSDMD activation. Drug-eluting stents (DES) have become a specific non-pharmacological therapeutic tool for the treatment of cardiovascular diseases (Crea, 2020). Augmenting the narrative on innovative medical devices, Teng et al. has presented a pioneering glycyrrhizin acid (GA)-coated stent, lauded for its inhibition of intimal hyperplasia and facilitation of re-endothelialization, thereby marking a significant breakthrough in cardiovascular therapy. Notably, when benchmarked against rapamycin-eluting stents, GA-eluting variants demonstrated a more extensive endothelial coverage, indicating a promising lead in therapeutic efficacy.
EXPLORING CARDIOVASCULAR THERAPIES WITH BIG DATA
In the ongoing efforts to elucidate the intricacies of drug-disease interactions, big data analytics have emerged as an indispensable tool, underpinning a significant portion (5 out of 9) of the investigations encapsulated in this topic, leveraging this approach alongside detailed analyses of related disease reports to foster novel research avenues.
A notable investigation conducted by Chen et al. utilized a meticulous cross-sectional exploration of 413 individuals suffering from type 2 diabetes (T2D), uncovering a distinct positive correlation between the Fibrinogen albumin ratio (FAR) level in male patients and both brachial-ankle pulse wave velocity (baPWV) and arterial rigidity, thereby spotlighting potential avenues for further research in this area. Luo et al. embarked on a detailed analysis involving 225 individuals with coronary heart disease juxtaposed with a control group comprising 40 healthy individuals. Their focal point was discerning the interplay between serum uric acid (UA) levels and the severity as well as the treatment responsiveness in patients with PAH and congenital heart disease (PAH-CHD). The finding that serum UA could potentially function as a feasible and cost-effective biomarker for risk categorization and scrutinizing PAH-specific medicinal interventions stands as a testament to the depth of their investigation.
In parallel, Deng et al. employed network pharmacology to explore the underlying mechanisms through which GLP-1RAs reduce the incidence of myocardial infarction (MI) in T2DM patients. They underscored the multi-faceted role of GLP-1RAs in attenuating MI by modulating key biological targets and processes, and influencing cellular signaling pathways associated with atheromatous plaque development, myocardial remodeling, and thrombogenesis. Besides, Peng et al. undertook a holistic characterization of the peripheral whole blood transcriptome in individuals experiencing acute anaphylaxis and ST-segment elevation myocardial infarction (STEMI). This endeavor led to the identification of shared biological processes and immune cell landscapes, bringing to light critical hub genes, namely DUSP1 and CLEC4D.
Lastly, a meta-analytical systematic review and sequential trial scrutiny helmed by Chai et al. evaluated the influence of zetimide on the genesis of coronary atherosclerotic plaque composition. Their conclusions underscored zetimide’s potency in curtailing fibro-fatty plaque (FFP) formations, albeit without notable effects on fibrous plaque (FP), necrotic core (NC) or altering dense calcification (DC) dynamics.
These studies provide valuable insights and solutions to unsolved clinical questions. Instead of solely relying on basic laboratory research for validation, current investigations leverage big data analysis techniques, utilizing large-scale samples and a comprehensive perspective to address clinical issues, thereby ensuring the reliability and holistic understanding of the conclusions reached.
CONCLUSION
Each investigation within this thematic compilation delineates critical pathways and prospective therapeutic strategies, shedding new light on advancements in the field of pharmacological interventions for cardiovascular diseases. These endeavors notably provide new insights for innovative treatments targeting chronic inflammation, thereby ushering in a new frontier in mitigating the adversities associated with these ailments.
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Background: Fibrinogen albumin ratio (FAR) is significantly correlated with the severity and prognosis of cardiovascular disease (CVD). Arterial stiffness is an early lesion of CVD, but no studies have examined the correlation between arterial stiffness and FAR. This study aimed to examine the relationship between FAR and arterial stiffness in patients with type 2 diabetes (T2D), as measured by brachial-ankle pulse wave velocity (baPWV).
Methods: In this cross-sectional investigation, patients with T2D were enrolled between January 2021 and April 2022. In each patient, the levels of fibrinogen and albumin in the serum, and baPWV in the serum were measured. A baPWV greater than 1800 cm/s was utilized to diagnose arterial stiffness.
Results: The study included 413 T2D patients. The mean age of these participants was 52.56 ± 11.53 years, 60.8% of them were male, and 18.6% of them had arterial stiffness. There were significant differences in baPWV level and proportion of arterial stiffness (p < .001) between the four subgroups categorized by the FAR quartile. The relationships between the FAR and baPWV and arterial stiffness were significantly favorable in the overall population and subgroups of elderly men and non-elderly men (p < .01), while they were insignificant in subgroups of elderly and non-elderly women (p > .05). To investigate the correlation between the FAR and baPWV, the arterial stiffness and the FAR in male T2D patients, respectively, multivariable logistic regression analysis and multiple linear regression analysis were developed. The lnFAR and lnbaPWV had a significant relationship in the multiple linear regression analysis fully adjusted model. After adjusting for potential covariables, multivariable logistic regression analysis revealed that the FAR was independently associated with arterial stiffness [OR (95% CI), 1.075 (1.031–1.120)]. In addition, receiver operating characteristic analysis indicated that the best FAR cutoff value for detecting arterial stiffness in male T2D patients was 76.67 mg/g.
Conclusion: The level of FAR had an independent and positive correlation with baPWV and arterial stiffness in male patients with T2D, but not in female patients.
Keywords: type 2 diabetes, fibrinogen/albumin ratio, brachial-ankle pulse wave velocity, inflammation, coagulation
INTRODUCTION
The rate of type 2 diabetes (T2D) is rising each year, posing a significant threat to public health, as a result of China’s rapid economic development, lifestyle changes, and ageing population (Li et al., 2020). In 2015, cardiovascular problems accounted for the majority of the approximately five million fatalities attributed to T2D and associated consequences worldwide (Zheng et al., 2018). Consequently, the management of cardiovascular disease (CVD) is a crucial aspect of the treatment of T2D. Arterial stiffness, or decreased arterial elasticity, is the earliest lesion of CVD (Zhang et al., 2020). Brachial-ankle pulse wave velocity (baPWV), a reproducible, non-invasive, and easy quantitative measurement of arterial elasticity, is a significant predictor of CVD, myocardial damage, and cardiovascular events (Sheng et al., 2014). Thus, identifying early screening markers of elevated baPWV and initiating early intervention may be advantageous for enhancing cardiovascular outcomes in T2D patients.
Both fibrinogen and albumin are produced in the liver; fibrinogen is implicated in inflammation and clotting cascades (Sörensen et al., 2011), whereas albumin has an inhibitory function in inflammation, platelet activation, and aggregation (Deveci and Gazi, 2021). Albumin and fibrinogen are useful biomarkers of inflammation and hemodynamic changes, respectively. The Fibrinogen/Albumin Ratio (FAR), which combines the two indicators, was more effective than any single indicator in predicting the prognosis of multiple tumors (Geer and Shen, 2009; Yang et al., 2014; Wen et al., 2015). Moreover, FAR performed better than fibrinogen and albumin in determining the severity of acute myocardial infarction (AMI) and predicting the short-term prognosis of patients (Erdoğan et al., 2016; Zhao et al., 2019). A prospective cohort investigation conducted in China revealed that CVD patients with high FAR levels and diabetes had a poorer 5-year prognosis (Wang et al., 2022). The role of FAR in assessing CVD had been thoroughly established in earlier studies, but no investigation had looked at the connection between FAR and the early lesion of CVD, arterial stiffness. Evaluation of FAR will assist in managing CVD throughout T2D if the association between FAR and arterial stiffness in T2D patients is found to exist.
Therefore, this observational study was carried out to investigate the relationship between FAR and baPWV in T2D patients.
METHODS
Study participants
The current study included T2D patients who were hospitalized in the endocrinology department of the second affiliated hospital of Nantong University from January 2021 to April 2022. T2D was diagnosed using the American Diabetes Association criteria (American Diabetes Association, 2014). Exclusion criteria included any one or more of the following: type 1 diabetes, acute diabetic complications, receiving steroid therapy, taking any anticoagulant, malignant diseases, chronic hepatopathy, atrial fibrillation, peripheral artery disease, heart failure, acute infections, blood diseases, and autoimmune diseases. Figure 1 exhibits the detailed study flowchart. In total, 413 T2D patients were ultimately included in this study. Each participant provided written, informed consent and the study was conducted following the Declaration of Helsinki.
[image: Figure 1]FIGURE 1 | The study flowchart.
Basic data collection
Checking medical records allowed for the collection of information on demographics, drinking and smoking habits, past medication usage, and disease diagnoses. The medication history was particularly focused on the use of drugs for T2D, hypertension, and dyslipidemia.
Anthropometric assessments
Each subject was measured for anthropometric characteristics, including weight, height, and blood pressure. Body mass index (BMI) was determined by the following formula: weight (kg)/height (m2). The average of the two blood pressure readings was recorded for further analysis after being measured twice with a standard mercury sphygmomanometer.
Laboratory examinations
After a 12-h overnight fast, samples of blood and fresh first-void morning urine were obtained. FAR was determined by dividing the serum fibrinogen level by the serum albumin level after measuring the levels of serum fibrinogen and albumin. The estimated glomerular filtration rate (eGFR) was computed utilizing the CKD-EPI creatinine-cystatin C equation (2012) (Inker et al., 2012).
Brachial-ankle pulse wave velocity (baPWV)
As previously described, each subject’s baPWV was measured by a trained technician utilizing an automated system (BP-203RPE III device, Omron, Japan) (Wu et al., 2019). Each subject lay down for detection in the supine position after at least five minutes of rest. For analysis, the baPWV value with the higher difference between the right and left sides was selected. A baPWV ≥ 1800 cm/s was utilized to define arterial stiffness (Takashima et al., 2014).
Statistical analyses
SPSS statistical software version 18.0 (IBM SPSS Inc., United States) was utilized for the analysis of the data. A p value < .05 was considered as statistical significance. Continuous variables with skewed and normal distributions and categorical variables were presented as the mean ± standard deviation (SD), frequencies with percentages, and medians with interquartile range, respectively. For analysis, the data on fibrinogen and albumin levels were ln-transformed due to their skewed distributions. Comparisons of continuous variables with skewed and normal distributions and categorical variables were conducted between groups using the Kruskal–Wallis test and the one-way analysis of variance, and the chi-square test, respectively. Spearman’s analyses of bivariate correlation were applied to measure the strength of associations between FAR level and other clinical variables. In addition, spearman’s bivariate correlation analyses were employed to investigate the associations between the FAR and baPWV and arterial stiffness in the overall population and subgroups of elderly men, non-elderly men, elderly women, and non-elderly women, respectively. To investigate the independent relationships between the FAR level and the baPWV level and the independent relationships between the FAR level and arterial stiffness, multiple linear regression analyses and multivariable logistic regression analyses were constructed. Receiver operating characteristic (ROC) analysis was also carried out to examine the FAR levels’ capacity to detect arterial stiffness.
RESULTS
Basic characteristics
In total, 413 T2D patients were enrolled in the study. The mean age was 52.56 ± 11.53 years, 60.8% of the participants were male, and 18.6% of the participants had arterial stiffness. The clinical characteristics of the four subgroups are presented in Table 1 according to the FAR quartiles. The proportion of arterial stiffness and baPWV level both significantly increased (p < .001) along with the gradual rise in the FAR quartiles. Age, the duration of diabetes, the utilization of acarbose, triglyceride (TG) level, albumin level, fibrinogen level, hemoglobin level, neutrophil percentage, platelet count, and neutrophil/lymphocyte ratio (NLR) level were all significantly different between the four subgroups (p < .05). While there were no significant differences in the proportion of males, smoking and drinking status, systolic and diastolic blood pressure, use of additional antihypertensive and antidiabetic treatments, HbA1c level, eGFR level, urinary albumin-to-creatinine ratio (UACR) level, total cholesterol (TC) level, low-density lipoprotein cholesterol (LDL-C) level high-density lipoprotein cholesterol (HDL-C) level, and white blood cells (WBC) count (p > .05).
TABLE 1 | Clinical characteristics of the study participants.
[image: Table 1]Relationships between the FAR and clinical parameters in patients with T2D
As shown in Table 2, the FAR had significant positive associations with age, duration of diabetes, UACR level, neutrophil percentage, platelet count, and NLR level (r = .226, .161, .115, .245, .165, and .263, respectively; p < .001), as well as significant negative associations with eGFR, TG, and hemoglobin level (r = −.153, −.127, and −.318, respectively; p < .001).
TABLE 2 | Relationships between FAR and clinical parameters in patients with T2D.
[image: Table 2]Relationships between the FAR and baPWV and arterial stiffness in patients with T2D
Table 3 shows that the FAR, baPWV, and arterial stiffness were significantly positively associated in the general population and subgroups of elderly men and non-elderly men (p < .01), but were not significantly associated in subgroups of elderly and non-elderly women (p > .05). The independent association between the FAR and baPWV in male patients with T2D was further investigated using multiple linear regression models, as shown in Table 4. In the fully adjusted model 3, the lnFAR demonstrated a significant and positive association with the lnbaPWV in male T2D patients (β = 0.216, t = 4.077, p < 0.001, R2 = 0.609).
TABLE 3 | Relationships between the FAR and baPWV, the FAR and arterial stiffness.
[image: Table 3]TABLE 4 | Multiple linear regression models displayed independent associations of the lnFAR with lnbaPWV in male patients with T2D.
[image: Table 4]Association of the FAR with arterial stiffness in male patients with T2D
The multivariable logistic regression analysis of the correlation between FAR and arterial stiffness in male T2D patients is presented in Table 5. In model 0 without any adjustments, the FAR had a significant association with the presence of arterial stiffness [OR (95% CI), 1.039 (1.024–1.054)]. Even in the model with all of the adjustments, there was still an independent association between the FAR and arterial stiffness [OR (95% CI), 1.075 (1.031–1.120)].
TABLE 5 | Multivariable logistic regression analysis to identify the association of the FAR with arterial stiffness in male patients with T2D.
[image: Table 5]The cutoff FAR value to indicate arterial stiffness
In addition, a ROC analysis was conducted to determine the FAR cutoff value that would indicate the presence of arterial stiffness instances in male T2D patients. As depicted in Figure 2, the optimal FAR cutoff value to indicate arterial stiffness was 76.67 mg/g, with a sensitivity of 70.27%, a specificity of 73.84%, and an area under the curve of .783 (95% CI 0.704–.862).
[image: Figure 2]FIGURE 2 | ROC analysis to analyze the ability of the FAR to indicate arterial stiffness in male patients with T2D.
DISCUSSION
In the present investigation, the association between FAR and arterial stiffness as determined by baPWV in T2D patients was investigated. In comparison to female T2D patients, male T2D patients had a positive association between the FAR and baPWV and the prevalence of arterial stiffness.
Arterial stiffness can increase cardiac afterload, causing cardiac hypertrophy and left ventricular dysfunction (Tomiyama and Shiina, 2020), as well as amplifying pulse pressure, reducing coronary perfusion, and causing brain microvascular injury and other target organ damage (Vlachopoulos et al., 2015). Both of these factors ultimately contribute to a poor prognosis in diabetic and non-diabetic patients. An increase in baPWV of 1 SD was linked to a 1.41-fold rise in the risk of cardiovascular events, according to a meta-analysis of 15 clinical studies (Sang et al., 2021). In patients with CVD who are controlling for traditional risk factors, improvement of baPWV provides an additional protective impact (Nakamura et al., 2021). In the current investigation, FAR was found to be independently correlated with arterial stiffness and may thus be significantly associated with cardiovascular prognosis in male T2D patients. The SYNTAX score, derived from the lesion angiographic scoring system, is frequently used to quantify the severity of CVD (Girasis et al., 2011). Multiple investigations have confirmed the association between FAR and SYNTAX scores in AMI patients (Erdoğan et al., 2016; Erdoğan et al., 2021). In addition, the relationships between FAR and the severity of coronary arterial calcification, the Gensini score, and the number of diseased coronary arteries were identified (Duan et al., 2021; Zhu et al., 2022). In a large cohort analysis with a 5-year follow-up, the combination of a high FAR level and diabetes predicted a worse prognosis in patients receiving the percutaneous coronary intervention (PCI) (Wang et al., 2022). Thus, these findings suggest that FAR may be useful in assessing the risk of CVD as well as determining the severity and predicting the prognosis of CVD in T2D patients.
Arterial stiffness is caused by a combination of variables such as an imbalance in elastin collagen ratio, oxidative stress, chronic inflammation, and so on, and diabetes can accelerate this process (Lee et al., 2022). Numerous investigations have revealed that arterial stiffness is closely correlated with T2D’s essential components, including insulin resistance (IR) (Lee et al., 2018), glucose fluctuations (Wakasugi et al., 2021), and chronic hyperglycemia (Katakami et al., 2020). In turn, arterial stiffness can induce IR (Chirinos, 2020) and islet damage (Tian et al., 2022) by damaging capillaries, ultimately increasing glucose metabolism issues. The relationship between the two may be inflammation and hemodynamic alterations (Sharif et al., 2021).
In a cross-sectional examination of risk factors for diabetic kidney disease (DKD) in T2D patients, FAR was significantly found to be positively associated with neutrophil count and NLR, leading researchers to hypothesize that FAR may be substantially associated with inflammation and consequently DKD (Wang et al., 2021). Similarly, the present investigation found a significant positive association between FAR and neutrophil percentage and NLR, suggesting that inflammation may function as a link between FAR and arterial stiffness. A higher FAR indicates a lower level of albumin or a higher level of fibrinogen. Hypoalbuminemia is a biomarker for inflammatory load in the body because inflammation can lower the rate of albumin production and increase albumin catabolism (Cesari et al., 2003). Additionally, albumin can prevent inflammation-induced endothelial cell apoptosis by inhibiting cell adhesion molecule expression (Albert et al., 2007). Therefore, the independent relationship between arterial stiffness and FAR may be partially explained by inflammation.
The relationship between FAR and platelet count, a critical component of the coagulation system, was found to be statistically significant and positive in this study. Platelet, the primary cause of coronary thrombosis and atherosclerosis, is an essential target for the management of coronary heart disease (Khodadi, 2020). Albumin has been shown to suppress platelet activation and aggregation, whereas activated platelets can cause coronary artery contraction and worsen myocardial ischemia (Sweetnam et al., 1996). Albumin can also indirectly control platelet aggregation by influencing prostaglandin bioavailability (Garcia-Martinez et al., 2013). In addition, fibrinogen can be converted to water-insoluble fibrin by thrombin, but hypoalbuminemia can block the physiological fibrinolytic system, hence limiting spontaneous thrombus dissolution (De Sain-van der Velden et al., 2000). As a result, FAR may be related to arterial stiffness and reflect changes in the hemodynamic state of T2D patients.
The relationships between arterial stiffness and the FAR in T2D patients were shown to differ by gender in this study. Numerous investigations have conclusively shown that the clinical features and sex-specific processes underlying arterial stiffness in males and females were different (DuPont et al., 2019). In a cross-sectional investigation of T2D patients, there was a higher correlation between arterial stiffness and surrogate indicators of insulin resistance in women than in men (Nakagomi et al., 2020). The findings of the present investigation may be partially supported by these studies.
The following are the study’s limitations, which cannot be avoided. First, the limitation of cross-sectional studies prevents the demonstration of a coincidental relationship between FAR and arterial stiffness. Second, due to a lack of data, it was impossible to account for confounding variables, including detailed alcohol and tobacco consumption and daily activity levels. Finally, all of the participants in this study were Chinese, which may restrict the generalizability of the findings.
In conclusion, the FAR level was positively and independently associated with baPWV and arterial stiffness in male T2D patients. When considered in combination with other investigations, FAR has the potential to assist in the better management of cardiovascular problems in patients with T2D, particularly male patients.
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Background: Several clinical trials have demonstrated that glucagon-like peptide-1 (GLP-1) receptor agonists (GLP-1RAs) reduce the incidence of non-fatal myocardial infarction (MI) in patients with type 2 diabetes mellitus (T2DM). However, the underlying mechanism remains unclear. In this study, we applied a network pharmacology method to investigate the mechanisms by which GLP-1RAs reduce MI occurrence in patients with T2DM.
Methods: Targets of three GLP-1RAs (liraglutide, semaglutide, and albiglutide), T2DM, and MI were retrieved from online databases. The intersection process and associated targets retrieval were employed to obtain the related targets of GLP-1RAs against T2DM and MI. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genes (KEGG) enrichment analyses were performed. The STRING database was used to obtain the protein-protein interaction (PPI) network, and Cytoscape was used to identify core targets, transcription factors, and modules.
Results: A total of 198 targets were retrieved for the three drugs and 511 targets for T2DM with MI. Finally, 51 related targets, including 31 intersection targets and 20 associated targets, were predicted to interfere with the progression of T2DM and MI on using GLP-1RAs. The STRING database was used to establish a PPI network comprising 46 nodes and 175 edges. The PPI network was analyzed using Cytoscape, and seven core targets were screened: AGT, TGFB1, STAT3, TIMP1, MMP9, MMP1, and MMP2. The transcription factor MAFB regulates all seven core targets. The cluster analysis generated three modules. The GO analysis for 51 targets indicated that the terms were mainly enriched in the extracellular matrix, angiotensin, platelets, and endopeptidase. The results of KEGG analysis revealed that the 51 targets primarily participated in the renin-angiotensin system, complement and coagulation cascades, hypertrophic cardiomyopathy, and AGE-RAGE signaling pathway in diabetic complications.
Conclusion: GLP-1RAs exert multi-dimensional effects on reducing the occurrence of MI in T2DM patients by interfering with targets, biological processes, and cellular signaling pathways related to atheromatous plaque, myocardial remodeling, and thrombosis.
Keywords: GLP-1 receptor agonists, type 2 diabetes mellitus, myocardial infarction, network pharmacology, atheromatous plaque, myocardial remodeling, thrombosis
INTRODUCTION
Over the past four decades, the number of people living with diabetes has increased from 108 million in 1980 to 537 million in 2021, of which the overwhelming majority (over 90%) were diagnosed as type 2 diabetes mellitus (T2DM). In 2021, 6.7 million deaths were caused by diabetes or its complications (International Diabetes Federation, 2022). Among the extensive T2DM-related complications, acute myocardial infarction is a life-threatening and severe complication (Rosenblit, 2019). More than one-third of T2DM patients with myocardial infarction (MI) die within 10 years, and long-term all-cause mortality and cardiovascular mortality are even higher in younger patients than in elderly patients (Singh et al., 2020; Zheng et al., 2021). Numerous studies have shown that strict glycemic control promotes a decrease in non-fatal MI (Rodriguez-Gutierrez et al., 2019). However, intensive controls are followed by severe side effects, such as hypoglycemia; therefore, effective and safe methods for controlling glycemic levels, while simultaneously reducing risk factors for MI, act as necessary interventions in treating patients with T2DM.
Glucagon-like peptide-1 receptor agonists (GLP-1RAs), such as liraglutide and dulaglutide, are widely used to treat patients with T2DM and obesity. They exert beneficial effects, including inhibition of glucagon secretion, delayed gastric emptying, decreased appetite, rare occurrence of hypoglycemia, and controlled weight gain (Helmstadter et al., 2022). In recent years, four clinical trials have shown that dulaglutide (REWIND trial) (Gerstein et al., 2019), albiglutide (HARMONY trial) (Hernandez et al., 2018), semaglutide (SUSTAIN-6 trial) (Marso et al., 2016a), and liraglutide (LEADER trial) (Marso et al., 2016b) have cardiovascular benefits in patients with T2DM, including reducing the occurrence of non-fatal MI. A meta-analysis reported that patients with T2DM benefited from different GLP-1RAs in terms of major adverse cardiac events, all-cause mortality, hospital admission for heart failure, and renal function (Sattar et al., 2021). However, although GLP-1RA therapies are approved and considered safe for treating patients with T2DM, the exerted cardiovascular protection mechanism is still not fully clear. An increasing number of studies have demonstrated that the GLP-1 receptor is expressed in numerous types of cells, including those in the cardiovascular tissues, such as endothelial cells of the left ventricle (GTExPortal, 2021). Theoretically, GLP-1 binds to its receptor, stimulating the adenylyl cyclase pathway, and leading to insulin synthesis and release. As the treatment for T2DM may not fully explain the cardiovascular protective effects of GLP-1RAs, these still must be comprehensively investigated.
Network pharmacology is a big data integration method based on numerous databases and statistical algorithms (Hong et al., 2021). It aims to investigate diseases at the systemic level and define the interaction between drugs and the body based on the equilibrium theory of biological networks (Zhang, 2016). Chronic diseases are generally caused by a complicated dysfunction of a related regulatory network instead of a single protein or gene (Nogales et al., 2022). Based on an integrated research strategy, the network pharmacology method provides a more efficient and convenient system for determining the relationship between drugs and diseases. In this study, we applied an integrated research strategy to investigate the mechanism of specific GLP-1RAs in T2DM and MI, which may provide a comprehensive interpretation of the cardiovascular protective effect of GLP-1RAs. A flow chart of the study process is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart for the process of the study. The flow chart shows the process of investigating the pharmacology mechanism of GLP-1RAs against T2DM and MI.
MATERIALS AND METHODS
Target prediction for GLP-1 agonists
The chemical structures (mainly in SMILES format) of three GLP-1Ras (liraglutide, semaglutide, and albiglutide) were retrieved from PubChem, an open chemistry database at the National Institutes of Health (https://pubchem.ncbi.nlm.nih.gov). As dulaglutide does not have a defined chemical structure, it was excluded from our study. Next, the following four target prediction databases were selected to retrieve targets for the GLP-1RAs: (1) The Binding Database (http://www.bindingdb.org/bind/ByTargetNames.jsp), a public and web-accessible database containing 2,096,653 binding data points for 8,185 proteins and over 920,703 drug-like molecules (Gilson et al., 2016); (2) The SEA database (https://sea.bkslab.org/), which can be rapidly used to search large compounds and to build cross-target similarity maps (Keiser et al., 2007); (3) The Swiss Target Prediction (http://www.swisstargetprediction.ch/) that allows estimating the most probable protein targets of a small molecule (Daina et al., 2019), and (4) the TargetNet (http://targetnet.scbdd.com/home/index/), an open web server that can be used to predict the binding of multiple targets for any given molecule across 623 proteins by establishing a high-quality model for each human protein (Yao et al., 2016). All targets from the four databases were further standardized into official gene symbols using Universal Protein Resource (https://www.uniprot.org/) (Consortium, 2021) for subsequent analysis.
TARGET COLLECTION FOR T2DM AND MI
With the keywords “type 2 diabetes,” “type 2 diabetes mellitus,” “myocardial infarction,” “non-fatal myocardial infarction,” “acute myocardial infarction,” “ST-segment elevation myocardial infarction,” and “non-ST-segment elevation myocardial infarction,” the target genes associated with T2DM and MI were retrieved from the PharmGkb (https://www.pharmgkb.org/), TTD (http://db.idrblab.net/ttd/), GeneCards (https://www.genecards.org), DrugBank (https://go.drugbank.com/), and OMIM (https://www.omim.org) databases. The PharmGKB database is a pharmacogenomic knowledge resource containing clinical information (Whirl-Carrillo et al., 2021). The TTD database provides information about the known and explored therapeutic protein and nucleic acid targets, the targeted disease, pathway information, and the corresponding drugs directed at each target (Wang et al., 2020). The GeneCards database integrates gene-centric data from more than 150 web sources, including genomic, transcriptomic, proteomic, genetic, clinical, and functional information (Stelzer et al., 2016). The DrugBank database contains information regarding drugs and drug targets (Wishart et al., 2018). The OMIM database is a comprehensive and authoritative compendium of human genes and genetic phenotypes. The five databases provided comprehensive and complementary resources for obtaining targets for the diseases. All T2DM and MI targets from the five databases were transformed into the official gene symbol format.
Related targets
The targets of GLP-1RAs, T2DM, and MI were uploaded to an online Venn diagram tool (http://www.bioinformatics.com.cn/static/others/jvenn/example.html) to obtain a Venn diagram showing the intersection targets of GLP-1RAs against T2DM and MI. Then, the GeneMANIA database was applied to find extra targets, highly associated with the intersection targets, using a massive set of functional association data (Warde-Farley et al., 2010). Finally, these targets and intersecting targets were integrated into a set of related targets for further analysis.
Construction of the drug-target-disease network
The relationship among the two diseases, three GLP-1RAs, and extra targets was established using Microsoft Excel and then input into Cytoscape (Version 3.8.2) to build and visualize a drug-target-disease network presented by nodes and edges. Nodes represent drugs, diseases, and target genes, whereas edges represent the existing correlations between any two nodes.
Protein-protein interaction (PPI) network data
The related targets were uploaded to the STRING database (https://string-db.org/) and processed in a multiple protein analysis pattern to obtain the PPI network data. The STRING database focuses on researching the interactive relationships between proteins, which helps identify core regulatory genes (Szklarczyk et al., 2019). Some key parameters were also set. For example, the organism was chosen as Homo sapiens; the interaction score was selected as high confidence of 0.7, and disconnected nodes were hidden in the network. Finally, the network data were downloaded in a “TSV” format file for further analysis, and a visualized network image was obtained.
Gene Ontology (GO) and Kyoto Encyclopedia of genes and genomes (KEGG) enrichment analysis
To further uncover the underlying biological process and involved signaling pathways in related targets, the KEGG pathway and GO enrichment analysis, including biological process (BP), cellular component (CC), and molecular function (MF), were conducted using Enrichr web tools (Kuleshov et al., 2016), and these enrichment results were presented in a scatter plot using the Appyters web application (Clarke et al., 2021). Similar gene sets were clustered in a scatter plot using the Leiden algorithm. According to the q value (adjusted p-value), the top five GO and KEGG analysis terms were listed and marked in the scatter plots.
PPI network analysis
The “TSV” file of the PPI network data was input to the Cytoscape software to identify hub targets and clusters using the Cytohubba (Version 0.1) and MCODE (Version 2.0.0) plugins, respectively. The Cytohubba plugin provides 11 methods for exploring virtual nodes in biological networks (Chin et al., 2014). Referring to the method from Shen Jiayu et al., the maximal clique centrality (MCC), edge percolated component (EPC), maximum neighborhood component (MNC), and degree algorithms (Shen et al., 2019) were selected in this study to generate four values for each target, calculate a mean value for each algorithm, and finally select the targets for which the values were simultaneously higher than the mean values of each algorithm as the core targets. The Iregulon (Version 1.3) plugin was used to identify the direct transcription factor of core targets (Janky et al., 2014). The MCODE plugin can mine protein complexes or functional modules from complex protein networks (Bader and Hogue, 2003). All the processing parameters were set to the default values. Additionally, the most important node in the cluster, SEED node, may be the critical target of each cluster. Next, the targets in each cluster were subjected to KEGG pathway enrichment analysis using the Enrichr web tool.
RESULTS
Potential targets of the agonists/diseases and their related targets
We collected the molecular structures of three GLP-1RAs (liraglutide, semaglutide, and albiglutide) from the PubChem database. The detailed information is listed in Table 1. In total, 210 targets were obtained from the Binding Database: 77 were for albiglutide, 77 for liraglutide, and 56 for semaglutide. A total of 370 targets were identified using the SEA database: 155 for albiglutide, 133 for liraglutide, and 82 for semaglutide. The Swiss database was used to obtain 158 potential targets: 62 for albiglutide, 60 for liraglutide, and 36 for semaglutide. From the TargetNet database, 167 targets were obtained: 61 for albiglutide, 56 for liraglutide, and 50 for semaglutide. Finally, 198 targets remained after the integration and elimination of duplicates.
TABLE 1 | Chemical information for three GLP-1RAs from the PubChem database.
[image: Table 1]When collecting disease targets, T2DM-related keywords were input into the five databases, and a total of 5004 targets were obtained: 4486 from the GeneCards database, 282 from the OMIM database, 24 from the PharmGkb database, 109 from the TTD database, and 103 from the DrugBank database. Finally, 4623 targets remained after removing repetitions. Parallelly, we also retrieved the MI-related targets from the five databases, and 727 targets were identified, including 313 from the GeneCards database, 18 from the OMIM database, 121 from the PharmGkb database, 47 from the TTD database, and 133 from the DrugBank database. A total of 511 unique targets were identified after removing duplicates. Interestingly, 511 targets of MI were all covered into targets of T2DM. The online Venn diagram tool generated 31 intersection targets between drugs and diseases (Figure 2A).
[image: Figure 2]FIGURE 2 | Intersection targets and associated targets constructed the protein-protein interaction (PPI) network. (A) The 31 intersection targets overlap between the targets of GLP-1RAs and the targets of T2DM with MI. (B) Twenty targets associated with 31 intersection targets were generated via the GeneMANIA database. (C) The 51 related targets constructed a PPI network containing 46 nodes and 175 edges. The interaction score was set at 0.7 (high confidence) and hid disconnected nodes in the network.
The GeneMANIA database provided additional 20 targets (Figure 2B), highly associated with intersection targets. Finally, 51 related targets were identified, indicating potential mechanisms to understand how diabetic patients benefit from the three GLP-1RAs in preventing MI. All 51 related targets were uploaded to the STRING database, and a PPI diagram (Figure 2C) and a TSV format file were obtained. The PPI network included 46 nodes and 175 edges.
Construction of the drugs-diseases-targets network
The three GLP-1RAs, T2DM and MI, and 51 related targets were input into Cytoscape to construct a drug-disease-target network (Figure 3A). The network contains 56 nodes and 114 edges. We found that T2DB was linked to 47 related targets and MI to 38 targets. Furthermore, 25 connections linked albiglutide to all targets, 21 to liraglutide, and 13 to semaglutide. In contrast, four nodes (NLRC4, ITGA11, ITGA9, and CTSZ) were not associated with any agonists or diseases. Although the three agonists had disparate targets, we intended to explore some shared targets for intervention in the progression of T2DM and MI, and 12 common targets were identified (Figure 3B), namely, AGTR1, AGTR2, CASP1, CCNA2, CCND1, CXCR4, EDNRA, F7, MME, REN, SCN5A, and SIRT1, suggesting that these 12 targets may contribute to the fundamental mechanisms of GLP-1RAs against T2DM and MI.
[image: Figure 3]FIGURE 3 | The construction of a drug-target-disease network. (A) Network construction of drug-target-disease composed of three drugs (purple), 102 targets (cyan), and two diseases (orange) via Cytoscape software. (B) Venn diagram shows 12 common targets of three drugs against T2DM and MI, and these targets could be regarded as crucial factors mediating the effects of GLP-1RAs on T2DM and MI.
Analysis of the PPI network of the related targets
The TSV file of the PPI network was loaded into Cytoscape software, and the MMC, MNC, EPC, and Degree algorithms in the “Cytohubba” plugin were used to calculate the core targets. Seven core targets were identified, including AGT, TGFB1, STAT3, TIMP1, MMP9, MMP1, and MMP2 (Figure 4A), suggesting that they may play a pivotal role in the PPI network of GLP-1RAs interfering with T2DM and MI.
[image: Figure 4]FIGURE 4 | Seven core targets and one important transcription factor. (A) The core targets are obtained by the intersection of the four algorithms’ results: AGT, TGFB1, STAT3, TIMP1, MMP9, MMP1, and MMP2. (B) The interaction between the transcription factor (octagon) and seven core targets (ellipse) was analyzed and constructed by the Iregulon plugin in Cytoscape software.
Next, the Iregulon plugin was applied to find the direct transcription factors of seven core targets, and the normalized enrichment score (NES) was calculated and used for ranking purposes (Table 2). The higher the NES value, the better the confidence. The transcription factor MAFB had the highest transcription target number and NES value simultaneously (target number = 7; NES = 7.802) (Figure 4B). The Iregulon plugin detects transcription factors using more than one thousand ChIP-Seq tracks, providing highly credible results. Therefore, we suggest that MAFB may positively contribute to the beneficial effect of GLP-1RAs in reducing MI in T2DM patients.
TABLE 2 | The top ten transcription factors (ranked by NES) related to six core targets.
[image: Table 2]The MCODE plugin was then used to predict the modules in the PPI network. The targets were clustered into three modules. Each module represents a densely connected region of the molecular interaction network (Bader and Hogue, 2003). Detailed characteristics of the modules are shown in Figure 5. Moreover, three seed nodes, TIMP1, AGT, and TFPI (marked by a rhombic shape), had the highest weights in the respective modules. KEGG analysis was performed using the Enrichr web tool. The three top-ranked terms in each module were the AGE-RAGE signaling pathway in diabetic complications (module 1), the renin-angiotensin system (RAS) (module 2), and complement and coagulation cascades (module 3). KEGG results are presented in Table 3.
[image: Figure 5]FIGURE 5 | Three modules were clustered from 46 related targets of the PPI network and distinguished by different colors. The module-1 has top clustered strength according to the score. The size of each node is proportionate to the degree value of the node. The diamond-shaped nodes in each module represent the seed node with the highest weight.
TABLE 3 | The top three terms (ranked by Odds Ratio) from KEGG pathway enrichment analysis for each module.
[image: Table 3]Global GO and KEGG enrichment analysis
The 51 related targets were uploaded to Enrichr for KEGG and GO enrichment analyses, and the top five terms ranked by q-value were selected for display. For the GO enrichment analysis, we identified the top five terms from BP, CC, and MF. The results are shown in detail in Figures 6A–C. First, in BP analysis, the top three terms were extracellular matrix (ECM) organization, angiotensin maturation, and regulation of angiotensin levels in the blood. The top three terms for CC were collagen-containing ECM, platelet-alpha granules, and platelet-alpha granule lumen. In the MF analysis, the top three terms were endopeptidase activity, serine-type endopeptidase activity, and serine-type peptidase activity.
[image: Figure 6]FIGURE 6 | GO and KEGG enrichment analysis of 51 related targets via the Enrichr database. (A–C) Biological processes, cellular components, and molecular functions in GO biological annotation analysis. (D) KEGG pathway enrichment analysis entries. All results show the top five items according to the q value. The lower the q value, the higher the credibility.
The top five terms for global KEGG enrichment analysis are shown in Figure 6D. The detailed terms were RAS, complement and coagulation cascades, pathways in cancer, hypertrophic cardiomyopathy, and the AGE-RAGE signaling pathway in diabetic complications.
DISCUSSION
Complications related to diabetes result in 1.5 million deaths per year, and cardiovascular events are the primary cause of death (Collaborators, 2018). Several trials have demonstrated that GLP-1RAs protect diabetic patients from the occurrence of MI, but the underlying mechanism remains unclear. The present study provides novel and systematic explanations for how GLP-1RAs decrease the occurrence of MI in T2DM patients. We applied network pharmacology to predict 51 related targets between GLP-1RAs and diseases and filtered out seven core targets: AGT, TGFB1, STAT3, TIMP1, MMP9, MMP1, and MMP2. MAFB is an essential transcription factor that regulates the expression of all seven core targets. The GO enrichment terms mainly involved angiotensin, ECM, and platelets. For KEGG enrichment analysis, the related targets were principally enriched in RAS, complement and coagulation cascades, and the AGE-RAGE signaling pathway in diabetic complications.
Researchers have proposed various hypotheses to elucidate the therapeutic mechanism of GLP-1RAs in cardiovascular diseases. Many studies have consistently reported that several GLP-1RAs exert inhibitory effects on plaque formation, development, and rupture (Tashiro et al., 2014; Sudo et al., 2017; Wu et al., 2019; Li et al., 2020). However, evidence is insufficient to comprehensively explain the signaling pathways involved in the prophylactic effects of GLP-1RAs on MI. Our results are aligned with previous studies and hypotheses while also unveiling novel perspectives. After applying the CytoHubba plugin using a multi-algorithm, we identified seven core targets. Four targets (MMP1, MMP2, MMP9, and TIMP1) are associated with metalloproteinases. MMP1, MMP2, and MMP9 participate in ECM proteolysis, whereas TIMP1 acts as a metalloproteinase inhibitor that inhibits the function of MMP 1, MMP2, and MMP9 (Moore et al., 2012). The dynamic balance between MMPs and TIMP1 maintains myocardial ECM stability. Several reports have demonstrated that diabetes disrupts the balance of MMPs/TIMPs in the serum and related tissues (Li et al., 2013; Bastos et al., 2017; Zhou et al., 2021), which may significantly enhance the activities of MMPs and pathological remodeling of the vessel wall (Wang and Khalil, 2018), subsequently resulting in obstruction and ischemia. Several reports have shown that GLP-1, exenatide, and semaglutide reduce MMP expression (such as MMP1, MMP2, MMP9, and MMP13), which maintains intact fibrous caps and protects atheromatous plaque from rupture (Burgmaier et al., 2013; Garczorz et al., 2018; Rakipovski et al., 2018). GLP-1RAs may contribute to the reduction of atherosclerotic plaque instability and cardiac ECM degradation by maintaining the balance between MMPs and TIMPs.
The other three core targets identified were AGT, STAT3, and TGFB1. AGT-encoding angiotensinogen is an essential component of the RAS and participates in the regulation of blood pressure, body fluids, and electrolyte balance. Angiotensinogen undergoes two cleavages to form angiotensin II (Ang II), which has well-known adverse effects on the myocardium. A recent study showed that the mRNA expression of GLP-1R was considerably associated with the components of the renin-angiotensin-aldosterone system (RAAS) detected in epicardial and pericardial fat in patients with severe coronary artery disease (Haberka et al., 2021). However, the interactive regulation between GLP-1R and the RAAS is still unclear. TGFB1 mediates Ang II-induced myocardial fibrosis (Frangogiannis, 2019). Limited data have shown an inconsistent relationship between GLP-1RAs and TGFB1. Long-acting semaglutide decreased hepatic TGFB1 expression (McLean et al., 2021), whereas exendin-4 and liraglutide did not reduce TGFB1 levels in adipose tissue (Pastel et al., 2016; Pastel et al., 2017). Although GLP-1 has a beneficial effect on myocardial ECM remodeling (Robinson et al., 2015), the relationship between GLP-1RAs and TGFB1 in the heart is unclear and requires further investigation.
STAT3 responds to cytokines and growth factors. Shiraishi et al. demonstrated that GLP-1 induces macrophage transformation into the M2 phenotype, contributing to the beneficial effects of GLP-1 against diabetes (Shiraishi et al., 2012). A later study also provided consistent evidence that in the process of myocardial repair, STAT3 activation was a prerequisite for macrophage transformation to the reparative M2 phenotype (Shirakawa et al., 2018). Thus, the changes induced by GLP-1RAs contribute to a reduction in the size and instability of atherosclerotic plaques (Vinué et al., 2017), which could, to some extent, explain the lower MI mortality and incidence in patients using GLP-1RA.
The Iregulon plugin used in this study showed that the transcription factor MAFB may regulate all seven core targets, suggesting that it exerts crucial effects on GLP-RAs by interfering with T2DM and MI. In patients with T2DM, MAFB expression is significantly reduced (Guo et al., 2013). In contrast, overexpressed MAFB can upregulate some cell cycle regulators and subsequently promote human β cell proliferation (Lu et al., 2012). Many previous studies have considered MAFA to be a characteristic of human β-cell function, whereas this view is increasingly being challenged (Velazco-Cruz et al., 2019). Recently, it was suggested that MAFB could be regarded as an essential regulator of the human β-cell signature (Russell et al., 2020). However, only a few studies have tried to reveal the potential relationship between GLP-1 and MAFB. A recent study showed that exendin (9-39) accelerated the transdifferentiation from α cells to β cells by reducing MAFB expression in α cells (Zhang et al., 2019). Therefore, the relationship between GLP-1 and MAFB in β-cells warrants further investigation.
The MCODE plugin provides a practical clustering algorithm to identify the potential functional modules behind these targets. Three modules were obtained in this study and were subsequently subjected to KEGG analysis. The enrichment results mainly focused on the AGE-RAGE signaling pathway, RAS, and complement and coagulation cascades. These biological processes have been demonstrated to have a significant pathogenic relationship with T2DM and MI (Beckman et al., 2002; Husain et al., 2015; Yamagishi, 2019). Some researchers have provided evidence regarding the association between GLP-1RAs and the abovementioned results. GLP-1RAs, such as liraglutide and exenatide, attenuate RAGE expression in several cell types, especially under diabetic conditions (Zhang et al., 2016; Zhang et al., 2017; Zhang et al., 2020), suggesting that the downregulation of RAGE represents a potential mechanism of GLP-1RAs against T2DM. In module two, RAS was a significant KEGG-enriched item. GLP-1RAs play a competitive role in regulating RAS by inhibiting renin synthesis and increasing the inactive form of renin in blood circulation (Puglisi et al., 2021). The final module included three coagulation-related targets. To date, there is rare information on the direct influence of GLP-1RAs on the processes of coagulation cascades. Furthermore, hyperglycemia facilitates coagulation activation and invalidation of fibrinolytic activity in diabetic patients (Sechterberger et al., 2015). Thus, we hypothesize that the effect of GLP-1RAs on blood coagulation is mediated primarily through controlling blood glucose levels.
Several GLP-1RAs trials have demonstrated that these agonists reduce cardiovascular risk factors, including glycated hemoglobin (HbAc1) values, systolic blood pressure, and body weight (Marso et al., 2016a; Marso et al., 2016b; Hernandez et al., 2018). The median duration of these trials ranged from 1.6 to 3.8 years. Cumulative beneficial changes induced by GLP-1RAs contributed to a decrease in MI prevalence. However, the exact mechanisms underlying the contribution of GLP-1RAs remain unclear, as no cardiac tissue was detected in the trials. The GO and KEGG analyses showed that the enrichment terms mainly focused on ECM, coagulation, RAS, and endopeptidase. As most matrix metalloproteinases are elastase-type endopeptidases, mainly MMP2 and MMP9 (Shapiro, 1998), the dynamic balance of MMPs/TIMPs maintains the stabilization of the ECM; however, diabetes disturbs this balance and causes atherosclerotic plaque disruption, myocardial fibrosis, and remodeling. Four of the seven core targets were involved in this balance, and AGT and TGFB1 directly influenced fibrosis and remodeling. These pathological processes considerably induce cardiac death in diabetic cardiomyopathy and acute MI. Therefore, our results suggest that GLP-1RAs play a crucial role in regulating plaque stability, myocardial fibrosis, and remodeling. Other significant enrichment sets included coagulation, complement, and platelets. The burden of thrombus formation induced by coagulation and the complement system in the coronary artery mainly determines the MI area and clinical outcomes (Sianos et al., 2007; Sianos et al., 2010). Thus, inhibition of the coagulation cascades is an effective measure when plaque ruptures occur. To a certain extent, the related targets and enrichment terms involved in coagulation and complement provide a plausible mechanistic explanation for the fact that some GLP-1RAs reduce non-fatal MI in patients with T2DM.
CONCLUSION
Our study provides a comprehensive investigation and analysis of the multi-dimensional effects of GLP-1RAs on preventing MI in patients with T2DM, which may be mainly mediated by interfering with specific targets, biological processes, and cellular signaling pathways related to atheromatous plaque, myocardial remodeling, and thrombosis. However, this study has some limitations as it lacks a series of experiments to prove the proposed hypothesis. Accordingly, further experiments and multi-omics studies are warranted to understand the comprehensive mechanism of GLP-1RAs.
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CASP1 caspase 1
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CCNA2 cyclin A2
CCND1 cyclin D1
ChIP-seq chromatin immunoprecipitation-squence
CTSZ cathepsin Z
CXCR4 C-X-C motif chemokine receptor 4
ECM extracellular matrix
EDNRA endothelin receptor type A
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F7 coagulation factor VII
GLP-1 glucagon-like peptide-1
GLP-1RAs GLP-1 receptor agonists
GO gene ontology
ITGA9/11 integrin subunit alpha 9/11
KEGG Kyoto encyclopedia of genes and genes
MAFA MAF BZIP transcription factor A
MAFB MAF BZIP transcription factor B
MCC maximal clique centrality
MCODE molecular complex detection
MF molecular function
MI myocardial infarction
MME membrane metalloendopeptidase
MMP1/2/9 matrix metallopeptidase 1/2/9
MNC maximum neighborhood component
NES normalized enrichment score
NF-κB nuclear factor kappa B subunit 1
NLRC4 NLR family CARD domain containing 4
OMIM online mendelian inheritance in man
ox-LDL oxidized low density lipoprotein
PharmGKB pharmacogenetics and pharmacogenomics knowledge base
PPI protein-protein interaction
RAAS renin-angiotensin-aldosterone system
RAGE receptor for advanced glycosylation end products
RAS renin-angiotensin system
REN renin
SCN5A sodium voltage-gated channel alpha subunit 5
SIRT1 sirtuin 1
SMILES simplified molecular input line entry system
STAT3 signal transducer and activator of transcription 3
T2DM type 2 diabetes mellitus
TFPI tissue factor pathway inhibitor
TGFB1 transforming growth factor beta 1
TIMP1/2/3 tissue inhibitor of metalloproteinases 1/2/3
TSV tab separated values
TTD therapeutic target database.
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A prospective randomized comparative placebo-controlled double-blind study was carried out based on Arterial Indices model of biological age. The study involved 60 men and women aged 40–65 years that were randomly divided into two equal groups of 30 people: the main group and the control one. The study participants from the main group received a dietary supplement containing Siberian fir terpenes, limonene, alpha-linolenic acid, and vitamin E—1 capsule 3 times a day for 90 days. Patients in the comparison group received a placebo according to a similar scheme. Anthropometric and biochemical characteristics of patients from both groups have not undergone any significant changes. According to ultrasound examination of the carotid arteries, we observed a statistically significant decrease in the minimum thickness of the intima-media complex (by 45%). The maximum carotid artery stenosis on the right or left and the expansion index in patients of both groups did not change significantly during treatment. According to the results of applanation tonometry, it was revealed that when taking the studied dietary supplement, the pulse wave velocity significantly decreased compared to the initial one (by 10%). Accordingly, the Arterial Indices biological age decreased by 2.5 years compared to the baseline level in patients of the main group and did not change in patients from the comparison group. Supplementation of fir terpenes in middle-aged patients of both sexes reduces the biological age reflecting the condition of the arteries.
Keywords: terpenes, dietary supplement, artery stiffness, pulse wave velocity, carotid intima-media thickness, biological age, ultrasound, applanation tonometry
INTRODUCTION
The concept of biological age appeared because of the awareness of the unevenness of aging (Moskalev, 2019). It is obvious that the intensity of aging is related to heredity, environmental conditions in the place of residence, the level of medical care and the lifestyle of the person. Therefore, with the same chronological age in different people, the degree of deterioration of the whole body, as well as individual organs and systems, is different. The consequences of age-related processes are also expressed to varying degrees—violations of the most important vital functions, narrowing of the range of adaptation, resilience, stress-resistance, development of disease states. We can assume that the difference between chronological and biological age reflects the intensity of aging and the risks of age-related diseases.
Considering the conventionality of the concept of biological age, researchers have made numerous attempts to establish a set of measurable criteria of aging. For various models of biological age, empirical clinical parameters (biochemical and functional), aging-based molecular measurements, or big omics data (methylome, transcriptome, proteome, metabolome, metagenome) are currently used (Moskalev, 2020).
An original method for determining the biological age has been proposed, based on the determination of sex-specific Arterial Indices model (Fedintsev et al., 2017). The method allows the use of widely used medical equipment in hospitals and clinics without performing molecular or cellular tests. Arterial indices are determined non-invasively by combining four functional indicators of cardiovascular health from the results of carotid duplex scanning and applanation tonometry.
Cardiovascular aging is characterized by a complex of pathophysiological changes affecting both the myocardium and blood vessel walls at the structural, cellular, molecular, and functional levels. As it is known, cardiovascular diseases are the main component of age-related mortality. Aging is associated with functional changes in blood vessels, including stiffening of the arteries, which is the main cause of hypertension. Moreover, a study in a recent publication has shown that arterial aging correlates better with chronological age than with the accompanying changes in blood biochemical parameters (Fedintsev et al., 2017). Carotid intima-media thickness (cIMT) is an established surrogate marker of atherosclerosis. This parameter is also associated with metabolic syndrome, insulin sensitivity and other age-related functional disorders.
The aim of this study was to investigate the effect of Siberian fir terpenes diet supplement in healthy middle-aged people. The impact of the study dietary supplement was assessed by the following primary endpoints—biological age determined by ultrasound and applanation tonometry (B4/B1) in healthy middle-aged subjects (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic visit schedule.
MATERIALS AND METHODS
Characteristics of patients participating in the study
A prospective, randomized, comparative, placebo-controlled, double-blind study was conducted based on N.I. cc, a separate structural subdivision of the Russian Gerontological Research and Clinical Center.
The study was conducted in accordance with the requirements of the Russian Federation National Standard “Good Clinical Practice” GOST R 53279–2005, the World Medical Association Declaration of Helsinki Ethical Principles for Medical Research Involving Human Subjects and ICH E6 Good Clinical Practice (GCP) rules and approved by the ethical committee of the Pirogov Russian State Medical University on 12/30/2020.
The study involved 60 men and women aged 40–65 years who signed an informed consent form.
The exclusion criteria were:
- The presence of any of the diseases or conditions: diabetes mellitus; body mass index (BMI) ≤ 25 or ≥ 38 kg/m2; arterial hypertension of the second or third degree; acute coronary syndrome or acute cerebrovascular accident or transient ischemic attack or revascularization interventions on coronary or brachiocephalic arteries in the anamnesis; atrial fibrillation; angina; chronic heart failure; GFR ≤ 59 ml/min/1.73 m2; increased activity of AST or ALT serum more than 2.5 times from the upper limit of the norm; chronic hepatitis or cirrhosis of the liver of any etiology; oncological disease of any localization at present or in the anamnesis.
- Current or previously conducted regular drug therapy, including all dietary supplements, antidiabetic drugs, statins, NSAIDs, RAAS blockers in less than 14 days or 5 half-lives.
- Hypersensitivity to the test product and/or its component in the anamnesis.
- Simultaneous participation in another clinical trial.
- Pregnancy, breastfeeding.
- A history of alcohol and/or drug addiction.
After the examination, the patients were randomly divided into two equal groups of 30 people: the main and the comparison group. Table 1 shows the anthropometric and biochemical characteristics of patients from both groups. Individual data collected in the Supplementary Table S1.
TABLE 1 | Anthropometric and biochemical characteristics of patients from both groups.
[image: Table 1]Study participants from the main group received the dietary supplement “CardioOrganic®" 1 capsule 3 times a day, 20 min before meals for 90 days.
Patients in the comparison group according to a similar scheme received a placebo, which was a capsule of the same shape, color, and size as the study product, following a similar scheme.
Medications used
Dietary supplement Vitaterpen brand “CardioOrganic®” produced by Korolevpharm LLC, contains biologically active substances of natural origin in an amount not exceeding the upper permissible level of consumption. One capsule (600 mg) contains at least: 20 mg of Siberian fir terpenes, 1.7 mg of limonene, 250 mg of omega-3 PUFA (alpha-linolenic acid), 6.5 mg of vitamin E. The quantitative composition of the placebo; 1 capsule (600 mg) contains at least: 592.5 mg - linseed oil, 7.5 mg—of vitamin E.
Defined parameters
Primary endpoints of the clinical study—estimated indicators of biological age:
1. Biological age determined by ultrasound and applanation tonometry (B4/B1)
2. Biological age determined from the results of a blood test (B4/B1)
Secondary endpoints—additional indicators (blood):
1. Score of the quality of life according to the SF-36 questionnaire (B4/B1)
2. Interleukin-6 (B4/B1)
3. C-reactive protein (B4/B1)
4. TNF-α (B4/B1)
5. Ferritin (B4/B1)
6. Lipid peroxidation (B4/B1)
7. Insulin (B4/B1)
8. Willebrand factor (B4/B1)
9. Homocysteine (B4/B1)
10. Omega-3 index (B4/B1)
11. Unsaturated fatty acids (B4/B1)
12. Insulin-like growth factor IGF-1, (somatomedin C) (B4/B1)
13. Platelet aggregation with ADP (B4/B1)
In the dynamics of observation, a physical examination of patients, a biochemical blood test, Doppler ultrasound of the carotid arteries and applanation tonometry were performed; the frequency of adverse events and adverse reactions was noted, the value of biological age was calculated.
The pulse wave velocity was measured using the SphygmoCor device (AtCor Medical, Australia). The applanation tonometer is sequentially superimposed on the proximal (carotid) and, with a short interval, on the distal (femoral) artery, while an ECG is simultaneously recorded. The pulse wave velocity is calculated using the time of passage of the wave between the registration points, determined using the R wave on the ECG.
Duplex examination of the carotid arteries was performed using (Ultrasound Diagnostic Medical System, Vivid E9, Israel).
Biological age was calculated according to the formulas for women and men (Fedintsev et al., 2017).
Female Arterial Index
AGEW = −59.92 + 48.87⋅CIMmin + 2.4⋅AIx + 32.41⋅log (PWV) + 0.64⋅STENmax − 0.95⋅AIx⋅log (PWV) − 0.7⋅CIMmin⋅STENmax
Male Arterial Index:
AGEM = −0.86 + 46.68*CIMmin + 0.17*STENmax + 6.18* log (PWV).
Where:
CIMmin–minimal thickness of the intima-media complex, in the left or right carotid, AIx–Augmentation Index (the degree of pressure rise in the artery after the return of the reflected wave; the difference of the dicrotic wave and the anacrota, divided by the central pulse pressure), PWV–pulse wave velocity, STENmax–Maximal of two stenosis values, on the left or on the right.
Statistical processing
Statistical processing of the results was carried out using the STATISTICA v.12 program. To assess the statistical significance of the differences obtained, non-parametric criteria were used: Mann-Whitney for independent and Wilcoxon for dependent samples. The data in the table are presented in the form of median and interquartile ranges. The level of statistical significance was taken to correspond to p 0.05.
RESULTS
There were no cases of clinically significant abnormalities in the physical examination at any visit in any group. The average values of blood biochemical parameters in both groups did not differ at the beginning and at the end of the study.
According to the ultrasound examination of the carotid arteries in patients of the main group a statistically significant decrease in the minimum value of the thickness of the intima-media complex on the right or left from the initial was noted. No such changes were observed in the placebo group (Table 2).
TABLE 2 | Results of ultrasound of carotid arteries and applanation tonometry.
[image: Table 2]A decrease in this parameter indicates favorable changes in the vascular wall, accompanied by an increase in the lumen of the carotid arteries and, accordingly, an improvement in the blood supply to the brain.
The maximum stenosis of the carotid artery, on the right or left in patients of both groups did not change statistically significantly during the treatment.
According to the results of applanation tonometry, it was revealed that while taking the studied dietary supplement, the pulse wave velocity decreased statistically significantly from the initial (Table 2).
There were no statistically significant changes in the placebo group. The decrease in pulse wave velocity reflects a decrease in arterial stiffness (a characteristic age-related change) and normalization of the reflected wave return velocity. These positive changes ultimately led to a decrease in the excess load on the left ventricle and an increase in perfusion pressure in the coronary arteries.
Table 3 shows the values of the biological age calculated from the data of the ultrasound of the carotid arteries and applanation tonometry.
TABLE 3 | Biological age (years), calculated according to the data of the ultrasound of the carotid arteries and applanation tonometry.
[image: Table 3]It decreased compared to the baseline in patients of the main group and did not change in patients from the comparison group.
DISCUSSION
Currently, there is a growing interest in biomarkers of biological age. Biological age is understood as a synthetic index consisting of one marker or a combination of several biological markers, which by itself or in combination with functional markers not only correlates with chronological age, but is also able to identify people “younger” or “older” than their chronological age in the same demographic group cohorts (Franceschi et al., 2018).
Carotid intima-media thickness (cIMT) is an established surrogate marker of atherosclerosis (Carpenter et al., 2016). This parameter is also associated with metabolic syndrome, insulin sensitivity and other age-related functional disorders (Lee et al., 2014; Roussel et al., 2016). It has been shown that the thickness of intima-media reliably predicts the progression of Alzheimer’s disease in general (Wang et al., 2016) and cognitive decline associated with Alzheimer’s disease, in particular (Buratti et al., 2015). In addition, revascularization improves cognitive functions, suggesting that the relationship between carotid artery stenosis and cognitive decline may be causal (Lal et al., 2011; Ortega et al., 2014). In addition, cIMT is largely associated with cardiovascular and overall mortality (Murakami et al., 2005).
Another predictor of cardiovascular diseases, the Augmentation index (AIx), is associated with the risk of symptomatic cardiovascular disease (Nurnberger et al., 2002). The pulse wave velocity in the aorta is a reliable predictor of future cardiovascular events and mortality from all causes—an increase in PWV in the aorta by 1 m/s corresponds to the risk adjusted for age, gender and risk factors for 14%, 15% and 15% of the total number of cardiovascular events, cardiovascular mortality, and mortality from all causes, respectively (Vlachopoulos et al., 2010). Thus, the aging of the arteries can be considered as a key factor in the overall aging process.
As a measure of biological age in this study we applied Artery Indices (Fedintsev et al., 2017). While creating this model, more than 80 hematological and functional health parameters were studied in a well-characterized cohort of patients for 2 years. Machine learning methods were applied to them, and the greatest predictive power was found for markers of arterial stiffness and artery wall thickness, which were combined into the Artery Indices model. Arterial Indices were determined by combining four functional indicators of cardiovascular health from the results of carotid duplex scanning and applanation tonometry. The advantage of this model is the non-invasiveness of measurements. The Artery Index was significantly higher in people with hypertension and type 2 diabetes than in healthy people that validates it is as a biological age predictor (Fedintsev et al., 2017).
It is assumed that the improvement and introduction of personalized non-drug interventions, including diet and exercise, are more likely to lead to a healthy aging of the population than new or repurposed drugs (Guerville et al., 2020). In addition, food supplements could help to improve certain parameters of a person’s quality of life: physical, mental, emotional, or social functioning.
It should be noted that the patients aged 40–60 years, whom we accepted into the study, were relatively healthy and did not need pharmacotherapy. However, it is known that atherosclerotic lesions and vascular stiffness at this age are already quite pronounced. Taking food additives with a high safety profile can help improve endothelial function and reduce biological age. This strategy can prolong the patient’s health and prevent the need for pharmacotherapy, which, despite its effectiveness, is often associated with undesirable drug reactions, individual intolerance, etc.
The dietary supplement contains a combination of terpenes of fir. It was revealed that in normal fibroblasts, terpenes induced genes for stress response, autophagy, apoptosis regulation, and tissue regeneration. The restoration of the expression level of some prolongevity genes after fir extract treatment was shown in senescent cells (Kudryavtseva et al., 2016). In subsequent preclinical studies on human fibroblasts, have shown that a substance containing fir terpenes exhibits antioxidant activity, induces autophagy, and affects aging-associated molecular pathways in the transcriptome and proteome (Kudryavtseva et al., 2016; Lipatova et al., 2021). Terpenoids exhibit many properties of potential geroprotectors that can effectively influence the mechanisms of aging and age-related diseases (Proshkina et al., 2020), including blood vessel endothelial disfunction.
In patients taking supplement for 3 months, there was a decrease in the minimum thickness of the intima-media complex on the right or left side, which was a manifestation of favorable changes in the vascular wall an increase in the lumen of the carotid arteries and, accordingly, an increase in the improvement of blood supply to the brain.
The decrease in pulse wave velocity in patients of the main group after a 3-month course of taking food additive reflects a decrease in arterial stiffness (a characteristic age-related change) and normalization of the rate of return of the reflected wave, which ultimately leads to a decrease in excessive load on the left ventricle and an increase in perfusion pressure in the coronary arteries.
In this work, the assessment of biological age and the effect of dietary supplements on it was carried out exclusively according to the parameters of the cardiovascular system. Therefore, it is natural that the positive effect obtained because of taking supplement was expressed in a decrease in biological age.
As mentioned above food additive contains polyunsaturated omega-3 fatty acids, vitamin E, limonene, Siberian fir terpenes, and placebo capsules contain flaxseed oil, which also contains unsaturated omega-3, 6 and 9 fatty acids and vitamin E. One would expect that patients in the placebo group would also experience positive effects, but we did not find statistically significant changes in the indicators characterizing the state of the vascular bed.
This suggests that the positive effect of terpenes on the stiffness of the vascular wall has been revealed.
A similar example is the European RISTOMED project, a multicenter open randomized study of the effect of a diet designed to meet the recommended daily requirement for nutrients, vitamins, and minerals in accordance with various cultural traditions, separately or with three nutraceuticals, including d-limonene, on inflammatory and metabolic markers. In healthy middle-aged people. It has been shown that the addition of d-limonene in the context of this dietary intervention can have a beneficial effect on the middle-aged, limiting the negative effects of chronic inflammation and improving the parameters of insulin resistance (Ostan et al., 2016).
In addition, it is likely that Siberian fir terpenes supplement, as well as any dietary additive, is characterized by a weak or moderate cumulative effect without a pronounced effect on laboratory and/or functional parameters of the body, which, in turn, characterizes the safety of food additives well. Siberian fir terpenes supplement has demonstrated a high safety profile. At the same time, additional research is needed to understand the detailed mechanisms of action of the composition of the substances that make up a supplement.
Thus, according to the instrumental method of examination (ultrasound examination and applanation tonometry), it was proved that taking the studied dietary supplement helps to improve blood supply to the brain. At the same time, it does not affect laboratory parameters, which confirms the safety of dietary supplements. The positive effect of the investigated dietary supplement on the condition of blood vessels was ultimately expressed in a statistically significant decrease in biological age, estimated by Artery Indexes model.
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Background: Lipid aggregation, inflammatory cell infiltration, fibrous cap formation, and disruption are the major causes of atherosclerotic cardiovascular disease (ASCVD) and the pathologic features of atherosclerotic plaques. Although ezetimibe’s role in decreasing blood lipids is widely known, there are insufficient data to determine which part of the drug has an effect on atherosclerotic plaque compositions.
Objective: The study aimed to systematically evaluate the efficacy of ezetimibe for coronary atherosclerotic plaque compositions.
Methods: Two researchers independently searched the PubMed, Embase, Cochrane Library, and Web of Science databases for randomized controlled trials (RCTs) on the efficacy of ezetimibe for coronary atherosclerotic plaques from inception until 22 January 2023. The meta-analysis and trial sequential analysis (TSA) were performed using Stata 14.0 and TSA 0.9.5.10 Beta software, respectively.
Results: Four RCTs were finally included this study, which comprised 349 coronary artery disease patients. Meta-analysis findings showed that, compared with the control group, intervention measures could effectively reduce the fibro-fatty plaque (FFP) volume [WMD = −2.90, 95% CI (−4.79 and −1.00), and p = 0.003 < 0.05]; there were no significant difference in the reduction of fibrous plaque (FP) volume [WMD = −4.92, 95% CI (−11.57 and 1.74), and p = 0.15 > 0.05], necrotic core (NC) volume [WMD = −2.26, 95% CI (−6.99 and 2.46), and p = 0.35 > 0.05], and change dense calcification (change DC) volume [WMD = −0.07, 95% CI (−0.34 and 0.20), and p = 0.62 > 0.05] between the treatment group and the control group. TSA findings showed more studies are still required to confirm the efficacy of ezetimibe for FP and NC in the future.
Conclusion: Compared to the control group, ezetimibe significantly decreased FFP, but it had no statistically significant difference on FP, NC, or change DC. According to TSA, further research will be required to confirm the efficacy of ezetimibe for FP and NC in the future.
Keywords: ezetimibe, coronary atherosclerotic plaques, compositions, meta-analysis, trial sequential analysis
1 INTRODUCTION
Lipid aggregation, inflammatory cell infiltration, fibrous cap formation, and disruption are the major causes of atherosclerotic cardiovascular disease (ASCVD) and the pathological features of atherosclerotic plaques (Falk et al., 2013; Dawson et al., 2022). The cholesterol absorption inhibitor, ezetimibe, in combination with statins has been shown to significantly reduce low-density lipoprotein cholesterol (LDL-C) levels and improve outcomes in acute coronary syndromes in a large sample, double-blind, randomized controlled trial (Cannon et al., 2015). As compared to statin treatment alone, ezetimibe and statin combination significantly decreased coronary plaque volume, according to Ueda et al. (2017).
Although ezetimibe’s role in decreasing blood lipids is widely known and it is recommended in clinical guidelines (Grundy et al., 2019; Mach et al., 2020), there are insufficient data to determine which part of the drug has an effect on atherosclerotic plaque compositions. Multiple investigations on the efficacy of ezetimibe on coronary atherosclerotic plaque compositions have been conducted, although the findings are not entirely consistent. In order to give information for therapeutic practices, the aim of this study was to systematically evaluate the efficacy of ezetimibe for coronary atherosclerotic plaque compositions.
2 MATERIALS AND METHODS
The Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) criteria (Page et al., 2021) were followed for performing this meta-analysis, which was registered in the International Prospective Register of Systematic Reviews.
2.1 Inclusion and exclusion criteria
Inclusion criteria were as follows: 1) study type: RCTs in English language; 2) patients: patients who meet the diagnostic criteria for all types of coronary atherosclerotic heart disease and underwent intravascular ultrasound (IVUS) examinations, regardless of disease duration and severity, gender, age, and region; 3) intervention measures: the treatment group was treated with ezetimibe combined with statin or ezetimibe monotherapy, while the control group was treated with placebo, statin monotherapy, or blank control; and 4) endpoints: ① fibro-fatty plaque volume (FFP, mm³), ② fibrous plaque volume (FP, mm³), ③ necrotic core volume (NC, mm³), and ④ change dense calcification volume (change DC, mm³). Endpoints should be measured and calculated according to American College of Cardiology Clinical Expert Consensus Document on Standards for Acquisition, Measurement and Reporting of Intravascular Ultrasound Studies (Mintz, 2001).
Exclusion criteria were as follows: 1) patients with other types of coronary artery disease, structural heart disease, heart failure, cardiomyopathy, connective tissue disease, and other influencing factors; 2) repeated literature; 3) errors or incomplete study data; and 4) case reports, conference reports, experts’ experience, animal experiments, and reviews.
2.2 Literature search strategy, data extraction, and quality evaluation
Two investigators separately searched the PubMed, Embase, Cochrane Library, and the Web of Science databases from inception until 22 January 2023. The terms searched included “Coronary Vessels,” “Coronary Artery,” “Plaque, Atherosclerotic,” “Atherosclerotic Plaques,” “Ezetimibe,” and “randomized controlled trial.” The detailed search strategy is shown in Supplementary Material S1.
Two investigators conducted literature screening and full-text reading and then extracted the information required for this study independently.
According to the RCT risk of the bias assessment tool in the Cochrane Handbook for Systematic Reviews, two researchers assessed the methodological quality of the included literature from seven aspects: sequence generation, allocation concealment, blinding of participants and personnel, blinding of the outcome assessment, incomplete outcome data, selective outcome reporting, and other sources of bias. Each aspect was rated as “low risk,” “unclear risk,” or “high risk” based on the tool.
2.3 Statistical analysis
Statistical analysis was performed using Stata 14.0 (Stata Corporation, College Station, TX, USA) software. Continuous variables were analyzed using the weighted mean difference (WMD) as the pooled statistic, which described the 95% confidence interval (CI). Heterogeneity size was evaluated by the I2 value and p-value; if the inter-study statistical heterogeneity was less (I2 ≤ 50% or p ≥ 0.1), the fixed-effect model was used; if the inter-study heterogeneity was significant (I2 > 50% or p < 0.1), the random effect model was used. To check if there was publication bias, Egger’s test was used and a funnel plot was generated. p < 0.05 was considered statistically significant for the pooled effect. Finally, the TSA 0.9.5.10 Beta software was used to perform TSA analysis on the associated results.
3 RESULTS
3.1 Search results, basic characteristics, and quality evaluation results of the included literature
A total of 194 relevant literature reports were obtained in the initial screening, after excluding the repeated literature, meta-analyses, reviews, animal tests, no RCTs, or no match research contents, and four RCTs were finally included (Tomas et al., 2012; Jung et al., 2016; Mikkel et al., 2017; Kiyoshi et al., 2018), which comprised 349 patients; the literature screening processes are shown in Figure 1.
[image: Figure 1]FIGURE 1 | PRISMA flowchart with details of the literature search and study selection.
A multi-center research study was among the included research studies, which were primarily from Europe and Asia. The duration ranged from 3 to 12 months, and three of the studies were followed up for more than 10 months; the other basic characteristics are shown in Table 1.
TABLE 1 | Basic information for the included studies.
[image: Table 1]All four studies successfully described the random sequence generation method; however, one research’s allocation concealment was not well explained. Three studies successfully completed single blinding of the outcome assessment, while one study successfully completed the double-blinded study. The data on all studies were complete. All studies specifically described the interventions and outcome measures, as shown in Figure 2; Supplementary Material S2.
[image: Figure 2]FIGURE 2 | Risk of bias summary.
3.2 Meta-analysis
3.2.1 Fibro-fatty plaque (FFP) volume
All research studies reported the efficacy of FFP, involving a total of 349 patients. There was no heterogeneity among the studies (I2 = 0%, p = 0.94). Fixed-effects model analysis was carried out, and the result showed that compared with the control group, treatment group intervention measures could effectively reduce FFP, and there was a statistically significant difference [WMD = −2.90, 95% CI (−4.79 and −1.00), and p = 0.003], as shown in in Figure 3.
[image: Figure 3]FIGURE 3 | Forest plot for fibro-fatty plaque volume.
3.2.2 Fibrous (FP) plaque volume
All research studies reported the efficacy of FP, involving a total of 349 patients. There was no heterogeneity among the studies (I2 = 0%, p = 0.87); fixed-effects model analysis was carried out, and the result showed that there was no significant difference in the reduction of FP between the treatment group and the control group [WMD = −4.92, 95% CI (−11.57 and 1.74), and p = 0.15], as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Forest plot for fibrous plaque volume.
3.2.3 Necrotic core (NC) volume
Three of the four research studies reported the efficacy of NC, involving a total of 246 patients. There was no heterogeneity among the studies (I2 = 0%, p = 0.42); fixed-effects model analysis was carried out, and the result showed that there was no significant difference in the reduction of NC between the treatment group and the control group [WMD = −2.26, 95% CI (−6.99 and 2.46), and p = 0.35], as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Forest plot for necrotic core volume.
3.2.4 Change dense calcification (change DC) volume
All research studies reported the efficacy of change DC, involving a total of 349 patients. There was no heterogeneity among the studies (I2 = 0%, p = 0.63); fixed-effects model analysis was carried out, and the result showed that there was no significant difference in the reduction of change DC between the treatment group and the control group [WMD = −0.07, 95% CI (−0.34 and 0.20), and p = 0.62], as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Forest plot for change dense calcification volume.
3.3 Subgroup analysis
We conducted subgroup analyses using patients’ continents as the covariable since Asian and European patients had different genetic variables. The result showed that compared with the control group, treatment group intervention measures could effectively reduce FFP in Asian patients; there was a statistically significant difference [WMD = −3.00, 95% CI (−5.08 and −0.91), and p = 0.005], but there was no statistically significant difference [WMD = −2.41, 95% CI (−6.94, 2.11), and p = 0.296] in European patients. Between the treatment group and the control group, there was no statistically significant difference in the reduction of FP, NC, and change DC in Asian or European patients, as shown in Table 2.
TABLE 2 | Results of subgroup analysis.
[image: Table 2]3.4 Publication bias
Publication bias was performed for FP and NC. The findings demonstrated that Egger’s test results were p = 0.20 > 0.05 and p = 0.47 > 0.05, respectively, and funnel plots were used, as shown in Figures 7A, B, indicating the little possibility of publication bias.
[image: Figure 7]FIGURE 7 | Funnel plots for fibrous plaque volume (A) and necrotic core volume (B).
3.5 Trial sequential analysis
TSA were performed for FP and NC. The parameters were set as follows: boundary type was two-side, Type 1 Error α = 5%, Type 2 Error β = 20%, and statistical power 1-β = 80%; the information axis was a sample size. The findings revealed that neither of the Z-curves crosses the traditional boundary values nor the TSA boundary values, and the accumulated information fell short of the required information size (RIS). Therefore, there was no statistically significant difference between the treatment group and the control group in terms of efficacy, and more studies are still required to confirm the efficacy in the future, as shown in Figures 8A, B.
[image: Figure 8]FIGURE 8 | Trial sequential analysis for fibrous plaque volume (A) and necrotic core volume (B).
4 DISCUSSION
Since the endpoints were not published in the original publication as a mean ± standard deviation (mean ± SD), we converted data using the approach described by Luo et al. (2018). In terms of patients, acute coronary syndrome was studied in three trials, and stable angina, in one trial. According to the meta-analysis, patient differences did not cause heterogeneity among studies; compared to the control group, ezetimibe significantly decreased FFP, but it had no statistically significant difference on FP, NC, and change DC. FP and NC did not show any statistically significant differences between the treatment group and the control group, according to TSA, and further research will be required to confirm the efficacy in the future.
According to previous studies, the volume of the compositions in coronary atherosclerotic plaques can be impacted by statins. For example, statins increased FP and decreased FFP, but no change in NC was seen (Nasu et al., 2009). Ezetimibe inhibits the absorption of cholesterol from the intestine by blocking the Niemann–Pick-like 1 receptor. The findings of our meta-analyses demonstrated that ezetimibe combined with statins reduced FFP more significantly than statins alone; however, due to the limited sample size of the included trials, our study was inconclusive in terms of FP and NC, and TSA showed that further research is required. One of the included studies analyzed the whole investigated segment, and it is possible to infer that the changes in the worst segment are different from those in less affected parts of the vessel (Tomas et al., 2012). One study showed that in patients with ACS, additional reductions in LDL-C levels were associated with a reduction in cardiovascular events after ezetimibe combined with statin therapy compared with statins alone (Cannon et al., 2015). According to Newby (2005), both human and animal atherosclerotic plaques have higher levels of matrix metalloproteinase-9 (MMP-9), which can make plaque rupture more likely, resulting in thrombosis. According to Wang et al. (2016) findings, ezetimibe decreased the level of MMP-9. Additional research studies have demonstrated that a local high cholesterol concentration in foam cells can result in cholesterol crystal formation and localized inflammation (Duewell et al., 2010), inducing foam cell apoptosis and final formation of a lipid-rich necrotic core (Geng et al., 2003), while ezetimibe can reduce cholesterol crystal accumulation and plaque inflammation (Kataoka et al., 2015). These provide the basis for suggesting that ezetimibe may increase cardiovascular events due to plaque rupture and increase plaque stability.
According to Hong et al. (2009), statins had no significant effect on DC. The common occurrence of calcification in arteries, which mostly happens in the latter stages of atherosclerosis and has been linked to arterial degeneration and various metabolic diseases, has been thought of as a passive process (Otsuka et al., 2014; Jeevarethinam et al., 2017; Yahagi et al., 2017). According to a recent research study by Cho et al. (2018), both passive and active calcification processes are involved. We are unaware of any studies that demonstrate the ability of ezetimibe to inhibit both passive and active calcification processes, which may account for the lack of a statistically significant difference between the treatment group and the control group in terms of the change dense calcification volume. A study of 101 patients with coronary heart disease (CHD) by the Second Affiliated Hospital of Kunming Medical University (Qi et al., 2021) showed that the smaller the curvature and shallower the depth of dense calcification, the more prone they were to instability and rupture; curvature and depth are independent predictors of plaque rupture in patients with CHD. Future research studies on the effectiveness of ezetimibe on the curvature and depth of dense calcification might be carried out even though this study demonstrated that treatment measures in the treatment group and the control group had no statistical significance in the change dense calcification volume.
Lipid-lowering treatment is a first-line therapy for ACS; all of the included trials showed that the treatment and control groups can decrease total cholesterol (TC) and low-density lipoprotein (LDL) (Tomas et al., 2012; Jung et al., 2016; Mikkel et al., 2017; Kiyoshi et al., 2018), while only one study reported that the treatment group can increase high-density lipoprotein (HDL) (Kiyoshi et al., 2018).
5 INNOVATIONS AND LIMITATIONS
Innovations: As is known, this study is the first meta-analysis and trial sequential analysis to evaluate the efficacy of ezetimibe on the volume of each coronary atherosclerotic plaque composition.
Limitations: Patients with acute coronary syndrome and stable angina made up the majority of the study population, and the pathophysiological mechanisms of the former and the latter were not completely consistent. There may have been some deviation in data conversion because the data from several studies were not presented as the mean ± SD. Statins and their dose of four RCTs were different. A few inconclusive results show up as results of the limited sample size and the overall amount of literature; more high-quality randomized controlled trials can be conducted in the future.
6 CONCLUSION
This meta-analysis demonstrated that, compared to the control group, ezetimibe significantly decreased FFP, but it had no statistically significant difference on FP and NC; trial sequential analysis also showed that the meta-analysis results were inconclusive, and further research will be required to confirm the efficacy in the future. This meta-analysis showed that, compared to the control group, ezetimibe also had no statistically significant difference on change DC.
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A novel glycyrrhizin acid-coated stent reduces neointimal formation in a rabbit iliac artery model
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Introduction: Most drug-eluting stents (DESs) inhibit intimal hyperplasia but impair re-endothelialization. This study aimed to evaluate in vivo strut coverage and neointimal growth in a new glycyrrhizin acid (GA)-eluting stent.
Methods: New Zealand White rabbits (n = 20) with atherosclerotic plaques were randomly divided into three groups based on implanted iliac artery stents: bare-metal stents (BMSs), rapamycin-eluting stents, and GA-eluting stents. After the in vivo intravascular ultrasound (IVUS) assessment at 28 days, the vessels were harvested for scanning electron microscopy (SEM) and histology. After 4 weeks of follow-up, the stent and external elastic lamina (EEL) areas were compared among the groups.
Results: The rapamycin- or GA-eluting stents significantly reduced the neointimal area compared with BMSs, though GA-eluting stents had the lowest reduction. There were more uncovered struts for rapamycin-eluting stents than those for GA-eluting stents and bare-metal stents. The endothelial nitric oxide synthase (eNOS) expression in GA-eluting stents was much higher than that in BMSs and rapamycin-eluting stents, even though the endothelial coverage between struts was equivalent between BMSs and GA-eluting stents. Moreover, GA-eluting stents markedly promoted re-endothelialization and improved arterial healing compared to rapamycin-eluting stents in a rabbit atherosclerotic model.
Conclusion: In conclusion, the novel GA-coated stent used in this study inhibited intimal hyperplasia and promoted re-endothelialization.
Keywords: drug-eluting stents, glycyrrhizin acid, intimal hyperplasia, eNOS, re-endothelialization
1 INTRODUCTION
Coronary artery disease is the most prevalent type of heart disease and the primary cause of mortality in developed and developing countries (Sanchis-Gomar et al., 2016). The increasing use of percutaneous coronary interventions (PCIs) or stents has improved the prognosis of patients with coronary artery disease and acute coronary syndrome (Dudek et al., 2019).
After years of investigation, two important pathological processes have been identified after stent deployment: intimal hyperplasia and re-endothelialization, which are mainly driven by smooth muscles and endothelial cells, respectively (Van Belle et al., 1997). Since smooth muscle cell proliferation is triggered by sterile inflammation and foreign body reactions, intimal hyperplasia clinically leads to lumen loss or in-stent restenosis (Van Belle et al., 1997; Chaabane et al., 2013). However, re-endothelialization is the process of covering the surface of a stent with endothelial cells, thus protecting it from thrombus formation. Restenosis and stent thrombosis are associated with adverse clinical outcomes after stent application (Lu et al., 2016).
Although the application of drug-eluting stents (DESs) has greatly reduced the rate of restenosis compared to bare-metal stents (BMSs), the rate of restenosis remains high (Giustino et al., 2022). Drugs that elute off-current DESs, including sirolimus, paclitaxel, everolimus, and zotarolimus, have strong antiproliferative effects but lack cellular specificity, resulting in delayed re-endothelialization and endothelial dysfunction, which is linked to stent thrombosis (Xu et al., 2022). Owing to inadequate endothelial healing, late stent-associated thrombosis may develop following DES implantation, despite the regular use of extended dual antiplatelet therapy (Finn et al., 2007).
Even in advanced generations, most DESs are not designed with a focus on resolving re-endothelialization and endothelial dysfunction. Our previous study indicated that glycyrrhizin acid (GA) could protect against endothelium-dependent relaxation in an animal model of diabetes (Zhu et al., 2020a) and attenuate neointimal formation by inhibiting HMGB1 in a rabbit vascular injury model (Zhu et al., 2020b). Therefore, this study aimed to investigate the anti-restenotic and anti-inflammatory properties of GA-eluting stents in a rabbit model of atherosclerosis using intravascular ultrasound (IVUS) after stent implantation.
2 MATERIALS AND METHODS
2.1 Induction and identification of atherosclerosis
All animal experiments were approved by the Animal Care and Use Committee of Central South University. A total of 20 adult male New Zealand White rabbits (3 months old, 3.0–3.5 kg) were purchased from the Shanghai Animal Administration Center (Shanghai, China). For the first 4 weeks of the trial, all rabbits were fed with a high-cholesterol diet (purified rabbit chow supplemented with 1% cholesterol and 6% peanut oil; SLACCAS, Shanghai, China), followed by a low-cholesterol diet (0.025%) for the remaining time (i.e., 4 weeks after stent implantation).
Oil Red O staining was performed to detect vascular atherosclerosis. Vascular sections were rinsed with 60% isopropanol (5 min), stained with 0.5% Oil Red O/60% (20°C, 10 min), destained for 2 min, and thoroughly washed with distilled water. The images were acquired using a microscope (ZEISS).
2.2 Construction of the DESs
GA-eluting stents were prepared by coating a cobalt–chromium alloy stent (APT Medical Company, China) with a monolithic matrix of polyvinylidene fluoride-co-hexafluoropropylene and a GA base. The CA-eluting stents were 15 mm long and 2.50 mm in diameter, with a strut thickness of 88 um and a polymer layer thickness of 5–20 µm on the wire. Polyvinylidene fluoride-co-hexafluoropropylene and GA were sequentially dissolved and mixed in acetone to form a coating polymer, and the stents were coated using ultrasonic spraying equipment. Subsequently, the stent underwent a 10-min air-drying process to eliminate acetone completely. Each coated stent contained 100 μg of GA. The integrity and homogeneity of the coated stents were evaluated using a stereomicroscope under white light before and after balloon catheter inflation. This polymer coating does not crack or flake during stent expansion and has been used in other DESs (Kamberi et al., 2018). After the stent was attached to the angioplasty balloon, it was sanitized using the ethylene oxide gas method and aseptically enclosed.
The kinetics of GA elution from polymer-coated scaffolds that had undergone sterilization were assessed in vitro. The GA-eluting stent was immersed in phosphate-buffered saline ([image: image]) in an Eppendorf tube and shaken in a horizontal shaker at 50 rpm, at 37°C. The stents were removed at a set time, a certain amount of acetonitrile was added to the tube and left to stratify, and the supernatant was collected, filtered, and tested by UV spectroscopy at 258 nm. During in vitro elution of GA-eluting stents, the GA-eluting stents released 60% of its total GA amount by day 1 and 88% by day 13 (Supplementary Figure S1). Moreover, bare-metal stents (APT Medical Company, China) of the same size and commercially available rapamycin-eluting stents (Partner durable-polymer SES; Lepu Medical Technology, China) were used.
2.3 Stent placement, harvest, and preparation
General anesthesia (sodium pentobarbital; 100 mg/kg IV) was administered to the rabbits. A median neck incision was made, and a 5F vascular sheath was placed in the left carotid artery. After the administration of heparin (100 IU/kg), aortography and bilateral iliac angiography were performed. The rabbits (n = 20) were randomly divided into three groups as follows: bare-metal stents (BMS group, n = 6), rapamycin-eluting stents (rapamycin group, n = 6), and GA-eluting stents (GA group, n = 8). The operators were unaware of the group assignments, and the stents looked similar. A balloon-to-artery ratio of approximately 1.2:1 was achieved by manually crimping each stent onto a 2.5-mm angioplasty balloon before deploying it in the proximal bilateral iliac artery with 8-atm balloon inflation for 30 s. Aspirin (40 mg) was administered orally to the rabbits 2 days before surgery and thereafter (Nakazawa et al., 2016). Euthanasia was performed 4 weeks after stent deployment, followed by harvesting. The same type of stent was implanted in both iliac arteries of the rabbits, one for scanning electron microscopy (SEM) and the other for histological and immunostaining analyses.
2.4 SEM and morphometric analyses
The luminal surfaces of the stented iliac arteries were exposed by longitudinally severing them in half. Frontal SEM images of half of the stent were taken at low power (×15 magnification) to evaluate neointimal development throughout the luminal stent surface visually. The percentage of endothelial coverage was visually evaluated after the images were gradually enlarged (×600).
2.5 Histological analysis of neointimal hyperplasia
The stented sections were stained with hematoxylin and eosin. The external elastic lamina (EEL; mm2), internal elastic lamina (IEL; mm2), and lumen area (LA; mm2) were measured using an imaging analysis system (Imagine-Pro Plus). Moreover, the following formulas were used to calculate the neointimal area (NA; mm2) and percentage of stenosis: NA = (IEL ˗ LA) and percentage stenosis (%) = [(IEL ˗ LA)/IEL × 100].
2.6 Endothelial nitric oxide synthase immunostaining
The longitudinally dissected half of the stent was dissected under a low-power (×10 magnification) microscope to separate the hyperplastic endothelium covering the stent struts. The dissected stent was fixed, paraffin-embedded, and sliced into sections (5 μm thick). After overnight incubation with eNOS antibody markers (1:100; BD Biosciences, CA, United States), the paraffin-embedded slides were incubated with the secondary antibody donkey anti-mouse Alexa Fluor 488 (1:150 dilution; Invitrogen Corp., Carlsbad, California). The nuclei were counterstained with DAPI. The images were captured using an IX73 fluorescence microscope (Olympus, Tokyo, Japan).
2.7 In vivo evaluation by IVUS after 28 days
IVUS was conducted as described previously (Cui et al., 2017). We used a 40-MHz 2.9 Fr sheath-based catheter (Atlantis, SR Pro, Boston Scientific) and IVUS (iLABTM Ultrasound Imaging System, Boston Scientific, Natick, MA, United States). The IVUS catheter was positioned 10 mm distal to the stent, and imaging was subsequently performed back to a point 10 mm proximal to the treated section using an automated transducer pullback at 0.5 mm/s. The scaffold area, minimal lumen area, intrascaffold neointimal area, and vessel area (area in the vessel’s EEL) were measured. The stent expansion index and percentage of lumen area stenosis were calculated according to the following formulas: stent expansion index = ([actual lumen area/ideal lumen area] × 100) and percentage of lumen area stenosis = ([mean lumen intrascaffold area ˗ the lumen area]/mean lumen intrascaffold area × 100).
2.8 Statistical analyses
All results are expressed as means ± standard error. Statistical analyses were performed using Student’s t-test or analysis of variance (ANOVA)/Dunnett’s t-test of variance. All analyses were performed using GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, United States of America), and a p-value <0.05 (two-sided) was considered to be significant.
3 RESULTS
3.1 Confirmation of atherosclerosis of the artery
Figure 1A shows a schematic representation of the experimental setup. Oil Red O staining was performed to confirm the success of the rabbit atherosclerosis model. Following Oil Red O staining, atherosclerotic lesions were grossly observed in the aortas of rabbits (Figure 1B). The lesions were sporadically present throughout the iliac artery, as confirmed by hematoxylin and eosin staining of the aorta cross section (Figures 1C, D). Additionally, in vivo IVUS showed a mild plaque burden throughout the iliac artery (Figures 1E, F).
[image: Figure 1]FIGURE 1 | Atherosclerosis model of rabbits. (A) Study flow for the induction of atherosclerosis in rabbits. (B) Oil Red O staining of the iliofemoral artery. Representative cross-sectional images of H&E-stained iliofemoral arteries at (C) low- (×1) and (D) higher-power (×20) magnifications. (E) Cross-sectional images and (F) longitudinal view of IVUS images showing the atherosclerotic aorta.
3.2 Morphometric measurements and histological observations
To clarify the extent of restenosis in different stents, we first examined iliac stents using IVUS before animal euthanasia. As shown in Figure 2, there were no significant differences in the EEL area (Figure 2A) and stent expansion index (Figure 2B) among groups (6.09 ± 0.31 mm2 and 91.5% ± 3.8% for the BMS group, 6.15 ± 0.29 mm2 and 92.8% ± 4.2% for the rapamycin group, and 5.97 ± 0.27 mm2 and 90.9% ± 2.0% for the GA group; [image: image]). However, the results showed that the minimal lumen area of rapamycin-eluting stent and GA-eluting stent groups was significantly larger than that of the bare-metal stent group (5.95 ± 0.24 mm2 vs. 5.27 ± 0.18 mm2; 5.93 ± 0.24 mm2 vs. 5.27 ± 0.18 mm2, respectively; [image: image]) (Figure 2C). In addition, the mean stenosis of rapamycin-eluting stent and GA-eluting stent groups was also significantly lesser than that of the bare-metal stent group (12.0% ± 2.2% vs. 28.5% ± 8.2%; 11.5% ± 2.5% vs. 28.5% ± 8.2%, respectively; [image: image]) (Figure 2D). There were no differences in the minimal lumen area or mean stenosis between the rapamycin- and GA-eluting stent groups.
[image: Figure 2]FIGURE 2 | IVUS and histological analyses of restenosis of BMSs, rapamycin-eluting stents, and GA-eluting stents post 28 days of implantation. (A) EEL area, (B) stent expansion index, (C) minimum lumen area, and (D) stenosis area for BMSs, rapamycin-eluting stents, and GA-eluting stents evaluated by IVUS. n = 6–8. ∗ [image: image] vs. BMSs. Cross-sectional images and longitudinal views of IVUS images of the representative cases of BMSs (E, H), rapamycin-eluting stents (F, I), and GA-eluting stents (J, G) (* atherosclerotic plaques). Representative cross-sectional images of low- (×2) and high-magnification (×40) hematoxylin–eosin staining of BMSs (K), rapamycin-eluting stents (L), and GA-eluting stents (M) in atherosclerotic rabbit iliofemoral arteries ([image: image] atherosclerotic plaques). (N) EEL area, (O) intimal thickness, (P) neointimal area, and (Q) area of stenosis assessed by histological analysis.
Consistent with the IVUS results, histological observations showed that there were no significant differences in the EEL area (Figure 2N) among groups (6.51 ± 0.47 mm2, 6.39 ± 0.27 mm2, and 6.22 ± 0.35 mm2, respectively; [image: image]). Both GA- and rapamycin-eluting stents reduced neointimal thickness compared with bare-metal stents (Figure 2O; [image: image]). Most importantly, compared with the bare-metal stent group, there was less lumen stenosis of rapamycin-eluting stent (12.02% ± 2.2% vs. 28.5% ± 8.2%, respectively; [image: image]) and GA-eluting stent groups (11.5% ± 2.5% vs. 28.5% ± 8.2%, respectively; [image: image]) (Figure 2Q). There were no significant differences between the rapamycin- and GA-eluting stent groups. Moreover, the neointimal area was greater in the GA-eluting stent and rapamycin-eluting stent groups than in the bare-metal stent group (1.87 ± 0.59 mm2 vs. 0.51 ± 0.09 mm2; 1.87 ± 0.59 mm2 vs. 0.53 ± 0.08 mm2, respectively; [image: image]) (Figure 2P).
3.3 Endothelial coverage by en face SEM after 28 days
To verify the endothelialization of each stent type, we examined the samples using SEM. As shown in Figure 3, the representative SEM images of the implanted stents after 28 days were obtained. The estimated endothelial coverage of the luminal surface was 96% for GA-eluting stents, 99% for BMSs, and 83% for rapamycin-eluting stents, indicating that a few rapamycin-eluting stents showed evidence of delayed healing, exhibiting occasionally uncovered struts ([image: image]). The GA-eluting stents showed good healing, which was comparable to that of BMSs ([image: image]).
[image: Figure 3]FIGURE 3 | SEM and quantitative analysis of 28-day rabbit iliac artery stent implants. (A–C) Representative SEM images of 28-day BMSs and comparator DESs implanted in the atherosclerotic rabbit iliofemoral artery (at ×15 magnification), whereas the corresponding higher-power images (×600 magnification) from each stent are shown underneath. (D) Quantitative analysis of endothelial coverage of different stents. n = 6–8. ∗ [image: image].
3.4 Expression of eNOS in BMSs and comparator DESs
To confirm the endothelialization of different groups, and based on our previous work showing that GA could restore eNOS expression, we tested eNOS expression in the neointima of different stents. As shown in Figure 4, eNOS expression was significantly lower in the rapamycin-eluting stent than in BMSs and GA-eluting stents (BMSs, 24% ± 3%; rapamycin-eluting stents, 16% ± 3%; and GA-eluting stents, 33% ± 3%; [image: image]) (Figure 4D). In addition, eNOS expression was higher in the GA-eluting stent group than in the bare-metal stent group ([image: image]). These results indicated that GA could restore or promote the healing ability of endothelial cells after stenting.
[image: Figure 4]FIGURE 4 | Representative images of eNOS immunofluorescence staining of 28-day stents implanted in the iliofemoral arteries of atherosclerotic rabbits. (A) BMSs, (B) rapamycin-eluting stents, and (C) GA-eluting stents. Images of eNOS showing reduced staining in comparator DESs relative to BMSs (green channel, eNOS; blue channel, nuclear counterstain magnification ×200). (D) Statistical analysis of eNOS expression in different stents. n = 6–8. ∗ [image: image].
4 DISCUSSION
This study investigated the efficacy and safety of a novel drug-eluting stent in a rabbit model of atherosclerosis. The results showed that GA-eluting stents were more attractive and beneficial for endothelial cells, promoting re-endothelialization in the injured artery. Moreover, this novel stent has a similar effect in inhibiting intimal hyperplasia to the rapamycin-eluting stent, which has been broadly applied in the clinic.
Coronary artery stents have been developed for over 40 years, ranging from bare-metal stents to DESs designed to inhibit smooth muscle cell proliferation and intimal hyperplasia. Currently, DESs are the most popular stents used in PCI. Consequently, restenosis, mainly caused by intimal hyperplasia, reduced from 20%–30% in the BMS era to approximately 5%–10% in the DES era (Waksman and Steinvil, 2016; Shlofmitz et al., 2019). Bioabsorbable stents have recently emerged as a novel advancement in this area; however, negative results have been reported in clinical trials (Jabara et al., 2009; Hoare et al., 2019).
The eluting drugs were developed from paclitaxel and sirolimus (rapamycin) for first-generation DESs to zotarolimus and everolimus for second-generation DESs. Paclitaxel is a diterpenoid derivative that exerts an antineoplastic effect by interfering with microtubule activity (Zhu and Chen, 2019). It prevents the migration and proliferation of vascular smooth muscle cells stimulated by growth factors, thereby preventing neointimal formation (Sollott et al., 1995). Sirolimus and everolimus are immunosuppressants that are used post-transplantation to prevent organ transplant rejection; they both inhibit mammalian rapamycin, thereby blocking protein synthesis and cell cycle progression (Granata et al., 2016). Although the drugs eluting on the scaffold differ in structure and target proteins, they generally have the same effect of inhibiting cell proliferation and a relative lack of cell specificity.
Although intimal hyperplasia is the most crucial pathological process after stenting, re-endothelialization is a critical protective process against thrombosis in stents. However, few studies have investigated the role of endothelialization after PCI, and eluting medicine that focuses on promoting endothelialization has also been omitted. Animal and human studies have indicated that inflammation is pivotal in linking vascular injury to neointimal growth or restenosis. Anti-inflammatory therapy provides an alternative strategy for inhibiting intimal hyperplasia after stenting. GA is a pentacyclic triterpenoid glycoside that occurs naturally in substantial amounts in licorice root extract (Li et al., 2019). GA, an inhibitor of HMGB1, reduces endothelium-dependent relaxation impairment by upregulating eNOS expression in an animal model of diabetes (Zhu et al., 2020a; Zhou et al., 2021), and it attenuates neointimal formation in a rat model of iliac artery balloon injury (Zhu et al., 2020b). A previous study reported that the introduction of NO into rapamycin-eluting stents alleviated incomplete re-endothelialization (Chen et al., 2022). In this study, GA was applied to the eluting stent to inhibit intimal hyperplasia and promote re-endothelialization. A good balance between intimal hyperplasia and re-endothelialization was achieved.
Researchers are exploring new treatment options that inhibit neointimal formation while promoting stent endothelialization. Recent research studies have focused on developing polymer-free stents to prevent inflammatory responses to polymers (Worthley et al., 2017). Applying anti-CD34 on the surface of DESs promotes rapid re-endothelialization by capturing circulating endothelial progenitor cells (Nakazawa et al., 2010). Although this stent has a more rapid endothelial coverage, it has a higher risk of intimal hyperplasia. The SORT OUT X trial results with a 12-month follow-up showed that the CD34 antibody-covered sirolimus-eluting stent had a higher incidence of target lesion revascularization than the sirolimus-eluting stent (Jakobsen et al., 2021). In patients with acute coronary syndrome, there was no significant difference in stent endothelial coverage between CD34 antibody-covered sirolimus-eluting stents and everolimus-eluting stents at 60 days, as analyzed via optical coherence tomography (Jaguszewski et al., 2017). In contrast, CD31-mimetic stents preferentially promote the adherence of endothelial cells rather than smooth muscle cells or blood components (Diaz-Rodriguez et al., 2021). Stents with an endothelial-mimetic coating significantly inhibit acute thrombosis and accelerate re-endothelialization (Zhang et al., 2022). Even biodegradable vascular grafts that are 3D-printed and laden with dipyridamole have been created to achieve rapid re-endothelialization (Domínguez-Robles et al., 2021).
The novel GA-coated stent used in this study inhibited intimal hyperplasia and promoted re-endothelialization. Based on previous studies, the underlying mechanism could be attributed to HMGB1 inhibition and the promotion effect. Additionally, endothelial coverage was greater in the GA-eluting stents than in the rapamycin-eluting stents.
4.1 Limitations
This study had some limitations. First, although accelerated re-endothelialization was observed in the new DES, the process was not monitored at different time points. Hence, we could not record information on when the new DES completed re-endothelialization. Second, the sample size was small. Finally, although this study confirmed the effect of the novel stents, the specific mechanism remains unclear, and further studies are needed.
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Background: Humans with hypertensive heart disease are more likely to experience heart failure, arrhythmia, myocardial infarction, and sudden death, and it is crucial to treat this condition. Fucoidan (FO) is a natural substance derived from marine algae that has antioxidant and immunomodulatory activities. FO has also been shown to regulate apoptosis. However, whether FO can protect against cardiac hypertrophy is unknown.
Methods: We investigated the effect of FO in hypertrophic models in vivo and in vitro. C57BL/6 mice were given an oral gavage of FO (300 mg/kg/day) or PBS (internal control) the day before surgery, followed by a 14-day infusion of Ang II or saline. AC-16 cells were treated with si-USP22 for 4 h and then treated with Ang II (100 nM) for 24 h. Systolic blood pressure (SBP) was recorded, echocardiography was used to assess cardiac function, and pathological changes in heart tissues were assessed by histological staining. Apoptosis levels were detected by TUNEL assays. The mRNA level of genes was assessed by qPCR. Protein expression was detected by immunoblotting.
Results: Our data showed that USP22 expression was lowered in Ang II-infused animals and cells, which could promote cardiac dysfunction and remodeling. However, treatment with FO significantly upregulated the expression of USP22 and reduced the incidence of cardiac hypertrophy, fibrosis, inflammation, and oxidative responses. Additionally, FO treatment lowered p53 expression and apoptosis while increasing Sirt 1 and Bcl-2 expression.
Conclusion: By reducing the level of Ang II-induced apoptosis through the regulation of USP22/Sirt 1 expression, FO treatment might improve cardiac function. According to this study, FO might be potential targeted approach for treating heart failure.
Keywords: USP22, fucoidan, cardiac remodeling, Sirt 1, apoptosis
INTRODUCTION
Diastolic dysfunction (CHF-D) and left ventricular hypertrophy (LVH) are crucial indicators of hypertensive heart disease (Slivnick and Lampert, 2019). Because individuals with hypertensive heart disease are more likely to experience heart failure, arrhythmia, myocardial infarction, and sudden death, it is crucial to cure this condition. Anti-hypertensive therapy aims to lower blood pressure (BP) and stop the pathophysiological processes that cause LVH and CHF-D that are not dependent on blood pressure (Diamond and Phillips, 2005; Shimizu I and Minamino, 2016). The renin-angiotensin system (RAS) controls salt intake, vasoconstriction, potassium excretion, blood pressure, and other physiological processes (Lev-Ran and Porta, 2005). The main RAS effector molecule is angiotensin II (Ang II). This factor raises blood pressure, influences the renal tubules to retain sodium and water, and increases the release of aldosterone from the adrenal glands. Ang II is a powerful vasoconstrictor that also has proliferative, inflammatory, and fibrotic effects (Benigni et al., 2010). Angiotensinogen type 1 receptors (AT1Rs), which are widely distributed in all organs, including the heart and vascular system, mediate the majority of the known physiological activities of Ang II. Thus, inhibiting AT1R-mediated activation of signaling is critical for blocking hypertensive heart disease.
By attaching or removing ubiquitins to substrate proteins, ubiquitination and deubiquitination are critical posttranslational modifications of metabolic enzymes that control their breakdown, delocalization, and activation in cells (Eletr ZM and Wilkinson KD, 2014). Cardiovascular diseases are more likely to develop when ubiquitination and deubiquitination are dysregulated, which is directly connected to lipid metabolism in cells (Gu et al., 2022). Deubiquitinating enzymes (DUBs) have a critical role in cardiovascular illnesses such as cardiac hypertrophy, myocardial infarction, atrial fibrillation, and heart failure, according to recent research (Komander D., 2010; Komander D and Rape M., 2012; Kliza and Husnjak, 2020). USP22, a member of the ubiquitin-specific protease (USP) subfamily of DUBs, has been linked to both human and mouse malignancies and placental development in mice (Melo-Cardenas J et al., 2016). According to a recent study, USP22 may prevent cardiac ischemia‒reperfusion damage by preventing cardiomyocyte death (Ma S et al., 2020). The nicotinamide adenine dinucleotide (NAD)-dependent protein deacetylase sirtuin-1 (Sirt 1) is specifically deubiquitinated by USP22, and this deubiquitination leads to the stabilization of the Sirt1-repressed tumor protein p53, affecting transcriptional and proapoptotic activities (Lin Z et al., 2012). Sirt1 was shown to contribute to myocardial ischemia and reperfusion damage, as well as vascular endothelial dysfunction, safeguarding mitochondrial function, inhibiting oxidative stress, and relieving the inflammatory response (Luo G et al., 2019). Therefore, the goal of this study was to determine whether USP22 and Sirt 1 were involved in the molecular processes underlying the control of apoptosis in Ang II-induced cardiac remodeling.
Fucoidan (FO) is a fucose-enriched sulfated polysaccharide that is mostly produced by brown algae and has been extensively used as a dietary supplement and health food because of its many positive effects, including anti-inflammatory, anticancer, and antidiabetic effects (Li and Ye, 2008; Zhang SM et al., 2015; Fitton HJ et al., 2019). An FO preparation called ‘Haikun Shenxi capsules’ was approved in China in 2003, and its clinical use as a treatment for chronic renal failure has been described (Fitton HJ et al., 2019). This preparation has been shown to alleviate diabetes-induced kidney fibrosis by increasing the levels of USP22 and inducing deubiquitination of the Sirt1 protein through overexpression (Yu et al., 2020). However, the molecular processes underlying the functions of USP22 and Sirt1 in Ang II-induced ventricular hypertrophy are unknown.
In this study, we used FO as a protective agent to investigate its effects on USP22/Sirt 1 in Ang II-induced cardiac hypertrophy and aimed to highlight a novel targeted approach to treat heart failure.
MATERIALS AND METHODS
Antibodies and chemicals
Fucoidan (FO) was obtained from Med Chem Express (HY-132179), the average molecular weight is 220–300 kDa, polysaccharide, content of this fucan is approx (20%–23%), sulphate approx (24%–30%). Anti-USP22 (1:800, ab195289) and calcineurin A (CaNA, 1:800, ab71149) primary antibodies were from Abcam; anti-Sirt 1 (1:800, WL02995) and anti-transforming growth factor-beta 1 (TGF-β1) (1:800, WL02998) were from Wanleibio; anti-CD68 (1:600, bs-1432R) and anti-NADPH-Oxidase 4 (NOX4) (1:600, bs-1091R) were from Bioss Antibodies; anti-p53 (1:1000, #2524) and anti-Bcl-2 (1:500, #3498) were from Cell Signaling Technology; and anti-GAPDH (1:2000, AP0063) and anti-β-tubulin (1:2000, AP0064) were from BIOWORLD. Wheat germ agglutinin (WGA) was purchased from Vector Laboratories. Dihydroethidium (DHE) was purchased from BIOFOUNT. The TUNEL Apoptosis Detection Kit (Cat# 40308) was purchased from YEASEN.
Animal study
Four groups of forty wild-type (WT) C57BL/6 male mice (8 weeks old) were used. Using osmotic mini-pumps (Alzet Model 1007D or 1002, DURECT), the mice were infused for 7 or 14 days with normal saline or Ang II (1,000 ng/kg/min, Aladdin) (Bai et al., 2022). The mice were given an oral gavage of FO (300 mg/kg/day) or PBS (internal control) the day before surgery, followed by a 14-day infusion of Ang II or saline (Yu et al., 2020). All mice received an intraperitoneal injection of 2.5% tribromoethanol (0.02 mL/g, Sigma‒Aldrich) to induce anesthesia after receiving therapy for 14 days. The hearts were removed and used for future research.
The animal experimental procedures were approved by the Animal Experimental Ethics Committee of Dalian Medical University, and extensive efforts were made to minimize the distress of the included animals.
MONITORING OF BLOOD PRESSURE AND CARDIAC FUNCTION
The blood pressure of mice in each group was measured by a noninvasive blood pressure automatic measurement system (BP-300A, Chengdu Taimeng Software Co., Ltd.). Mice in each group were weighed and anesthetized with 1.5% isoflurane. Cardiac function was monitored using a 70 MHz probe (Vevo 3,100 System, FUJIFILM).
Histopathology and immunohistochemical analysis
Myocardial tissue was fixed with 4% paraformaldehyde, embedded in paraffin or optimal cutting temperature compound (OCT) and sectioned (5 μm). Cardiac tissue sections were immersed in hematoxylin for 3 min, stained with eosin for 5 min, and then sealed with neutral gel. Masson staining was used to observe myocardial fibrosis. Cardiomyocyte (CM) hypertrophy was detected by WGA staining, and reactive oxygen species (ROS) levels were detected by DHE staining. Four fields were randomly selected in the stained sections and observed microscopically.
For immunohistochemical staining, heart tissue sections were incubated with an anti-CD68 antibodies (1:200), and then development was performed with DAB as previously described (Bai et al., 2022).
Cell culture and treatment
AC-16 cells were cultured in DMEM/F12 with 10% FBS and 1% penicillin/streptomycin. The cells were starved for 2 h, treated with si-USP22 and si-control for 4 h, and then treated with Ang II (100 nM) or saline for 24 h. Similarly, cells were starved for 2 h, treated with FO (60 μg/mL) for 4 h, and then treated with Ang II (100 nM) or saline for 24 h (Zhang et al.,. 2015).
Heart tissue and cell RNA extraction and RT‒qPCR detection
Using TRIzol reagent, we isolated total RNA from cardiac tissue and cells (Invitrogen). Using superscript II, the first strand of cDNA was produced from total RNA (2 μg) (Invitrogen). Real-time quantitative PCR was used to identify the mRNA levels of USP22, Atrial natriuretic factor (ANF), brain natriuretic peptide (BNP), collagen I, collagen III, Interleukin-1β (IL-1β), Interleukin-6 (IL-6), NADPH-Oxidase 2 (NOX2) and NOX4. These data were normalized to GAPDH. Sango Biotech provided the primers. Table 1 shows the primer details.
TABLE 1 | The details of primers used in RT-qPCR.
[image: Table 1]Western blotting
A total protein extraction kit (BC3711, Solarbio) was used to extract the total protein from cardiac tissue and cells, and a BCA kit from Thermo Scientific was used to quantify the protein concentrations. Equal amounts of protein (25 μg) were placed on a PVDF membrane after being separated by 10% or 12% SDS‒PAGE. The membrane was incubated with the binding antibody (Thermo Scientific) overnight at 4 °C. With the aid of the ECL Light Chemiluminescence Kit, the bands were discovered (Epizyme Biomedical Technology). We used β-tubulin and GAPDH as internal controls.
TUNEL assay
The TUNEL apoptosis detection kit was used to detect apoptosis in frozen cardiac tissue sections and cells after they had been dried at room temperature for 30 min, fixed with 4% paraformaldehyde, and washed with PBS solution. In the stained sections, four fields of view were chosen at random for microscopic examination.
Statistical analysis
Statistical analysis of the data was performed with GraphPad Prism 9.0. First, a normalcy test was conducted. Student’s t-test or one-way ANOVA was used as necessary if all groups satisfied the requirements for normality and the intergroup variances were equal. If the aforementioned requirements were not met, the nonparametric Mann‒Whitney U test was used. The threshold for significant differences was p < 0.05. The results are shown as the mean ± SD.
RESULTS
USP22 expression was downregulated by Ang II
We initially measured the levels of USP22 in the heart 7 and 14 days after Ang II infusion to better understand the role of USP22 in Ang II-induced cardiac remodeling. The levels of USP22 mRNA dramatically decreased after 7 and 14 days of Ang II infusion, as shown in Figure 1A. Western blot analysis revealed that following Ang II infusion, USP22 expression was downregulated (Figure 1B). Therefore, the incidence of Ang II-induced cardiac remodeling may be significantly influenced by the reduced expression of USP22.
[image: Figure 1]FIGURE 1 | Ang II reduced the expression of USP22. The WT C57BL/6 mice were infused with Ang II (1,000 ng/kg/min) or saline for 7 or 14 days. (A) The mRNA expression of USP22 in heart at day 7 and 14 of Ang II infusion (n = 6 per group); (B) Western blot analysis of USP22 protein in hearts (left) and quantification of protein bands (right, n = 4).
USP22 improves Ang II-Induced Hypertension and cardiac insufficiency
The mice were given an oral gavage of FO (300 mg/kg/day) the day before surgery and then received an Ang II infusion for 14 days (Figure 2A). Systolic blood pressure (SBP) was measured in each group, as shown in Figure 2B, and the results revealed that Ang II infusion significantly increased SBP, while FO treatment significantly lowered Ang II-induced high SBP in comparison to the Ang II + PBS group. The echocardiography results demonstrated that FO greatly reduced Ang II-induced cardiac dysfunction by raising the levels of ejection fraction (EF%) and fractional shortening (FS%) (Figures 2C, D). We next examined USP22 expression, and the results showed that after receiving FO, animals given Ang II had increased USP22 protein expression (Figure 2E). These findings suggested that FO therapy could increase USP22 expression, which might reduce SBP and cardiac dysfunction.
[image: Figure 2]FIGURE 2 | FO treatment increased cardiac function and decreased SBP by upregulating the expression of USP22. The WT C57BL/6 mice were treated with Fucoidan (FO) (300 mg/kg/day) 1 day before surgery, and then the mice were infused with Ang II (1,000 ng/kg/min) or saline for 14 days. (A) The structure of FO and a protocol of administration of FO in Ang II-infused model of cardiac remodeling. (B) The systolic blood pressure (SBP) was measured 1 day before surgery signed as −1 day and then every 2 days after Ang II infusion (n = 6); (C) M-mode echocardiography of LV chamber at 14 days (n = 4); (D) Measurement of EF% and FS% (n = 6); (E) Western blot analysis of USP22 protein in hearts (left), and quantification of protein bands (right, n = 4).
USP22 inhibits cardiac hypertrophic in Ang II-infused hearts
The role of USP22 in Ang II-induced cardiac hypertrophy and the oxidative response was then investigated. Left ventricular thickness, heart weight/body weight (HW/BW), and heart weight/tibia length (HW/TL) were significantly increased 2 weeks after Ang II infusion, and FO therapy could reduce these effects (Figures 3A, B). Additionally, we used WGA staining to show how the cross-sectional areas of the myocytes changed in each group. The findings demonstrated that FO therapy reduced myocyte size in comparison to that in the Ang II + PBS group (Figure 3C). In Ang II-infused animals, the expression of hypertrophic markers ANF and BNP was reduced after FO therapy (Figure 3D). Similarly, in Ang II-infused mice, FO reduced the production of CaNA protein, which are involved in the hypertrophic signaling cascade (Figure 3E).
[image: Figure 3]FIGURE 3 | FO treatment improves Ang II-induced cardiac hypertrophy. The WT C57BL/6 mice were treated with Fucoidan (FO) (300 mg/kg/day) 1 day before surgery, and then the mice were infused with Ang II (1,000 ng/kg/min) or saline for 14 days. (A) H & E staining of heart sections in each group (n = 4); (B) The ratio of heart weight to body weight (HW/BW) and heart weight to tibial length (HW/TL, n = 6); (C) WGA staining of heart sections in each group (left, n = 6), the quantitation of CSA of cardiomyocyte (right, n = 6); (D) The mRNA level of ANF and BNP in heart sections of each group (n = 4); (E) Western blot analysis of CaNA protein expression in hearts (left), and quantification of protein bands (right, n = 4).
Addition of USP22 reduces Ang II-induced cardiac inflammation and fibrosis
We administered FO to mice to increase USP22 expression to confirm the involvement of USP22 in Ang II-induced inflammatory damage and cardiac fibrosis. The results showed that after FO treatment, inflammatory CD68+ cells in Ang II-infused hearts significantly decreased (Figure 4A). In the majority of cardiac disorders, myocardial fibrosis is a histological marker of structural change. An increase in USP22 in Ang II-infused mice reduced collagen deposition, as shown by Masson staining (Figure 4B). The mRNA levels of IL-1β, IL-6, collagen I, and collagen III were next examined, and we discovered that FO dramatically reduced the expression of inflammatory and fibrosis markers in mice that had received Ang II (Figures 4C, D). Additionally, Ang II increased the expression of CD68 and TGF-β1 relative to saline infusion, which was also inhibited in mice treated with FO (Figure 4E).
[image: Figure 4]FIGURE 4 | FO treatment decreased Ang II-induced cardiac inflammatory cell and collagen deposition. The WT C57BL/6 mice were treated with Fucoidan (FO) (300 mg/kg/day) 1 day before surgery, and then the mice were infused with Ang II (1,000 ng/kg/min) or saline for 14 days. (A) H & E and CD68 immunohistochemical staining of heart sections in each group (left, n = 4), the quantification CD68 positive macrophages (right, n = 6); (B) Masson staining of heart section s in each group (n = 6), the quantification of fibrotic area in each heart section (n = 6); (C) The mRNA level of IL-1β and IL-6 in heart sections of each group (n = 4); (D) The mRNA level of collagen I and collagen III in heart sections of each group (n = 4); (E) Western blot analysis of CD68 and TGF-β protein expression in hearts (left), and quantification of protein bands (right, n = 4).
USP22 Protects Against Ang II-induced Oxidative Reactions, and Apoptosis Through the Sirt 1/p53 Axis.
DHE staining demonstrated that FO therapy could reduce the oxidative response in animals that had received Ang II (Figure 5A). In Ang II-infused animals, the expression of oxidative marker NOX2 and NOX4 (Figure 5B). Similarly, in Ang II-infused mice, FO reduced the production of NOX4 protein which are involved in oxidative signaling cascade (Figure 5C). The TUNEL assay results demonstrated that Ang II infusion increased the incidence of apoptosis compared to that in animals that received saline infusions, and the effect was alleviated by FO (Figure 5D). The expression of Sirt 1, p53, and Bcl-2 was then measured. In contrast to saline-infused mice, Ang II-infused mice exhibited increased expression of p53 and decreased expression of Sirt 1 and Bcl-2, but FO therapy attenuated these responses (Figure 5E). These findings indicated that Sirt1 deubiquitination by USP22 overexpression could prevent p53 transcriptional activation, although this work had significant limitations. Future research will need to confirm the link between USP22 and Sirt 1 and their impact on p53 in basic myocardial cells.
[image: Figure 5]FIGURE 5 | FO treatment reduced Ang II-induced cardiac oxidative stress and apoptosis by regulating the expression Sirt 1 and p53. The WT C57BL/6 mice were treated with Fucoidan (FO) (300 mg/kg/day) 1 day before surgery, and then the mice were infused with Ang II (1,000 ng/kg/min) or saline for 14 days. (A) DHE staining of cardiac sections in each group (left, n = 6), the quantification of DHE intensity (right, n = 6); (B) The mRNA level of NOX2 and NOX4 in heart sections of each group (n = 4); (C) Western blot analysis of NOX4 protein expression (left), and quantification of protein bands (right, n = 4). (D) TUNEL staining of cardiac sections in each group (left, n = 4), the quantification of TUNEL positive cell (right, n = 6); (E) Western blot analysis of Sirt 1, p53 and Bcl-2 protein expression in hearts (left), and quantification of protein bands (right, n = 4).
The decrease in USP22 aggravated Ang II-induced apoptosis, and FO rescued this effect
To further investigate the role of USP22 and the protective effect of FO, we treated AC-16 cells with si-USP22 and si-control. We found that after treatment with Ang II, the expression of Sirt 1 was significantly decreased, and the addition of si-USP22 aggravated the decrease in Sirt 1 expression induced by Ang II (Figure 6A). In contrast, the expression of p53 was increased by Ang II infusion, and si-USP22 treatment further increased the expression of p53 (Figure 6A). Next, we treated the cells with FO (60 μg/mL). The TUNEL assay showed that Ang II infusion increased apoptosis in AC-16 cells and that FO treatment obviously protected against this reaction (Figure 6B). Furthermore, we detected the expression of USP22, Sirt 1 and p53, and the results showed that Ang II infusion decreased the expression of USP22 and Sirt 1 and increased the expression of p53 compared with the saline group (Figure 6C). FO treatment rescued the decrease in USP22 and Sirt 1 and the increase in p53 induced by Ang II infusion (Figure 6C). These results suggested that the lack of USP22 could induce apoptosis in Ang II-treated cells and that FO treatment could protect against this reaction.
[image: Figure 6]FIGURE 6 | si-USP22 aggravated Ang II-induced apoptosis in AC-16 cells and FO could protect against this effect. AC-16 cells were starved for 2 h and then treated with si-USP22 and si-control for 4h, and then treated with Ang II (100 nM) or saline for 24 h. Similarly, the cells were starved for 2 h and then treated with FO (60 μg/mL) for 4h, and then treated with Ang II (100 nM) or saline for 24 h. (A) Western blot analysis of Sirt 1and p53 protein expression in cells (left), and quantification of protein bands (right, n = 3); (B) TUNEL staining of cells in each group (left, n = 3), the quantification of TUNEL positive cell (right, n = 3); (C) Western blot analysis of USP 22, Sirt 1and p53 protein expression in cells (left), and quantification of protein bands (right, n = 3).
DISCUSSION
In the current study, we show that the overexpression of USP22 induced by treatment with FO greatly improved Ang II-induced cardiac dysfunction, heart hypertrophy, inflammation, and fibrosis (Figures 1–4). Additionally, by deubiquitinating Sirt1, the increased expression of USP22 decreased the frequency of p53-dependent apoptosis and oxidative response (Figures 5, 6). Therefore, as indicated in the working model shown in Figure 7, our findings suggest that FO is a targeted approach to treat heart failure, but more clinical trials are required to establish its clinical use and verify its safety.
[image: Figure 7]FIGURE 7 | Working model for USP22 in the regulation of Ang II-induced cardiac remodeling. Ang II infusion induced hypertrophy, fibrosis, oxidative stress and inflammasome stimulation which resulted in cardiac remodeling through downregulation of USP22. FO could rescue those reactions. USP22 might by a new sight of heart failure therapy and FO might be used as an agent to protect against Ang II-induced cardiac remodeling.
An increase in cardiac myocyte size without cell division is a characteristic of cardiac hypertrophy. This condition is believed to be an adaptive reaction to increased cardiac afterload-induced wall stress (Zhu et al., 2019). One of the major factors contributing to morbidity and mortality in elderly individuals is cardiac insufficiency, and the etiology of this condition is frequently linked to myocardial remodeling caused by myocardial hypertrophy (Shimizu and Minamino, 2016). The myocardium is impacted by Ang II, which also encourages the development of hypertension. Heart failure and abnormal hypertrophy can result from Ang II exposure. There is evidence that some cell types, such as cardiomyocytes, cardiac fibroblasts, kidney cells, and neurons, are negatively impacted by high intracellular Ang II levels (Zhou et al., 2016). These effects are linked to organ damage, cardiac hypertrophy and fibrosis, conduction problems, and inflammation. They include the promotion of hypertrophy, apoptosis, oxidative stress, and the production of TGF-β and nuclear factor kappa-B (NF-κB) (Benigni et al., 2010). Our earlier research revealed that the ubiquitin‒proteasome system is crucial for controlling protein quality and the prevalence of ventricular fibrillation (Li et al., 2018; Li et al., 2019). Ubiquitin-specific processing proteases (USPs), which are also known as ubiquitin-binding proteins in yeast, are the largest subfamily of deubiquitinases. USP22 is one of these proteins (UBP). From yeast to vertebrates, USP22 is remarkably conserved (Melo-Cardenas et al., 2016). USP22 can stabilize the Sirt 1 protein, which inhibits p53 transcriptional activity and causes cell death, because Sirt1 is polyubiquitinated and targeted for proteasomal degradation. Indeed, abolishing Sirt1 ubiquitination by replacing the ubiquitin-conjugating lysine residues with arginines prolongs Sirt1 half-life. USP22 removes polyubiquitination of Sirt1 to control its protein stability and functions. Therefore, USP22 is a positive regulator of Sirt1. (Lin et al., 2012). Recent research has shown that USP22 protects against myocardial ischemia‒reperfusion injury (Ma et al., 2020), but it is still unknown how USP22 affects Ang II-induced cardiac remodeling and hypertrophy. In the current study, we found that an increase in USP22 could ameliorate Ang II-induced cardiac dysfunction and remodeling.
Marine algae contain large amounts of non-starch polysaccharides that cannot be digested completely by the human digestive system and which therefore have potential as new sources of dietary fiber, prebiotics or other functional ingredients (Kim KT et al., 2014). As with plant fiber from other sources, seaweed fiber is interesting because its consumption has been associated with a significant reduction of chronic diseases such as diabetes, obesity, blood pressure, and so on (Ou et al., 2001; Maki et al., 2007). Soluble fiber can slow down digestion and absorption of nutrients by increasing viscosity and might thereby decrease blood sugar and cholesterol (Kim KT et al., 2014). In this context, FO, a bioactive polysaccharide found in brown algae, appears promising. Marine algae have been considered as a source of enzyme inhibitors. Similar to plant extracts, algal extracts may be considered for this purpose because they contain some polyphenolic compounds, such as bromophenols (Liu et al., 2011) and phlorotannins, which are inhibitors of a-glucosidase. Additionally, polysaccharides isolated from algae have become attractive in the biomedical area because of their numerous bioactivities. Studies have found that FO was an efficient inhibitor of α-amylase and α-glucosidase (Kim KT et al., 2014). The structural changes, molecular weight and concentrations of FO may result in the seasonal variation of a-amylase and α-glucosidase inhibitory activity by FO. Additionally, the structure of FO varies depending on the alga source and could impact the enzyme activity (Kim KT et al., 2014; Pozharitskaya ON et al., 2020). The pharmacokinetics and tissue distribution of this agent are crucial in understanding its biological activity. The microdetermination of fucoidan distribution is one of the key problems in pharmacokinetic studies. Studies have shown that after oral administration, serum levels of FO were increased at 6 h and 9 h (Pozharitskaya ON et al., 2018). The recently described observations of the clinical efficacy of orally administered FO for chronic renal failure indicate probable systemic uptake in humans (Tokita Y et al., 2010). Systemic uptake after oral delivery indicates the potential for additional clinical applications in the future, perhaps including the control of thrombosis. FO’s distinctive biological structure is thought to be the cause of its exceptional biological function. Antioxidant, antitumor, anticoagulant, antithrombotic, immunomodulatory, antiviral, and anti-inflammatory processes are some of the traditional biological processes associated with FO (Luthuli et al., 2019). According to recent research, FO could decrease neutrophil and macrophage accumulation, the level of inflammatory cytokines and lung fibrosis (Yu HH et al., 2018). Furthermore, another study showed that FO could increase the expression and activity of the Sirt 1 protein by upregulating the expression of USP22 (Yu et al., 2020). On the other hand, by downregulating USP22, the RAS system can reduce Sirt 1 protein expression (Wang et al., 2021). In our study, after treatment with FO, the expression of USP22 was markedly increased, and the increase in USP22 increased the activity of Sirt1 and decreased myocardial cell death. FO also reduced macrophage accumulation, oxidative stress and fibrosis in Ang II-induced hypertrophic cardiac remodeling. This approach provides a potential targeted strategy to treat heart failure.
However, our research still has many limitations. We used a single dose of FO treatment, and ubiquitinated Sirt1 expression after USP22 knockdown needs to be examined. We will study more details of FO in our future research.
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Identification of the biological processes, immune cell landscape, and hub genes shared by acute anaphylaxis and ST-segment elevation myocardial infarction
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Background: Patients with anaphylaxis are at risk for ST-segment elevation myocardial infarction (STEMI). However, the pathological links between anaphylaxis and STEMI remain unclear. Here, we aimed to explore shared biological processes, immune effector cells, and hub genes of anaphylaxis and STEMI.
Methods: Gene expression data for anaphylactic (GSE69063) and STEMI (GSE60993) patients with corresponding healthy controls were pooled from the Gene Expression Omnibus database. Differential expression analysis, enrichment analysis, and CIBERSORT were used to reveal transcriptomic signatures and immune infiltration profiles of anaphylaxis and STEMI, respectively. Based on common differentially expressed genes (DEGs), Gene Ontology analysis, cytoHubba algorithms, and correlation analyses were performed to identify biological processes, hub genes, and hub gene-related immune cells shared by anaphylaxis and STEMI. The robustness of hub genes was assessed in external anaphylactic (GSE47655) and STEMI (GSE61144) datasets. Furthermore, a murine model of anaphylaxis complicated STEMI was established to verify hub gene expressions. The logistic regression analysis was used to evaluate the diagnostic efficiency of hub genes.
Results: 265 anaphylaxis-related DEGs were identified, which were associated with immune-inflammatory responses. 237 STEMI-related DEGs were screened, which were involved in innate immune response and myeloid leukocyte activation. M0 macrophages and dendritic cells were markedly higher in both anaphylactic and STEMI samples compared with healthy controls, while CD4+ naïve T cells and CD8+ T cells were significantly lower. Enrichment analysis of 33 common DEGs illustrated shared biological processes of anaphylaxis and STEMI, including cytokine-mediated signaling pathway, response to reactive oxygen species, and positive regulation of defense response. Six hub genes were identified, and their expression levels were positively correlated with M0 macrophage abundance and negatively correlated with CD4+ naïve T cell abundance. In external anaphylactic and STEMI samples, five hub genes (IL1R2, FOS, MMP9, DUSP1, CLEC4D) were confirmed to be markedly upregulated. Moreover, experimentally induced anaphylactic mice developed impaired heart function featuring STEMI and significantly increased expression of the five hub genes. DUSP1 and CLEC4D were screened as blood diagnostic biomarkers of anaphylaxis and STEMI based on the logistic regression analysis.
Conclusion: Anaphylaxis and STEMI share the biological processes of inflammation and defense responses. Macrophages, dendritic cells, CD8+ T cells, and CD4+ naïve T cells constitute an immune cell population that acts in both anaphylaxis and STEMI. Hub genes (DUSP1 and CLEC4D) identified here provide candidate genes for diagnosis, prognosis, and therapeutic targeting of STEMI in anaphylactic patients.
Keywords: anaphylaxis, STEMI, immune response, inflammation, hub gene
1 INTRODUCTION
Anaphylaxis is a severe hypersensitivity reaction that occurs rapidly after allergen irritation (medications, foods, insect venom) to sensitized individuals. It typically manifests with severe pathophysiological symptoms, such as respiratory distress, angioedema, and myocardial depression (LoVerde et al., 2018; Cardona et al., 2020). The prevalence of anaphylaxis among U.S. residents is estimated at 1.6%–5.1% (Wood et al., 2014), and the mortality rate for hospitalized patients is 0.5%–1% (Turner et al., 2020). In most cases, anaphylaxis is initiated by the allergen-IgE/IgG complex-induced activation of immune effector cells, followed by the release of inflammatory mediators that cause vascular hyperpermeability, bronchoconstriction, and airway edema (Finkelman et al., 2016; LoVerde et al., 2018).
Anaphylactic reactions may trigger adverse cardiovascular events (Abdelghany et al., 2017), such as ST-segment elevation myocardial infarction (STEMI) (Engheta et al., 2021), a severe form of heart attack with high mortality rate. A nationwide epidemiological study in the United States reported that among 235,420 patients hospitalized for allergy, hypersensitivity, or anaphylaxis, 0.2% of patients experienced STEMI (Desai et al., 2019). Acute STEMI following anaphylaxis is associated with allergic mediators-induced coronary spasms, plaque erosion/rupture, or stent thrombosis (Li et al., 2018; Sakaue et al., 2020; Yamamoto et al., 2022). Inflammatory responses elicited by mast cell-released vasoactive substances appears to be involved in this process and aggravate myocardial injury (Galli and Tsai, 2012; Abdelghany et al., 2017; Li et al., 2018; Yamamoto et al., 2022). Clinically, anaphylaxis complicated with STEMI is one of the most serious emergencies without effective predictors and medications. Due to severe cardiac ischemia and output depression, anaphylaxis-related STEMI might eventually progress to cardiovascular collapse and cause a fatal outcome. However, key molecules and immune cell subsets that drive the development of this complication have not been fully characterized.
Transcriptomic analysis has become an emerging approach for uncovering the complex pathophysiological processes in anaphylaxis and STEMI (Rung and Brazma, 2013; Xu and Yang, 2021; Rijavec et al., 2022). The common biological processes and signal transduction pathways of anaphylaxis and STMEI might indicate the underlying mechanisms for the coexistence of these two diseases. In particular, due to the ease of access and preservation of peripheral blood samples, in-depth analysis of gene expression profiles and screening hub genes in diseased specimens may allow identification of the whole blood gene signature shared by anaphylaxis and STEMI, facilitating precise diagnosis, prediction and drug discovery for anaphylaxis complicated STEMI.
Herein, we analyzed whole blood transcriptomic datasets of anaphylaxis and STEMI patients and identified the pathological processes, immune effector cell subsets, and hub genes associated with both anaphylaxis and STEMI, and we also established a mouse model of anaphylaxis complicated with STEMI and further validated the hub genes. The genomic signatures identified here may provide novel insights into the pathogenesis of anaphylaxis-related STEMI.
2 MATERIALS AND METHODS
2.1 Microarray data collection
The microarray data of anaphylactic patients, STEMI patients, and corresponding healthy controls were pooled from the public GEO database (https://www.ncbi.nlm.nih.gov/geo/). Datasets that satisfied the following inclusion criteria were selected: (1) gene expression profiles were based on human specimens; (2) all samples were obtained from peripheral blood; (3) the datasets included disease cases and healthy controls. GSE69063 (anaphylaxis) and GSE60993 (STEMI) datasets that meet the above criteria were used in the present study. GSE69063 contains 17 anaphylactic patients and 10 healthy controls whose blood specimens were collected 1 h after arriving at the emergency department. GSE60993 dataset consists of 7 STEMI patients and 7 healthy individuals, and peripheral blood from STEMI patients was obtained within 4 h after the attack of chest pain. Details of these datasets were summarized in Supplementary Table S1.
2.2 DEG screening
DEGs between case and control groups were screened by GEO2R (an official web application in NCBI that helps analyze GEO data, www.ncbi.nlm.nih.gov/geo/ge2r) (Barrett et al., 2013), with screening criteria set as |logFC (fold change)|>1 and adjusted p.value < 0.05. Probe sets without corresponding gene symbols were removed and genes with multiple probe sets were averaged. The volcano map was drawn with ggplot2 R package (https://ggplot2.tidyverse.org). TBtools software was applied to draw heatmaps to visualize the differential gene expression profiles between case and control groups (Chen et al., 2020).
2.3 Enrichment analysis of DEGs
Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed with the clusterProfiler package (Yu et al., 2012). The top 20 terms of biological process (BP) and top 5 KEGG terms were visualized with bubble charts by ggplot2 R package.
2.4 Analysis of immune cell distribution
The composition and distribution of immune cells in anaphylactic samples (GSE69063), STEMI samples (GSE60993), and normal samples were evaluated by CIBERSORTx (https://cibersortx.stanford.edu/) (Newman et al., 2015), which is based on a set of feature gene expression data from 22 cell subtypes (LM22 dataset). The fraction of these cell populations in diseased and healthy groups were compared using the ggpubr R package (Wilcoxon test) (https://CRAN.R-project.org/package=ggpubr).
2.5 Protein-protein interaction network construction and hub gene identification
STRING database was applied to predict PPI (https://cn.string-db.org/) (Franceschini et al., 2013) and a combined score >0.4 was considered statistically significant. Cytoscape software (Shannon et al., 2003) was used to visualize PPI networks. DEGs in the intersection of six algorithms (DMNC, Stress, MCC, Degree, Closeness, and Radiality) were determined as hub genes. The co-expression and co-localization network of hub genes was constructed and visualized by GeneMANIA (http://www.genemania.org/) (Warde-Farley et al., 2010).
2.6 Verification of hub gene expression in GSE47655 and GSE61144
Hub gene expression was confirmed in the GSE47655 (anaphylaxis) and GSE61144 (STEMI) datasets. GSE47655 contains 6 anaphylactic patients and 6 healthy controls. GSE60993 dataset consists of 7 STEMI patients and 10 healthy subjects. All samples from GSE47655 and GSE61144 were obtained from peripheral blood. Details of these datasets were shown in Supplementary Table S1. The differences in mRNA expression of hub genes between the diseased and healthy groups were compared using Student’s t-test and visualized using the ggplot2 package.
2.7 Correlation analysis
Pearson’s correlation analysis between the expression of hub genes and the abundance of immune effector cells was carried out to further explore the immunomodulatory mechanisms.
2.8 Prediction of transcription factor and drug-hub gene interaction
TRRUST (https://www.grnpedia.org/trrust/) (Han et al., 2018), a database that provides transcription factor-target regulatory relationships, was applied to predict transcription factors that regulate hub gene expression. The expression levels of transcription factors predicted by TRRUST were confirmed in GSE69063 (anaphylaxis) and GSE60993 (STEMI), and the differences between diseased and healthy groups were compared using t-test. ChEA3 (ChIP-X Enrichment Analysis, version 3) platform provides transcription factor enrichment analysis and integrates RNA-seq data from GTEx, TCGA, and ARCHS4, as well as CHIP-seq data from ENCODE and ReMap (Keenan et al., 2019). The hub gene list was submitted to ChEA3, and transcription factors common to those predicted by TRRUST were identified. Base on the MeanRank method, transcription factors were ranked according to their composite scores. DGIdb (Drug-gene interaction database, http://www.dgidb.org) was utilized to predict the drug-hub gene interaction (Freshour et al., 2021).
2.9 Murine model
C57BL/6 mice were obtained from the Charles River Laboratories (Beijing, China). The murine model used in this study was based on an active systemic anaphylaxis model described previously (Jonsson et al., 2011) with modifications. Six-week-old female mice were sensitized subcutaneously on day 0 with bovine serum albumin (BSA, 50 μg per mouse, Sigma-Aldrich, United States) in complete Freund adjuvant (CFA, Sigma-Aldrich, United States) and boosted on day 7 and day 14 with 50 μg BSA in incomplete Freund adjuvant (IFA, Sigma-Aldrich, United States). One week after the last sensitization, mice were intravenously injected with 15 μg BSA to elicit systemic anaphylaxis. After BSA challenge, the temperature was monitored every 10 min with a rectal thermometer (TH212,China), and the severity of anaphylaxis was scored every 10 min on a scale of 0–4 based on the grading system described previously (Cloutier et al., 2018), score 0: normal; score 1: slow motions; score 2: impaired mobility, still reacting to touch; score 3: immobilized and do not react to touch; score 4: death.
2.10 Electrocardiogram recording
When fully anesthetized with inhalant isoflurane (RWD, China), mice were immobilized in a supine position with electrodes implanted subcutaneously in the limbs. The Animal Bio Amp device (ADInstruments, Australia) and LabChart software were used to acquire and record the lead II ECGs of naïve and model mice.
2.11 Heart function assessment
One day prior to ultrasound, hair around the chest wall was carefully removed using depilatory cream (Nair, United States). Mice were anesthetized by inhalant isoflurane (RWD, China), at a concentration of 1.5%. When fully anesthetized, the mouse was positioned on the warm imaging platform ventral side up, and the medical ultrasonic gel was applied to the limb leads to generate ECG. Vevo2100 System (Visual Sonics, Canada) was used to record the transthoracic echocardiograms of naïve and model mice. The MS550D transducer was placed on the left sternal edge to obtain a parasternal short axis (PSAX) view. Left ventricular ejection fraction (EF) and fractional shortening (FS) were acquired from PSAX M-mode scans at the mid-papillary muscle level. Echocardiographic data were analyzed offline using Vevo Lab software and all measurements were averaged from 3 cardiac cycles.
2.12 Quantitative real-time polymerase Chain reaction
Total RNA was extracted from the peripheral blood of naïve mice and model mice using TRIzol reagent (Invitrogen, United States). PrimeScript™ RT Master Mix (TaKaRa, Japan) was utilized to convert the equivalent amount (500 ng) of total RNA into cDNA. The relative mRNA expression of target genes was quantified with the SYBR master mix (Yeasen, China). All samples were normalized to the housekeeping gene β-Actin. Details of primers are listed as follows.
 | 
[image: ]2.13 Logistic regression analysis
SPSS version 23.0 (SPSS Inc., Chicago, IL, United States) was used to perform univariate logistic analysis and construct multivariate logistic regression model with the expression profiles of hub genes as the continuous prediction variable and the physical condition (disease or not) as the categorical response variable. Statistically significant variables (p < 0.05) were included in the multivariate logistic regression model using the backward LR method for variable selection. ROC curves were plotted and the AUC value was calculated to evaluate the diagnostic efficiency of hub genes.
2.14 Statistics.
Statistical analysis was performed using R language (R Foundation for Statistical Computing, Vienna, Austria) and GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA, United States). Data were evaluated for normal distribution using Shapiro-Wilk tests. If data were normally distributed and with similar variances, two-tailed Student’s t-test (parametric) was used to compare the differences between two groups. For normally distributed data with unequal variances, unpaired t-test with Welch’s correction was performed. For abnormally distributed data with unequal variances, Kolmogorov-Smirnov test (nonparametric) was used to determine differences between two groups. Pearson’s correlation test was used to analyze the correlation between the expression of hub genes and the abundance of immune effector cells. Quantitative data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 were considered statistically significant.
3 RESULTS
3.1 Transcriptomic signatures of acute anaphylaxis
The workflow of this study was shown in Supplementary Figure S1. To characterize the gene expression profile of acute anaphylaxis, we compared mRNA expression in whole blood between anaphylactic patients and healthy subjects. Venous blood was collected at 1 hour after patients’ arriving at the emergency department. A total of 265 genes were differentially expressed in the anaphylactic patients, among which 188 were upregulated and 77 were downregulated (Figure 1A). The heatmap revealed high heterogeneity of gene expression between anaphylactic patients and healthy controls (Figure 1B). To explore the pathogenesis of anaphylaxis, we performed GO and KEGG analysis, and profiling of biological processes and signaling pathways revealed the complex pathology of anaphylaxis. This disease was featured by marked activation of immune-inflammatory responses, including positive regulation of response to external stimulus, regulation of innate immune response, cytokine-mediated signaling pathways, and positive regulation of cytokine production, especially interleukin-1 (Figure 1C). In addition, the blood coagulation cascade, platelet aggregation, hemostasis, and wound healing actively participated in the development of anaphylaxis (Figure 1C). KEGG results illustrated that anaphylaxis-related DEGs were associated with transcriptional misregulation and hematopoietic cell lineage (Figure 1D).
[image: Figure 1]FIGURE 1 | Transcriptomic signature of acute anaphylaxis. (A), Volcano plot of transcripts from GSE69063 (anaphylaxis dataset), where blue indicates downregulated DEGs, red represents upregulated DEGs, and gray indicates genes without significant differences. (B), Heatmap of DEGs from GSE69063. Blue indicates downregulated DEGs and red represents upregulated DEGs. (C) GO analysis of DEGs from GSE69063. The color indicates the -log10(qvalue) of the biological process (BP) terms, and the count represents the number of genes enriched in a BP term. (D), KEGG analysis of DEGs.
3.2 Leukocyte composition of acute anaphylaxis
Since anaphylaxis was characterized by marked activation of immune-inflammatory responses, the CIBERSORT deconvolution algorithm was applied to further explore the details of immune cells involved in acute anaphylaxis. As shown in Figure 2A, a wide heterogeneity of immune cell distribution was observed in anaphylactic patients compared to healthy subjects. Among the 22 immune cell subtypes, CD4+ memory T cells (resting), follicular helper T cells, and M0 macrophages were distributed only in anaphylactic samples but not in controls. Compared to the controls, anaphylactic specimens showed significantly increased levels of T cells gamma delta, monocytes, dendritic cells (activated) and mast cells (resting) and markedly decreased proportions of naïve B cells, CD8+ T cells, CD4+ naïve T cells, and M2 macrophages (Figure 2B).
[image: Figure 2]FIGURE 2 | Immune cell characterization of acute anaphylaxis. (A), Histogram of the distribution of 22 immune cell subtypes in GSE69063 (anaphylaxis dataset). (B), Boxplot of the fraction of 22 immune cell subtypes in control and anaphylactic specimens.
3.3 Transcriptomic signatures of STEMI
To uncover the gene expression profiles of STEMI, we compared the mRNA expression in whole blood between STEMI patients and healthy subjects. A total of 237 STEMI-related DEGs were screened, including 199 upregulated and 38 downregulated genes, and these DEGs were visualized with the volcano plot and heatmap (Figures 3A,B). STEMI-related DEGs were primarily involved in the biological processes of innate immune response regulation, positive regulation of defense response, and positive regulation of response to external stimulus, indicating immune defense responses were essential in STEMI. Notably, myeloid leukocyte activation, positive regulation of cytokine production, leukocyte migration, and leukocyte-mediated immunity were critically involved in the development of STEMI (Figure 3C). KEGG analysis revealed that STEMI-related DEGs were associated with hematopoietic cell lineage, neutrophil extracellular trap formation, PD-L1 expression and PD-1 checkpoint pathway (Figure 3D).
[image: Figure 3]FIGURE 3 | Transcriptomic signature of STEMI. (A), Volcano plot of transcripts from GSE60993 (STEMI dataset), where green indicates downregulated DEGs, orange represents upregulated DEGs, and gray indicates genes without significant differences. (B), Heatmap of DEGs from GSE60993. Green indicates downregulated DEGs and orange represents upregulated DEGs. (C) GO enrichment analysis of DEGs from GSE60993. The color indicates -log10(qvalue) of the BP terms, and the count represents the number of genes enriched in a BP term. (D), KEGG analysis of DEGs from GSE60993.
3.4 Leukocyte composition of STEMI
As highlighted above, myeloid leukocyte activation and leukocyte-mediated immunity were essential in STEMI. To further elucidate components of immune cells key to STEMI pathology, we used CIBERSORTx to profile the composition and distribution of immune cell subtypes in STEMI and normal samples. As shown in Figure 4A, there were marked differences in the distribution of immune cells between these two groups. STEMI samples were featured by increased levels of plasma cells, M0 macrophages, dendritic cells (activated), and neutrophils, and by decreased infiltration of CD8+ T cells, CD4+ naïve T cells, NK cells (resting), and eosinophils (Figure 4B).
[image: Figure 4]FIGURE 4 | Immune cell characterization of STEMI. (A), Histogram of the composition and distribution of 22 immune cell subtypes in GSE60993 (STEMI dataset). (B), Boxplot of the fraction of 22 immune cell subtypes in control and STEMI specimens.
3.5 Identification of hub genes shared by anaphylaxis and STEMI
By extracting DEGs that were shared by anaphylaxis and STEMI, 33 common DEGs were identified (Figure 5A). The PPI network of these common DEGs contained 33 nodes and 24 edges, revealing complex interactions among these molecules (Figure 5B). These common DEGs were enriched in the secretory granules, and their molecular functions include immune receptor activity, pattern recognition receptor activity, and cytokine receptor activity (Figure 5C), suggesting immune-inflammatory regulation is essential in both anaphylaxis and STEMI. Enrichment analysis of these common DEGs demonstrated that the shared biological processes of anaphylaxis and STEMI included cytokine-mediated signaling pathway, response to reactive oxygen species, positive regulation of defense response, regulation of immune effector process, and positive regulation of NF-kappa B transcription factor activity (Figure 5C). Taking the intersection of six algorithms (DMNC, Stress, MCC, Degree, Closeness, Radiality) in cytoHubba (Figure 5D), we found 6 hub genes shared by anaphylaxis and STEMI: IL1R2, S100A12, FOS, MMP9, DUSP1, and CLEC4D (Figure 5E). The description and major functions of hub genes are listed in Supplementary Table S2. These hub genes constituted an interactive network with a co-expression rate of 96.23% and a co-localization rate of 3.77% (Figure 5F). The prominent functions of hub genes included positive regulation of defense response, response to cadmium ion, cell chemotaxis, regulation of inflammatory response, regulation of apoptotic signaling pathway, and positive regulation of DNA-binding transcription factor activity (Figure 5F).
[image: Figure 5]FIGURE 5 | Key transcripts shared by anaphylaxis and STEMI. (A), Venn diagram of anaphylaxis-related DEGs and STEMI-related DEGs. (B), The PPI network of 33 common DEGs. (C), GO analysis of 33 common DEGs from three perspectives: biological process (BP), cellular component (CC), and molecular function (MF). (D), The Venn diagram showing six hub genes at the intersection of six algorithms (DMNC, Stress, MCC, Degree, Closeness, Radiality). (E), Interactions of six hub genes exhibited by cytoHubba. (F), Co-expression and co-localization network of hub genes constructed by GeneMANIA.
3.6 Correlation analysis between hub genes and immune cells
After taking the intersection and excluding the immune cells with opposite infiltration trends in anaphylactic and STEMI groups, M0 macrophages, activated dendritic cells, CD4+ naïve T cells, and CD8+ T cells were identified as immune effector cells associated with both anaphylaxis and STEMI (Figure 6A). To further investigate the association of hub genes and these immune cell subtypes, Pearson’s correlation analysis was performed on the expression levels of hub genes and the abundance of immune cells in both anaphylactic and STEMI samples. The results illustrated that all hub genes were positively correlated with M0 macrophage (R > 0, p < 0.05), while negatively correlated (R < 0, p < 0.05) with CD4+ naïve T cells (Figures 6B,C). FOS showed a significant positive correlation with activated dendritic cells, and CLEC4D had a significant negative correlation with CD8+ T cells (Supplementary Figure S2A, B).
[image: Figure 6]FIGURE 6 | Pearson’s correlation analysis between hub genes and immune effector cells. (A), Venn diagram of anaphylaxis-related cell subsets and STEMI-related cell subsets. (B), Scatter diagrams of the correlations between hub gene expression and M0 macrophage abundance in anaphylactic samples (blue) and STEMI samples (black). (C), Scatter diagrams of the correlations between hub gene expression and CD4+ naïve T cell abundance in anaphylactic samples (blue) and STEMI samples (black). R > 0 indicates positively correlated and R < 0 indicates negatively correlated. p < 0.05 was considered statistically significant.
3.7 Verification of hub gene expression in external cohorts
To assess the robustness of hub genes identified above, we analyzed their gene expression in external human microarray datasets (GSE47655 for anaphylaxis and GSE61144 for STEMI) (Supplementary Table S1). Compared with healthy controls, 5 hub genes (IL1R2, FOS, MMP9, DUSP1, CLEC4D) were significantly upregulated in anaphylactic samples, while S100A12 showed no statistical difference (Figure 7A). In STEMI samples, the expression of all hub genes (IL1R2, S100A12, FOS, MMP9, DUSP1, CLEC4D) was markedly higher than that of controls (Figure 7B).
[image: Figure 7]FIGURE 7 | Validation of hub gene expression in GSE47655 (anaphylaxis) and GSE61144 (STEMI) datasets. (A), Validation of hub gene expression (IL1R2, S100A12, FOS, MMP9, DUSP1, CLEC4D) in GSE47655 (anaphylaxis dataset). (B), Validation of hub gene expression (IL1R2, S100A12, FOS, MMP9, DUSP1, CLEC4D) in GSE61144 (STEMI dataset).
3.8 Validation of hub gene expression in a murine model of acute anaphylaxis
To further verify the findings from human microarray data, the expression levels of five hub genes (IL1R2, FOS, MMP9, DUSP1, CLEC4D) were measured in an experimentally induced murine model of acute anaphylaxis by qRT-PCR analysis. Systemic anaphylaxis was induced by intravenously injected with BSA in mice sensitized with the same antigen (Figure 8A). 10 min after the BSA challenge, mice showed obvious symptoms of anaphylaxis, including impaired mobility, lethargy, and unresponsiveness (Figure 8B). Compared with naïve mice, the anaphylactic mice exhibited ST-segment elevations on electrocardiograms (Figure 8C) and showed markedly impaired heart function (Figures 8D–F) as reflected by decreases in ejection fraction (EF; 58.68% ± 2.87% versus 27.84% ± 4.67%) and fractional shortening (FS; 30.62% ± 1.95% versus 12.53% ± 2.33%). qRT-PCR analysis of peripheral blood extracts demonstrated that the levels of IL1R2, FOS, MMP9, DUSP1, and CLEC4D in the anaphylactic mice with STEMI were significantly upregulated (Figures 8G–K), which was consistent with the human microarray results. Taken together, these results indicated that the hub genes we screened were of high reliability.
[image: Figure 8]FIGURE 8 | Verification of hub gene expression in a murine model of anaphylaxis complicated with STEMI. (A), Schematic diagram of the experimental protocol for establishing the murine model. 6-week-old female mice were subcutaneously sensitized on day 0 with 50 μg BSA in CFA and boosted subcutaneously on day 7 and day 14 with 50 μg BSA in IFA. On day 21, mice were intravenously injected with 15 μg BSA to induce systemic anaphylaxis. After the BSA challenge, the anaphylactic mice showed acute and transient ST-segment elevations on electrocardiograms. (B), Severity of anaphylactic response was scored on a scale of 0–4 (n = 6 per group). Score 0: normal; score 1: slow motions; score 2: impaired mobility, still reacting to touch; score 3: immobilized and does not react to touch; score 4: death. (C), Representative electrocardiograms of naïve mice and model mice. (D) through (F), Heart function was measured with echocardiography 10 min after BSA challenge. Representative echocardiogram (D), ejection fraction (EF%) (E), and fractional shortening (FS%) (F) of naïve mice and model mice (n = 6 per group). (G) through (K), qRT-PCR analysis of IL1R2 (G), FOS (H), MMP9 (I), DUSP1 (J), and CLEC4D (K) in peripheral whole blood (n = 6 per group). (L) through (Q), qRT-PCR analysis of FOS (L), STAT3 (M), STAT6 (N), SP1 (O), SRF (P), and CREM (Q) in peripheral whole blood (n = 8 per group). Naïve indicates untreated control mice. IC indicates BSA-treated model mice. *p < 0.05, **p < 0.01, ***p < 0.001. Statistical analysis: unpaired Student’s t-test (E, F, K, P), Kolmogorov-Smirnov test (G, I, J, N, O), Unpaired t-test with Welch’s correction (H), Mann Whitney test (L).
3.9 Prediction of transcription factor and candidate druggable hub genes
TRRUST database was applied to explore key upstream regulators for hub genes. Signal transducer and activator of transcription 3 (STAT3), cAMP-responsive element modulator (CREM), signal transducer and activator of transcription 6 (STAT6), Sp1 transcription factor (SP1), Fos proto-oncogene (FOS), serum response factor (SRF), and histone deacetylase 1 (HDAC1) were identified as transcription factors that modulated hub gene expression (Supplementary Figure S3A). The details of these transcription factors are summarized in Supplementary Table S3. With further analysis, we found that CREM and FOS were highly expressed in anaphylactic samples, while 3 transcription factors (SRF, STAT6, SP1) were significantly downregulated (Supplementary Figures S3B–H). In STEMI samples, 3 transcription factors (FOS, STAT3, SP1) were markedly upregulated, while HDAC1 was significantly downregulated (Supplementary Figures S3I–O). Moreover, ChEA3 platform was used to validate the findings from TRRUST and further rank the transcription factors according to their MeanRank composite scores. STAT3, CREM, STAT6, SP1, FOS, and SRF were identified as transcription factors of hub genes that common to those predicted by TRRUST, ranking as: FOS, STAT3, STAT6, SP1, SRF, and CREM (Supplementary Table S4). qRT-PCR analysis of peripheral blood extracts showed significantly increased expression of FOS, and markedly decreased expression of STAT6, SP1, and SRF in the murine model of anaphylaxis complicated STEMI (Figures 8L–Q), suggesting the important regulatory role of these transcription factors in anaphylaxis induced myocardial damage.
The candidate druggable hub genes were predicted via the DGIdb database. As listed in Table 1, IL1R2, FOS, MMP9, and DUSP1 showed interactions with approved drugs, suggesting the potential targeting and regulatory effects of approved drugs on these hub genes.
TABLE 1 | Potential drug-hub gene interaction predicted by DGIdb database.
[image: Table 1]3.10 Identification of diagnostic efficiency of hub genes on anaphylaxis and STEMI
To predict the occurrence of anaphylaxis and STEMI, univariate logistic analysis followed by multivariate logistic regression analysis was applied to construct the diagnostic model, and receiver operating characteristic (ROC) curves were used to evaluate the diagnostic efficiency of hub genes. Univariate logistic analysis of hub genes in anaphylactic dataset GSE69063 revealed that IL1R2 (p < 0.001, AUC = 0.797, 95% CI 0.679-0.916), DUSP1 (p = 0.002, AUC = 0.719, 95% CI 0.593-0.844), MMP9 (p = 0.003, AUC = 0.706, 95% CI 0.577-0.835), and CLEC4D (p < 0.001, AUC = 0.888, 95% CI 0.803-0.974) were significantly correlated with anaphylaxis as continuous variables (Figure 9A). All statistically significant variables were then included in the multivariate logistic regression model using the backward LR method for variable selection. The results showed DUSP1 (p = 0.028) and CLEC4D (p = 0.001) were selected as significant variables and used to construct diagnostic model. The regression equation of logit (P) = −33.355 + 2.9*DUSP1+2.294*CLEC4D was established and the accuracy of this logistic model was evaluated by ROC curves. AUC values in GSE69063 and another independent anaphylactic dataset GSE47655 were 0.911 (95% CI, 0.840-0.982) and 0.938 (95% CI, 0.857-1.000), respectively (Figures 9B,C), suggesting this model was of high diagnostic efficacy in distinguishing anaphylactic patients from healthy individuals. As anaphylaxis and STEMI shared common hub genes, the diagnostic efficiency of hub genes was further evaluated in STEMI datasets. Univariate logistic analysis of hub genes in STEMI dataset GSE60993 and GSE61144 revealed that DUSP1 (p = 0.001, AUC = 0.774, 95% CI 0.649-0.898), MMP9 (p < 0.001, AUC = 0.887, 95% CI 0.794-0.980), and CLEC4D (p = 0.03, AUC = 0.649, 95% CI 0.507-0.790) were significantly correlated with STEMI (Figure 9D). Next, the efficiency of the established diagnostic model was validated in the STEMI datasets (GSE60993 and GSE61144) based on the expression profiles of DUSP1 and CLEC4D. As shown in Figure 9E, the AUC values in STEMI datasets exceeded 0.7, indicating this model also had good accuracy in discriminating STEMI. Taken together, these results suggested that two hub genes, DUSP1 and CLEC4D, held a promise for the diagnosis of anaphylaxis complicated STEMI as blood diagnostic biomarkers.
[image: Figure 9]FIGURE 9 | Identification of diagnostic efficiency of hub genes based on logistic regression models. (A), Receiver operating characteristic (ROC) curves of five hub genes in the anaphylactic dataset (GSE69063). (B), ROC curves of DUSP1+CLEC4D in the anaphylactic dataset (GSE69063). (C), Validation of the diagnostic efficiency of DUSP1+CLEC4D in the independent anaphylactic dataset (GSE47655). (D), ROC curves of five hub genes in the STEMI datasets (GSE60993 and GSE61144). (E), Validation of the diagnostic efficiency of DUSP1+CLEC4D in the STEMI datasets (GSE60993 and GSE61144).
4 DISCUSSION
STEMI following anaphylaxis is an underdiagnosed but potentially fatal disease (Roumeliotis et al., 2021). The pathogenesis of anaphylaxis complicated STEMI remains poorly understood and the early diagnosis and treatment have not been fully established. The present study demonstrates the pivotal role of inflammation and defense responses in anaphylaxis and STEMI, uncovers five hub genes (IL1R2, FOS, MMP9, DUSP1, CLEC4D) closely correlated with immune effector cells of anaphylaxis and STEMI, and identifies two effective diagnostic markers (DUSP1and CLEC4D), which deepens our understanding of the pathogenesis of anaphylaxis complicated with STEMI and provides potential blood diagnostic biomarkers and therapeutic targets for this complication.
In anaphylactic patients with pre-existing atherosclerosis, STEMI is associated with allergic factors-triggered atheromatous plaque erosion or stent thrombosis, which culminates in coronary occlusion and myocardial damage (Sakaue et al., 2020; Engheta et al., 2021; Yamamoto et al., 2022). While in patients with angiographically normal coronary arteries and no risk factors for coronary artery disease, prolonged coronary spasm appears to be the leading cause of acute STEMI following anaphylaxis (Goto et al., 2016; Li et al., 2018). Mast cells, distributed around coronary arteries and plaques, have been proposed to be implicated in anaphylaxis complicated with STEMI (Marone et al., 2014; Li et al., 2018; Yamamoto et al., 2022). Upon activation, mast cells secrete inflammatory mediators such as histamine (Galli and Tsai, 2012; Galli et al., 2020), which regulates coronary artery tone and vascular permeability, thus affecting hemodynamic stress and coronary blood flow (Matsuyama et al., 1990; Kounis and Zavras, 1991; Mikelis et al., 2015). In this study, we observed specific immune cell subsets, including macrophages, dendritic cells, CD8+ T cells, and CD4+ naïve T cells, which act in both anaphylaxis and STEMI (Figure 6A).
Macrophages express FcγR, and IgG/FcγR/macrophage pathway is implicated in the initiation of the immune-inflammatory cascade upon IgG-allergen immune complex stimulation (Beutier et al., 2017). Depletion of macrophages significantly attenuated both IgG2a- and IgG2b-mediated passive systemic anaphylaxis in mice (Beutier et al., 2017). During anaphylaxis, crosslinking of macrophage FcγR activates macrophages to release platelet-activating factor, an endogenous phospholipid mediator that may contribute to anaphylaxis-related STEMI by inducing platelet aggregation, endothelial dysfunction, inflammatory cell adhesion, and vascular hyperpermeability (Gill et al., 2015). Dendritic cells play essential roles in allergy sensitization, CD4+ naïve T cell activation, and T cell differentiation (Ruiter and Shreffler, 2012). Following uptake of exogenous allergens, dendritic cells integrate signals derived from exogenous allergens and present processed allergen to CD4+ naïve T cells through the peptide-MHC II-TCR and co-stimulatory signaling, leading to allergen-specific activation and expansion of CD4+ naïve T cells. Communication between dendritic cells and CD4+ T cells during allergen presentation further elicits Th2-type allergic responses, triggering the release of type 2 cytokines, IgE production, and accumulation of mast cells (Ruiter and Shreffler, 2012; Walker and McKenzie, 2018). Once re-exposure to allergen, allergen-IgE complex induced crosslinking of FcɛR receptors rapidly triggers mast cell activation and secretion of allergic chemicals (e.g., histamine and tryptase) that initiate immediate clinical symptoms (Galli and Tsai, 2012; Galli et al., 2020). Taken together, the above results and reported studies strongly suggest that anaphylaxis is a systemic inflammatory disease with extensive involvement of immune cells (increases in macrophage, activation of dendritic cells, differentiation of T cells, degranulation of mast cells). The episodes of STEMI secondary to anaphylaxis might be elicited by inflammatory factors-mediated direct stimulation to coronary intima or indirect hemodynamic change-triggered myocardial injury.
IL1R2, FOS, MMP9, DUSP1, and CLEC4D were screened and identified as hub genes shared by anaphylaxis and STEMI (Figures 5D,E). IL1R2 is expressed by monocytes/macrophages, T cells, and other immune cells (Boraschi et al., 2018). It has been reported that plasma levels of IL1R2 are profoundly increased in patients with STEMI and IL1R2 levels correlate independently with the adverse remodeling of left ventricle after STEMI, indicating the pivotal role of IL1R2 in myocardial injury and infarct healing (Orrem et al., 2018). Moreover, IL1R2 showed significantly increased expression in the whole blood of peanut-allergic subjects (Watson et al., 2017). FOS has been implicated in the regulation of degranulation capacity and inflammatory responses in FcεRI-activated mast cells (Lee et al., 2004). Inhibition of FOS expression by T-5224 attenuates IgE-mediated anaphylaxis (Wang et al., 2021). MMP9 is mainly involved in leukocyte migration and proteolysis. The levels of MMP9 are markedly increased in post-myocardial infarction patients, and high MMP9 is an independent predictor of 2-year adverse cardiovascular events (Webb et al., 2006; Kelly et al., 2008; Somuncu et al., 2020). DUSP1 regulates the MAPK signaling pathway via dephosphorylating threonine and tyrosine (Liu et al., 2007). Jana V. Maier et al. demonstrated that DUSP1-deficient mice showed high susceptibility to passive anaphylaxis (Maier et al., 2007). CLEC4D is a calcium-dependent pattern-recognition receptor that interacts with FcγR and forms a receptor complex. Binding of pathogens to this complex induces phosphorylation of ITAM, which facilitates activation of CARD9 and NF kappa B, consequently triggering antigen-presenting cell maturation and T cell differentiation (Miyake et al., 2013; Zhu et al., 2013). As shown in Figure 5F, these hub genes were primarily involved in the regulation of defense response, cell chemotaxis, and inflammatory response and shared a complex co-expression and co-localization network. Besides, these hub genes were closely correlated with macrophages and CD4+ naïve T cells (Figure 6), and the crosstalk between hub genes and special immune effector cell subsets potentially regulates the ongoing immune-inflammatory responses during anaphylaxis and STEMI.
Based on TRRUST and ChEA3 database, FOS, STAT3, STAT6, SP1, SRF, and CREM were identified as the upstream regulators for hub genes. Further qRT-PCR results from the murine model validated that FOS, STAT6, SP1, and SRF were key transcription factors that highly involved in anaphylaxis complicated STEMI. STAT6 is a member of the signal transducer and activator of transcription family. STAT6-deficient mice lack Th2-type allergic responses and cannot undergo class switching to produce IgE against allergens (Shimoda et al., 1996), and STAT6 gain-of-function variant exacerbates allergic inflammation (Takeuchi et al., 2023). Clinical studies indicate that two STAT6 gene variants, rs324015 and rs1059513, are significantly associated with food allergy and more severe allergic symptoms (van Ginkel et al., 2018). Moreover, STAT 6 is activated in post-infarction hearts (El-Adawi et al., 2003), in hypertrophied hearts (Mascareno et al., 1998), and in the heart subjected to ischemia/reperfusion (Mascareno et al., 2001). Disruption of STAT6 signal promotes cardiac fibrosis and impairs cardiac contractility (Hikoso et al., 2004; Zhang et al., 2020). These studies indicate that STAT6 is involved in the pathophysiology of both allergy and cardiac dysfunction. SRF, serum response factor, is a pivotal factor that not only regulates the expression of FOS, but also interacts with transcription factor SP1 (Deshpande et al., 2022). Precise regulation of SRF expression is critical for cardiac signal transduction, myocardial contractility and cytoskeletal remodeling, and transcription dysregulation of SRF leads to adverse cardiac remodeling and ultimately heart failure, suggesting the vital role played by SRF in cardiac development and disease (Li et al., 2020; Deshpande et al., 2022). FOS, STAT6, SP1, and SRF identified in our study might represent a transcriptional regulatory signature of anaphylaxis with STEMI predisposition.
Currently, many cases of anaphylaxis-related STEMI are underdiagnosed or misdiagnosed due to lack of effective detection biomarkers. The hub genes identified here constitute a whole blood gene signature shared by anaphylaxis and STEMI, and based on the logistic regression model, DUSP1 and CLEC4D are identified as blood diagnostic markers with high diagnostic efficacy, which hold a promise for diagnostic assessment of anaphylaxis complicated STEMI in clinical practice. Moreover, treatment guidelines for anaphylaxis complicated with STEMI have not been fully established. Injectable epinephrine (adrenaline) is now used as the first-line therapy for anaphylaxis (Muraro et al., 2022), yet its use in patients with allergic angina may bring adverse effects, such as ventricular arrhythmias and worsening myocardial ischemia. Meanwhile, medications used to treat STEMI, such as angiotensin-converting enzyme inhibitors and β-blockers potentially aggravate anaphylaxis (Lieberman and Simons, 2015). The adverse effects of these medications might hamper the effective management of this clinical emergency, thus novel therapeutic medications for anaphylaxis complicated STEMI are in urgent need (Lieberman and Simons, 2015). In this study, we identified four approved drugs that have the potential to be repurposed against hub genes involved in anaphylaxis complicated STEMI, including anakinra, baclofen, andecaliximab, and albuterol targeting IL1R2, FOS, MMP9, and DUSP1, respectively. Anakinra is a recombinant IL-1R antagonist approved for the treatment of COVID-19 related pneumonia and rheumatoid arthritis. A cohort study evaluating the clinical effectiveness of anakinra in patients with COVID-19 showed that anakinra had a favorable improvement in respiratory insufficiency and hyperinflammation (Cavalli et al., 2021), two pathological processes that also have pivotal roles in anaphylaxis. Besides, in the VCUART trail, administration of anakinra to patients with STEMI for 14 days significantly decreased the incidence of new-onset heart failure and heart failure hospitalization compared with placebo (Abbate et al., 2013; Abbate et al., 2020), supporting the benefits of IL-1 blockade with anakinra in slowing STEMI progression. DGIdb identified baclofen as an FDA-approved drug that potentially target FOS. Baclofen, a skeletal muscle relaxant that acts on the spinal cord nerves to reduce spasms, is commonly used in patients with multiple sclerosis. The application of baclofen in anaphylaxis and STEMI is rarely reported and deserves further study. Andecaliximab, a recombinant IgG4 monoclonal antibody targeting MMP9, is under development for the treatment different types of diseases, such as rheumatoid arthritis, Crohn’s disease, and non-small cell lung cancer (Gossage et al., 2018; Schreiber et al., 2018). Due to the critical role of MMP9 in STEMI and anaphylaxis, andecaliximab might be a promising strategy to curtail anaphylaxis complicated STEMI. According to DGIdb results, DUSP1 has a good interaction with albuterol, a β2 adrenergic agonist that relaxes muscles in the airways. Presently, albuterol is used as a second-line drug to relieve wheezing during anaphylaxis attacks (Irani and Akl, 2015). Moreover, in a randomized controlled trial, albuterol improved pulmonary vascular reserve and enhanced cardiac output reserve in patients with HFpEF (Reddy et al., 2019), showing its cardiovascular benefits. Collectively, these repurposed drug candidates provide a window of opportunity for the development of much-needed drugs for anaphylaxis complicated STEMI.
There are some limitations in the present study. First, the biological functions of immune cell subsets and hub genes shared by anaphylaxis and STEMI require further in-vivo and in-vitro experimental verification. Second, public microarray datasets for anaphylactic studies are limited, and the sample size in this study is relatively small.
5 CONCLUSION
By comprehensively profiling the peripheral whole blood transcriptome of anaphylactic and STEMI individuals, we identified the biological processes, special immune effector cell subsets, and hub genes shared by anaphylaxis and STEMI, laying down a foundation for further our mechanistic understanding of anaphylaxis complicated with STEMI. Hub genes identified here (IL1R2, FOS, MMP9, DUSP1, and CLEC4D) represent a whole blood gene signature of anaphylaxis with STEMI predisposition and provide candidate diagnostic and therapeutic targets for follow-up studies.
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Pyroptosis is a form of pro-inflammatory cell death that can be mediated by gasdermin D (GSDMD) activation induced by inflammatory caspases such as caspase-1. Emerging evidence suggests that targeting GSDMD activation or pyroptosis may facilitate the reduction of vascular inflammation and atherosclerotic lesion development. The current study investigated the therapeutic effects of inhibition of GSDMD activation by the novel GSDMD inhibitor N-Benzyloxycarbonyl-Leu-Leu-Ser-Asp(OMe)-fluoromethylketone (Z-LLSD-FMK), the specific caspase-1 inhibitor N-Benzyloxycarbonyl-Tyr-Val-Ala-Asp(OMe)-fluoromethylketone (Z-YVAD-FMK), and a combination of both on atherosclerosis in ApoE−/− mice fed a western diet at 5 weeks of age, and further determined the efficacy of these polypeptide inhibitors in bone marrow-derived macrophages (BMDMs). In vivo studies there was plaque formation, GSDMD activation, and caspase-1 activation in aortas, which increased gradually from 6 to 18 weeks of age, and increased markedly at 14 and 18 weeks of age. ApoE−/− mice were administered Z-LLSD-FMK (200 µg/day), Z-YVAD-FMK (200 µg/day), a combination of both, or vehicle control intraperitoneally from 14 to 18 weeks of age. Treatment significantly reduced lesion formation, macrophage infiltration in lesions, protein levels of vascular cell adhesion molecule-1 and monocyte chemoattractant protein-1, and pyroptosis-related proteins such as activated caspase-1, activated GSDMD, cleaved interleukin(IL)-1β, and high mobility group box 1 in aortas. No overt differences in plasma lipid contents were detected. In vitro treatment with these polypeptide inhibitors dramatically decreased the percentage of propidium iodide-positive BMDMs, the release of lactate dehydrogenase and IL-1β, and protein levels of pyroptosis-related proteins both in supernatants and cell lysates elevated by lipopolysaccharide + nigericin. Notably however, there were no significant differences in the above-mentioned results between the Z-LLSD-FMK group and the Z-YVAD-FMK group, and the combination of both did not yield enhanced effects. These findings indicate that suppression of GSDMD activation by Z-LLSD-FMK or Z-YVAD-FMK reduces vascular inflammation and lesion development in ApoE−/− mice.
Keywords: atherosclerosis, GSDMD, macrophage, pyroptosis, vascular inflammation, Z-LLSD-FMK, Z-YVAD-FMK
1 INTRODUCTION
Atherosclerosis is a chronic vascular inflammatory disorder in which lesions are formed in the arterial wall. With the progression of lesions, life-threatening manifestations of atherosclerotic cardiovascular diseases (ASCVDs) occur (Ahmadi et al., 2019). Currently the high mortality related to ASCVDs exceeds that attributable to cancer as a primary cause of death globally (Arai et al., 2019; Ma et al., 2020; Virani et al., 2020). Reducing lesion development would reportedly avoid the later stages, and thus prevent clinical manifestations and death. It is therefore of great importance to develop novel pharmacological therapeutic strategies to inhibit atherosclerotic lesion development.
It is well established that vascular inflammation makes a significant contribution to lesion development. It was recently demonstrated that pyroptosis is a pro-inflammatory form of programmed cell death, and gasdermin D (GSDMD), a pore-forming protein, is a final executor of pyroptosis (Shi et al., 2017). GSDMD is cleaved by caspase-1 activated by assembly of diverse canonical inflammasomes, like nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3), or by caspase-11 (or human caspases 4 and 5) activated by non-canonical inflammasome pathway, into N-terminal GSDMD fragments (GSDMD-N) (Shi J. et al., 2015). GSDMD-N oligomerizes to form pores in the cell membrane, resulting in the release of pro-inflammatory mediators such as cleaved interleukin(IL)-1β (He et al., 2015; Evavold et al., 2018) and high mobility group box 1 (HMGB1) (Volchuk et al., 2020), triggering a strong pro-inflammatory response (Broz et al., 2020). Deficiency of GSDMD in a low-density lipoprotein receptor (LDLr) antisense oligonucleotide-induced hyperlipidemic mouse model reportedly reduced inflammatory responses in the artery wall and limited lesion development (Opoku et al., 2021). The same effects are evidently induced by a lack of caspase-1 (Gage et al., 2012; Usui et al., 2012; Yin et al., 2015) or IL-1β (Kirii et al., 2003), and neutralization or inhibition of HMGB1 (Kanellakis et al., 2011; Liu et al., 2013) in ApoE−/− mice. Macrophages are the major immune cell population in atherosclerotic lesions (Xu et al., 2019), and play a central role in lesion development (Barrett, 2020; Willemsen and de Winther, 2020). Critically, in previous studies pyroptosis-related proteins such as caspase-1, IL-1β were mainly expressed in macrophages in carotid atherosclerotic plaques (Shi X. et al., 2015). Moreover, a previous study has indicated that reconstitution of LDLr−/− mice with bone marrow lacking IL-1α/IL-1β can lead to decreased vascular inflammation and lesion sizes (Duewell et al., 2010). Hence pyroptosis—at least macrophage pyroptosis—plays an essential role in vascular inflammation and lesion development, and suppression of GSDMD activation or cleavage may be a promising strategy for reducing lesion development.
GSDMD binds directly to caspases 1, 4, 5, and 11 (Yang et al., 2018), and is specifically cleaved by them (Shi J. et al., 2015). A specific cleavage site peptide of human GSDMD is 272FLTD275 (Shi J. et al., 2015), and recently N-acetyl-Phe-Leu-Thr-Asp-chloromethylketone (Ac-FLTD-CMK), the human GSDMD inhibitor, has been designed and demonstrated to significantly block GSDMD cleavage and pyroptosis by potently inhibiting the enzymatic activities of caspases 1, 4, 5, and 11 (Yang et al., 2018). Its availability and specificity have also been demonstrated in a series of pharmacological and cellular assays (Yang et al., 2018). To date the therapeutic effects of Ac-FLTD-CMK on atherosclerosis have not been investigated. The specific cleavage site peptide of mouse GSDMD is 273LLSD276 (Shi J. et al., 2015), and based on above-mentioned studies, in the current study N-Benzyloxycarbonyl-Leu-Leu-Ser-Asp(OMe)-fluoromethylketone (Z-LLSD-FMK), a novel mouse GSDMD inhibitor, was chemically designed to suppress mouse GSDMD cleavage. It has been reported that N-Benzyloxycarbonyl-Tyr-Val-Ala-Asp(OMe)-fluoromethylketone (Z-YVAD-FMK) (Garcia-Calvo et al., 1998), a specific caspase-1 inhibitor, inhibited cleavage of GSDMD in HK-2 cells (Wen et al., 2022), reduced kidney injury in brain-dead rats (Liu et al., 2021), and mitigated lung injury caused by PM2.5-induced lung inflammation in mice by impeding pyroptosis (Li et al., 2021). However, the therapeutic effects of Z-YVAD-FMK on atherosclerosis remain unclear.
The aim of the present study was to investigate the therapeutic effects of inhibition of GSDMD activation by Z-LLSD-FMK, Z-YVAD-FMK, and the combination of both on vascular inflammation and atherosclerosis. Using in vivo and in vitro experiments, both Z-LLSD-FMK and Z-YVAD-FMK were found to observably inhibit GSDMD activation and pyroptosis, and reduce vascular inflammation and the lesion development, with no differences or synergies in their effects.
2 MATERIALS AND METHODS
2.1 Reagents
Z-LLSD-FMK (purity >98%) and Z-YVAD-FMK (purity >98%) were synthesized by GL Biochem Co., Ltd. (Shanghai, China). Dimethylsulfoxide (DMSO), hematoxylin and eosin (H&E), oil red O, lipopolysaccharide (LPS), and nigericin were purchased from Sigma-Aldrich (St. Louis, MO, United States). Paraformaldehyde (PFA) was purchased from Solarbio (Beijing, China). Phosphate-buffered saline (PBS) was purchased from HyClone (Logan, UT, United States). Bovine serum albumin (BSA) was purchased from Yeasen Biotechnology Co., Ltd. (Shanghai, China). Antifade mounting medium with 4′-6-diamidino-2-phenylindole (DAPI), propidium iodide (PI)/Hoechst 33342, and lactate dehydrogenase (LDH) cytotoxicity assay kits were purchased from Beyotime Biotechnology (Shanghai, China). Red blood cell lysis buffer was purchased from Biolegend (San Diego, CA, United States). RPMI 1640 was purchased from Keygen BioTECH (Nanjing, China). Fetal bovine serum (FBS) was purchased from ThermoFisher Scientific (Waltham, MA, United States), and macrophage colony-stimulating factor (M-CSF) was purchased from Peprotech (Rocky Hill, NJ, United States). Mouse IL-1β enzyme-linked immunosorbent assay (ELISA) kits were purchased from R&D systems (Minneapolis, MN, United States). Phosphatase and protease antagonist cocktails were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Primary antibodies against EGF-like module-containing mucin-like hormone receptor-like 1 (F4/80+), HMGB1, caspase-1, GSDMD, and goat anti-rat IgG conjugated to Alexa Fluor 568 were purchased from Abcam (Cambridge, United Kingdom). Primary antibodies against NLRP3 were purchased from Cell Signaling Technology (Beverly, MA, United States), and primary antibodies against vascular cell adhesion molecule-1 (VCAM-1), monocyte chemoattractant protein-1 (MCP-1), and IL-1β were purchased from Wuhan Boster Bioengineering Ltd. (Wuhan, China). Horseradish peroxidase (HRP)-conjugated rabbit secondary IgG was purchased from Jackson ImmunoResearch Laboratories, Inc. (Philadelphia, PA, United States). RIPA lysis buffer, BCA protein assay kits, and enhanced chemiluminescent solutions were purchased from Pierce Biotechnology (Rockford, IL, United States). HRP-conjugated antibody against actin was purchased from Bioworld Technology, Inc. (Bloomington, MN, United States).
2.2 Mice and diets
ApoE−/− mice (male, C57BL/6 background, 5 weeks old) were provided by Shanghai Model Organisms Center, Inc. (Shanghai, China) and kept in microisolator cages with water and food available ad libitum, under specific pathogen-free conditions at the Shanghai Model Organisms Center. ApoE−/− mice were fed a western diet (21% fat, 0.15% cholesterol; SLAC, Shanghai, China) (Liu et al., 2013) from 5 weeks of age, and samples were collected at 6, 8, 11, 14, and 18 weeks of age (5 mice per group) to determine the timepoint and duration of pharmacological intervention. Thirty-six 5-week-old ApoE−/− mice were also fed the western diet, and at 14 weeks of age these mice were randomized into four groups. Treatments were administered to the four groups via intraperitoneal injection for 4 weeks, as follows: 1) control (vehicle, 0.25 mL, 2% DMSO/day), 2) Z-YVAD-FMK (Fu et al., 2019) (0.25 mL, 200 μg/day), 3) Z-LLSD-FMK (0.25 mL, 200 μg/day), and 4) Z-YVAD-FMK + Z-LLSD-FMK (0.25 mL, 200 μg + 200 μg/day). Mice were killed at 18 weeks of age. All mouse studies were approved by the Animal Ethics Committee of Zhongshan Hospital, Fudan University. All experimental procedures were performed in accordance with the guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) (Zhang et al., 2021).
2.3 Lipid measurement
Blood was collected from the right ventricle of fasted mice after anesthesia. Plasma levels of triglycerides, total cholesterol, and high-density lipoprotein (HDL) were detected via colorimetric enzymatic assays (Jinan Sysmex Limited Company, Jinan, China) in accordance with the manufacturer’s instructions (Liu et al., 2017).
2.4 Quantification of atherosclerotic lesions
Atherosclerotic lesions were quantified as previously described (Liu et al., 2013; Liu et al., 2017). In brief, ApoE−/− mice were fasted for more than 4 h then anesthetized. Their hearts were removed, and the aortic arches were dissected. The aortic roots were then harvested and briefly fixed in ice-cold 4% PFA for 4 h. The fixed aortic roots were washed in PBS for 15 min three times, dehydrated in 30% sucrose overnight, then embedded in optimal cutting temperature compound (Sakura, Torrance, CA, United States) followed by snap freezing. Serial sections 10 μm thick were cut from the first appearance of the aortic valve leaflets until the leaflets were no longer visible. Six sections were mounted onto each slide for a total of five slides. Sections were stained with H&E and oil red O, and quantification of the atherosclerotic lesion area was measured by a blinded observer using ImageJ v.1.42q software (National Institutes of Health, Bethesda, MD, United States).
2.5 Immunofluorescence
The immunofluorescence procedures applied to cryosections have been described previously (Liu et al., 2013; Liu et al., 2017). Briefly, after drying for 60 min, cryostat sections that had been fixed in 4% PFA were rehydrated in PBS, degreased in 95% ethanol for 10 min, and blocked with PBS containing 2% nonimmune serum solution and 5% BSA at room temperature for 30 min. The cryosections were then incubated with rat anti-F4/80+ antibody (1:200) diluted in blocking reagent at 4°C overnight. Negative controls were run in parallel with the omission of primary antibodies. Subsequently, for visualization, sections that had been washed three times with PBS were incubated with goat anti-rat IgG conjugated to Alexa Fluor 568 (1:400) diluted in blocking reagent at room temperature for 2 h. After washing three times with PBS, sections were stained with antifade mounting medium with DAPI. Quantitative analysis of the F4/80-positive area in atherosclerotic lesions was conducted with ImageJ v.1.42q software.
2.6 BMDM culture and treatment
Murine BMDMs were obtained from 10 to 12-week-old C57BL/6 male mice and differentiated as described previously (Yanai et al., 2013). Briefly, bone marrow cells in bilateral hind femora and tibias from mice were gently flushed out with 20 mL sterile PBS and collected by centrifugation at 1,500 rpm for 5 min at 4°C. After lysing erythrocytes with red blood cell lysis buffer, cells were cultured and differentiated in 6-cm dishes or 24-well plates with RPMI 1640 supplemented with 10% (vol/vol) FBS and M-CSF (100 ng/mL) for 6 days in a humidified incubator with 5% CO2 at 37°C. After the medium was replaced with fresh medium without FBS or M-CSF, BMDMs were pretreated with Z-YVAD-FMK (100 µM), Z-LLSD-FMK (100 µM), or Z-YVAD-FMK (100 µM) + Z-LLSD-FMK (100 µM) for 30 min, then primed with LPS (500 ng/mL) for 4 h followed by nigericin (10 μM) for 30 min (Rozman-Pungercar et al., 2003; Gicquel et al., 2015; Zhang et al., 2020). After treatment, supernatants were collected and centrifuged at 1,500 rpm for 5 min at 4°C to generate cell-free medium preparations. The cell-free supernatants and cells in 6-cm dishes or 24-well plates were then prepared to perform a series of assays.
2.7 Cell death assay
The percentage of BMDM death was measured via PI/Hoechst 33342 staining. Briefly, after treatment as described above, samples from each group were washed with PBS and stained with PI and Hoechst 33342 at 4°C for 30 min in the dark in accordance with the manufacturer’s instructions. Cell images were visualized at ×100 magnification under a Leica microscope (Wetzlar, Germany) and analyzed using ImageJ v.1.42q software. The percentage of PI-positive cells was determined in five randomly selected image fields for each group.
LDH cytotoxicity assay kits were also used to evaluate cell death. This assay detects leakage of the intracellular enzyme LDH upon cellular injury. Briefly, after treatment, 120 μL of cell-free supernatant collected from each well in each group was transferred to 96-well plates. Then, 60 μL of the LDH cytotoxicity assay kit reagent mixture was added to each well in the 96-well plates and they were incubated for 30 min at room temperature in the dark. The absorbance signal was determined at 490 nm using a microplate reader (BioTek Instrumentals, Inc., Winooski, VT, United States). Results are shown as the percentage of the total amount of LDH. All of these procedures were performed in accordance with the manufacturer’s instructions.
2.8 ELISA
ELISA kits were used to measure concentrations of IL-1β in cell-free supernatants from BMDM cultures, in accordance with the manufacturer’s instructions.
2.9 Western blotting
As described previously (Liu et al., 2017), total proteins were extracted from aortic tissue and BMDMs in ice-cold RIPA lysis buffer with a phosphatase and protease antagonist cocktail and disruption by an ultrasonic homogenizer. Protein concentrations were detected with a BCA protein assay kit. Equal volumes of cell culture supernatants were concentrated by centrifugation at 4,000 rpm for 40 min at 4°C using an Amicon® Ultra-4 centrifugal filter with a 10-kDa cutoff (Millipore, Burlington, VT, United States). All of these procedures were conducted in accordance with the manufacturer’s instructions. Equivalent quantities of homogenized aortal or cellular proteins or equal volumes of concentrated supernatants were separated on 15% SDS-PAGE gels by electrophoresis then transferred to polyvinylidene fluoride membranes (Millipore). The primary antibodies were directed against HMGB1 (1:3,000), caspase-1 (1:1,000), GSDMD (1:500), NLRP3 (1:1,000), VCAM-1 (1:400), MCP-1 (1:400), and IL-1β (1:400). After blocking with 5% BSA at room temperature for 1.5 h, the membranes were incubated with the above-mentioned primary antibodies at 4°C overnight. On the second day, after washing three times in Tris-buffered saline with Tween 20 buffer the membranes were probed with HRP-conjugated rabbit secondary IgG antibody (1:20,000) at room temperature for 2 h. An enhanced chemiluminescent solution was used to visualize protein expression. Quantitative analysis of band density was conducted with Quantity One v.4.6.2 software (Bio-Rad, Berkeley, CA, United States). The bands were normalized to β-actin (1:20,000).
2.10 Statistical analysis
Data are expressed as the mean ± the standard error of the mean (SEM). Statistical comparisons between multiple groups were performed by one-way analysis of variance followed by a post hoc Tukey’s test. All statistical analyses and figure editing were conducted with GraphPad Prism v.6.01 software (GraphPad Software, Inc., La Jolla, CA, United States). Differences were considered significant if p < 0.05.
3 RESULTS
3.1 GSDMD activation in atherosclerotic lesion development in ApoE−/− mice
We first examined atherosclerotic plaque formation in aortic roots, GSDMD activation, and caspase-1 activation in aorta tissue from 6 to 18-week-old ApoE−/− mice fed a western diet to determine the timepoint and duration of pharmacological intervention. Lesion formation in aortic roots was gradually increased from 6 to 18 weeks of age, and significantly increased lesion area was detected in 14 and 18-week-old ApoE−/− mice, whereas no significant plaque formation was evident in mice at 11 weeks of age compared with 6 or 8-week-old ApoE−/− mice (Figures 1A, B). Consistently, protein levels of activated GSDMD (GSDMD-N) and activated caspase-1 (p10) in aortas of ApoE−/− mice were also gradually increased during the development of atherosclerosis, and significant GSDMD activation and caspase-1 activation was observed in the 14 and 18-week-old ApoE−/− mice but not in 11-week-old mice compared with 6 or 8-week-old ApoE−/− mice (Figures 1C–E).
[image: Figure 1]FIGURE 1 | GSDMD activation in atherosclerotic lesion development in ApoE−/− mice. ApoE−/− mice were killed at the ages of 6, 8, 11, 14, and 18 weeks, and their aortas were harvested. (A) Representative aortic root cross-sections stained with H&E (scale bar = 200 μm). (B) Quantification of lesion area (n = 5). (C) Representative images of western blots. (D,E) Quantification of protein expression of p10 (caspase-1) and GSDMD-N by Western blotting (n = 4). β-actin served as the loading control. Data represent means ± SEM.
3.2 Inhibition of GSDMD activation reduced atherosclerotic lesion development in ApoE−/− mice
To determine the therapeutic effects of Z-LLSD-FMK (Figure 2A), Z-YVAD-FMK, and the combination of the two on atherosclerosis, an ApoE−/− mice model of atherosclerosis was used. The above-mentioned agents were administered to ApoE−/− mice at 14 weeks of age, and aortic sinus assays and plasma lipid measurement were performed at 18 weeks of age. The corresponding in vivo protocol is presented in Figure 2B. H&E and oil red O staining of aortic root sections revealed that Z-YVAD-FMK, Z-LLSD-FMK, and the two combined markedly ameliorated atherosclerotic plaque development in ApoE−/− mice (Figures 2C, D). Aortic sections exhibited an approximately 49.01% decrease in atherosclerotic lesion area in the Z-YVAD-FMK group, a 47.10% decrease in the Z-LLSD-FMK group, and a 48.04% decrease in the Z-YVAD-FMK + Z-LLSD-FMK group, compared with the control (Figure 2D). Relative to the control group there were no significant differences in triglycerides, total cholesterol or HDL cholesterol in the three intervention groups (Figures 2E–G).
[image: Figure 2]FIGURE 2 | Inhibition of GSDMD activation reduced atherosclerotic lesion development in ApoE−/− mice. After 4 weeks of administration of Z-YVAD-FMK, Z-LLSD-FMK, or the two combined, the ApoE−/− mice were killed at 18 weeks. (A) Chemical structure of Z-LLSD-FMK (C29H43FN4O9). (B) Experimental protocol for the administration of Z-YVAD-FMK, Z-LLSD-FMK, and the two combined in ApoE−/− mice. (C) Representative images of aortic sinus sections stained with H&E and oil red O are shown (scale bar = 200 μm). (D) Quantitative analysis of atherosclerotic lesion area in the aortic sinus (n = 9). Plasma levels of triglycerides (E), total cholesterol (F), and HDL cholesterol (G) (n = 9).
3.3 Inhibition of GSDMD activation alleviated vascular inflammation in ApoE−/− mice
To clarify the inhibitory effects of Z-LLSD-FMK, Z-YVAD-FMK, and the two combined on vascular inflammation, levels of macrophage infiltration and the two pro-inflammatory mediators VCAM-1 and MCP-1 were assessed. After 4 weeks of intervention there was an approximately 50.87% reduction in the positive area of F4/80+ macrophages in the atherosclerotic lesions in the aortic sinus in the Z-YVAD-FMK group, a 53.78% reduction in the Z-LLSD-FMK group, and a 52.95% reduction in the Z-YVAD-FMK + Z-LLSD-FMK group, compared with the control group (Figures 3A, B). ApoE−/− mice treated with Z-YVAD-FMK, Z-LLSD-FMK, or the two combined expressed significantly lower protein levels of VCAM-1 and MCP-1 in aorta tissue than vehicle-treated ApoE−/− mice (Figures 3C–E), which corresponded with the decreases in atherosclerotic lesion area and macrophage infiltration (Figure 2D, Figure 3B).
[image: Figure 3]FIGURE 3 | Inhibition of GSDMD activation alleviated vascular inflammation in ApoE−/− mice. The ApoE−/− mice were killed at 18 weeks and aortas were acquired. (A) Accumulation of macrophages in atherosclerotic lesions in the aortic sinus was detected by immunofluorescent staining of F4/80+ (red) and DAPI (blue), and representative images are shown (scale bar = 200 μm). (B) Quantification of the positive area of F4/80+ macrophages in atherosclerotic lesions (n = 9). (C) Western blotting analysis was performed to examine the protein levels of VCAM-1 and MCP-1 in aortas from the indicated mice. (D,E) Quantitative analysis (n = 6). β-actin served as a loading control. Data represent means ± SEM.
3.4 Inhibition of GSDMD activation suppressed expression of pyroptosis pathway-related proteins in ApoE−/− mice
To confirm the suppressive effects of Z-LLSD-FMK, Z-YVAD-FMK, and the two combined on the expression of pyroptosis pathway-related proteins in ApoE−/− mice, expression of these proteins in whole aortas was assessed in each group. Protein levels of NLRP3 were slightly weakened by Z-YVAD-FMK, Z-LLSD-FMK, and the two combined, but protein levels of activated caspase-1 (p10) and activated GSDMD (GSDMD-N) were remarkably reduced in ApoE−/− mice administered Z-YVAD-FMK, Z-LLSD-FMK, or the two combined, compared with ApoE−/− mice treated with vehicle (Figures 4A–D). Western blotting analysis also showed that the protein levels of cleaved IL-1β and HMGB1 were significantly decreased after administration of Z-YVAD-FMK, Z-LLSD-FMK, or the two combined relative to vehicle treatment (Figures 4A,E,F).
[image: Figure 4]FIGURE 4 | Inhibition of GSDMD activation suppressed the expression of pyroptosis pathway-related proteins in ApoE−/− mice. After 4 weeks of treatment the ApoE−/− mice were killed at 18 weeks. (A) Western blotting analysis was conducted to detect protein levels of NLRP3, caspase-1, GSDMD, cleaved IL-1β, and HMGB1 in the aorta. (B–F) Quantitative analysis of expression of NLRP3, p10 (caspase-1), GSDMD-N, cleaved IL-1β, and HMGB1 (n = 6). β-actin served as the loading control. Data represent means ± SEM.
3.5 Z-LLSD-FMK or Z-YVAD-FMK restrained GSDMD activation or pyroptosis induced by LPS + nigericin in BMDMs
To further confirm the inhibitory effects of Z-LLSD-FMK, Z-YVAD-FMK, and the two combined on GSDMD activation or pyroptosis in vitro, BMDMs were pretreated with Z-LLSD-FMK, Z-YVAD-FMK, or both for 30 min then primed with LPS for 4 h followed by nigericin for 30 min. Cell death was then determined via staining with PI/Hoechst 33342 and LDH release in supernatants. IL-1β release in supernatants and protein levels of pyroptosis pathway-related proteins both in supernatants and cell lysates were also detected. Compared with the vehicle-treated group, the percentage of PI-positive BMDMs, release of LDH and IL-1β in supernatants, and protein levels of NLRP3, p10 (caspase-1), GSDMD-N, cleaved IL-1β, and HMGB1 in supernatants and cell lysates were significantly elevated in the LPS + nigericin-stimulated group (Figures 5A–J). Remarkably, compared with the control group the percentage of PI-positive BMDMs, release of LDH and IL-1β, protein levels of NLRP3, p10 (caspase-1), GSDMD-N, cleaved IL-1β, and HMGB1 in supernatants, and protein expression of p10 (caspase-1), GSDMD-N, cleaved IL-1β, and HMGB1 in cell lysates were significantly lower in the LPS + nigericin-stimulated groups that were pretreated with Z-LLSD-FMK, Z-YVAD-FMK, or both (Figures 5A–J). However, compared with the control group, protein expression of NLRP3 in cell lysates was slightly decreased in the LPS + nigericin-stimulated groups pretreated with Z-LLSD-FMK, Z-YVAD-FMK, or both (Figures 5E, F).
[image: Figure 5]FIGURE 5 | Z-LLSD-FMK or Z-YVAD-FMK inhibited GSDMD activation or pyroptosis induced by LPS + nigericin in BMDMs. BMDMs were primed with LPS for 4 h followed by nigericin for 30 min. Z-LLSD-FMK, Z-YVAD-FMK, and both combined were added 30 min before LPS + nigericin treatment. (A) Representative immunofluorescence images of cell death determination via PI (red) and Hoechst 33342 (blue) staining (scale bar = 75 μm). (B) The percentage of PI-positive BMDMs was calculated at five randomly selected image fields (n = 5). (C) LDH release in supernatants (n = 5). (D) IL-1β release in supernatants was analyzed by ELISA (n = 5). (E) Western blotting analysis was performed to detect protein levels of NLRP3, caspase-1, GSDMD, cleaved IL-1β, and HMGB1 in supernatants and cell lysates. (F–J) Quantitative analysis of expression of NLRP3, p10 (caspase-1), GSDMD-N, cleaved IL-1β, and HMGB1 in cell lysates (n = 5). β-actin served as the loading control. Data represent means ± SEM.
4 DISCUSSION
In the present study inhibition of GSDMD activation by a novel mouse GSDMD inhibitor, Z-LLSD-FMK, and a specific caspase-1 inhibitor, Z-YVAD-FMK, significantly suppressed the expression of pyroptosis pathway-related proteins, and reduced vascular inflammation and lesion development in an ApoE−/− mouse model of atherosclerosis. Both Z-LLSD-FMK and Z-YVAD-FMK markedly inhibited GSDMD activation and pyroptosis in a BMDM model stimulated by LPS + nigericin. There were no significant differences in plasma lipid levels between the control group and treatment groups. Moreover, there were no significant differences in the above-mentioned results between the Z-LLSD-FMK group and the Z-YVAD-FMK group, and the combination of both Z-LLSD-FMK and Z-YVAD-FMK did not have enhanced effects. These results suggest that the canonical inflammasome pathway probably plays a more prominent role in vascular inflammation and lesion development in ApoE−/− mice, and that the novel human GSDMD inhibitor, Ac-FLTD-CMK, may be a novel and effective drug to treat atherosclerosis in the future.
The high mortality related to ASCVDs has been the leading cause of death worldwide (Libby, 2021). Limiting lesion development avoids the later stages of plaques, and thereby prevents clinical manifestations and death (Soehnlein and Libby, 2021). There is thus a great need to investigate potential pharmacological therapeutic strategies to decrease lesion development. Consistent with previous studies (Duewell et al., 2010; Yin et al., 2015; Su et al., 2022), we found that lesion formation in aortic roots and activated caspase-1 in aorta tissue were steadily increased with diet feeding. In the present study, plaque formation, GSDMD activation and caspase-1 activation were gradually increased from 6 to 18 weeks of age. All of them were dramatically increased at 14 and 18 weeks of age, but not at 11 weeks of age compared with 6 or 8 weeks of age. Consequently, we administered Z-LLSD-FMK or Z-YVAD-FMK to ApoE−/− mice at 14 weeks of age, and therapeutic effects on atherosclerosis were detected at 18 weeks of age. Suppression of GSDMD activation by Z-LLSD-FMK or Z-YVAD-FMK remarkably reduced lesion development in ApoE−/− mice, suggesting that inhibition of GSDMD activation may be a promising strategy for the treatment of atherosclerosis.
In previous studies there were no overt differences in plasma levels of triglycerides or total cholesterol between littermate controls and atherosclerosis-prone mice deficient in GSDMD or caspase-1, but macrophage infiltration in lesions and expression of VCAM-1 and IL-1β in aorta tissue were significantly decreased in atherosclerosis-prone mice lacking GSDMD or caspase-1 (Gage et al., 2012; Usui et al., 2012; Yin et al., 2015; Opoku et al., 2021). Likewise, in the current study inhibition of GSDMD activation by Z-LLSD-FMK or Z-YVAD-FMK had the same above-described effects. We also observed that suppression of GSDMD cleavage by Z-LLSD-FMK or Z-YVAD-FMK markedly reduced the protein levels of MCP-1 and HMGB1 in aorta tissue in ApoE−/− mice. Suppression of GSDMD activation by Z-LLSD-FMK or Z-YVAD-FMK attenuated vascular inflammation. It is well-established that imbalanced lipid metabolism and chronic vascular inflammation promote atherosclerosis (Bäck et al., 2019; Libby, 2021). The reduction in atherosclerotic lesion development in the present study was probably due to the relief of vascular inflammation rather than lipid lowering. Previous studies also showed that in spite of optimal low LDL cholesterol concentrations, there is residual risk of ASCVDs during statin therapy (Johannesen et al., 2021). Thus, in addition to lipid-lowering therapy, ameliorating vascular inflammation may also be a crucial strategy for treating atherosclerosis, and suppression of GSDMD activation may be a promising therapeutic strategy.
In the current study inhibition of GSDMD activation by Z-LLSD-FMK or Z-YVAD-FMK significantly reduced macrophage infiltration in lesions. It has previously been reported that a lack of GSDMD in mice or in BMDMs, and deficiency of caspase-1 in ApoE−/− mice, reduced the release or expression of IL-1β (Gage et al., 2012; Usui et al., 2012; Opoku et al., 2021). In other previous studies deficiency of GSDMD in BMDMs, or lack of caspase-1 either in mice or in BMDMs reduced the release of HMGB1 (Lamkanfi et al., 2010; Volchuk et al., 2020). Deficiency of IL-1β in ApoE−/− mice evidently reduced expression of VCAM-1 and MCP-1 (Kirii et al., 2003), whereas exposure of IL-1β caused expression of these molecules in human vascular smooth muscle cells (Wang et al., 1995). Moreover, neutralization or inhibition of HMGB1 in ApoE−/− mice reduced expression of VCAM-1 and MCP-1 (Kanellakis et al., 2011; Liu et al., 2013). Consistent with these studies, we found that suppression of GSDMD activation by Z-LLSD-FMK or Z-YVAD-FMK led to reduced expression or release of IL-1β and HMGB1, which reduced protein levels of both VCAM-1 and MCP-1. This may have led to reduced monocyte adhesion to the arterial wall and reduction in intraplaque macrophages, because MCP-1 is one of the most potent chemoattractants of monocytes, and VCAM-1 plays a critical role in the recruitment of monocytes. In this regard it has been established that inhibition of MCP-1 reduces macrophage levels in atherosclerotic lesions, and blocking VCAM-1 inhibits monocytes from entering the arterial wall (Huo et al., 2000; Inoue et al., 2002).
Previous studies have shown that activation of caspase-1 or the canonical inflammasome pathway is induced by infectious or non-infectious challenges (Shi et al., 2017), and the non-canonical pathway is activated by recognizing cytosolic LPS that originally exists in the cell wall of Gram-negative bacterium (Hagar et al., 2013), thereby inducing GSDMD cleavage or pyroptosis (Shi J. et al., 2015; Kayagaki et al., 2015; Aglietti et al., 2016). In the current study there were no significant differences between the Z-LLSD-FMK group and the Z-YVAD-FMK group in the lesion area, and the combination of both did not have enhanced effects. From our results, the canonical inflammasome pathway probably plays a more prominent role than the non-canonical pathway in promoting vascular inflammation and lesion development in ApoE−/− mice. Maybe it is because atherosclerosis is chronic sterile inflammation, and it has been reported that the effects of the non-canonical pathway are evident in acute infectious inflammation such as Salmonella infection (Broz et al., 2012) or LPS-induced sepsis (Napier et al., 2016). However, more further studies need to be undertaken to verify the effects of the non-canonical pathway in atherosclerosis in the future.
It has been verified that the cleavage site peptide of human GSDMD is 272FLTD275, and Ac-FLTD-CMK, the human GSDMD inhibitor, has been designed and confirmed to markedly inhibit GSDMD cleavage in THP-1 cells (Yang et al., 2018). However, the therapeutic effects of Ac-FLTD-CMK on atherosclerosis have not been investigated. In the present study Z-LLSD-FMK, a novel mouse GSDMD inhibitor, was designed because the cleavage site peptide of mouse GSDMD is 273LLSD276, and it has been shown to suppress GSDMD activation in vivo and in vitro, and more importantly, reduce atherosclerotic lesion development in ApoE−/− mice. GSDMD cleavage leads to production of GSDMD-N that oligomerizes to form pores in membranes (Shi J. et al., 2015), which mediate the release of intracellular pro-inflammatory contents such as IL-1β (He et al., 2015; Evavold et al., 2018). In a previous study inhibition of GSDMD cleavage by Ac-FLTD-CMK reduced IL-1β release in vitro (Yang et al., 2018), and in the current study inhibition of GSDMD activation by Z-LLSD-FMK reduced IL-1β expression or release in vivo and in vitro. In human carotid or coronary atherosclerotic plaques, IL-1β levels were reportedly increased compared with normal arteries (Galea et al., 1996; Shi X. et al., 2015; Paramel Varghese et al., 2016). IL-1β inhibition by canakinumab evidently reduces inflammation in patients with atherosclerotic disease (Choudhury et al., 2016), and reduces recurrent cardiovascular events in stable patients with coronary artery disease (Ridker et al., 2017). Thus inhibition of GSDMD cleavage by Ac-FLTD-CMK may be of therapeutic benefit in ASCVD patients, and further studies in ASCVD patients need to be undertaken.
GSDMD is cleaved by inflammatory caspases (such as caspase-1) into GSDMD-N oligomerizing to form pores in membranes, thereby inducing pyroptosis (Yang et al., 2018). In this context, the deficiency of GSDMD had ameliorated vascular inflammation and reduced lesion development (Opoku et al., 2021). The same effects are induced by a lack of caspase-1 or other pyroptosis-related proteins (Kirii et al., 2003; Gage et al., 2012; Usui et al., 2012; Yin et al., 2015) in ApoE−/− mice. Inhibition of GSDMD activation may therefore be a promising and potential therapeutic target for treating atherosclerosis. A few inhibitors targeting the GSDMD activation pathway and GSDMD itself have been developed in recent years; these include Z-VAD-FMK and disulfiram. However, most of them have low specificity and are associated with a high risk of side effects. For example, Z-VAD-FMK was originally developed to restrain inflammatory caspases (Slee et al., 1996; Burdette et al., 2021) and it significantly inhibits GSDMD activation and pyroptosis in macrophages (Yang et al., 2018). Notably, Z-VAD-FMK does not specifically block only the inflammatory caspases; it also suppresses apoptotic caspases (Burdette et al., 2021). The lack of distinction between caspases leads to off-target effects, rendering it inappropriate for use as a drug (Slee et al., 1996; Ekert et al., 1999; Burdette et al., 2021). Moreover, disulfiram, an inhibitor of the enzyme acetaldehyde dehydrogenase, has been proven to effectively block GSDMD activation and GSDMD-induced pore formation; it inhibits pyroptosis in cells and LPS-induced septic death in mice (Hu et al., 2020; Burdette et al., 2021). Nevertheless, it has been found to have inhibitory effects on various proteins with diverse functions (Burdette et al., 2021). Reports therefore suggest that disulfiram has a considerable number of side effects (Watson et al., 1980; Christensen et al., 1984; Berlin, 1989). Ac-FLTD-CMK has been designed based on the specific cleavage site peptide of human GSDMD and has been proven to significantly block GSDMD cleavage and pyroptosis by potently and specifically inhibiting the enzymatic activities of caspases 1, 4, 5, and 11, but not the apoptotic caspases (such as caspase-3) (Yang et al., 2018). The specificity and availability of Ac-FLTD-CMK has been demonstrated by a series of pharmacological and cellular assays (Yang et al., 2018). In addition, polypeptide drugs are commonly and safely used in clinical practice (Lau and Dunn, 2018; Danielsen et al., 2022). Thus, in our study, Z-LLSD-FMK was designed as the specific cleavage site peptide of mouse GSDMD 273LLSD276, and it was found to inhibit GSDMD activation in vivo and in vitro and decrease lesion development in ApoE−/− mice. In addition to targeting the upstream pathways of GSDMD activation or GSDMD itself, IL-1β has also been evaluated in clinical studies for the treatment of ASCVDs and has been proven to be effective to a certain extent (Choudhury et al., 2016; Ridker et al., 2017). However, it is a downstream effector protein of pyroptosis; GSDMD, a final executor of canonical and non-canonical inflammasome activity or pyroptosis, is required for IL-1β secretion (He et al., 2015; Shi et al., 2017). Inhibition of GSDMD activation may be a better therapeutic strategy, as the pyroptosis pathway and inflammation are inhibited earlier upstream. Ac-FLTD-CMK may therefore be a promising and potential therapeutic drug for the treatment of atherosclerosis in the future.
Collectively the results of the present study indicate that suppression of GSDMD activation by the novel mouse GSDMD polypeptide inhibitor Z-LLSD-FMK and the specific caspase-1 inhibitor Z-YVAD-FMK significantly reduces vascular inflammation and atherosclerotic lesion development in ApoE−/− mice. Both of them markedly restrained GSDMD activation or pyroptosis in a BMDM model of LPS + nigericin. Our findings suggest that blocking GSDMD activation by the novel human GSDMD polypeptide inhibitor Ac-FLTD-CMK may be a novel and effective strategy for reducing atherosclerotic lesion development for the treatment of atherosclerosis.
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Background: Pulmonary arterial hypertension (PAH) is a malignant pulmonary vascular disease that negatively impacts quality of life, exercise capacity, and mortality. This study sought to investigate the relationship between serum uric acid (UA) level and the disease severity and treatment response of patients with PAH and congenital heart disease (PAH-CHD).
Methods: This study included 225 CHD patients and 40 healthy subjects. Serum UA was measured in all patients, and UA levels and haemodynamic parameters were re-evaluated in 20 patients who had received PAH-specific drug treatment for at least 7 ± 1 month.
Results: Serum UA levels were significantly higher in PAH-CHD patients than in CHD patients with a normal pulmonary artery pressure and normal subjects (347.7 ± 105.7 μmol/L vs. 278.3 ± 84.6 μmol/L; 347.7 ± 105.7 μmol/L vs. 255.7 ± 44.5 μmol/L, p < 0.05). UA levels in the intermediate and high risk groups were significantly higher than those in the low-risk group (365.6 ± 107.8 μmol/L vs. 311.2 ± 82.8 μmol/L; 451.6 ± 117.6 μmol/L vs. 311.2 ± 82.8 μmol/L, p < 0.05). Serum UA levels positively correlated with mean pulmonary arterial pressure, WHO functional class, pulmonary vascular resistance, and NT-proBNP (r = 0.343, 0.357, 0.406, 0.398; p < 0.001), and negatively with mixed venous oxygen saturation (SvO2) and arterial oxygen saturation (SaO2) (r = −0.293, −0.329; p < 0.001). UA significantly decreased from 352.7 ± 97.5 to 294.4 ± 56.8 μmol/L (p = 0.001) after PAH-specific drug treatment for at least 6 months, along with significant decreases in mean pulmonary arterial pressure and pulmonary vascular resistance and increases in cardiac index and mixed SvO2.
Conclusion: Serum UA can be used as a practical and economic biomarker for risk stratification and the evaluation of PAH-specific drug treatment effects for patients with PAH-CHD.
Keywords: uric acid, congenital heart disease, pulmonary arterial hypertension, eisenmenger syndrome, risk stratification
1 INTRODUCTION
Pulmonary hypertension (PH) is a malignant pulmonary vascular disease that is characterized by a progressive increase in pulmonary vascular resistance (PVR) that can eventually lead to right heart failure and death (Galiè et al., 2015). PH is currently sub-classified into five categories. PAH associated with congenital heart disease (PAH-CHD) is the first category of PH, and is primarily characterized by pulmonary arteriole remodeling (Galiè et al., 2015; Simonneau et al., 2019). Nearly 50% of PAH patients have idiopathic, heritable, or drug-induced PAH in Western countries (Simonneau et al., 2019). However, CHD is the most common cause of PAH in China (Jiang and Jing, 2013).
Most CHD patients are diagnosed late for many reasons, at which time the pulmonary vessels have already undergone irreversible remodeling and in some cases Eisenmenger syndrome (ES) is established. ES is not correctable surgically (Dimopoulos et al., 2014). While PAH-specific drugs improve survival (Galiè et al., 2015; Arnott et al., 2018), many patients continually deteriorate. In a Danish nationwide study, Schwartz found that the 1-, 5-, and 10-year mortality rates of PAH-CHD patients were 24%, 44%, and 52%, respectively (Schwartz et al., 2018). Early diagnosis, accurate and convenient disease severity assessment, and the ability to predict changes due to the disease are key prognostic factors for PAH-CHD patients.
The utility of serological biomarkers in PAH has been a recent subject of significant research. Brain natriuretic peptide (BNP), N-terminal pro BNP (NT-proBNP), troponin T (TNT), endothelin-1 (ET-1) and C-reactive protein (CRP) have all been associated with the development of PAH. However, only the measurement of BNP and NT-proBNP are recommended by clinical guidelines and widely used in practice (Nagaya et al., 2000; Leuchte et al., 2007; Foris et al., 2013; Galiè et al., 2015; Pezzuto et al., 2015).
Serum uric acid (UA) is the final product of purine metabolism and is a marker of low cardiac output (CO) and/or tissue hypoxia (Foris et al., 2013; Galiè et al., 2015; Pezzuto et al., 2015). UA plays an important role in the disease evaluation and prognosis of PAH patients with idiopathic PAH and that associated with connective tissue disease (Nagaya et al., 1999; Castillo-Martínez et al., 2016). However, the clinical significance of UA in patients with PAH-CHD has been poorly studied, and quantitative risk stratification of PAH using UA levels has never been attempted. This study aimed to analyze the role of UA in assessing the disease status, risk stratification, and treatment response of PAH-CHD patients to provide the basis for its clinical use.
2 PATIENTS AND METHODS
2.1 Study population
This study was performed at the Department of Cardiovascular Medicine of the Second Xiangya Hospital, Central South University, China. Two-hundred consecutive CHD patients diagnosed with PAH (PAH-CHD group) from July 2017 to June 2019 were enrolled. The inclusion criteria were: 1) a diagnosis of PAH, defined as an mPAP ≥25 mmHg, pulmonary artery wedge pressure (PAWP) ≤15 mmHg, and PVR ≥3 Wood; 2) all measurements were performed via right heart catheterization (RHC). The exclusion criteria were: 1) any other cause of PH, including connective tissue disease, left heart disease, lung disease and/or hypoxia, and chronic thromboembolic disease; 2) patients with gout, liver disease, kidney disease, hypertension, coronary heart disease, an age <18 years old, missing data, a history of CHD surgery, or prior use of PAH-specific drugs. Twenty-five CHD patients with normal pulmonary arterial pressures (non-PAH-CHD group) and 40 healthy adults (normal group) were used as controls. The inclusion criteria for the healthy adult group were age older than 18 years old and no history of hypertension, obesity, diabetes, coronary heart disease, stroke, or other cardiovascular disease. The study protocol was approved by the ethics committee of The Second Xiangya Hospital of Central South University, and all participants provided informed consent before enrollment. The flow chart for this study was described in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of patients selection.
2.2 Clinical and laboratory data
Baseline clinical information, including gender, age, body mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure (DBP), arterial oxygen saturation (SaO2), heart rate, WHO functional class, and previous medical history were collected. Blood samples were drawn from the unilateral cubital vein after an overnight fast and prior to RHC. Medications, including diuretics, cardiac inotropes, and targeted drugs, were initiated based on an adequate risk status assessment. This protocol was implemented to reduce the influence of medication regimen on baseline serum UA level to the greatest extent possible. A complete blood count was analyzed using a SYSMEX Blood Analyzer XN10 (Kobe, Japan). Serum UA levels were measured using the uricase-peroxidase method. Other biochemical parameters, including creatinine (Cr), alanine aminotransferase (ALT), aspartate aminotransferase (AST), direct bilirubin (DBIL), total bilirubin (TBIL), D-Dimer, and NT-proBNP, were analyzed using a Hitachi Automatic Biochemical Analyzer 7,600-020 (Tokyo, Japan) in the laboratory at The Second Xiangya Hospital of Central South University. The reference range for UA was 142.0–416.0 μmol/L.
2.3 Echocardiography
An experienced cardiologist performed transthoracic echocardiography (TTE) on all patients using a commercially available device (Vivid 7, Vingmed, GE, United States of America). Using left ventricular (LV) long axis, LV short axis, and apical 4-chamber views, we evaluated and recorded the right atrial end-systolic diameter (RAS), right ventricular end-diastolic diameter (RVD), internal diameter of the pulmonary artery (PA), aortic inner diameter (AO), and left ventricular ejection fraction (LVEF). Systolic tricuspid regurgitation velocity (TRV) was calculated using continuous-wave Doppler echocardiography, and the peak TRV was used to estimate the peak tricuspid regurgitation pressure gradient (PTR) using a simplified Bernoulli equation. Systolic PA pressure (sPAP) was estimated by adding PTR to the estimated right atrial pressure based on the size and change in diameter of the inferior vena cava during respiration.
2.4 Right heart catheterization
With the exception of healthy subjects, all patients underwent RHC via their right femoral vein at the Interventional Catheterization Centre of The Second Xiangya Hospital of Central South University. We used a Siemens Axiom Artis X-ray device (SIEMENS Co., Munich, Germany). Baseline haemodynamic parameters, including systolic pulmonary arterial pressure (SPAP), diastolic pulmonary arterial pressure (DPAP), mPAP, mean right atrial pressure (mRAP), PAWP, and oximetry samples of various heart chambers, were measured using a Swan-Ganz catheter. Cardiac index (CI) was calculated as CO based on Fick’s principle divided by body surface area. PVR was calculated using the following formula: (mPAP-PAWP)/CO. We used Wood units as the units for PVR. ES was defined as Qp/Qs < 1.0 and PVR >10 Wood. All studied patients were diagnosed with PAH-CHD via RHC according to the following standard criteria: an mPAP≥25 mmHg and PVR>3 Wood units at rest in the presence of a normal PAWP (≤15 mmHg).
2.5 Risk assessment
The pre-treatment risk assessment for the 200 PAH-CHD patients was based on the comprehensive risk stratification recommended by the European Heart Journal in 2018 (Kylhammar et al., 2018). This risk assessment strategy includes eight variables: World Health Organization functional class (FC), 6-min walking distance (6MWD), CI, right atrial pressure, NT-proBNP, mixed venous oxygen saturation (SvO2), right atrial area, and the presence of a pericardial effusion. All of the aforementioned variables were a part of the risk assessment instrument proposed by the ESC/ERS 2015 guidelines (Galiè et al., 2015). Each variable was categorized as low, intermediate, or high risk based on pre-specified values and given one, two, or three points, respectively. We then divided the sum of all grades by the number of available variables for each patient, resulting in a mean grade. The risk group for each patient was defined by the mean grade rounded off to the nearest integer. PAH-CHD patients were categorized into three risk groups: low (PAH-CHD-L group), intermediate (PAH-CHD-M group), or high (PAH-CHD-H group).
2.6 Treatment and follow-up
Surgical indications at our center were a pulmonary-to-systemic flow ratio (Qp/Qs) ≥1.5 and a PVR ≤ 3Wood. The 138 PAH-CHD patients who were not candidates for transcatheter closure or surgery received individualized treatments. In addition to conventional treatment, including oxygen, diuretics, or digitalis, patients with a positive acute pulmonary vasodilator test received a calcium channel blocker. Patients with a negative acute pulmonary vasodilator test received at least one disease-specific drug, such as an endothelin receptor antagonist (ERA), phosphodiesterase type 5 inhibitor (PDE-5i), or prostacyclin analogue (PGI2). We followed all PAH-CHD patients who received PAH-specific drug therapies. Twenty PAH-CHD patients underwent repeated RHC after an average follow-up period of 7 ± 1 month. Additional information, including biochemical indicators and echocardiographic parameters, were also collected for these patients.
2.7 Statistical analysis
Statistical analyses were performed using the Statistical Package for Social Science version 22.0 for Windows (SPSS Inc., Chicago, IL, United States). Quantitative data (Clinical features, biochemical indicators, echocardiography parameters, and haemodynamic variables) were described as means and standard deviations (normal or approximately normal distributions) or medians and interquartile ranges (IQR) (non-normal distributions). Normally distributed data were compared using a one-way analysis of variance for repeated measurement data, and non-normal distributions were compared using Friedman’s M test. Qualitative data and ranked data (WHO FC) were described as a number and percentage. Ranked data were compared using Friedman’s M test, and qualitative data were compared using Cochran’s Q test. Correlation coefficients between two variables were calculated using Pearson’s correlation. A receiver operating characteristic (ROC) curve was used to confirm the serum UA level that provided the best diagnostic significance for intermediate to high-risk PAH-CHD patients. A paired t-test was performed to compare baseline and post-treatment echocardiographic, haemodynamic, and serological features. Two-sided p-values less than 0.05 were considered statistically significant in all analyses.
3 RESULTS
3.1 Baseline characteristics
This study included 200 PAH-CHD patients (mean age 37.7 ± 14.1 years; range 15–72 years; 145 female). The PAH-CHD-L group had 94 patients (47.0%), the PAH-CHD-M group 88 (44.0%), and the PAH-CHD-H group 18 (9.0%). All PAH-CHD patients received standard therapy with diuretics. Compared with the nPAH-CHD group and the control group, the body weight and BMI of the PAH-CHD group were lower (p < 0.05). There was no statistically significant difference in BMI between the low, medium, and high-risk patients in the PAH-CHD group (p > 0.05). There were no significant differences in baseline ALT, AST, total bile acid (TBA), blood Urea Nitrogen (BUN), Cr, international standardized ratio (INR), and D-Dimer levels between groups. Airect bilirubin (DBIL), NT-proBNP, and platelet levels were higher in the PAH-CHD group than in the normal control and nPAH-CHD groups (p < 0.05). Subgroup analysis showed that NT-proBNP and platelet levels in the PAH-CHD-M and PAH-CHD-H groups were significantly higher than in the PAH-CHD-L group (p < 0.05), but there was no statistical difference between the two groups (p > 0.05). The red blood cell distribution width (RDW) in the PAH-CHD group was equivalent to that of the non-PAH-CHD and control groups (p > 0.05). However, our subgroup analysis showed that the RDW level of the PAH-CHD-H group was higher than that of the PAH-CHD-M group (p < 0.05), but equivalent to the PAH-CHD-L group (Table 1).
TABLE 1 | Baseline patient characteristics.
[image: Table 1]3.2 Hemodynamic data
The mean RAS, RVD, PA, and TRV of the PAH-CHD (including all subgroups) and nPAH-CHD groups were significantly higher than those of the control group (p < 0.05). The mean PA and TRV levels in the PAH-CHD group (including all subgroups) were both higher than those of the nPAH-CHD group (p < 0.05) (Table 1).
Compared with the nPAH-CHD group, the PAH-CHD group (including all subgroups) had significantly increased pulmonary artery systolic pressure (SPAP), pulmonary artery diastolic pressure (DPAP), pulmonary artery mean pressure (mPAP), right ventricular mean pressure (mRVP), and total pulmonary resistance (PVR) (p < 0.05). The levels of SPAP and mPAP in the PAH-CHD-H group were significantly higher than those of the PAH-CHD-M and PAH-CHD-L groups (p < 0.05), but there was no statistically significant difference in SPAP between the PAH-CHD-M and PAH-CHD-L groups (p > 0.05). The mean DPAP and mRVP of the PAH-CHD-H and PAH-CHD-M groups were higher than those of the PAH-CHD-L group (p < 0.05). However, there was no statistically significant difference in DPAP and mRVP between the PAH-CHD-H and the PAH-CHD-M group (p > 0.05). SvO2 was significantly lower in the PAH-CHD group (including all subgroups), and decreased with increased PAH risk stratification level (p < 0.05) (Table 1).
3.3 UA levels and ROC curve analysis
Baseline UA levels were significantly higher in PAH-CHD patients than in CHD patients with normal pulmonary pressures or normal control subjects (Table 1). Patients in the intermediate- and high-risk groups had significantly higher UA levels than low-risk patients (Figure 2). A total of 40 patients presented with hyperuricemia (UA > 416.0 μmol/L), including 2 non-PAH-CHD patients, 10 PAH-CHD-L patients, 20 PAH-CHD-M patients, and 8 PAH-CHD-H patients, accounting for 8.0%, 10.6%, 22.7%, and 44.4% of each group. As no significant difference in UA levels was observed between the PAH-CHD-L and non-PAH-CHD groups, we performed ROC analysis and identified a cutoff serum UA level of 330.9 μmol/L to achieve the maximum Youden index {sensitivity [65.1%]-[1-specificity (71.4%)]}. The area under the curve (AUC) was 0.706 (95% CI 0.638-0.773) for predicting intermediate-high risk PAH (Figure 3).
[image: Figure 2]FIGURE 2 | Serum uric acid levels in PAH-CHD patients compared with those in non-PAH-CHD group and normal subjects. #P < 0.05 versus normal control subjects; &P < 0.05 versus non-PAH-CHD group; *P < 0.05 versus PAH-CHD-L group.
[image: Figure 3]FIGURE 3 | ROC curve evaluating the diagnostic value of serum UA levels for predicting PAH-CHD of intermediate and high risk. An area under the curve (AUC) of 0.706 (95% CI 0.638 −0.773) was obtained with a cut-off point of 330.9 μmol/L.
3.4 Correlations between serum UA levels and haemodynamic features and risk assessment variables
Table 2 presents correlations between serum UA levels and different variables. Serum UA levels were positively correlated with mPAP, SPAP, WHO functional class, NT-proBNP, and PVR, and a negatively correlated with SvO2, and SaO2 (Figure 4) the influence of serum UA levels on clinical indicators.
TABLE 2 | Associations between serum UA levels and other variables.
[image: Table 2][image: Figure 4]FIGURE 4 | Correlations between serum UA levels, haemodynamic features, and other risk assessment variables.
The optimal cutoff value for UA diagnosis for medium to high-risk PAH-CHD patients was calculated using ROC curve analysis. This study divided PAH-CHD patients into UA > 330.9 μmol and UA ≤ 330.9 μmol groups. Differences in patient characteristics, biochemical indicators, imaging measurements, and hemodynamic parameters were compared between the two groups. Cardiac function grading, NT-proBNP, RAS, RVD, mean PA, and PVR were significantly increased in the higher UA level group than the UA ≤ 330.9 μmol group, while SaO2, SvO2 and right CI were significantly decreased in the higher UA level group (p < 0.05). These results indicate that high levels of UA can indicate more severe PAH and a worse prognosis in PAH-CHD patients (Table 3).
TABLE 3 | The influence of serum UA levels on clinical indicators.
[image: Table 3]3.5 Changes in echocardiographic, haemodynamic, and serologic parameters following vasodilator treatment
All PAH-CHD patients were treated with one or two targeted drugs. Twenty patients followed up for an average of 7 ± 1 month and underwent repeat RHC. During that follow-up period, 10 of the 20 patients received an ERA combined with a PDE-5i, 5 received an ERA with PGI2, 1 received a PDE-5i with PGI2, 1 received PGI2 monotherapy, and the remaining three received ERA monotherapy. After at least 6 months of therapy, serum UA level and other clinical variables were re-examined. Changes in serum UA levels, echocardiographic data, and haemodynamic parameters are presented in Table 4. Haemodynamic and echocardiographic parameters, such as RAS, RVD, sPAP, mPAP, and PVR were significantly decreased, while CI and mixed SvO2 significantly improved after vasodilator treatment. Serum UA levels significantly decreased after vasodilator treatment, from 352.7 ± 97.5 μmol/L to 294.4 ± 56.8 μmol/L (p = 0.001). However, no significant decrease in mRAP was observed after treatment.
TABLE 4 | Changes in clinical parameters due to treatment.
[image: Table 4]4 DISCUSSION
To the best of our knowledge, most of the current research on the role of serum UA levels in PAH has focused on patients with connective tissue diseases and IPAH. The present study found that serum UA levels were significantly elevated in intermediate and high-risk PAH-CHD patients, suggesting that UA is predictive of disease severity. We also found that serum UA levels positively correlated with mPAP, SPAP, WHO functional class, and PVR, and negatively correlated with CI, mixed SvO2, and SaO2. Serum UA levels also significantly decreased following treatment with PAH-specific drugs. These results suggest that serum UA levels have the potential to serve as an indicator of disease severity and treatment response in PAH-CHD patients.
4.1 Increased serum UA levels in PAH-CHD patients
UA levels are be affected by a diverse range of factors, such as gender, age, race, and diet. Hyperuricemia is common in PAH (Nagaya et al., 1999; Voelkel et al., 2000; Dimitroulas et al., 2011). Nagaya et al. (1999) found that increased serum UA levels in idiopathic PAH patients are negatively correlated with CO, and constitute an independent risk factor for long-term mortality. Dimitroulas et al. (2011) reported that systemic sclerosis patients with PAH had higher serum UA levels than those without PAH, and that serum UA levels correlated with 6-min walking and other functional capacity tests. A study conducted on patients with primary and secondary PAH found that serum UA levels were higher in patients with severe PAH (Voelkel et al., 2000).
The results of our research are in agreement with these studies. We found that serum UA levels were significantly higher in patients with PAH-CHD than in non-PAH-CHD patients or healthy subjects. We also noted that hyperuricemia in the present study was mainly present in high-risk PAH-CHD patients.
Although the exact mechanism as to why PAH patients have elevated serum UA levels is unclear, tissue ischaemia and/or hypoxia may play an important role. CHD patients with ES have hypoxic exacerbations due to right-to-left shunting, which may lead to increased serum UA levels (Fathallah and Krasuki, 2018). We hypothesized that the differences in serum UA levels observed within the PAH-CHD group may be due to the higher incidence of ES in the intermediate and high-risk groups. SaO2 levels were lowest in PAH-CHD-H patients, and UA levels were negatively correlated with SaO2, SvO2, and CI, suggesting that uric acid overproduction reflects damage to oxidative metabolism.
Reduced CI and renal perfusion may also be responsible for the elevated serum UA levels. A study by Ross et al. (1986) found that elevated UA levels in ES patients were due to inappropriately low uric acid excretion and enhanced urate reabsorption. Bendayan et al. (2003) reported that hyperuricemia in patients with worsening PAH is caused by impaired renal excretion of UA, which was associated with decreased CO and renal perfusion pressure (Prince et al., 2012). Although serum UA levels were negatively correlated with right CI in the present work, no statistically significant association was found with either serum Cr or LVEF in any of the five groups. These results suggest that patients with normal intrarenal dynamics can appropriately manage elevated UA levels.
Hoeper et al. (1999) found a strong association between serum UA levels and mRAP. This was not the case in our study, although intermediate-risk PAH-CHD patients higher mRAP than CHD patients with normal pulmonary artery pressures. Interestingly, no increases in mRAP were observed in high-risk PAH-CHD patients, which may be explained by right-to-left shunting reducing right atrial pressure.
Diuretic therapy is known to increase serum UA levels by stimulating urate reabsorption in the proximal tubule. All PAH patients received diuretics in our study. However, their baseline renal function was normal, so no significant differences were found between groups. We therefore believe that diuretic use cannot explain the elevated UA level observed in PAH-CHD patients.
4.2 Is UA a pathogenic factor in PAH?
While the degree to which elevated UA levels contribute to the development of PAH is unknown, several mechanisms may be proposed to this regard. First, persistent hyperuricemia may result in endothelial dysfunction, which in turn may lead to PAH progression through the promotion of oxidative stress. Besides being a key enzyme for UA production, xanthine oxidoreductase (XOR) is closely related to vascular oxidative stress, plausibly through the generation of reactive oxygen species (ROS) (Berry and Hare, 2004). ROS produced by increased XOR activity may exceeds cellular antioxidant capacity, inducing oxidative stress and endothelial dysfunction (Cai and Harrison, 2000). Second, disruption of NO signaling pathways by UA may be related to the pathobiology of PAH. Pulmonary vascular endothelial cells can induce pulmonary vessel vasodilation by synthesizing NO through the L-arginine-eNOS pathway, a complex process that is catalyzed by eNOS with arginine as a substrate (Zharikov et al., 2008). Third, elevated UA levels stimulate the release of a variety of inflammatory mediators and induce smooth muscle cell proliferation, thereby promoting the development and progression of pulmonary vascular disease (Rao et al., 1991; Kanellis et al., 2003; Kang et al., 2005). The present study lacked a long follow-up time or the use of cardiovascular events as endpoints, but it did find that serum UA levels significantly correlated with prognostic parameters. UA levels may therefore indirectly reflect hemodynamic status, thereby assessing the severity of PAH-CHD.
All 20 patients who received PAH-specific therapy for at least 6 months demonstrated significant improvements in their WHO functional class, echocardiographic parameters, and haemodynamic variables. Serum UA levels decreased and mixed SvO2 and right heart CI increased. Oya et al. found that serum UA levels vary in ES patients, with reduced PVR after treatment with PGI2 (Oya et al., 2000). These results suggest that serum UA levels may serve as a useful indicator of disease progression and treatment efficacy in PAH-CHD patients.
4.3 Targeted therapies in PAH-CHD patients
PAH-CHD is a heterogeneous patient population with various phenotypes of pulmonary vascular disease that range from increased pulmonary blood flow to Eisenmenger physiology with shunt reversal due to supra-systemic pulmonary pressures and right-to-left shunting. There is now additional evidence that PAH-targeted therapies are of benefit to patients with PAH-CHD, and that these therapies are commonly used in this patient population (Rosenkranz et al., 2015; Hidayati et al., 2020; Kaemmerer et al., 2021). This study followed 20 PAH-CHD patients who were re-catherized after at least 6 months of targeted drug treatment. We found that right heart size was significantly improved and hemodynamic indicators, including PVR and PAP, were significantly decreased. This suggests that targeted drug treatment can improve the symptoms and reduce the incidence of cardiovascular events in patients with PAH-CHD. We look forward to a further confirming the role of targeted drugs in congenital heart disease with PH with a larger scale clinical study.
4.4 Clinical implications
Serum UA levels are simple to measure in a non-invasive and inexpensive manner. Several additional biochemical markers, including BNP, TNT, ET-1, and CRP, have been proposed, (Nagaya et al., 1999; Leuchte et al., 2007; Castillo-Martínez et al., 2016; Kylhammar et al., 2018), but serum UA may be superior in that it performs as a predictor of the disease severity and mortality of patients with PAH-CHD over long-term follow-up. The present work also found that serum UA levels decreased following PAH-specific drug therapy. Based on these findings, we suggest that serum UA levels be repeatedly measured to evaluate the treatment response of PAH-CHD patients in both the outpatient and inpatient settings.
4.5 Limitations
The findings of the present work have to be interpreted in the context of its limitations. First, this is a single center study. Second, although this study had a relatively large sample size compared with related studies in the literature, it was still small for stratified analysis. A larger multi-center prospective study is necessary to further refine our findings. Third, only a few patients underwent repeated RHC after treatment with PAH-specific drugs. The current data can only partially reflect the relationship between decreased UA levels and improved haemodynamic indicators. Fourth, this study lacked a long follow-up time and the use of cardiovascular events as endpoints. We also failed to confirm that whether serum UA levels could act as an independent risk factor for CHD patients with PAH.
4.6 Conclusion
In conclusion, we associated serum UA levels with clinical and haemodynamic severity in PAH-CHD patients. Serum UA levels may be a practical biomarker for assessing risk stratification in patients with PAH, and for evaluating treatment response to PAH-specific drugs. Further studies with larger sample sizes are necessary to confirm the results of this study.
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Model 0: unadjusted model.

Model 1: adjusted for age, diabetic duration, BMI, SBP, DBP.

Model 2: additionally adjusted for HbAlc, eGFR, lipid profiles.
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UA < 330.9 umol/L UA > 330.9 umol/L

(n=122) (n =103)
General data
Age (year) 3754126 378 +154 0843
Female (%) | 885 | 552 [ <0.001
HR (times/min) 838+ 142 842+ 142 0835
B 946 3.6 914 +64 <0.001
cardiac function T-1V(%) 287 544 <0.001

‘ Biochemical data

NT-proBNP(pg/mL) 300.0 (1324-855.9) 977.5 (241.3-2379.8) <0.001

‘ Echocardiographic parameters

RAS (mm) 395482 41£92 <0001
RVD (mm) 408 £ 9.0 | 451 £93 0.001
TRV (m/s)

LVEE (%) 629+ 7.6 | 614£79 0151

Right Heart Catheter Parameters

mPAP (mmHg) 49.1 + 224 622 +22.7 <0.001
mRAP (mmHg) 105+ 58 109 54 0610
PVR (Wood) 7556 146 £ 12.0 <0.001
CI(L/min/m’) 34%09 29+09 <0001

0300 69.0 7.6 65.1£96 0.001
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Parameters Baseline After therapy

RAS (mm) 457 £ 60 41044 0.006
RVD (mm) 17478 42456 0011
SPAP (mmHg) 912+ 221 707 £198 <0001
SPAP (mmHg) 95.5 + 20.3 789 £ 212 <0001
mPAP (mmHg) 603+ 14.1 509 + 1438 <0001
mRAP (mmHg) 97 +41 94£38 0786
PVR (Wood) 9.9+ 69 4515 0.001
CI (L/min/m?) 2907 4510 <0001
V0, (%) 65254 690 £56 0.003
UA (pmol/L) 3527 £ 97.5 2944 + 568 0001
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racteristics Non-PAH-CHD PAH-CHD PAH-CHD-L PAH-CHD-M PAH-CHD-H

(n=25) (n = 200) (n=94) (n = 88) (n=18)

Clinical features

Male/Female(n) 14/26 5120 55/145 19/75 30/58 612

Age (years) 419 £13.1 373+ 126 377 141 359 + 139 398 + 146 364 +12.0
BMI (kg/m?) | 22838 214 £29 19.8 £ 3.3 202 +36" 19428 [ 194+ 28"
HR (beats/min) 819 + 8.4 809 + 133 844+ 143 817 £ 142 86.8 + 14.1° 872+ 138
$20, (%) | 67213 963 + 11 927 £ 55" 93.9 + 4.0 93.1 £ 44 | s eggn
SBP (mmHg) 178 +9.1 1136 + 110 1144 £ 144 1141 + 131 1150 + 156 [ 1131 £ 158
DBP (mmHg) 762 +7.9 748 £72 723 £ 105 716 £95 727 £107 741 £ 14.1

Cardiac diagnosis

VSD 8 59 16 21 2

ASD [ 1 68 17 27 | 24
PDA [ 6 65 14 25 [ 26
Atrioventricular septal 8 1 4 3
defect
Biomarkers
UA (umol/L) 2557 £ 445 2783 £ 846 347.7 £ 105.7°% 3112 £828 365.6 + 107.8° 4516 £ 117.6"
Cr (pmol/L) | s962101 605 £ 129 614 %151 501 £ 148 640 £ 148 602 +17.0
ALT (ulL) | 156163 141£67 146 £ 6.0 152 £ 66 145 £56 | n9sas
AST (wL) 182£57 179 £48 19445 197 £53 194 £37 184 £4.1
TBIL (umol/L) 103545 118£35 156 £7.1°% 117 £36 176 £ 69" 264 £ 153
DBIL (pmol/L) 34+19 38+12 [ 551+ 38"% 40+ 14 62 % 3.1°% 9.7 +85
D-dimer (ug/mL) | o2sm 03 0.1 ‘ 0302 ‘ 03£02 03£02 | oaxos
NT-proBNP (pg/mL) 78.0 (38.9-121.0) 94.5 (56.8-166.1) 669.8 2293 (135.3-594.4"% 11555 23015 (1464.6-
(213.6-1500.0)"* (562.1-2485.8)"" 4,672.6)%
Hb (g/L) 1350 £ 131 1293 £ 112 1460 + 268 1396 + 233 1465 + 22,6 1773 £ 39,
PLT (x10°/L) | misssa 2172 £ 616 1779 £ 529 191.2 £ 50.6™ 1707 £ 51.1° 1439 £ 539
ROW-CV () | n7sos 128 £ 06 144 £ 86 146 £ 123 13.6 £ 13 173 £ 3.9
TTE variables
RAS (mm) 293£23 38092 42188 398+ 69 47 £ 94 413+ 114
RVD (mm) 20321 39290 [ 433 £94° 418 £8.6" 452 £ 96" 419 + 109
LVEF (%) 616£36 631 £49 62181 634£76 617 £86 578+73
PA (mm) 208+ 16 256+ 60" 347 £75% 350+ 81 349 + 73 313 £ 40
TRV (m/s) 2004 2707 [ 42£09° 41£ 09 42£ 09 4309

Haemodynamic variables

SPAP (mmHg) NA 30245 894 + 287% 820 + 27.0% 926 + 28.0% 1126 + 264%"

mPAP (mmHg) NA 205 %27 594 + 21.2% 538 +194% 61.6 + 204% 78.1 % 22.3%"
mRAP (mmHg) | NA 94£37 109 £ 58 9341 128+ 67 | lases
PVR (Wood) NA 23£06 118 +98% 84256 11469 319 14757
Gt (Uminim) NA I 3708 31£09% 3210 28+ 06" 18+ 045"
SVO, (%) 1 NA 753£57 662 = 8.6% 704 £ 60% 642£ 785 538 83%"

BMI, body mass index; HR, heart rate; Sa0,, arterial oxygen saturation; SBP, systolic blood pressure; DBP, diastolic blood pressure; UA, uric acid; Cr, creatinine; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; TBIL, total bilirubin; DBIL, direct bilirubin; NT-proBNP N-terminal pro-brain natriuretic peptide; Hb, haemoglobin; PLT, platelet; RDW-CV, red blood cell
distribution width; RAS, right atrial end-systolic diameter; RVD, right ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; PA, pulmonary artery; TRV, tricuspid
regurgitant velocity; SPAP, systolic pulmonary arterial pressure; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial pressure; PVR, pulmonary vascular resistance; CI, cardiac
index; SvO,, venous oxygen saturation; ASD, atrial septal defect; VSD, ventricular septal defect; PDA, patent ductus arteriosus; NA, no data available. °p < 0.05 versus normal subjects; *p <
0.05 versus non-PAH-CHD, group; *p < 0.05 versus PAH-CHD-L, group; °p < 0.05 versus PAH-CHD-M, group.
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Variables Correlation coefficien:

95% confidence interval

SPAP 0261 0.105 to 0.386. <0001
mPAP 0343 0.156 to 0.454 <0.001
mRAP 0.047 ~0.105 to 0260 0488
PVR 0406 0225 t0 0.550 <0001
WHO FC 0357 0.156 to 0.419 <0001
» NT-proBNP | 0398 0204 to 0.464 <0.001
c -0.183 ~0.374 to ~0.152 0.006
» VO, ~0.293 -0.387 to ~0.008 <0.001
$20, [ -0329 ~0.411 to -0.127 <0.001

WHO FC. WHO functional class: for others. see Table one.
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Gene Forward sequence (5'-3 Reverse sequence (5'-3)
ILIR2 TCCGGGTCAAAGGAACAACC CCCAGAAACACTTTGCACGG
FOS TACTACCATTCCCCAGCCGA GCTGTCACCGTGGGGATAAA
MMP9 TAGATCATTCCAGCGTGCCG GCCTTGGGTCAGGCTTAGAG
DUSPL ATCGTGCCCAACGCTGAA GAAAACGCTTCATATCCTCCTTGG
CLEC4D ACTGATCCCTTGCGTCTTCG CGGATGCACGTTACTCTCGT
CREM TGGAAACAGTTGAATCACAGCA ATCTTGGGAATACCAGGCACA
SRF GGCCGCGTGAAGATCAAGAT CACATGGCCTGTCTCACTGG
STAT6 CTCTGTGGGGCCTAATTTCCA CATCTGAACCGACCAGGAACT
STAT3 CAATACCATTGACCTGCCGAT ‘GAGCGACTCAAACTGCCCT
SP1 ‘GCCGCCTTTTCTCAGACTC TTGGGTGACTCAATTCTGCTG
B-Actin TTACTGCTCTGGCTCCTAGC CAGCTCAGTAACAGTCCGC
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Models B (95% CI) R? for model

‘ Model 0 206(.142-.271) 370 6293 <001 137
Model 1 105(.055-.154) 188 4.188 ‘ <001 ‘ 505
 Model 2 118(.059-.176) 203 3947 ‘ <001 ‘ 546
‘ Model 3 125(.064-.185) 216 4077 ‘ <001 ‘ 609

Model 0: unadjusted model.

Model 1: adjusted for age, diabetic duration, BMI, SBP, DBP.

Model 2: additionally adjusted for HbAlc, eGFR, lipid profiles.

Modd 3 sdditionslly adineted for antidiaheric rostmenits, antilivyecionaie tratiests stitlns sdicatlons. Eroltie satos. diablng sttie.
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Variables Q1 Q [0}

FAR (mg/g) 52.25(45.97-55.87) 64.31(62.32-67.01) 76.15(72.99-79.35) 98.40(90.50-117.14)

FAR (range) <5944 59.44-68.96 68.96-83.74 >83.74

n 103 104 103 103

Age (years) 49.69 £ 1112 5212% 1124 5247 £ 1161 5599 + 1143 001
Male, n (%) 37(35.9) 39(37.5) 39(37.9) 47(45.6) 484
Diabetic duration (years) 3.0(0-10.0) 5.0(1.0-10.0) 5.0(1.0-10.0) 6.0(1.0-10.0) 049
BMI (kg/m?) 2577 £362 2606 + 438 26.13 £ 3.96 25.16 + 3.48 268
SBP (mmHg) 130.0(120.0-141.0) 134.0(125.5-146.5) 135.0(125.0-149.0) 135.0(123.0-150.0) i -
Smoking status | 654
Never smoking, n (%) 66(64.1) 70(67.3) 64(62.1) 76(73.8)

Former smoking, 1 (%) 9(87) 6(58) 9(87) 6(538)

Current smoking, 1 (%) 28(27.2) 28(26.9) 30(29.1) 21(20.4)

Drinking status 274
Never drinking, n (%) 62(60.2) 62(59.6) 63(61.2) 75(72.8)

Former drinking, n (%) 9(8.7) 5(4.8) 8(7.8) 7(6.8)

Current drinking, n (%) 32(311) 37(35.6) 3201.1) 21(204)

DBP (mmHg) 8387 % 1091 85.68 +9.65 8194 £ 1222 8333 £ 1033 399

Antidiabetic treatments

Insulin treatment, n (%) 17(165) 26(25.0) 34(33.0) 25(24.3) 056
Metformin, n (%) 51(49.5) 48(16.2) 48(46.6) 54(52.4) 789
Acarbose, 1 (%) 3(29) 6(5.8) 3(29) 14(13.6) 004
Insulin-secretagogues, n (%) 21(20.4) 27(26.0) 30029.1) 31(30.1) 385
Insulin-sensitisers, n (%) 9(8.7) 14(13.5) 14(13.6) 7(6.8) 284
DPP-4 inhibitors, n (%) 6(5.8) 11(10.6) 9(8.7) 6(5.8) 499
SGLT-2 inhibitors, n (%) 9(8.7) 17(163) 11(10.7) 15(14.6) 330

Antihypertensive treatments

CCB, 1 (%) 12011.7) 24(23.1) 21204) 27(26.2) 058
ARB, 1 (%) 1817.5) 15(14.4) 17(16.5) 23(22.3) 496
p-blockers, n (%) 5(4.9) 5(4.8) 7(6.8) 5(4.9) 899
Diuretics, n (%) 5(4.9) 9(8.7) 9(8.7) 9(8.7) 658
Statins medications, 1 (%) 3(29) 6(5.8) 8(7.8) 5(49) 477
HbALc (%) 9.70 +2.04 957 + 226 932217 982 £2.26 389
UACR (mg/g) 1130(6.45-30.30) 13.00(7.40-27.15) 16.30(8.70-50.75) 16.10(8.35-33.55) 061
€GER (ml/min/1.73m?) 10832 + 2227 107.19 + 2393 102.47 + 2422 99.66 = 25.93 081
TG (mmol/L) 179(1.05-3.14) 177(1.08-3.13) 1.89(1.17-3.02) 134(99-2.21) 015
TC (mmol/L) 4.39(3.82-5.07) 440(3.74-5.24) 443(3.79-5.14) 413(3.70-5.14) 528
HDL-C (mmol/L) 1.10(93-1.28) 1.10(93-1.30) 1.10(93-127) 111(91-136) 973
LDL-C (mmol/L) 273 + 87 286 + 91 285+ .83 280 £ .94 689
Alb (g/L) 3934 £362 38.86 +3.32 3744 £315 3615 £ 3.11 <001
Fg (mg/L) 1990(1770-2200) 2500(2360-2650) 2860(2650-3020) 3610(3320-4100) <001
Hb (g/L) 145.18 £ 16.28 14299 £ 13.56 141.57 £ 14.68 13338 £ 21.01 <001
WBC (“10°/L) 6.10(5.10-7.00) 5.90(5.00-7.05) 6.40(4.85-7.45) 630(4.73-7.68) 588
NEU (%) 5446 + 8.83 5697 + 8.59 57.97 + 8.94 61.03 1030 <001
PLT (*10°/L) 196.00(165.25-237.00) 189.00(157.00-238.50) 201.00(166.50-239.00) 216.00(189.25-267.50) 001
NLR (%) 157(1.24-2.02) 179(1.34-2.24) 1.80(1.36-2.45) 2.05(1.56-3.22) <001
baPWV (cm/s) 1382.0(1244.0-1548.0) 1489.0(1340.0-1747.0) 1534,5(1294.0-1719.3) 1673.0(1403.0-1865.0) <001
Arterial stiffness, n (%) 7(68) 15(14.4) 20(19.4) 35(34.0) <001

Normally distributed values in the table are given as the mean  SD, skewed distributed values are given as the median (25% and 75% interquartiles), and categorical variables are given as frequency
(percentage).

FAR, fibrinogen/albumin ratio; BMI, body mass index; SBP/DBP, systolic/diastolic blood pressure; PAD, peripheral artery disease; Insulin-secretagogues insulin secretagogues, Insulin-sensitisers
insulin sensitizing agents, DPP-4, inhibitors dipeptidyl peptidase-4 inhibitors, sodium-glucose co-transporter-2, inhibitors SGLT-2, inhibitors; CCB, calcium channel blockers; ARB, angiotensin
receptor blockers; HbA ¢ glycosylated hemoglobin Alc; UACR, urinary albumin-to-creatinine ratio; eGFR, estimated glomerular filtration rate; TG, triglyceride; TC, total cholesterol; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol, Alb albumin, Fg fibrinogen, Hb hemoglobin; WBC, white blood cells; NEU, neutrophil percentage; PLT, platelets; NLR,
neutrophillymphocyte ratio, baPWYV, brachial-ankle pulse wave velocity.
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Variables p value

Age 226 <001
Diabetic duration 161 001
BMI -074 135
SBP 095 053
DBP [ -.031 [ 534
HbAlc -.026 603
UACR [ 115 022
€GFR -.153 005
TG -127 010
TC -041 402
HDL-C 035 476 ‘
LDL-C -.001 989
Hb [ -318 | <001
wie [ 024 | 637
NEU 245 <001
PLT 165 001
NLR 263 <001

r spearman’s correlation coefficient.
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Gene Forward primer (5'-3')

usp22 CATGACCCCTTTCATGGCCT GATGTTCTGGTGACGGGTGT
ANF CACAGATCTGATGGATTTCAAGA CCTCATCTTCTACCGGCATC
BNP GAAGGTGCTGTCCCAGATGA CCAGCAGCTGCATCTTGAAT
Collagen 1 GAGTACTGGATCGACCCTAACCA GACGGCTGAGTAGGGAACACA
Collagen 111 TCCCCTGGAATCTGTGAATC TGAGTCGAATTGGGGAGAAT
Nox2 ACCGGGTTTATGATATTCCACCT GATTTCGACAGACTGGCAAGA
NOX4 CAGATGTTGGGGCTAGGATTG GAGTGTTCGGCACATGGGTA
L1p TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT
IL6 TGATGGATGCTACCAAACTGGA TGTGACTCCAGCTTATCTCTTGG
GAPDH GGTTGTCTCCTGCGACTTCA GGTGGTCCAGGGTTTCTTACTC
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Potential drug Interaction score Drug class Drug indication

ILIR2 ANAKINRA 7.73 ILIR antagonist Rheumatoid arthritis
FOS BACLOFEN 124 Muscle relaxant Multiple sclerosis
MMP9 ANDECALIXIMAB 10.30 MMP9 antibody Gastric cancer
DUSP1 ALBUTEROL 6.87 $2 adrenergic agonist Acute asthma
CLEC4D N/A N/A N/A N/A

Abbreviations: DGIdb, drug-gene interaction database; ILIR, interleukin-1, receptor; CGRP, calcitonin gene-related peptide; FOS, Fos proto-oncogene; MMP9, matrix metallopeptidase 9
DUSPI, dual specificity phosphatase 1; CLEC4D, C-type lectin domain family 4 member D.
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Indicator Comparison group

Before taking a  After 90 days of

Main group

Before taking dietary

After 90 days of taking

placebo taking a placebo supplements dietary supplements
Minimum value of the thickness of the intima- | 0.71 073 072 070+
media complex on the right or left (cIMT), mm

0.66-0.80 0.65-0.80 0.68-081 0,64-0,73
Maximum carotid artery stenosis, right or left | 0 0 250 20
(STENmax), % T

0.0-25.0 0.0-20.0 000-250 000-25
Augmentation Index (ALx), % 270 2 290 27

19.25-33.50 240-33.0 2250-36.00 240-3275
Pulse wave velocity, m/s 10.20 9.10 1050 950

8.93-1057 8.10-10.10 925-1245 870-1075

1. The data in the table are presented in the form of median and interquartile ranges.
2. The differences are statistically significant compared to the beginning of the study:
**. p< 0.001; * - p<0.01 (non-parametric criteria Wilcoxon for dependent samples).
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Comparison group Main group

Before taking a placebo After 90 days of taking a placebo Before taking dietary supplements After 90 days of taking dietary supplements

547 556 57.6 55.0% ‘

50.5-61.2 50.6-61.0 50.5-61.6 48.7-59.4 ‘

1. The data in the table are presented in the form of median and interquartile ranges.
2. The differences are statistically significant compared to the beginning of the study:
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Module KEGG term Odds ratio q value Genes

1 AGE-RAGE signaling pathway in diabetic complications | 207.25 3.57E-06 TGFBI; IL1B; MMP2; STAT3
1 Relaxin signaling pathway 15894 4.99E-06 TGEB1; MMP1; MMP2; MMP9
1 Bladder cancer 31506 1.28E-05 MMP1; MMP2; MMP9
2 Renin-angiotensin system 291288 4.16E-18 ACE2; ACE; CMAI; ATP6AP2; AGTRI; REN; AGT
2 Renin secretion 20436 32807 ACE; CMAL; AGTRI; REN; AGT
P Diabetic cardiomyopathy 99.96 smper ACE; AGTRI; REN; AGT
3 Complement and coagulation cascades 59745.00 6.67E-07 F2; TEPL; 3
3 AGE-RAGE signaling pathway in diabetic complications 10049 0.044 3
3 Platelet activation 80.79 0.044 F2
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Indicator

Demographic and anthropometric characteristics

group

Reference values

Gender: men, number of persons women, number of persons 2 8
2 2
Age, 455 510
years 422-51.0 45.5-57.5
Body mass index, 312 301 185-25—norm
kg/m?
28.1-34.0 286-318 25-30—overweight over 30 - obesity
Heart rate, 725 740
beats per min
65.5-75.0 69.5-80.0
Systolic blood pressure, 129 129
mmHg
125-134 122-134
Diastolic blood pressure, 82 8
mmHg
76-90 77-90
Markers of carbohydrate metabolism and insulin resistance
Glycated hemoglobin, 550 550 427-607
% 535-5.70 540-5.65
Fasting venous blood glucose, mmol/L 522 536 41-59
5.08-5.39 512-555
Insulin, 829 921 21-27
mkU/ml
5.68-12.17 575-1345
Markers of blood lipid profile
Triglycerides, 102 114 0.68-6
mmol/L
0.82-157 0.90-208
Cholesterol—HDL, 158 160 <33
mmol/L
151-1.82 134-1.88
Cholesterol—LDL, 3.66 37 181-404
mmol/L
314433 321-460
Markers of endothelial dysfunction
‘The Willebrand Factor, 140 1150 70-150
% 114-159 835-1540
Homocysteine, 9.15 97 <20
mmol/L
7.64-11.0 90-1125

Note: The data in the table are presented in the form of median and interquartile ranges.
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Region/ Sample Intervention i Endpoint

country size
/e T (mg/d)

1 Kiyoshi H Japan 50/53 41/9;41/12 63+ 10/63£12 | EZ (10) + PI(2) 10 months | ®@®
(2018) multicenter PI(2)

2 Mikkel H Denmark 43/44 39/4; 36/8 553 110/ EZ (10) + PL (10) + 12months | OOO®
(2016) 57.2+9.1 AT (80) AT (80)

3 Jung-H L Korea 34/36 27/7; 2719 60.9 £ 10.9/ EZ (10) + PR (20) 03months = OO®
(2016) 593 + 107 SI (40)

4 Tomas K Czech /47 33/9;31/16 63593/ EZ (10) + AT (10) 12months | ®@O®
(2012) 65.1 %106 AT (80)

T, treatment group; C, control group; EZ, ezetimibe; PI, pitavastatin; AT, atorvastatin; PL, placebo; SI, simvastatin; PR, pravastatin. Endpoints: ® fibro-fatty plaque (FFP, mm®); @ fibrous
plaque (FP, mm®); @ necrotic core (NC, mm®); @ change dense calcification (change DC, mm?).





OPS/images/fphar-14-1166762/fphar-14-1166762-t002.jpg
Endpoint Asia/Europe  Number of studies  Heterogeneity Effect model ~ Meta-analysis result
P value (%) WMD (95%Cl) Z-value
0] | Asia 2 0.00 =096 Fixed -3.00 (-5.08, -091) | 282 = 0,005
Europe 2 0.00 =056 Fixed -241 (-694, 2.11) 105 =029
@ Asia 2 0.00 Fixed -465 (-1169,239) | 129 =019
Europe 2 0.00 Fixed -7.17 (-2761,1327) | 0.69 = 0492
(€] Asia 1 - - - - - =
Europe 2 260 =025 Fixed -5.17 (-1553,5.19) | 098 o
@ Asia 2 0.00 Fixed -003 (-082,077) | 007 =0947
Europe 2 363 Fixed ~0.07 (<037, 0.22) Los0 = 0615

Endpoints: @ fibro-fatty plaque (FFP, mm’); @ fibrous plaque (FP, mm®); ® necrotic core (NC, mm®) ; @ change dense calcification (change DC, mm®*). WMD, weighted mean difference.
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