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Editorial on the Research Topic 


Cardiovascular diseases related to diabetes and obesity volume II


Metabolic diseases are multifactorial, multifaceted, and even intertwined making understanding the etiopathogenesis of such diseases more complex than originally thought. This concept of intimately intertwined health conditions is exemplified in the relationship between obesity, diabetes, and cardiovascular diseases (CVDs), of which the prevalence of all three diseases are growing in parallel with one another. Nearly tripling in prevalence since 1975, obesity is considered a leading global health concern and continues be the number one risk factor for diabetes and CVDs (1). Despite our advances at the bench and in the clinic, approximately 17.9 million people die each year from CVDs, accounting for 32% of all deaths globally (2). Therefore, it is imperative to rigorously investigate the underlying mechanisms involved in the pathogenesis of obesity- and diabetes-related cardiovascular events to develop more effective, targeted therapies aimed at prevention and attenuation of disease progression. Reflective of the significance of this topic, a second volume of this special issue has been created, further compiling recent clinical, pre-clinical and basic research studies as well as review articles aimed at filling the knowledge gaps and expanding our understanding of the complicated and intertwined relationship between obesity, diabetes, and CVDs.

The multifactorial, intertwined nature of metabolic diseases has become increasingly apparent. In fact, the term “metabolic syndrome” is used to describe a group of conditions that work together to increase the risk of diabetes and CVDs. It is pertinent to note obesity is the main risk factor for metabolic syndrome. A major contributor to CVDs is premature myocardial infarction (PMI), referring to myocardial infarction that occurs in men less than 55 years old and women less than 65 years old. In an observational study by Gao et al. (2022) 772 patients less than 45 years old diagnosed with acute myocardial infarction were divided into groups based on whether they had metabolic syndrome or not and followed up for approximately 42 months for major adverse cardiovascular events (MACE). Metabolic syndrome was an independent risk factor for MACE with hyperglycemia being an independent predictor for both coronary artery lesions and MACE. These results highlight the complex association between metabolic diseases as well as the need for early intervention in both metabolic syndrome and PMI.

Further highlighting the multifactorial traits of cardiovascular diseases, Wen et al. (2022) demonstrated the increased risk of cardiovascular complications, specifically coronary heart disease (CHD), associated with obstructive sleep apnea hypopnea syndrome (OSAHS) are related to inflammatory factors, glycol-lipid metabolism, obesity status, and HOMA-IR. In patients with OSAHS and CHD there was a significant increase in triglycerides, serum inflammatory factors C-reactive protein (CRP), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interferon-γ (IFN-γ) when compared to patients with OSAHS alone. Results from this study emphasize the inseparable relationship of OSAHS with inflammatory factors, obesity status and heart disease, demonstrating the importance of considering the influence of these factors in prevention and treatment of OSAHS.

The multifactorial pathogenesis of diabetic cardiomyopathy is eloquently reviewed in the article by Chen et al. (2022) highlighting the involvement of key cellular networks involved in inflammation and oxidative stress that result in abnormal lipid and glucose metabolism (a key characteristic of obesity) and ultimately diabetic cardiomyopathy. The potential pathways by which glycol- and lipid-metabolism disorders damage the diabetic heart are substantial. Detrimental alterations in cellular events that contribute to dysregulated lipid and glucose metabolism, such as the up regulation of CD36, the AGEs/RAGE system, hexamine biosynthesis and NLRP inflammasome activation, have all attracted considerable research attention making them potential targets for therapeutic interventions for not only diabetic cardiomyopathy, but also chronic inflammatory diseases and cancer. With such advances, there is a need for researchers to reevaluate the exact effects of the established, first-line drugs (i.e., metformin and thiazolidinediones) on diabetic cardiomyopathy.

An alternative approach to developing new drugs is the repurposing of established, already approved therapies, a strategy that is gaining traction because it builds on already available information including structure, formulations and potential toxicity while decreasing cost and improving the rates of clinical success. This approach was applied in an integrated bioinformatics study by Guo et al. (2022) who identified 5 potential immune biomarkers in diabetic cardiomyopathy patients using existing microarray data from the Gene Expression Omnibus (GEO) database. Expression levels of the 5 immune biomarkers were confirmed in an animal model of diabetic cardiomyopathy, with endothelin-1 (EDN1) showing significant expression differences in both the dataset and animal model. The authors then screened for potential, known therapeutic drugs that could regulate EDN1 upstream transcription factors and identified 9 candidate compounds for potential drug repurposing followed by molecular docking simulations. This data is compelling, suggesting EDN1 is a potential biomarker of diabetic cardiomyopathy while highlighting the potential of drug repurposing, which needs urgent validation using robust in vivo models. In support of this notion, Wang et al. (2022) targeted endothelial dysfunction, an early pathological event in diabetic angiopathy, with curcumin, a natural polyphenol shown to attenuate diabetes-associated endothelial dysfunction, and baicalein, a phytochemical shown to inhibit vascular inflammation. Both in vivo and in vitro results revealed curcumin and baicalein synergistically restored endothelial cell survival and blood vessel structure repair as well as decreases blood sugar and lipid levels in rats. Although this study did not focus on diabetic cardiomyopathy, this novel combination of therapies on the endothelial system creates a platform for investigating this combination therapy for all diabetic CVDs.

The discovery of novel biomarkers of CVDs is key to the advancement of preventative measures and disease treatment. Yang et al. (2022) investigated the role of postprandial hyperglycemia in the pathogenesis of coronary artery disease in 2970 Chinese patients who underwent coronary angiography. Patients were categorized by whether they had diabetes or not and 1,5-Anhydroglucitol (1,5-AG) was measured in their serum. In contrast to hemoglobin A1c (HbA1c) (reflective of average blood sugar levels over the past 2-3 months), 1,5-AG reflects short-term, circulating glucose fluctuations, thus predictive of postprandial hyperglycemia. The prevalence and severity of coronary artery disease in Chinese patients undergoing coronary angiography was significantly associated with low serum 1,5-AG and this effect was stronger in patients with diabetes. These results add to previous evidence highlighting the use of 1,5-AG as an effective glycometabolic marker. In another study using a transcriptomics approach to identify novel biomarker, Yu et al. (2022) used 10 human carotid atherosclerotic plaque samples from diabetic and non-diabetic patients to sequence coding RNA, non-coding RNA and identify potential biomarkers and RNA regulatory pathways associated with plaque formation and diabetes. Many of the genes and all RNA regulatory pathways associated with carotid atherosclerotic plaques in diabetic patients had not been reported, thus providing a platform for further studies validating these novel potential biomarkers.

Using established, already existing datasets to test hypothesis and build analytical models has proven to be a useful predictive tool in understanding disease development. Yang et al. (2022) used 2 high-quality critically ill databases to screen intensive care unit patients with both heart failure and diabetes with the goal of developing a composite indicator of predicting hospital mortality for patients. These patients have worse prognosis and higher mortality than patients with either heart failure or diabetes alone. A machine learning model was used to find indicators associated with hospital mortality for patients with both diabetes and heart failure, resulting in the creation of a novel composite indicator that combines three major attributes related to mortality risk [Acute Physiology Score (APS) III, Sepsis-related Organ Failure Assessment (SOFA), and Max lactate]. Studies such as these that use existing data to create novel disease outcome predictors with better clinical value are extremely valuable and have potential to help reduce mortality risk.

As our knowledge base increases, both technically and conceptually, there is a need to reevaluate existing practices and guidelines. Although CVDs are the result of a combination of risk factors, current guidelines do not account for the multitude of risk factors involved, nor do they take into account the heterogeneity among patients. As indicated by Li et al. (2022), the paradigm is shifting to ensure the intensity of treatments adequately match the risk level. A new risk stratification was applied to a Chinese cohort of 9,944 patients with atherosclerotic CVD (ASCVD). Among patients in various subgroups of ASCVD, worse outcomes were significantly associated with diabetes thus implicating a need to adjust ASCVD treatment in diabetic patients.

Finally, in a comprehensive review, Al Kury et al. (2022) emphasized the need for more studies focused on diabetes-induced sinoatrial node remodeling. Sinoatrial node dysfunction results in slow heart rate, eventually resulting in high blood pressure and coronary heart disease. Of note is the fact that chronic treatments for diabetes (including metformin, insulin, and rosiglitazone) adversely affect the sinoatrial node, and thus negatively impact cardiac function. Therefore, more adequate therapies are need for diabetic patients who also have impaired cardiac function.

Overall, the above-mentioned articles published in the second volume of this Research Topic highlight the broad scope of research being conducted to advance our technical and conceptual understanding of the interconnectedness of obesity, diabetes, and CVDs. We continue to expand our understanding of the cellular, molecular, and pathological processes involved in these chronic diseases, applying what we know to advance the discovery of novel biomarkers and therapies. However, it is clear there is much work to be done, data gaps to be filled and discoveries to be made.
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Background and Aims

Heterogeneity exists among patients with atherosclerotic cardiovascular disease (ASCVD) with regard to the risk of recurrent events. Current guidelines have definitely refined the disease and we aimed to examine the practicability in Chinese population.



Methods

A cohort of 9944 patients with ASCVD was recruited. Recurrent events occurred during an average of 38.5 months’ follow-up were collected. The respective and combinative roles of major ASCVD (mASCVD) events and high-risk conditions, being defined by 2018 AHA/ACC guideline, in coronary severity and outcome were studied.



Results

The number of high-risk conditions was increased with increasing number of mASCVD events (1.95 ± 1.08 vs. 2.16 ± 1.10 vs. 2.42 ± 1.22). Trends toward the higher to the highest frequency of multi-vessel coronary lesions were found in patients with 1- (71.1%) or ≥2 mASCVD events (82.8%) when compared to those without (67.9%) and in patients with 2- (70.5%) or ≥3 high-risk conditions (77.4%) when compared to those with 0-1 high-risk condition (61.9%). The survival rate was decreased by 6.2% between none- and ≥2 mASCVD events or by 3.5% between 0-1 and ≥3 high-risk conditions. Interestingly, diabetes was independently associated with outcome in patients with 1- [1.54(1.06-2.24)] and ≥2 mASCVD events [1.71(1.03-2.84)]. The positive predictive values were increased among groups with number of mASCVD event increasing (1.10 vs. 1.54 vs. 1.71).



Conclusion

Propitious refinement of ASCVD might be reasonable to improve the survival. Concomitant diabetes was differently associated with the incremental risk among different ASCVD categories, suggesting the need of an appropriate estimate rather than a ‘blanket’ approach in risk stratification.





Keywords: ASCVD, risk stratification, Chinese, high-risk conditions, outcome



Introduction

Atherosclerotic cardiovascular disease (ASCVD) is the leading cause of death worldwide, especially in China (1–3). Traditionally, ASCVD is considered to be a result from the combination of multiple cardiovascular risk factors (RFs). However, the overall risk of ASCVD remains high despite optimal medical management for RFs (4, 5). It is increasingly recognized that heterogeneity exists among patients with ASCVD, which has been defined into the same risk category with a ‘blanket’ approach in the past (6–8). Currently, the paradigm of guidelines has proposed the risk refinement, targeting that the intensity of treatments matches the risk level (9–12). Emerging data strongly indicate that the patients at very-high-risk (VHR) deserves a more veritable approach for clinical management.

Given the disease burden and heterogeneity of ASCVD, we sought to examine the practicability of the newest stratification in a Chinese cohort. Specially, in the present study, we determined 1) the patterns of high-risk conditions, coronary severity, and outcomes among patients with different number of major ASCVD (mASCVD) events at enrolment (0 vs. 1 vs. ≥2 mASCVD events); 2) the associations of coronary severity or outcome with high-risk conditions (0-1 vs. 2 vs. ≥3 high-risk conditions); and 3) the respective and combinative roles of mASCVD events and high-risk conditions, especially diabetes in outcomes.



Materials and Methods


Study Design and Populations

Our study complied with the Declaration of Helsinki and was approved by the hospital’s ethical review board (Fu Wai Hospital & National Center for Cardiovascular Diseases, Beijing, China). Informed written consents were obtained from all patients enrolled in this study.

In this observational study with a prospective cohort design, a total of 9944 adults with established ASCVD who were hospitalized in our division of Fu Wai Hospital were consecutively collected from April 2011 through July 2018. Patients with ASCVD were those with coronary artery disease (CAD) including chronic CAD and acute coronary syndrome (ACS), ischemic stroke, and/or peripheral artery disease (PAD) (10). Of the 9944 participants with baseline medical history records, 9806 had CAD, 403 had stroke, and 189 had PAD. Diabetes in this study were all type 2 diabetes. Patients with severe levels of triglycerides (TG, >5.6mmol/L), significant hematologic disorders (white blood cell <3.0 or >10×109), infectious or systematic inflammatory disease, thyroid dysfunction, severe liver/renal insufficiency and/or malignant disease were excluded from the study (Supplemental Figure 1).



Baseline Data Collection and Measurement

Clinical variables of each participant were obtained as described by our previous study (13, 14). The study patients were subjected to elective coronary angiography (CAG). Obstructive CAD defined as the detection of 50-99% diameter stenosis in any of the four major epicardial coronary arteries including left main (LM), left anterior descending (LAD), left circumflex (LCX), and right coronary artery (RCA). Occlusive CAD defined as 100% occlusion of ≥1 coronary artery. The severity and extent of coronary stenosis were assessed using the number of diseased vessels and the Gensini scoring system (15). High-risk conditions and mASCVD events were defined according to 2018 AHA/ACC cholesterol guideline (10).



Follow-Up and Endpoints Assignment

Follow-up data were obtained at outpatient visits or by telephone contact with every 6-months. We followed-up the cohort mapping for clinical outcomes until the study end date (February 26, 2019, with a window period of 30 days). The primary end points included cardiovascular death, nonfatal myocardial infarction (MI), heart failure (HF), and stroke (13). After all, the data were obtained from 9783 patients and a total of 407 primary events were documented during an average of 38.5 months’ follow-up.



Statistical Analysis

Statistical analysis was performed with SPSS version 26.0 software (SPSS Inc., Chicago, IL, USA). P values <0.05 were considered statistically significant. Categorical variables were presented as numbers with relative frequencies (percentages) and continuous variables as mean with standard deviation (SDs) or median with inter-quartile range (IQR) as appropriate. Categorical variables were presented as number (percentage) and analyzed by chi-squared statistic test. Differences between groups were determined using the ANOVA or nonparametric test where appropriate. Kaplan-Meier survival curves and Log-rank tests were used to analyze the survival outcomes among the different groups. Cox regression analyses were performed to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) to analyze survival outcome with the high-risk conditions. The covariates including a given high-risk condition and adjusted factors named age, gender, body mass index (BMI), prior percutaneous coronary intervention/coronary artery bypass grafting (PCI/CABG), and current smoking were entered into the multivariable Cox regression model 1, respectively. All covariates above were added simultaneously to the Cox model 2.




Results


Baseline Characteristics

Baseline characteristics of patients according to the number of mASCVD events were showed in Table 1. Most patients (67.1%) presented with stable event or without mASCVD event followed by patients with 1- (25.0%) or ≥2 mASCVD events (7.8%). Both the number of high-risk conditions (Supplemental Figure 2) and the coronary severity (Figure 1) were increased with increasing number of mASCVD events. Similarity, we also found that the more high-risk conditions, the severer intensity of coronary lesions (Figure 2). The specific descriptions were showed in the Supplementary Material section.


Table 1 | Baseline characteristics by ASCVD categories.






Figure 1 | Coronary severity according to number of mASCVD events. Coronary severity was assessed by (A) number of diseased arteries, (B) occlusive lesion, and (C) Gensini score. MASCVD, major atherosclerotic cardiovascular disease; VD, vessel disease; LM, left main; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery.






Figure 2 | Coronary severity according to number of high-risk conditions. Coronary severity was assessed by (A) number of diseased arteries, (B) occlusive lesion, and (C) Gensini score. VD, vessel disease; LM, left main; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery.





Clinical Outcomes

Patients with multi-mASCVD events were associated with a higher rate of recurrent events (Figure 3A). Those with multi-high-risk conditions showed the similar results (Figure 3B). As shown in Figure 3C, the estimated survival rate was the lowest in patients with ≥2mASCVD events combined ≥3 or 2 high-risk conditions. The highest survival rate was found in patients with none mASCVD events combined 0-1 or 2 high-risk conditions and those with 1 mASCVD events combined 0-1 high-risk conditions. The survival rates in the other combinations ranged from low to high were patients who had 1 mASCVD events and ≥3 high-risk conditions, ≥2 mASCVD events and 0-1 high-risk conditions, 1 mASCVD events and 2 high-risk conditions, and 0 mASCVD events and ≥3 high-risk conditions.




Figure 3 | Cumulative incidence curves illustrating the risk of future recurrent events according to (A) number of mASCVD events, (B) number of high-risk conditions, and (C) combinations with number of mASCVD events and high-risk conditions. MASCVD, major atherosclerotic cardiovascular disease.



The different association of a given high-risk condition with outcome at different ASCVD group was found (Figure 4). The rates of recurrent events were stepwise among the exposures to the number of mASCVD events and diabetes (3.2% vs. 3.8% vs. 4.3% vs. 6.3% vs. 7.2% vs. 10.4%). Of note, patients with mASCVD alone (mASCVD+/diabetes-) presented a higher event rate compared to those with diabetes alone (mASCVD-/diabetes+). In the multivariable Cox regression analysis, only diabetes presented a significantly independent risk for outcome in either groups of patients with 1- or ≥2 mASCVD events. The predictive values (HRs) were increased with increasing number of mASCVD events (Model 1, 1.15 vs. 1.61 vs. 1.72, Model 2, 1.10 vs. 1.54 vs. 1.71).




Figure 4 | Recurrent event rates (A, B) and hazard ratios (B, C) for a given high-risk condition among different stages of ASCVD. Model 1 was a given high-risk condition with adjustment for age, gender, BMI, prior PCI/CABG, and current smoking. All covariates including the above covariables and high-risk conditions were added simultaneously to Model 2. MASCVD, major atherosclerotic cardiovascular disease; CKD, chronic kidney disease; HF, heart failure.






Discussion

In this study of 9944 patients with documented ASCVD from a Chinese cohort, our findings were substantially important in two respects. First, in baseline analysis, we found that levels of high-risk conditions were far from ideal although the treatment coverage of secondary preventions gradually increased with increasing number of mASCVD events. Moreover, patients with more mASCVD events or high-risk conditions had severer coronary lesions. Clearly, the biology of ASCVD is complex but a majority of the risk can be explained by known modifiable RFs. While the cut-offs of the optimal values are lowering (16–21). Studies have reported a better benefit from successfully recanalized occlusion in patients with multi-vessel CAD compared to those with single-vessel CAD (22, 23). These findings might emphasize the need to focus patients at VHR on RFs achievement and revascularization.

Second, during the follow-up period, we found that the more numbers of mASCVD events or high-risk conditions, the lower the survival rates. The current risk stratification might be appropriate for Chinese and further refinement of ASCVD might be necessary to improve the cardiovascular outcome. Furthermore, we found that diabetes was increasingly associated with risk of recurrent events according to the subgroups of ASCVD. Therefore, individuals with diabetes for risk stratification should be recognized as a patient rather than a ‘blanket’ factor (1).

Current practice guidelines have stratified the subgroup of VHR, a more ominous ASCVD category associated with greater morbidity and mortality (9–12). In fact, identifying those patients at VHR is challenging, as the risk assessment by mASCVD events and high-risk conditions is not adequate. The heterogeneity of mASCVD events for recurrent events might exemplify the necessity of reappraisal (24, 25). Moreover, each high-risk condition possessed different weight for ASCVD risk among different populations (26, 27), underscoring the need for native-data to evaluate the suitable risk stratifications.

The current study had several potential limitations. Firstly, the majority of our patients were CAD, the number of individuals suffered from other ASCVD events was relatively small. Moreover, the definition of high-risk conditions might be not completely accurate. For example, the condition of familial hypercholesterolemia was considered according to clinical diagnosis rather than genetic testing in the present study. Finally, the analysis was a single-center nature and the sampling framework of this study might be not nationally representative.



Conclusions

The current study might replenish the knowledge of current ASCVD refinement and provide data on Chinese patients. Our results demonstrated that within patients with ASCVD, the number of mASCVD events and/or high-risk conditions was significantly associated with worse patterns of coronary severity and outcome. The weight of a given high-risk condition discriminated across numeracy levels of mASCVD events. Importantly, diabetes was significantly and differently associated with increased risk of the worse outcome among patients at various subgroups of ASCVD.
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Background

Patients with heart failure (HF) with diabetes may face a poorer prognosis and higher mortality than patients with either disease alone, especially for those in intensive care unit. So far, there is no precise mortality risk prediction indicator for this kind of patient.



Method

Two high-quality critically ill databases, the Medical Information Mart for Intensive Care IV (MIMIC-IV) database and the Telehealth Intensive Care Unit (eICU) Collaborative Research Database (eICU-CRD) Collaborative Research Database, were used for study participants’ screening as well as internal and external validation. Nine machine learning models were compared, and the best one was selected to define indicators associated with hospital mortality for patients with HF with diabetes. Existing attributes most related to hospital mortality were identified using a visualization method developed for machine learning, namely, Shapley Additive Explanations (SHAP) method. A new composite indicator ASL was established using logistics regression for patients with HF with diabetes based on major existing indicators. Then, the new index was compared with existing indicators to confirm its discrimination ability and clinical value using the receiver operating characteristic (ROC) curve, decision curve, and calibration curve.



Results

The random forest model outperformed among nine models with the area under the ROC curve (AUC) = 0.92 after hyper-parameter optimization. By using this model, the top 20 attributes associated with hospital mortality in these patients were identified among all the attributes based on SHAP method. Acute Physiology Score (APS) III, Sepsis-related Organ Failure Assessment (SOFA), and Max lactate were selected as major attributes related to mortality risk, and a new composite indicator was developed by combining these three indicators, which was named as ASL. Both in the initial and external cohort, the new indicator, ASL, had greater risk discrimination ability with AUC higher than 0.80 in both low- and high-risk groups compared with existing attributes. The decision curve and calibration curve indicated that this indicator also had a respectable clinical value compared with APS III and SOFA. In addition, this indicator had a good risk stratification ability when the patients were divided into three risk levels.



Conclusion

A new composite indicator for predicting mortality risk in patients with HF with diabetes admitted to intensive care unit was developed on the basis of attributes identified by the random forest model. Compared with existing attributes such as APS III and SOFA, the new indicator had better discrimination ability and clinical value, which had potential value in reducing the mortality risk of these patients.





Keywords: heart failure, diabetes, machine learning, hospital mortality, indicator



Introduction

Heart failure (HF) is the end-stage manifestation of cardiovascular disease and the leading cause of death, which affects more than 40 million people worldwide (1–3). With the development of the global population growth and the acceleration of population aging, the absolute number of patients with heart failure has been increasing (4, 5). Meanwhile, the proportion of patients with HF with hypertension, atrial fibrillation, and diabetes increased significantly (6–8). Existing studies have found that diabetes could increase the risk of HF and lead to a poor prognosis for patients with HF, especially for those in intensive care unit (ICU) (4, 6, 9). Mechanistic hypotheses related to hyperglycemia, oxidative stress, or inflammation have been explored (10). Some researchers further found that the increased risk of events associated with diabetes was partially explained by structural and functional abnormalities of heart (11). However, the exact pathophysiological mechanisms have not been fully elucidated, and the specific treatment measures for patients with HF with diabetes still need to be further developed. Some clinically widely used severity score indicators, such as Simplified Acute Physiology Score II (SAPS-II) and Acute Physiology and Chronic Health Evaluation II (APACHE-II), were not specifically evolved for patients with HF (12, 13). Therefore, these indicators did not show any outstanding performance to predict mortality risk for these patients, especially for those high-risk patients with HF with diabetes.

In recent years, artificial intelligence (AI) has increasingly penetrated into the medical field (14). Through appropriate “learning”, computers can replace the human brain to deal with a large number of complex tasks. AI is capable of helping process image information, support diagnosis, recognize patterns of disease, and so on, so that clinicians could provide patients with better healthcare (14). Notably, unsupervised learning enables the discovery of latent structures or patient subgroups in specific cohorts, especially in ICU-related tasks (15). Some clinical decision support studies have demonstrated the ability of sophisticated machine learning models in solving certain ICU-related tasks and gained satisfying performance (16–19).

This is the first study that focused on predicting mortality risk for a specific group of high-risk populations, namely, patients with HF with diabetes in ICU. In Medical Information Mart for Intensive Care IV (MIMIC-IV) population, we used clustering algorithm to classify candidates into high-risk or low-risk groups, and then, nine machine learning models were employed to identify the major indicators for all-cause in-hospital mortality in these populations and two subgroups. Taking this as the cornerstone, a new composite indicator, ASL, was established and externally validated in the eICU cohort. Our study showed that ASL had a better performance in forecasting mortality risk in patients with HF with diabetes.



Method


Data Sources

This study used two high-quality large public databases. First is the MIMIC-IV database, which consisted of more than 53,000 patients in ICU between 2008 and 2019 at Beth Israel Deaconess Medical Center (20). The database contained the basic demographic information, vital signs, and biochemical indexes of each patient during ICU. Nurses recorded these data every other hour to ensure authenticity and reliability. Users were required to apply for and pass the test to obtain database permissions. Informed consent was not required for this database for all patient information was processed anonymously. Second is the eICU Collaborative Research Database, a multi-center emergency database, which included ICU records of more than 200,000 patients from 208 hospitals across the United States (21).



Study Population and Study Design

This study focused on critically ill patients with HF complicated with diabetes. The inclusion criteria of the study population were as followed: (1) 18 years old or older, (2) had experience in ICU, and (3) diagnosis of HF and diabetes. Those who had no ICU experience or stayed in ICU for less than 24 h were excluded. For patients with multiple admissions or ICU history, only the first ICU experience at the first admission was included. This study was a large multi-center cohort study, and the study flowchart is shown in Figure 1.




Figure 1 | Flowchart of this study.





Data Extraction and Preprocessing

SQL language and International Classification of Diseases and Ninth Revision (ICD-9) codes were used to extract data from the two databases. We enrolled patients admitted to ICU with a diagnosis of HF and diabetes on hospital admission. The patient’s basic demographic information, such as sex, age, and laboratory indicators like blood glucose, creatinine, and urea, were extracted one by one. Scores related to the severity of the disease, such as Sepsis-related Organ Failure Assessment (SOFA) Score, Systemic Inflammatory Response Syndrome (SIRS) criteria, Acute Physiology Score (APS) III, and some common comorbidities or drugs were also included in the final cohort. Data with missing values of more than 30% were deleted, and other vacant values were filled by multiple interpolation. This process was implemented in Stata (version 14.0). To find out all possible hidden connections, each continuous index was divided into three groups of Min, Max, and Mean. The Max or Min value referred to the maximum or minimum value of all the measured values of the attribute during this ICU stay. Mean represented the average of the maximum and minimum value. The primary outcome was all-cause in-hospital mortality.



Machine Learning Model Comparisons and Identify Risk Indicators

Nine machine learning models were established and validated, including Logistic Regression, Support Vector Classifier (SVC), Decision Tree, Bagging, Gradient Boosting Machine (GBM), K-nearest neighbors (KNN), Random Forest, XGBoost, and LightGBM. A total of 80% of the study population was randomly selected as the training set, and the remaining 20% was used for internal validation. Each model was validated by five times cross-folding, and the average accuracy was obtained. We used areas under the receiver operating characteristic (ROC) curves (AUCs) to evaluate the performance of models as well as the precision and recall rate. The model with the best efficiency was further adjusted by hyper-parameters to optimize its performance. Then, a “perfect” model was established to define risk indicators most related to hospital mortality using SHAP in the three groups: patients with HF with diabetes, high-risk cohort, and low-risk cohort. All the steps were performed using Python.

Shapley Additive Explanations (SHAP) is a visual method to interpret the results of machine learning algorithm. We used SHAP to identify the top 20 indicators associated with in-hospital mortality based on machine learning models. This method assessed the importance of each feature using a game-theoretic approach (22). To obtain the importance of each feature at the overall level, the SHAP values of all features for all samples were drawn, and then, they were sorted in descending order according to the sum of the SHAP values. The color represents the importance of the feature (red represents high, and blue represents low), and each point represents a sample.

In addition, to further obtain the subgroups in the patient population, we used the R package called “ConsensusClusterPlus”. On the basis of this, we can further identify risk factors and test predictive effectiveness in more subdivided patient subgroups. This is an unsupervised clustering method based on the quantity of each index. To prevent the redundancy of work, we divided patients into high-risk groups and low-risk groups.



Comparison Between the New Composite Indicator and Existing Attributes

After the new composite indicator was established by linear fitting using logistics regression, we introduced three analyses to compare the performance between the new indicator and existing attributes, including ROC curve, decision curve analysis (DCA), and calibration curve. The AUC curve only measures the diagnostic accuracy of the predictive model and fails to take into account the clinical utility of a specific model, whereas the advantage of DCA is that it integrates the preferences of patients or decision-makers into the analysis. In the calibration curve analysis, by drawing the fitting of the actual probability under different conditions and the probability predicted by the model, the evaluation of the prediction effect of the model on the actual results is judged.



Statistical Analysis

Data were presented in the tables according to different distributions and types of variables. Categorical variables were presented as numbers (percentages) and tested by Chi-square (or Fisher’s exact) tests. Continuous variables were presented as mean ± standard deviation or median (25–75 percentiles) and were tested by student’s t-test or Wilcoxon rank sum tests. The composite indicator was generated using logistics regression, which was implemented in SPSS (version 23.0). To address the possibility of confounding differences and selection bias, propensity score matching (PSM) was performed using a 1:1 greedy nearest-neighbor algorithm within specified calliper widths. Locally weighted scatter plot smoothing (Lowess) could better deal with this problem by fitting a line in line with the overall trend, so as to better expose the hidden trend.

All statistical analyses in this study were performed using SPSS (version 23.0) or Stata (version 14.0). SHAP and machine learning algorithms were implemented using Python (version 3.9.7). Cluster analysis is implemented using R language (version 4.1.3) (Supplementary Figure 1). Lowess and PSM were analyzed with Stata (version 14.0). A P-value lower than 0.05 was set for statistical significance in this study.




Results


Baseline Characteristics and Cluster Analysis

After screening for inclusion and exclusion criteria, a total of 3,210 MIMIC-IV patients were included in the study cohort. As shown in Supplementary Table 1, 395 patients died during hospitalization, whereas 2,815 patients survived. After cluster analysis of study participants using R language, all patients were divided into two subgroups, namely, cluster 1 and cluster 2 (Figure 2A). Since entering ICU, the survival curves of the two clusters of patients were drawn and the log-rank test was less than 0.001 (Figure 2B). The risk of death in the cluster 2 patients was significantly higher than that in the cluster1 group with hazard ratio (HR) = 1.93 (1.59–2.35). Therefore, we defined cluster 1 as the low-risk group and the other one as the high-risk group. As the Table 1 shown, the patients in high-risk group were older and consisted of more male patients. There was no significant difference in heart rate (HR) and Mean respiratory rate (RR) between these two groups. The difference of value between body temperature and SpO2 was mild, although there was a statistical difference between the two groups. Notably, overall, the systolic blood pressure, diastolic blood pressure, and mean blood pressure of the high-risk group were significantly lower than that of the low-risk group. In terms of biochemical indicators, the high-risk group had lower glucose, HbA1c, platelet, and bicarbonate, whereas blood urea nitrogen and creatinine were significantly higher than the other group, and urine output was lower, indicating that the high-risk group had a worse renal function. For some indexes, reflecting the degree of heart damage, the CK-MB, Troponin-T, and NT-Pro-BNP of the high-risk group were significantly higher than those in the low-risk group. For sodium, potassium, and other indicators, the two groups were very approximate in value.




Figure 2 | (A) Cluster diagram in MIMIC-IV population. (B) Survival curve between two clusters of patients in MIMIC-IV population.




Table 1 | Baseline characteristics of the low-risk group and high-risk group after cluster analysis in MIMIC-IV cohort.





Development and Comparison of Machine Learning Models

Nine machine learning models were employed in this study, including Logistic Regression, SVC, Decision Tree, Bagging, GBM, KNN, Random Forest, XGBoost, and LightGBM. These were all commonly used models for solving binary classification problems. Each model was verified by five cross-fold validation, and their AUC and Precision-Recall (P-R) curves were drawn in Figure 3. Among them, the random forest algorithm had the finest discrimination ability with precision = 0.511 and AUC = 0.850 (Table 2), so we chose it to establish the final model. After hyper-parameter optimization using grid and random hyper-parameter search, the final random forest model reached AUC = 0.92, and the confusion matrix was displayed (Figure 4). All demographic information, vital signs, laboratory indicators, complications, and drug medications were included in the final analysis. Whereafter, we respectively analyzed the related factors of the overall population, high-risk group, and low-risk group using the final RM algorithm.




Figure 3 | (A) Receiver operating characteristic (ROC) curves of the nine models. (B) Precision-Recall (P-R) curves of the nine models.




Table 2 | Comparisons of nine different machine learning models.






Figure 4 | (A) Receiver operating characteristic (ROC) curves of the Random Forest model after hyper-parameter optimization. (B) Confusion matrix of the Random Forest model after hyper-parameter optimization.





Major Indicators Defined by SHAP

To make the output of the model more visual, we introduced SHAP to identify the factors that have the greatest correlation with hospital mortality. As shown in Figure 5, for the entire population, a total of 20 factors were identified. Among them, the top five indicators were APS III, SOFA, Min urine output, Max lactate, and age. After that, we analyzed the low-risk group and high-risk group, respectively. Among the top five factors in the low-risk group, the only factor that was different from the overall population was Mean RR. Interestingly, in the high-risk group, Mean RR was not significantly associated with hospital mortality but was replaced by Max ALT. From the SHAP plot (Figure 6), a rough but imprecise trend could be observed. Among the three groups, patients with higher APS III, SOFA, Max lactate, and lower Min urine output had a greater risk of death. In the low-risk group, the higher Mean RR corresponded to the higher risk of death, whereas in the high-risk group, it was replaced by Max ALT.




Figure 5 | Bar charts that rank the importance of 20 indicators identified by Shapley Additive Explanations (SHAP) values. (A) The overall MIMIC-IV population. (B) Low-risk group. (C) High-risk group.






Figure 6 | Distribution of the impact each feature had on the full model output using Shapley Additive Explanations (SHAP) values. (A) The overall MIMIC-IV population. (B) Low-risk group. (C) High-risk group.





Establishment of a New Composite Indicator and Internal Validation

As shown in Figures 5, 6, APS III, SOFA, and Max lactate were common indicators associated with in-hospital mortality in patients with HF with diabetes and two subclusters. On the basis of the three indicators mentioned above, logistics regression was employed to establish a novel composite indicator, which was named ASL. We validated this new indicator in MIMIC-IV cohort and found that, compared with APS III and SOFA, ASL had a more significant enhancement in predicting mortality risk in patients with HF with diabetes with AUC = 0.828 (Figure 7), independent of high-risk or low-risk group.




Figure 7 | Receiver operating characteristic (ROC) curves of three different indicators in MIMIC-IV cohort. (A) The overall MIMIC-IV population. (B) Low-risk group. (C) High-risk group.





External Validation in the eICU Cohort

To further confirm the predictive ability of ASL, we extracted patients with HF with diabetes from a multi-center database for external validation, namely, the eICU database.

A total of 3,862 patients were included in the eICU cohort. As shown in Table 3, non-survivors were older and had higher lactate, SOFA, and APS III. Compared with APS III and SOFA, ROC curve showed that ASL had a favorable performance in this external validation cohort, and the DCA curve, along with calibration curve, indicated that this indicator also had respectable clinical value (Figures 8A–C). Taken together, this novel predictive indicator had acceptable sensitivity and specificity either in the derivation and validating cohort with a promising clinical value.


Table 3 | Baseline characteristics of the survivors and non-survivors in eICU cohort.






Figure 8 | (A) Receiver operating characteristic (ROC) curves of three different indicators in eICU cohort. (B) DCA curves of three different indicators in eICU cohort. (C) Calibration curves of three different indicators in eICU cohort. (D) Association between ASL and hospital mortality in MIMIC-IV cohort using Lowess. (E) Association between ASL and hospital mortality in eICU cohort using Lowess.





Association Between ASL and Hospital Mortality Using Lowess

To further discover the exact relationship between major indicators and hospital mortality, we used the Lowess curve to analyze the overall population. For the general population, the relationship between APS III, SOFA, Max Lactate, and hospital mortality was approximately linear as a whole (Supplementary Figure 2). After using logistics regression to generate ASL, it is not surprising that there was also a linear positive correlation between ASL and mortality in MIMIC-IV cohort and eICU cohort (Figures 8D, E). Then, we divided the patients into low-risk, middle-risk, and high-risk groups according to ASL and found that there were significant differences of mortality among the three groups both in MIMIC-IV cohort and eICU cohort, which showed that this indicator had great risk stratification ability (Table 4). To further confirm the relationship between drug medication and prognosis, patients were divided into medication group and non-medication group according to 1:1 matching. All 20 related factors were corrected by PSM. As displayed in Supplementary Tables 2, 3, the use of diuretics and insulin had no significant effect on hospital mortality.


Table 4 | Risk stratification using ASL in MIMIC-IV and eICU cohort.






Discussion

In this study, we developed a novel composite indicator for predicting hospital mortality for patients with HF with diabetes. The AUCs of ROC curves demonstrated that, compared with SOFA and APS III, ASL had greater risk discrimination ability in these patients, independent of high-risk or low-risk groups. DCA and calibration curve further ensured the effectiveness and security of this indicator. Compared with existing attributes, this study proved that this novel composite indicator had a distinctive mortality risk prediction ability for this specific population and provided potential guiding values for clinical healthcare in ICU.

With the development of AI, machine learning has been more and more applied in the field of cardiovascular medicine, especially for patients with HF. Current HF diagnosis and management rely on physical examination, both laboratory and imaging data of patients (23). The advantage of machine learning is that it can learn from vast amounts of existing data and output the most valuable results. For example, machine learning has been applied to the diagnosis of HF, the prediction of mortality, and readmission rate and achieved good performance (24–30). Previous studies have also confirmed that the random forest model had outstanding ability to identify risk factors in patients with HF, and the left ventricular ejection fraction was successfully identified as the most relevant feature in predicting the mortality risk of patients (31). In our study, the random forest model stood out among the nine algorithms, which proved that it had the best prediction ability for this specific population. Our study is the first to apply machine learning algorithms to patients with HF with diabetes in the environment of ICU. Even with the development of medical treatment, the mortality rate in ICU remained at a high level with 11.3% in 1996 and 12.0% in 2010 (32). Therefore, predicting the mortality risk of critically ill patients could provide useful guidance for clinical healthcare.

Cardiovascular disease caused 18 million deaths worldwide each year, and the coexistence of diabetes made cardiovascular mortality risk higher (33, 34). Meanwhile, diabetes, especially type 2 diabetes, affected more than 400 million people worldwide (35). Its pathophysiological mechanism has been widely studied, and it has been proved that it is closely related to microvascular and macrovascular complications, especially for the development of HF (36, 37). Therefore, the number of patients with these two common diseases had been already quite widespread and the risk of death might be greatly increased in patients with HF with diabetes. However, there is no risk assessment tool for this type of patient, especially for critical ill patients. Currently, there are many ICU scoring systems, whereas the predictive effect of these scoring systems on the mortality risk varies among different populations, including Acute Physiology and Chronic Health Evaluation (APACHE) (II, III, and IV), SIRS criteria, and SOFA score (38, 39). In terms of their purposes of creation and previous related studies, although they can estimate patients’ conditions quickly within 10 min so that doctors can acquire clinical dynamics of disease changes and give feedback strategies, due to the heterogeneity of the patient population, the performance of the existing scoring system in common use had inevitably volatility (40–43), for example, the SIRS may lack sufficient sensitivity and specificity to identify and risk-stratify patients in some cases. To ensure the monitoring ability of common use scoring systems for HF with diabetes patients, our study selected the APS III, SOFA, and SIRS, which were commonly used in ICU in America. We found that APS III and SOFA performed best in both high-risk and low-risk groups, whereas SIRS performed poorly. APS III was designed to predict the in-hospital mortality of ICU patients; focused on the lowest score of several vital signs, laboratory examinations, and nervous system in the first 24 h; and has been widely used to predict the clinical outcome of mixed critically ill patients now (44, 45). SOFA could describe the dysfunction or failure of one or more organs and evaluate the degree from mild dysfunction to severe failure, from repeated measures of the occurrence and progression of dysfunction in one or all organs. The items in SOFA are continuous variables that are objective, accessible, and reliable to avoid confusion and bias from the source of patients, entities, and demographics (46). Therefore, these two scoring systems complement each other in ASL and fully demonstrate their ability for real-time assessment and long-term dynamic monitoring in the time dimension. Moreover, it not only includes intuitive results such as vital signs and laboratory tests but also objectively collects the changes of various tissues and organs, so as to pay more attention to the overall changes in the spatial dimension (47). Although both urine output and lactate were identified to be highly correlated with hospital mortality based on random forest model, only lactate was selected in the composite indicator for urine output was already included in the APS III score, whereas lactate was not. Lactate, an end-stage product of anaerobic cell metabolism, always occurs during hypoxic conditions and has been reported to be associated with multiple organ dysfunction, poor prognosis, and higher in-hospital mortality. The metabolism of glucose in sensitive tissues is severely altered in diabetes patients or patients with HF who are in a state of oxygen imbalance and depletion, including defective glycogen synthesis and impaired glucose oxidative metabolism, following multiple tissues and organs that act negatively in processing the elevated lactate concentration so that the production of lactic acid increased with the increase of non-oxidized glycolysis in blood (48, 49). Because of the exquisite recognition ability of the machine learning model, the final composite indicator performed better than the existing scoring system in predicting mortality risk in patients with HF with diabetes.

At present, there is no in-depth study on the specific treatment measures for this kind of patient. As displayed in Supplementary Tables 2, 3, we found that diuretics and insulin did not significantly improve the prognosis of these patients after PSM, which indicated that these patients might have unelucidated pathophysiological mechanisms and required more specific treatment. Sodium-glucose co-transporter 2 inhibitors (SGLT2is), which are initially introduced as oral anti-diabetic drugs to reduce blood glucose by inhibition of sodium-glucose cotransporters in kidney, are now known to reduce the combined risk of cardiovascular death in patients with HF with or without diabetes (50, 51). By combining with ASL indicator, we could identify high-risk patients and improve their clinical treatment strategies, such as replacing or adding SGLT2 drugs. The effect of those promising drugs on critical ill patients remained to be further studied in the future.

There were several limitations to this study. First, this was a retrospective study, although we used two databases of multiple centers for internal and external validation respectively, more extensive research studies were still required in the future. Second, there were multiple subtypes of HF and diabetes, which were not subdivided in this study. Nevertheless, this study was the first to focus on patients with HF with diabetes in a critical care environment and was expected to help improve the prognosis of these patients in the future.



Conclusion

In this study, we developed a novel composite indicator for predicting hospital mortality for patients with HF with diabetes admitted to ICU, which was validated in internal and external cohorts. Compared with existing attributes such as APS III and SOFA, the new indicator had better discrimination ability and clinical value, which had potential value in reducing the mortality risk of these patients.
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Background

The effects of metabolic syndrome (MS) on premature myocardial infarction (PMI) are not clear to date. This study aimed to investigate the impact of MS and its components on clinical severity and long-term prognosis in patients with PMI.



Methods

We enrolled 772 patients aged ≤45 years old who were diagnosed with acute myocardial infarction (AMI) at our hospital consecutively between 2015 and 2020. The patients were divided into an MS group and non-MS group. The parameters of clinical severity were compared using regression analysis. Patients were followed for median of 42 months for major adverse cardiovascular events (MACE).



Results

Hyperglycemia was associated with multi-vessel disease [odds ratio(OR)=1.700, 95% confidence interval (CI)=1.172-2.464, P=0.005] and Syntax score ≥33 (OR=2.736, 95% CI=1.241-6.032, P=0.013). Increased MACE were observed in the MS group(17.9% vs 10.3%, P=0.004).The Kaplan-Meier curve also showed significant differences (P< 0.001). MS was an independent risk factor for MACE. Of each component of MS, BMI ≥28 kg/m2 (hazard ratio [HR]=2.022, 95% CI =1.213-3.369, P=0.007] and hyperglycemia (HR=2.904, 95% CI=1.847-4.567, P<0.001) were independent risk factors for MACE.



Conclusions

In patients with PMI, 1) hyperglycemia usually indicates more severe lesions; 2) MS as a whole was an independent risk factor for MACE; 3) BMI ≥28.0 kg/m2 and hyperglycemia were associated with MACE.





Keywords: metabolic syndrome, premature myocardial infarction, clinical severity, long-term prognosis, MACE



Introduction

Metabolic syndrome (MS) is classified as a collection of risk factors, including hyperglycemia, atherogenic dyslipidemia, central obesity, hypertension, prothrombotic and proinflammatory states, that increase the risk of coronary artery disease (CAD), cardiovascular disease (CVD) and diabetes mellitus type 2 (1). It is estimated that MS affects about 1/4 of the global population and has become a major threat to public health in contemporary society (2).

With the rapid development of the social economy, the lifestyle of young people has also undergone great changes, including that lack of exercise, irregular eating habits. And also, often staying up late has become a common phenomenon among today’s young people. As a result, the population of obesity and hyperglycemia in China is increasing year by year, while both of them are important components of MS. Therefore, the individuals with MS are more likely to be younger (3). MS is highly prevalent in younger adults (<45 years) with acute myocardial infarction(AMI) (4–6). At the same time, the prevalence and mortality of myocardial infarction also follows a younger trend (7–10).This indicates that MS may play an important role in the development of AMI in this population. At present, no unified standard has been established on the age limit of premature myocardial infarction(PMI) at home and abroad, but most of the existing studies on AMI in younger adults have set the age at 45 years (11–13), so this study includes the adult population below the cut-off point of 45 years.

PMI leads to premature incapacity to work, increases public health care costs, and creates a huge social and economic burden. Studies at home and abroad have shown that MS increases the risk of coronary heart disease and death, and is associated with a poor prognosis and occurrence of MACE in patients aged >45 years with AMI (3, 14–17). Moreover, few studies have focused on the impact of MS on the severity of AMI lesions in patients >45 years of age, and the results are also different (14, 18). However, there is a lack of research on the effect of MS on PMI (≤45 years). Therefore, the purpose of this study was to investigate the impact of MS and its components on the severity of coronary artery lesions and long-term prognosis in patients with PMI.



Methods


Study Design and Participants

Consecutive patients ≤45 years of age who were diagnosed with AMI in Tianjin Chest Hospital from 2015 to 2020 were included. We diagnosed AMI according to the fourth edition of the global definition of myocardial infarction (19): Clinical evidence of acute myocardial injury accompanied by acute myocardial ischemia, that is, cTn is detected to be worthy of increase and or decrease (at least once exceeding the upper limit of 99 percentile),and at least one of the following: 1) symptoms of myocardial ischemia; 2) new ischemic ECG changes; 3) pathological Q waves; 4) imaging evidence that new patterns of myocardial inactivation or new focal wall motion abnormalities are consistent with ischemic pathological changes; and 5) coronary thrombosis found by radiography or autopsy. After excluding patients with severe liver or kidney diseases, malignant tumors and lack of diagnostic data related to MS, 772 patients were finally included.



Ethical Considerations

The study protocol was approved by the Internal Review Board of Tianjin Chest Hospital (No. 2017KY-007-01) and all included patients provided signed informed consent prior to study participation. All procedures performed were in accordance with the ethical standards of the Helsinki Declaration and its later amendments, or comparable ethical standards.



Diagnostic Criteria of MS

MS was defined according to the criteria of the 2005 National Cholesterol Education Program (20). In detail, the definition of MS requires the existence of any 3 of the following 5 criteria: 1) Hypertension: blood pressure ≥130/85 mmHg or consistent hypertensive patients undergoing treatment; 2) Hypertriglyceridemia: fasting plasma triglyceride ≥1.7 mmol/L; 3) Fasting HDL -cholesterol <1.0 mmol/L in men and <1.3 mmol/L in women. 4) Hyperglycemia: fasting blood glucose level ≥6.1 mmol/L or known diabetic patients undergoing treatment; 5) Central obesity: waist circumference >90 cm for men and >80 cm for women. Since the waist circumference of the patient was not measured in this study, we used BMI ≥28.0 kg/m2 as the diagnostic criterion of obesity as proposed by the working group on obesity in China (WGOC) (21).



Clinical and Biochemical Measurements

The basic data of sex, age, BMI and medical history of all patients were recorded on admission, and the admission conditions of the patients were evaluated, including sitting blood pressure (measured by senior doctors on the non-dominant arm supported by the heart level), Killip class and the type of AMI. The emergency laboratory indexes of admission (hypersensitive troponin T, CK, CK-MB, etc.) were recorded. After fasting overnight for 12 hours, fasting blood glucose (FBG), triglyceride (TG), high density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C) and total cholesterol were measured. Coronary angiography and PCI were performed by an independent physician with qualification for coronary artery diagnosis and treatment in Tianjin Chest Hospital and multi-position projection head position was used in coronary angiography. Postoperative antiplatelet therapy with aspirin 100 mg/d and clopidogrel 75 mg/d or ticagrelor 90 mg twice per day was recommended for at least one year. The Syntax score, which is widely used to evaluate the severity of coronary artery disease, as well as to guide risk stratification and revascularization strategies in patients with coronary heart disease (22), was calculated for the present study by two or more physicians with experience performing percutaneous coronary intervention (PCI) who were blinded to the study and the patient’s condition. For risk stratification of the severity of the disease based on Syntax scores, patients with scores ≤ 22 were at low risk, scores 23-32 were at moderate risk, and those ≥ 33 were at high risk. According to clinical standards and current echocardiographic guidelines, all patients had at least one echocardiographic examination in the first week after AMI (23).



Follow-Up and Outcomes

The patients were followed after discharge by telephone and/or by interview after the initial appointment by trained nurses or cardiologists blinded to laboratory test results, The average follow-up time was 42 months. The end points were defined as MACE, which was a composite outcome consisting target vessel revascularization (TVR), re-hospitalization for heart failure (HF), cardiac death, recurrent myocardial infarction and stroke. TVR is defined as ischemic symptoms or event-driven revascularization of any lesion, including PCI and CABG, which is unplanned. Heart failure was diagnosed according to the guidelines from the European Society of Cardiology (24). Cardiac death is mainly caused by sudden cardiac death, congestive heart failure, AMI, severe arrhythmia, stroke or other structural/functional heart diseases. Myocardial infarction was diagnosed comprehensively by symptoms such as chest pain, changes in myocardial enzymes and electrocardiogram results. Stroke was defined as acute cerebral infarction according to imaging results or typical symptoms. All outcomes were adjudicated centrally by two independent cardiologists, and any disagreement was resolved by consensus.



Statistical Analysis

Continuous variables were tested for normality using the Kolmogorov-Smirnov test. The continuous data of normal distribution were expressed as mean ± standard deviation, the comparison between the two groups was performed by independent student t test, the continuous data of skewness distribution was expressed by M (Q1 ~ Q3), and the comparison between the two groups was performed by Mann Whitney U test. The categorical data were expressed as frequency and percentage, and the comparison between the two groups was made by Chi-square test or Fisher exact probability method (when the theoretical frequency< 1 or the number of cases <40). Multivariate logistic regression model was used to analyze the effects of MS and its components on lesion severity. The survival curves of MS patients and non-MS patients were drawn using the Kaplan-Meier method and were compared with the logarithmic rank test. Cox proportional hazards models were adjusted for age, sex, smoking history, family history of coronary heart disease, Killip ≥II, left ventricular ejection fraction (LVEF)< 40%, Syntax score ≥33, multi-vessel disease, PCI, the use of ACEI/ARB and Beta-blocker. The hazard ratios (HR) of MS and its five components were calculated to evaluate their effects on MACE. To evaluate the incremental prognostic value of MS and two of its components (BMI ≥28.0 kg/m2, hyperglycemia) on MACE, we established model 1 (basic model) to include the above 11 variables. Model 2a includes basic model + BMI ≥28.0 kg/m2. Model 2b includes variables in the basic model plus hyperglycemia. Model 3 includes the basic model + MS, we compared the AUC difference, calculate NRI,(Net Reclassification) and IDI(Integrated Discrimination Improvement) between ① model 3 and model 2a and ② model 3 and model 2b. Bilateral P <0.05 was established as statistical significance. All statistical analyses were determined using SPSS software version 26.0 (IBM SPSS Statistics, Chicago, IL, USA) and R software (version 4.2.0).




Results


Comparison of Baseline Characteristics

After excluding patients with severe liver or kidney diseases, malignant tumors and lack of diagnostic data related to MS, 772 patients were finally included. As shown in Table 1, among the 772 patients included in this study, 417 (54%) met the diagnostic criteria of MS and 355 (46%) were in the non-MS group. Males accounted for the majority of the two groups. Compared with the non-MS group, the MS group had more history of diabetes, hypertension, smoking and chronic kidney disease. In terms of MS and its components, the BMI value of the MS group was higher than that of the non-MS group, and the proportion of BMI ≥ 28.0 kg/m2, hypertension, hyperglycemia, hypertriglyceridemia and low HDL-C was significantly higher than that of the non-MS group (P< 0.001) (Supplementary Figure). In the MS group, the most common MS component was hypertension (90.2%), followed by low HDL-C (89%), hypertriglyceridemia (88.2%), hyperglycemia (65.2%) and BMI ≥28.0 kg/m2 (24.5%) (Supplementary Figure). On admission, systolic and diastolic blood pressure values were higher in the MS group than in the non-MS group. For type of MI, NSTEMI was the most common type in the MS group (32.1% vs 22.5%, P=0.003), while STEMI was more frequent in the non-MS group (77.5% vs 67.9%, P=0.003). Among laboratory indexes, the levels of fasting glucose, hypersensitive C-reactive protein, total cholesterol and triglyceride were higher in the MS group than those in the non-MS group, while the level of HDL-C in the MS group was significantly lower than that in non-MS group.


Table 1 | Demographic and clinical characteristics of patients with premature myocardial infarction.





Coronary Angiography and Treatment

Among the 772 patients, 726 (94%) underwent CAG. In terms of treatment, 112 (14.5%) patients received conservative drug therapy, 11 (1.4%) patients received thrombolytic therapy, and 12 (1.6%) patients underwent CABG; a total of 637 (82.5%) patients received percutaneous coronary intervention (PCI). There was no significant difference in the above treatments between MS group and non-MS group(P>0.05). Among the patients undergoing CAG, single-vessel disease was dominant in the non-MS group (45.5% vs 37.3%, P=0.026), and the proportion of three-vessel disease and multi-vessel disease in the MS group was significantly higher than that in the non-MS group (32.0% vs 24.4%, P=0.024; 62.7% vs 54.5%, P=0.026). No differences were noted in Syntax scores between the two groups (Table 1).



Comparison of Logistic Regression Analysis of Clinical Severity Between the Two Groups

Multi-vessel disease and Syntax scores ≥33 were taken as dependent variables, MS and its five components were divided into independent variables for univariate and multivariate Logistic regression analysis (Figure 1). The results suggest that hyperglycemia is an independent risk factor for multi-vessel disease in the multivariate regression model (OR=1.700, 95% CI=1.172-2.464, P=0.005) (Figure 1A). In the multivariate regression model with Syntax scores ≥33 as dependent variables, hyperglycemia was also an independent risk factor (OR=2.736, 95% CI=1.241-6.032, P=0.013) (Figure 1B).




Figure 1 | Multivariate logistic regression analysis of impact of MS components on PMI severity. (A) Effects of MS and its components on multi-vessel disease. (B) Effects of MS and its components on Syntax score ≥33 Adj OR, adjusted odds ratio; CI, confidence interval.





Comparison of Clinical Prognosis Between the Two Groups

Patients were followed for median of 42 months for major adverse cardiovascular events (MACE), a total of 63(8.2%) people were lost to follow-up. We compared the baseline characteristics between patients lost to follow-up (n=63) and all (n=772) patients. The results exhibited that patients’ baseline characteristics were not significantly different between the two groups (all P >0.05, Supplementary Table). This shows that the people who lost follow-up have no effect on the conclusion of this study. After follow-up, 102 (14.4%) patients had MACE, including 68 (9.6%) cases of TVR, 20 (2.8%) cases of heart failure, 10 (1.4%) cases of cardiac death, 33 (4.7%) cases of recurrent MI, and 7 (1.0%) cases of stroke. A significant difference was found in the occurrence of MACE between the MS and non-MS groups (17.9% vs 10.3%, P=0.004), mainly due to significantly higher TVR and HF in the MS group than in the non-MS group (12.1% vs 6.7%, P=0.014; 4.7% vs 0.6%, P=0.001) (Table 2). In addition, AMI patients with prior PCI, prior CABG, LVEF <40%, high fasting blood glucose, high CK, high CK-MB, high hs-CRP, high hs-TNT, multi-vessel disease, or Syntax score ≥33 were positively associated with the occurrence of MACE (all P<0.05, Supplementary Table).


Table 2 | Comparison of clinical outcomes between MS group and non-MS group.



A significant difference was found in the KM curve between the two groups (P < 0.001) (Figure 2A). Cox regression analysis showed that MS was an independent risk factor for MACE (HR=2.082, 95% CI=1.324-3.273, P=0.001), mainly due to the increased risk of TVR (HR=1.964, 95% CI=1.155-3.340, P=0.013) and HF (HR=8.301, 95% CI=1.798 -38.332, P=0.007) (Table 3). Subsequent COX regression analysis of each component of MS showed that BMI ≥28.0 kg/m2 (HR=2.022, 95% CI=1.213-3.369, P =0.007) and hyperglycemia (HR=2.904, 95% CI=1.847-4.567, P<0.001) were independent risk factors for the occurrence of MACE (Figure 2B). In addition, LVEF <40% (HR=3.920, 95% CI=2.113-7.273, P<0.001) and Syntax scores ≥33(HR=2.315, 95% CI=1.237-4.334, P=0.009) were also independent risk factor for the occurrence of MACE.




Figure 2 | MS and PMI prognosis. (A) The Kaplan-Meier curve between MS group and non-MS group. (B) Multivariate Cox regression analysis of MACE. MACE, major adverse cardiovascular events; LVEF, left ventricular ejection fraction; ACEI/ARB, angiotensin converting enzyme inhibitor/angiotensin II receptor blocker; AdjHR, adjusted hazard ratio; CI, confidence interval; PCI, percutaneous coronary intervention.




Table 3 | COX multivariate regression analysis of each adverse event in patients with PMI and MS.



The analysis of the incremental prognostic value of MS and its components on MACE showed the AUC values of model 1, model 2a and 2b were 0.6381, 0.6751 and 0.6847, respectively, and the AUC of model 3 was 0.6665, which indicated that MS, BMI ≥28.0 kg/m2 and hyperglycemia all increased the predictive value of MACE. Furthermore, the NRI and IDI of AUC between model 3 and model 2a and between model 3 and model 2b were calculated. The NRI of model 3 vs model 2a and model 3 vs model 2b were 0.0411 and 0.0029 respectively, and the IDI of model 3 vs model 2a and model 3 vs model 2b was 0.008, 0.003, respectively. The results show that model 3 has better ability to predict MACE than model 2, that is, MS as a whole can better predict the poor prognosis of people with premature myocardial infarction (Figure 3).




Figure 3 | NRI and IDI between ① model 3 and model 2a ② model 3 and model 2b. (A)NRI for ① (B) NRI for ② (C) IDI for① (D) IDI for ② NRI, Net Reclassification; IDI, Integrated Discrimination Improvement.






Discussion

Results of the present study highlights that: 1) In the PMI population of the present study, the prevalence rate of MS was 54%, and males accounted for the majority. NSTEMI was dominant in the MS group, while STEMI was higher in the non-MS group; 2) No correlations were found between MS as a whole and the severity of coronary artery lesions, but hyperglycemia in the MS components often predicted more severe coronary heart disease; 3) After median 42 months of follow-up, the incidence of MACE in the MS group was significantly higher than that found in the non-MS group, and MS was an independent risk factor for MACE, especially for the occurrence of TVR and HF. MS components, including BMI ≥28.0 kg/m2 and hyperglycemia, were independently associated with the occurrence of MACE in these patients.

MS is common in patients with coronary heart disease, especially in patients with AMI (15, 17, 25). Myocardial infarction is now showing a younger trend, affecting adults in middle age and younger (7–10). Studies have been conducted previously on the prevalence and distribution of MS components in people with PMI (4, 26, 27). A case-control study conducted by Kazemi et al. (26)in the AMI population ≤50 years old found that the prevalence of MS in the case group was significantly higher than that in the control group (34.7% vs 16.3%, respectively), and high triglycerides were the most common component. Gadepalli et al (4)estimated that the prevalence rate of MS in AMI patients ≤45 years old was about 62.74%, and the decrease in HDL level was the most common indicator. A meta-analysis of 34 large studies(age range 18–30 years old) suggested that MS was found in 4.8%-7% of younger adults (27). In that study, atherosclerotic dyslipidemia defined by low levels of HDL-C was the most common MS component (26.9%-41.2%), followed by elevated blood pressure (16.6%-26.6%), abdominal obesity (6.8%-23.6%), elevated triglycerides (8.6%-15.6%) and elevated fasting blood glucose (2.8%-15.4%). In the present study, MS accounted for 54% of people with PMI, and the most common component was hypertension (90.2%), followed by low HDL-C (89%), hypertriglyceridemia (88.2%), hyperglycemia (65.2%) and BMI ≥28.0 kg/m2 (24.5%). This results basically consistent with the results of previous studies, that is, MS accounts for about half of the patients with PMI, and dyslipidemia accounts for a large proportion.

MS has been reported to increase the risk of cardiovascular disease. Mottillo et al. (28) conducted a meta-analysis of 87 prospective studies, and the final results showed that MS was associated with an increased risk of cardiovascular disease with an RR of 2.35 (95% CI=2.02-2.73). Although the exact pathogenesis of MS is not completely clear, current studies suggest that MS increases the risk of cardiovascular disease in the following ways (29–32) (1): Insulin resistance: insulin resistance increases the entry of free fatty acids into the liver and increases the synthesis of triglyceride and very low-density lipoprotein. Compensatory hyperinsulinemia damages vascular endothelium and is conducive to lipid deposition, thus leading to the occurrence and development of atherosclerosis (2); Obesity and chronic inflammation: fat metabolites are released into the blood of obese patients, resulting in the accumulation of lipid metabolites, the penetration and activation of macrophages, and the chronic inflammatory state of the body, decreased adiponectin levels and increased interleukin-6 and plasminogen activator inhibitors, resulting in a state of high inflammation and high thrombosis.

MS not only increases the risk of CVD, especially AMI, but also affects the disease severity and prognosis of AMI patients (>45 years). These studies connect MS with more severe CAD. According to Mornar et al (33), more multi-vessel lesions are found in patients with MS. This observation was also noted in the present PMI population. In addition, Lovic et al. (14) used Syntax scores to assess the severity of coronary heart disease between patients with and without MS, and the results showed that patients with MS had higher Syntax scores. According to several studies, the higher the Syntax score, the worse the prognosis (34–36) (37). The present study expanded these findings and further demonstrated this observation in PMI patients, because in the long run (median 42 months of follow-up), Syntax scores ≥33 was independently associated with the occurrence of MACE. Although no differences were found in Syntax scores between groups, in order to evaluate the severity of lesions between the MS group and non-MS group, we classified the disease into low risk (≤22), moderate risk 23-32 and high risk (≥ 33) according to Syntax scores. As far as we know, this is the first study to apply this classification to delineate risk.

In the setting of ACS, the prognostic value of assessing the presence of MS as a comprehensive diagnosis remains uncertain (38–41). In fact, the various components of MS have different relationships with the outcome, which may affect the observed incremental risk stratification (38, 41, 42). In the present study, we found that MS as a whole can better predict the poor prognosis of people with premature myocardial infarction.

In present study, hyperglycemia in the MS components is an independent risk factor for multi-vessel disease and Syntax ≥33 in PMI patients Nevertheless, inconsistent with some previous studies, multivariate regression analysis adjusted by MS and five components did not find that dyslipidemia was associated with the severity of coronary artery disease. The possible reasons are as follows. Firstly, earlier studies have shown that diabetes is a challenging factor for the effects of MS on the severity of AMI, because it can independently increase the severity of coronary heart disease (43). The definition of hyperglycemia in MS diagnostic criteria also includes people with diabetes. So when MS and its components are included in multivariate adjustment analysis, hyperglycemia has become the main and robust factor affecting coronary artery disease. Secondly, it may be because we include people in the same area, and there is no significant difference in eating habits. However, it is worth noting that hyperglycemia in MS includes not only people with diabetes, but also patients with fasting blood glucose ≥6.1 mmol/L, some of whom may be in a prediabetic state or in a stage of insulin resistance. Levantesi et al. (44) pointed out that MS is a powerful predictor of delayed diabetes after myocardial infarction. Therefore, when clinicians diagnose MS as a whole, we pay particular attention to hyperglycemia, which in the present study usually indicated a more serious degree of coronary artery lesions; this is therefore helpful for identifying high-risk PMI patients with poor prognosis as early as possible, allowing implementation of more timely intervention measures to improve the prognosis of these younger adult patients. Therefore, we suggest that MS can serve as an early indicator of increased risk for PMI.

After median 42 months of follow-up, we found that MS was independently associated with MACE in PMI patients, which was consistent with the results of previous studies (>45 years) (3, 14, 45). We also found that this was due to the increased risk of TVR and HF, which is also consistent with previous studies of patients >45 years (25). In the present study, we found that among the MS components, hyperglycemia and BMI ≥28.0 kg/m2 were independent risk factors for MACE. Hyperglycemia induces the expression of cytokines and inflammatory factors, induces the production of growth factors that promote restenosis, smooth muscle cell proliferation and extracellular matrix production, and eventually leads to intimal hyperplasia and restenosis (46). Therefore, the revascularization rate in the MS group was significantly higher than that in the non-MS group. Also, previous studies have shown that MS is a major related factor in the risk of developing severe heart failure (47, 48), which is also observed in our population. In addition, obese patients are in a state of chronic inflammation and prethrombotic state, which plays an important role in the process of atherosclerosis and will lead to adverse cardiovascular events during follow-up (47). Early research has confirmed that abdominal obesity is independently associated with cardiovascular disease (49, 50). Consistent with our study results, Azarfarin et al. (51)pointed out that the left ventricular function was decreased in patients with abnormal BMI (P<0.05), suggesting that anthropometric indicators (e.g., BMI, waist circumference) have an impact on cardiac function after MI. Also, as mentioned above, the present study has shown that hyperglycemia in MS is independently associated with multi-vessel disease and Syntax score ≥33, while previous studies have shown that they all predict a poor prognosis (34, 52), which has been confirmed in long-term follow-up of the included PMI patients.



Conclusions

Previous studies have confirmed that MS affects the occurrence, development and prognosis of acute myocardial infarction. As far as we know, this is the first observational study to explore the impact of MS on the clinical severity and prognosis of PMI in adults aged 45 years and younger, suggesting that MS component hyperglycemia is as an independent predictor for coronary artery lesions and MACE. This may be useful for improving the awareness of adults aged 45 years and younger about risk factors for PMI, MS and MACE, and to encourage starting intervention measures as early as possible to help prevent PMI and MS.



Limitations

The present study has several limitations, including: 1) This was a single-center observational study and the sample size does not represent the overall prevalence of MS in patients with PMI; 2) The blood glucose and blood lipids measured during the onset of MI may be different from the daily levels, which may affect the diagnosis of MS; 3) The use of BMI instead of abdominal circumference to diagnose MS will likely have an impact on the results; 4) MS is independently related to the occurrence of MACE, but the results of exploratory analysis of each event of MACE, especially the occurrence of cardiac death, need to be further confirmed by larger sample size and longer follow-up time.
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The aim of this study is to explore the association between obstructive sleep apnea hypopnea syndrome (OSAHS) complicated with coronary heart disease (CHD) and inflammatory factors, glycolipid metabolism, obesity, and insulin resistance. A total of 400 patients diagnosed with OSAHS who underwent polysomnography (PSG) monitoring in the Sleep Diagnosis and Treatment Center of Beijing Luhe Hospital from March 2015 to September 2018 were selected and divided into the OSAHS group (n = 200) and the OSAHS + CHD group (n = 200) according to disease condition. The questionnaire survey was conducted, the somatology indexes were measured, and the PSG, insulin, glycolipid metabolism parameters, and serum inflammatory factors were detected. Body weight, body mass index, waist circumference, and Epworth sleepiness scale (ESS) score were all significantly increased in the OSAHS + CHD group compared with those in the OSAHS group (p < 0.05). The microarousal index (MAI), apnea hypopnea index (AHI), cumulative percentage of time spent at oxygen saturation below 90% (CT90%), oxygen desaturation index (ODI), lowest oxygen saturation (LSaO2), total apnea time (TAT), and mean oxygen saturation (MSaO2) had statistically significant differences between the OSAHS + CHD group and the OSAHS group (p < 0.05). According to the Spearman correlation analysis of AHI, LSaO2, MSaO2, CT90%, ODI, and MAI with HOMA-IR in both groups, MAI, AHI, CT90%, and ODI were positively correlated with HOMA-IR (r > 0), while LSaO2 and MSaO2 were negatively correlated with HOMA-IR (r < 0). Compared with the OSAHS group, the OSAHS + CHD group had an obviously increased level of triglyceride (TG) (p < 0.05), and obviously increased levels of serum inflammatory factors C-reactive protein (CRP), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interferon-γ (IFN-γ) (p < 0.05). The occurrence of OSAHS complicated with CHD is related to inflammatory factors, glycolipid metabolism, obesity rate, and HOMA-IR.
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Introduction

Obstructive sleep apnea hypopnea syndrome (OSAHS), whose morbidity rate is annually increasing, is mainly manifested as sleep structure disorder, drowsiness, breath blockage, apnea, snoring, etc. (1), which increases the risks of cardiovascular complications and multiple organ damage in patients. OSAHS not only harms the respiratory system but also affects the cardio-cerebrovascular system of patients, and causes such complications as heart failure and coronary heart disease (CHD), seriously affecting the quality of life and lifespan of patients (2, 3). OSAHS has a high morbidity rate in middle-aged and elderly people, and it is also affected by genetics, unhealthy living habits, and social pressure (4). CHD is caused by the myocardial tissue lesions due to stenosis or obstruction of the arterial lumen (5). CHD has become a common cardio-cerebrovascular disease in recent years, and it frequently occurs in the elderly, but patients have become increasingly younger nowadays, with an increasing annual morbidity rate (6). The etiology of CHD is complex, and the effective prevention and control of its risk factors has an important significance to reduce its morbidity rate (7). CHD seriously threatens human health; thus, it has gradually attracted widespread attention in society (8). According to a large number of studies in China and other countries, OSAHS is closely related to CHD (9). Studies have also shown that the morbidity rate of OSAHS in CHD patients is higher than that in the general population, and OSAHS complicated with CHD will raise the mortality rate (10). Therefore, this paper conducted a questionnaire survey of patients with CHD, measured somatic indexes, and detected polysomnography (PSG), insulin, glucose and lipid metabolism parameters, and serum inflammatory factors, so as to analyze the expression differences in inflammatory factors, and glucose and lipid metabolism in patients with OSAHS complicated with CHD. Insulin resistance (HOMA-IR) was evaluated by obesity rate and a homeostasis model to explore the relationship between OSAHS combined with CHD and inflammatory factors, glucose and lipid metabolism, obesity, and IR of cardiovascular disease.



Objects and Methods


Objects of the Study

A total of 400 patients diagnosed with OSAHS who underwent PSG monitoring in the Sleep Diagnosis and Treatment Center of Beijing Luhe Hospital from March 2015 to September 2018 were selected and divided into the OSAHS group (n = 114) and the OSAHS + CHD group (n = 286) according to disease condition.



Inclusion and Exclusion Criteria

Inclusion criteria were as follows: patients with such clinical symptoms as loud snoring with apnea during nighttime sleep, mouth breathing, frequent urination at night, mouth dryness in the morning, memory deterioration, and daytime sleepiness [Epworth sleepiness scale (ESS) score ≥9 points]; those with an apnea hypopnea index (AHI) ≥ 5 times/h according to PSG; those with upper airway stenosis and obstruction shown in the examination; those diagnosed with OSAHS; and those with an ESS score <9 points but AHI ≥5 times/h. According to the international common visual diameter method, the degree of vascular stenosis = (normal vessel diameter near the heart of the stenosis site − diameter of the stenosis site)/vessel diameter near the heart of the stenosis segment × 100%, and coronary angiography showed that the stenosis degree of the inner diameter of the main branches was more than 50%, which could also be diagnosed as OSAHS complicated with CHD. Exclusion criteria were as follows: patients with upper airway resistance syndrome, simple snoring, or narcolepsy; those with a clear history of diabetes earlier than OSAHS; those with IR caused by other factors, such as pancreatic exocrine disease or endocrine diseases; and those with severe malformations of the mouth, nose, or neck.



Questionnaire Survey and Measurement of Somatology Indexes

The main contents of questionnaire survey are as follows:

	Basic information: gender and age.

	Past medical history: with or without a history of upper respiratory diseases (such as acute and chronic rhinitis, sinusitis, pharyngitis, angina, severe sinusitis, and deviation of nasal septum), cardiovascular/cerebrovascular diseases, hypertension, and diabetes.

	Personal history: with or without a history of smoking and alcoholism.

	Family history: with or without a family history of OSAHS, heart disease, and diabetes.

	ESS score: The daytime sleepiness was scored in all subjects according to the ESS (Table 1).




Table 1 | ESS.



Somatology indexes are as follows:

	Body weight: After fasting, patients wore thin clothes, took off their shoes, and urinated before their body weight (kg) was measured using a weighing scale and recorded.

	Waist circumference: the circumference (cm) of the plane at the midpoint between the inferior margin of rib and the crista iliaca.

	Height: The patients kept their body upright and their heels were placed together, and then the height (cm) was measured and recorded.

	Body mass index (BMI) = weight/height2 (kg/m2).

	Waist-to-height ratio (WHtR) = waist circumference (cm)/height (cm).





PSG Monitoring

In the daytime, the patients did not sleep without eating food containing stimulants and sedatives that affected sleep. The sleep process (more than 7 h overnight) was monitored via PSG from 9:00 p.m. to 8:00 a.m. the next day. The following indexes were recorded and analyzed: cumulative percentage of time spent at oxygen saturation below 90% (CT90%), oxygen desaturation index (ODI), microarousal index (MAI), AHI, lowest oxygen saturation (LSaO2), mean oxygen saturation (MSaO2), longest apnea time (LAT), and total apnea time (TAT).



Detection of Fasting Plasma Glucose and Fasting Insulin

After fasting for more than 8 h overnight, the peripheral venous blood (elbow venous blood samples) was drawn in the morning to detect FPG and FINS through hexokinase assay and chemiluminescence assay. The IR level was evaluated using homeostasis model assessment of IR (HOMA-IR): HOMA-IR = FINS (mIU/ml) × FPG (mmol/L)/22.5.



Detection of Glycolipid Metabolism Parameters

After fasting for more than 8 h overnight, the peripheral venous blood (elbow venous blood samples) was drawn in the morning to routinely detect FPG, total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL).



Detection of Serum Inflammatory Factors

After fasting overnight, 3–4 ml of venous blood was drawn from patients and centrifuged at 3,000 rpm for 15 min. Then, the supernatant was taken using a micropipettor and stored at −80°C. The levels of C-reactive protein (CRP), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interferon-γ (IFN-γ) in both groups were determined repeatedly 3 times via enzyme-linked immunosorbent assay (ELISA) according to the instructions, and the results were averaged.



Statistical Methods

SPSS 20.0 software was used for statistical analysis. The differences in inflammatory factors, glycolipid metabolism, obesity rate, and HOMA-IR were compared between the two groups using t-test. p < 0.05 suggested that the difference was statistically significant.




Results


Clinical Data

Body weight, BMI, waist circumference, and ESS score were all found to be significantly increased in the OSAHS + CHD group compared with those in the OSAHS group, and the differences were statistically significant (p < 0.05), while other indexes had no statistically significant differences between the two groups (p > 0.05) (Table 2).


Table 2 | Clinical data in OSAHS + CHD group and OSAHS group.





PSG Monitoring Results in Both Groups

MAI, AHI, CT90%, ODI, LSaO2, TAT, and MSaO2 had statistically significant differences between the OSAHS + CHD group and the OSAHS group (p < 0.05) (Table 3).


Table 3 | PSG monitoring results in both groups.





HOMA-IR

HOMA-IR was the highest (4.65 ± 0.71) in the OSAHS + CHD group and the lowest (1.24 ± 0.25) in the OSAHS group (p < 0.05) (Figure 1). According to the Spearman correlation analysis of AHI, LSaO2, MSaO2, CT90%, ODI, MAI, and TAT with HOMA-IR in both groups, AHI, CT90%, ODI, MAI, and TAT were positively correlated with HOMA-IR (r > 0), while LSaO2 and MSaO2 were negatively correlated with HOMA-IR (r < 0) (Table 4).




Figure 1 | HOMA-IR. & p < 0.05 vs. the OSAHS group.




Table 4 | Correlation analysis of variables with HOMA-IR.





Glycolipid Metabolism Parameters

There were no obvious differences in the FPG, TC, HDL, and LDL between the OSAHS + CHD group and the OSAHS group (p > 0.05). Compared with the OSAHS group, the OSAHS + CHD group had an obviously increased level of TG, showing a statistically significant difference (p < 0.05) (Table 5).


Table 5 | Glycolipid metabolism parameters.





Serum Inflammatory Factors

Compared with the OSAHS group, the OSAHS + CHD group had obviously increased levels of serum inflammatory factors CRP, TNF-α, IL-6, and IFN-γ, and there were also statistically significant differences (p < 0.05) (Table 6).


Table 6 | Content of serum inflammatory factors in both groups.






Discussion

There are at least over 50 million patients with OSAHS in China, and most of them receive no active and effective treatment. On the one hand, patients regard “snoring” as a normal phenomenon rather than a disease. On the other hand, there is still a lack of effective biological indexes for early detection of OSAHS-related complications currently (11–14). Therefore, raising the patient’s awareness of the disease and its complications, and strengthening the early detection of OSAHS-related complications contribute to the treatment of disease and improvement of the prognosis of patients (15). The pathogenesis of OSAHS is upper airway obstruction (16), and OSAHS patients have neurohumoral abnormality (17). OSAHS can cause lesions in the cardiovascular system, and different types of CHD and OSAHS can also promote each other; thus, there is a complicated pathophysiological relation between OSAHS and CHD (18).

In the present study, body weight, BMI, waist circumference, and ESS score were all significantly increased in the OSAHS + CHD group compared with those in the OSAHS group, and the differences were statistically significant (p < 0.05). MAI, TAT, AHI, CT90%, ODI, LSaO2, and MSaO2 had obvious differences between the OSAHS + CHD group and the OSAHS group (p < 0.05). There were no obvious differences in the FPG, TC, HDL, and LDL between the OSAHS + CHD group and the OSAHS group (p > 0.05). Compared with the OSAHS group, the OSAHS + CHD group had an obviously increased level of TG, and there was a statistically significant difference (p < 0.05). To sum up, OSAHS has a significant correlation with obesity. OSAHS patients have such symptoms as daytime sleepiness, greasy food preference, and fat accumulation, which will aggravate the obesity of patients. The number of obesity patients with OSAHS + CHD is remarkably larger than those with OSAHS. Therefore, increasing the amount of exercise and reducing the intake of excessive high-calorie food can effectively improve the symptoms of OSAHS. In this study, among the glycolipid metabolism parameters, only TG had obvious changes in OSAHS + CHD compared with OSAHS, but no remarkable changes were observed in other parameters. Such a result is consistent with the conclusion made by Qing who used the SAS score and 4 different kinds of questionnaires as the screening tools for OSAHS such that the excessive fat accumulation in the thorax due to obesity leads to a decline in chest wall compliance and an increase in respiratory muscle resistance, which are most apparent in a supine position, and hypoxemia occurs in severe cases, forming a vicious cycle (19).

In this study, HOMA-IR was the highest in the OSAHS + CHD group and the lowest in the OSAHS group (p < 0.05). According to the Spearman correlation analysis of AHI, LSaO2, MSaO2, CT90%, ODI, and MAI with HOMA-IR in both groups, AHI, CT90%, ODI, and MAI were positively correlated with HOMA-IR (r > 0), while LSaO2 and MSaO2 were negatively correlated with HOMA-IR (r < 0). Moreover, compared with the OSAHS group, the OSAHS + CHD group had obviously increased levels of serum inflammatory factors CRP, TNF-α, IL-6, and IFN-γ, displaying statistically significant differences (p < 0.05). Hotamisligil et al. studied and found that IR is closely related to plasma pro-inflammatory factors, and the enhanced IR corresponds to the increased secretion of pro-inflammatory cytokines. Due to the increase in respiratory resistance, the patient experiences hypoxia, and a large number of inflammatory cytokines are expressed, thereby increasing the concentration of inflammatory factors in plasma. Such a result is consistent with the conclusion made by Cai et al. in their study on respiratory resistance in OSAHS patients that there is an inseparable relationship between OSAHS and IR, heart disease, and inflammatory factors, which demonstrates that detection of IR, heart disease, and inflammatory factors in patients may have an important significance for the prevention and treatment of OSAHS (20).

In conclusion, glycolipid metabolism, obesity rate, HOMA-IR, and inflammatory factors are all significantly increased in OSAHS + CHD compared with OSAHS.
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The sinoatrial node (SAN) is composed of highly specialized cells that mandate the spontaneous beating of the heart through self-generation of an action potential (AP). Despite this automaticity, the SAN is under the modulation of the autonomic nervous system (ANS). In diabetes mellitus (DM), heart rate variability (HRV) manifests as a hallmark of diabetic cardiomyopathy. This is paralleled by an impaired regulation of the ANS, and by a pathological remodeling of the pacemaker structure and function. The direct effect of diabetes on the molecular signatures underscoring this pathology remains ill-defined. The recent focus on the electrical currents of the SAN in diabetes revealed a repressed firing rate of the AP and an elongation of its tracing, along with conduction abnormalities and contractile failure. These changes are blamed on the decreased expression of ion transporters and cell-cell communication ports at the SAN (i.e., HCN4, calcium and potassium channels, connexins 40, 45, and 46) which further promotes arrhythmias. Molecular analysis crystallized the RGS4 (regulator of potassium currents), mitochondrial thioredoxin-2 (reactive oxygen species; ROS scavenger), and the calcium-dependent calmodulin kinase II (CaMKII) as metabolic culprits of relaying the pathological remodeling of the SAN cells (SANCs) structure and function. A special attention is given to the oxidation of CaMKII and the generation of ROS that induce cell damage and apoptosis of diabetic SANCs. Consequently, the diabetic SAN contains a reduced number of cells with significant infiltration of fibrotic tissues that further delay the conduction of the AP between the SANCs. Failure of a genuine generation of AP and conduction of their derivative waves to the neighboring atrial myocardium may also occur as a result of the anti-diabetic regiment (both acute and/or chronic treatments). All together, these changes pose a challenge in the field of cardiology and call for further investigations to understand the etiology of the structural/functional remodeling of the SANCs in diabetes. Such an understanding may lead to more adequate therapies that can optimize glycemic control and improve health-related outcomes in patients with diabetes.
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1 The Sinoatrial Node as a Pacemaker of the Heart

Cardiac rhythm is controlled by the activity of a heterogeneous collection of highly specialized cells forming the SAN, located at the wall (epicardium) of the right atrium, laterally to the entrance of the superior vena cava, and in the vicinity to the cristae terminalis (1, 2). Since its discovery about a century ago (1907) by Arthur Keith and Martin Flack, the SAN has attracted the attention of scientists to decipher its characteristics (3).

The length of the SAN ranges from 8-21.5 mm, comprising the head, the central area and the tail (4, 5). Optical mapping techniques identified several spots, within the SAN, that discharge action potentials (APs), ultimately leading to the depolarization of the atrial muscle (6). The unique electrophysiological properties of the SAN cells (SANCs) are conducive to self-excitation yielding spontaneous depolarization, thus pacemaker activity, in the absence of external stimuli (7). This is mandated by the ingress of sodium (funny current) and calcium ions through the sarcolemma (8) which constantly lifts up the unstable resting membrane potential (~ 60 mV) of SANCs towards the threshold (~ -40 mV), before the upstroke of the AP arises (9, 10). Despite this, the self-excitation process per se is insufficient; it still requires a special cellular organization/structure that promotes the exit of the AP throughout well-defined pathways to spread through, and efficiently depolarize the adjacent myocardium (left atrium) (11). These include a remarkable cell-cell communication profile implicating low conductance gap junctions with a particular transmission pattern of the electrical signals, along with an electrical insulator (connective tissue) surrounding the grouped SANCs (12). The connective tissue is needed to avoid the random dissipation of the depolarization wave and to focus its trajectory through specific exit pathways for an effective propagation of the AP through the atrial myocardium (13). The blood supply to the SAN is mainly through the right coronary artery in most cases, to a lesser extent by the circumflex of the left coronary artery, and by both coronary arteries in a very minor portion of the population (14–16). Therefore, the safety of cardiac rhythm highly hinges on a properly functioning SAN that must be constantly supplied by the appropriate amount of oxygen/nutrients.



2 SAN Cells Lineage and Developmental Changes

SANCs are structurally and functionally different from the surrounding cardiomyocytes (17, 18). The SAN comprises a collection of weakly connected cells (pacemaker cells, adipocytes, myocytes, and fibroblasts) out of which those defining the pacemaker activity of the node are divided into three main types of cells; the elongated spindle shaped cells (~80 µm in length), the spindle cells (~ 40µm), and the spider-shaped cells [reviewed in (19)]. A careful inspection of human SAN revealed the presence of mainly three different types of cells: the pale (P) cells organized in clusters with elongated cytoplasmic extensions, the transitional (T) cells that resemble cardiomyocytes but with fewer sarcomeres, and the fibroblast-like cells with long bi-tripolar contacting cells (20). All together, these cells are insulated by fibrous tissues from the rest of the atrial myocardium. This insulation shields the SANCs from atrial hyperpolarization and provides a unidirectional route for the depolarization wave initiated at the SAN center to spread in mainly three directions (outside the superior vena cava, outside the inferior vena cava, and between both venae cava) and therefore to invade the atrial muscle (21). Despite the heterogeneity of these cells, along with the difference in their distribution across the SAN (cristae terminals vs atrial septum), there are unifying active electrical properties at the plasma membrane that support the pacing activity under normal circumstances. At the initial stages of cardiac development, all cardiac cells possess pacemaker activity, however, the majority develop into working myocardium and few cells form the conduction system of the heart (SAN, Atrioventricular node, and His-Purkinje fibers). This is achieved by localized and targeted repression of differentiation of specific genes that drive these cells into cardiac muscle via an interplay between different modulators of the transcription (example: Tbx5, Nkx-5, Tbx-2, Tb-3, and Id2) (22). A primordium SAN is shown as early as Embryonic (E) day 10.5 in mouse hearts (23). At this stage, SANCs are relatively poor in organelles and myofibrils compared to the other cardiomyocytes at E16 and E18 in mice, and they are characterized by a strikingly poor proliferative capacity at embryonic levels (compared with cardiomyocytes) (24). At birth, the pacing of the SAN overrides all other parts of the conduction system (Atrioventricular node and His-Purkinje fibers) and guarantees a heart rate of about 70-90 beats per min in healthy subjects. Heart rate variability (HRV) is tightly linked to changes in the activity of the SAN (intrinsic or extrinsic factors). With age, the decrease in the volume of nodal cells and SAN tissues, along with the development of fibrosis can result in dysfunction of the SAN (25, 26).



3 Regulation of SAN by the Autonomic Nervous System and the Coupled-Clock System

Under physiological conditions, HRV is regulated by two main signaling cascades: the autonomic nervous system (ANS) and the coupled-clock system within the SANCs (27). The involvement of the ANS implicates the brain as a modulator of the SANCs automaticity through a balanced control of G-protein-coupled receptors (GPCRs) from both ANS branches: the sympathetic and the parasympathetic nervous system (SNS and PNS). Stimulation of the sympathetic nervous system (SNS) increases HR while stimulation of the parasympathetic nervous system (PNS) decreases the HR (28, 29). Acetylcholine that is released upon PNS stimulation acts on muscarinic receptors (M2R) in the SAN of the human heart and reduces its rate of firing (29).

The sympathetic activation of the heart (adrenergic), via the release of its neurotransmitter norepinephrine (NE), leads to the activation of the β-adrenergic receptors (β-AR) expressed at the sarcolemma of SANCs, thus causing the activation of the β-AR cyclase. The β-AR pathway involves the activation of adenylyl cyclase (AC), via the stimulatory guanosine triphosphate (GTP) regulatory protein (Gs), which converts adenosine triphosphate (ATP) into adenosine 3′, 5′- monophosphate (cAMP), which in turn stimulates cAMP-dependent protein kinase A (PKA) (30). PKA is a central mediator of β-AR regulation of cardiac function. Subsequently, a multitude of target proteins including the ryanodine receptors (RyR) and the sarco-/endoplasmic reticulum Ca2+ ATPase (SERCA) Ca2+ pumps in the SAN are phosphorylated by PKA to evoke intracellular Ca2+ [(Ca2+)i] oscillations affecting currents through the Na+/Ca2+ exchanger (NCX) (31). This surge of [Ca2+]i ultimately increases the slope of the spontaneous diastolic depolarization (SDD) and consequently the heart rate (HR) (positive chronotropic effect) (32). There is increasing evidence that SAN pacemaker activity is subject to an intrinsic regulation by CaMKII via modulation of L-type Ca2+ currents (ICa,L)inactivation and reactivation (31, 33). Additionally, the hyperpolarization-activated cyclic nucleotide-gated (HCN) channel gene family is a key determinant of mechanisms underlying chronotropic effects of β-AR stimulation (34). HCN4 channels are the most prevalent in SAN. These channels are regulated by PKA and therefore they are involved in the auto-pacing activity of SAN, as well as in the autonomic modulation of the HR (35).

In contrast, the parasympathetic input represses the rhythm of SANCs through the release of acetylcholine (ACh) which reduces the production of cAMP in SANCs. More importantly, ACh activates the potassium channels driving the SANCs into the hyperpolarized state. This leads to a reduced slope of SDD and a decrease in HR (negative chronotropic effect) (36). Nonetheless, exposure of SAN cells to adrenaline or acetylcholine revealed a shift in the pacemaker locus across the SAN tissues, thus implying a different expression pattern of the effectors/signaling cascades (to these neurotransmitters) by SANCs and reinstating their heterogeneity (18).

Although debatable, the “coupled-clock” system is believed to regulate the automaticity of the SANCs (7). It comprises an ensemble of highly dynamic membranes: the surface membrane (Sarcolemma-SL) and the sarcoplasmic reticulum (SR) membrane. The SL and SR membranes express ion channels and transporters defining the membrane clock or “M clock” and “Ca2+ clock”. Both clocks work interdependently but synergistically contribute to SDD, triggering the AP upstroke (37). The degree of the coupling between the “M” and the “Ca2+” clocks delineates the normal pacemaker function (7).

Electrophysiological studies identified electrical currents that form the pacemaker AP in SANCs. The ionic currents defining the “M clock” include the funny current (If) carried by HCN channel (38), T-type (Cav3.1) calcium current (ICa,T) (39), L-type (Cav1.3 and Cav1.2) calcium currents (ICa,L) (40), sodium-calcium exchange current (INCX) (41), and rapid and slow delayed rectifier potassium currents (IK,r and IK,s) (42, 43). Proteins defining the “Ca2+ clock” include RyR2 (44) and SERCA (45).

In general, local diastolic Ca2+ releases (LCRs) from the SR occur rhythmically. This promotes the Na+/Ca2+ exchange (NCX) current (INCX) to generate a local AP which subsequently spreads as a depolarization wave over the SANCs and the neighboring myocardium (46). It is believed that the Ca2+-cAMP-PKA pathway is also involved in regulating the clock coupling (45). In fact, Ca2+ release stimulates both the CaMKII and PKA via Ca2+-calmodulin activated ACs. These kinases phosphorylate the SL “M clock” proteins and the SR Ca2+ cycling proteins, which promotes SR Ca2+ release, thus further promoting the Ca2+ -calmodulin-activated ACs and CaMKII (32). It has been shown that withdrawal of β-AR stimulation uncouples the clocks, thus failing to generate a spontaneous AP in SANCs (45). Recently, Sirenko and colleagues reported that the inhibition of the phosphoprotein phosphatases (PP) increases the firing rate of APs via the coupled-clock mechanism, including respective increases in the SR Ca2+ pumping rate, ICa,L, and INCX (46).



4 SAN Remodeling and Dysfunction in Diabetes

Diabetes mellitus (DM) is a global health problem that affects hundreds of millions of people worldwide (47). The chronic hyperglycemia seen in diabetes is precipitated due to abnormalities in insulin secretion, insulin action, or a combination of both in the form of insulin resistance. The prevalence worldwide ranges from around 5% to more than 15%. In the Middle East, the prevalence is reported to be among the highest in the world, with an average of 11.4% (48). The prevalence of cardiovascular risk factors is high among patients with diabetes and in those with earlier onset of the disease, where higher cardiovascular risks and poorer cardiovascular outcomes and mortality are seen (49). In fact, the leading cause of mortality among patients with diabetes is cardiovascular disease (50). Besides mechanical changes, alteration in the electrical function is another main characteristic of a diabetic heart.

Overall, metabolic abnormalities have been linked to a reduction in sympathetic activity and atypical SAN function (51, 52). This is mainly blamed on nerve growth factor production by adipocytes (53). Such release of growth factors can also account for the higher level of innervation seen in the nodal tissue (53). For example, the adipocyte-derived metabolic hormone leptin has also been suggested to be linked to the SAN function. Leptin receptor-deficient mice are at higher risk of developing arrhythmias due to a reduction in SAN recovery time and relative autonomic denervation (54). The SAN function has also been linked to metabolic changes through the role of free fatty acids (FFA) whereby the If current is upregulated by FFA and sympathetic innervation, which results in increasing intracellular Ca2+ level and Ist current (55, 56). Collectively, these studies demonstrate that diabetes induces metabolism-mediated dysfunction of the SAN.


4.1 Effects of the Impaired Autonomic Nervous System on SAN Function in Diabetic Conditions

One of the most important determinants of cardiac function and performance is the HR, which is modulated by the intrinsic rhythmical firing of the SAN. DM is associated with significant cardiovascular complications and neuropathies (57, 58). The regulation of HR by the ANS has been shown to be impaired in diabetic patients (59, 60). This condition is referred to as cardiovascular autonomic neuropathy (CAN), one of the earliest manifestations of DM (59). Up to 90% of diabetic patients exhibit CAN, which is often accompanied by impairment of the nerves of the heart and possible damage to the PNS mechanisms regulating HR (59, 60). These findings are of crucial clinical significance since DM patients with CAN have increased mortality as compared to patients with DM who do not exhibit CAN (61).

In type 2 DM (T2DM), PNS activity is impaired (59, 62). In addition, in type 1 DM (T1DM), there is an impairment in the mechanisms regulating HR by PNS, and that this impairment is accompanied by a change in the response of the SAN to PNS agonists such as carbachol (CCh) (63, 64). The impaired PNS activity and CAN are demonstrated earlier in T2DM as compared to T1DM (59); however, the mechanisms that are involved in the impaired regulation of HR by PNS in T2DM are not completely understood. It appears that the cardiac autonomic dysfunction that is associated with T2DM is mainly caused by direct damage to the autonomic nerves themselves (59, 65, 66); however, a direct impairment of the SAN function with T2DM cannot be ruled out at this time.

It is important to note that screening diabetic patients for cardiac autonomic neuropathy is highly recommended, especially in those patients with a history of macrovascular or microvascular complications, increased cardiovascular risk, and poor glycemic control (67). While cardiovascular reflex tests are still standard of care, the measurement of HRV is one of the most convenient, pain-free ways to reliably assess the cardiac autonomic neuropathy (68, 69). HRV is defined as the variation between two consecutive heartbeats. A decrease in ANS function has been reported to precede the progression into hypertension (70). Higher HRV indicates higher parasympathetic activity and reflects better adaptations to microenvironmental changes (71), and low HRV is reported as a marker of increased cardiovascular risk (69, 72). Among the general population, increased systolic blood pressure, abdominal diameter, waist–hip ratio, and body mass index (BMI) have been associated with decreased HRV (73, 74). HRV was reported to be improved following weight loss (75). No substantial data is available on the relationship of these parameters in the diabetic state, and the present data on HRV among patients with diabetes is contradictory (76, 77). Nevertheless, it has been reported that HRV is reduced in T1DM youth patients (78).



4.2 Cellular and Molecular Changes Within the Diabetic SAN Tissue

Irrespective of the modality of diabetes (T1DM vs. T2DM), manifestations of the sympathetic and parasympathetic axes certainly precipitate variabilities in cardiac rhythm. Despite this direct modulation of the SAN by the ANS, the cellular, molecular, and structural changes within the SAN tissue in hyperglycemic conditions remain ill-defined.

Spontaneous and rhythmical APs are generated by the SANCs, the primary pacemaker of the heart. Under normal circumstances, these spontaneous APs, and the slow diastolic depolarization between successive APs, contribute to the determination of the intrinsic HR (29). The length of time between successive APs in the myocytes of the SAN is determined by the contributions of ionic currents that can affect the transition from the maximum diastolic potential (MDP) to the threshold and the initiation of the next AP. The ionic currents include the hyperpolarization-activated current or funny current (If), and a rapidly activating delayed rectifier K+ currents (IKr) generated by ether-a-go-go (ERG) channels (7, 28, 79). The PNS reduces HR by activation of inhibitory G proteins associated with M2R and attenuating spontaneous firing of AP in SAN myocytes (58). While the primary pacemaker activity of the SAN is spontaneously generated, the rate of this activity and, therefore the HR, can be modified by factors such as ANS, hormones and neurotransmitters, medications, ions, hypoxia, as well as disease states.

In a recent study, Liu et al. (58) examined the effects of carbachol (CCh) on HR and SAN function in isolated SAN cardiomyocytes of male and female db/db mice, an animal model exhibiting features of T2DM. CCh showed an attenuated effect on slowing the spontaneous AP firing which was associated with a smaller decrease in the slope of diastolic depolarization and a reduced hyperpolarization of the MDP. CCh did not produce significant hyperpolarization in SAN cardiomyocytes isolated from male and female db/db mice (58). The results of this study provided some evidence for cellular and molecular mechanisms that might lead to the attenuated regulation of PNS on HR in T2DM (58). The acetylcholine-activated K+ current (IKACh) becomes desensitized and its amplitude diminishes in the presence of an M2R agonist such as CCh (80–82). This channel, IKACh, which mediates the activation of PNS in the SAN, was found to exhibit increased desensitization and faster deactivation kinetics in the SAN of db/db mice, resulting in an attenuated effect of CCh on HR in these mice. Furthermore, the impaired IKACh in SAN myocytes was attributed to altered G protein signaling 4 (RGS4) and phosphatidylinositol (3,4,5) P3 (PIP3) signaling. The authors concluded that their findings may identify new interventions that might benefit diabetic patients with CAN, and with attenuated ANS signaling to the SAN (58). In support of this contention, earlier studies have also shown that the kinetics of IKACh are regulated by RGS4 and PIP3 signaling in the SAN (83). RGS4 is inhibited by PIP3 which is activated by insulin-mediated phosphoinositide-3 kinase (PI3K) signaling. Therefore, impaired insulin and PI3K signaling in T2DM could result in enhanced RGS4 activity due to a loss of PIP3-mediated inhibition of RGS4 (84–86).

At the molecular level, the CaMKII pathway, known to maintain the pacemaker activity of SAN (33) is altered in diabetes and could lead to SAN anomalies. This is mainly achieved through the oxidation of CaMKII into ox-CaMKII which slows down the pacemaker activity of the SAN and promotes apoptosis of SANCs leading to high mortality in human and in experimentally diabetic animal models (33, 87, 88). In fact, inhibition of CaMKII oxidation (mice lacking active NADPH oxidase), or pharmacological inhibition of CaMKII concedes resistance to apoptosis and fibrosis for injured SAN (87). Furthermore, using antioxidants in streptozotocin (STZ)-treated rats successfully reversed this process (87–89).

In addition to CaMKII sustained activity, hyperglycemia furthers the production of detrimental ROS that damage the cells and induce apoptosis leading to reduced SAN function. High blood glucose levels in diabetes increases diacylglycerol (DAG) content that activates protein kinase C (PKC). This in turn phosphorylates NADPH-oxidase, leading to further production of ROS. Such inflammatory reactions may also be associated with the action of advanced glycation end products (AGEs), which interact with their respective receptors (RAGE) on the cell surfaces, to produce the proinflammatory cytokines. Collectively, these promote inflammation, oxidative stress, and cellular death (90).

In SAN, basal PKC activity is crucial for normal spontaneous SANC activity. In freshly isolated rabbit SANCs, inhibition of PKC suppressed SR Ca2+ cycling and the spontaneous beating of the cells. Normally, SANCs firing is regulated by local subsarcolemmal Ca2+ release from the SR. Such release takes place during the SDD and stimulates NCX leading to an increased rate of SDD and acceleration of spontaneous SANC activity (91).

The pathological remodeling of the SAN in diabetic conditions resembles the one noticed in the elderly, whereby nodal cells are atrophied and are surrounded by infiltrated fibrous tissues (25, 26) (Figure 1). This profoundly alters the electrical conduction between the SANCs. In fact, the diabetes-induced fibrosis in STZ-treated rats detrimentally reduces the conduction properties of SAN tissues, often depicted by a wider P wave on the ECG tracings (92, 93). In contrast, the remodeling of the SAN in obese rats is manifested by hypertrophied SANCs and enlarged SAN tissues (94). Moreover, in diabetic conditions, the adenosine receptor AR1 is upregulated in the heart (95). Functional analysis showed that the upregulation of AR1 promotes SAN dysfunction and nodal conduction abnormalities (96). Thus, the direct effect of diabetes on SAN safety cannot be simply ignored. In addition, the indirect effect of diabetes on SAN tissues exemplified by the hypoperfusion of the SAN by the coronary arteries, due to their pathological remodeling in hyperglycemic conditions, profoundly alters SAN function.




Figure 1 | Schematic diagram of healthy SANCs showing intact gap junctions (GJ) (A) and remodeling of the diabetic SANCs showing decreased GAP junctions, infiltration of fibrous tissues, and apoptosis of SANCs (B). Red arrow represents cell apoptosis; blue arrow represents nuclear blebbing; GJs are characterized by altered expression of connexins. Fibroblasts (FB) are populating in the extracellular matrix.





4.3 Insights on Ion Channels Dysfunction and Cytoskeletal Remodeling in Diabetic SAN

Disruption of cardiac electrical activity has been widely observed in the hearts of both T1DM and T2DM patients (97). For example, prolongation of QRS and QT segments (98), disturbance in automaticity of SAN, atrioventricular block, and left bundle branch block have been commonly reported (99–101). T2DM patients have a high risk of atrial fibrillation (102, 103), ventricular arrhythmia (104), and fibrillation (105).

Similarly, prolonged QRS and QT intervals have also been reported in animal studies on diabetes. In isolated perfused hearts of non-obese Goto-Kakizaki (GK) T2DM rats, spontaneous HR was lower compared to control rats. This observation implies that the changes are, at least in part, due to an intrinsic abnormality in the cardiac electrical conduction system (106). Although earlier studies in animal models have reported a profound decrease in HR and increased mortality in diabetic animals (106), reports on SAN remodeling in diabetes are limited. In STZ-treated diabetic rats, HR was found to be slower compared to controls. Furthermore, SAN conduction and pacemaker cycle length and time were prolonged (107). Recently, in a recent, in leptin-receptor deficient T2DM diabetic mice, disturbance of systolic and diastolic activity of the heart, prolongation of SAN recovery time and relative autonomic denervation were reported (54).

Structural and/or functional channelopathies are thought to play a role in the electrical abnormalities reported in the diabetic heart. At the cellular level, diabetes reduces the velocity of SAN conduction and the slope of SDD and prolongs the duration of cardiac AP which is attributed to the altered expression and electrophysiological properties of various ion channels (97, 108–110) (Figure 2).




Figure 2 | Schematic diagram showing action potential (AP) pattern of SANCs in control (black) and diabetic (red) SAN.




4.3.1 SAN Ion Channels

As mentioned earlier, the pacemaker activity of the SAN is regulated by several ion channels that are thought to contribute to the SDD. Specifically, the pacemaker activity is determined by a net inward current caused by the deactivation of outward current (IK,s) and the activation of inward currents, carried mainly by voltage-gated sodium channels (Nav1.5), hyperpolarization-activated cyclic nucleotide-gated channels (HCN), Cav3.1 channels and Cav1.3 channels (1, 12, 111). Therefore, disruption of one or more of these ion channels would alter the electrophysiological properties of the SAN. Figure 3 shows the main ionic currents involved in the AP of SANCs.




Figure 3 | Schematic diagram of SANC showing main ion channels that play a role in AP generation and along with ryanodine receptor 2 (RyR2), the sarcoplasmic reticulum (SR) calcium pump (SERCA2a) and the Na+/Ca2+ exchanger (NCX1). ↓ represents the currents that play a main role in generation of AP and are inhibited in diabetes. If, funny current; ICa,T, current conducted by T-type voltage-gated Ca2+ channel; ICa,L, current conducted by L-type voltage-gated Ca2+ channel.




4.3.1.1 Voltage Gated Sodium Channel (Nav1.5)

The voltage-gated sodium channel (Nav1.5) is predominantly expressed in the heart and governs the upstroke of the AP in the atrial and ventricular cells (112). However, its expression and distribution in the SAN tissues remain debatable. While studies showed the presence of the Nav1.5 in SAN tissues, others indicated that they are mainly expressed at the periphery but absent from the center of the SAN (113). Moreover, developmental studies showed that this particular isoform of the sodium channel is highly expressed at an early stage during development, and its expression is reduced later on when the heart adopts a slower rate of contraction (114). From the functional point of view, while studies showed an implication of Nav1.5 in the conduction of SANCs (115), others indicated that Nav1.5 rescues the pacing activity of SANs in hyperpolarization conditions (114).

In heterozygous knockout mice Nav1.5+/−, delayed conduction and arrhythmia were reported (116). In alloxan-induced diabetic rabbits, the protein level of Nav1.5 and the density of INa in the ventricle were significantly reduced (117). In agreement with this finding, Zhang et al. found that Nav1.5 was significantly decreased in the left atrium and right ventricle by 33% and 37%, respectively (118). However, Ferdous, et al. (2016) showed an upregulation of the gene encoding Nav1.5 in the SAN of STZ diabetic heart compared to normal (107). Such change in the expression of Nav1.5 could be an important determinant for arrhythmogenesis observed in diabetes. Furthermore, increased production of ROS in diabetic hearts, which is known to modify the properties of Na+ channels, could also contribute to the impaired SAN function in diabetes (119, 120).



4.3.1.2 Hyperpolarization-Activated Cyclic Nucleotide-Gated Channel

HCN channel conducts the hyperpolarization current (funny current; If). The channel activity is responsible for the spontaneous diastolic membrane depolarization of the SANCs and therefore the generation of spontaneous SAN AP. The channel is a tetramer that is composed of four HCN subunits that are made of six transmembrane segments. Although four HCN gene family members (HCN1, HCN2, HCN3 and HCN4) have been found in the heart, HCN4 is the prominent HCN in human SAN (121).

The HCN channel is modulated by cAMP (122). Specifically, the activity of the channel rises with the increase in intracellular concentrations of cAMP, which binds to the C-terminus of the channel (123). While cAMP activates the channel, muscarinic agonists inhibit the inward current at diastolic potentials by shifting the activation curve to more negative values (124). It is believed that regulation of HCN4 by cAMP in the heart is essential for HR modulation by the ANS. While cAMP-dependent increase in HCN4 activity is needed for the acceleration of the HR under ANS stimulation, a drop in the levels of cAMP following vagal stimulation lessens HCN4 activity and decreases HR (28, 123).

Studies in animal models have reported that SANCs from knockout mice lacking HCN4 have a parallel decrease of 75% in If (125). In STZ T1DM, altered mRNA expression of HCN4 channels was reported (107). In support of this finding, a recent study conducted by Zhang et al. (2019) has shown a significant disturbance in the ECG characteristics of STZ-treated diabetic rats. This change was marked by prolongation of the PR interval, RR interval, QT interval and QRS complex. In addition, the beating rate of SAN was slower compared to control. Electrophysiological experiments showed that blocking of HCN4 channels with CsCl resulted in reduction of the beating rate of rat SAN preparations, indicating that HCN4 channels play a vital role in sustaining the spontaneous pacemaker activity. Along with the downregulation of HCN4 in the SAN, If was significantly reduced which could explain the observed reduction in SAN function (118).

Similarly, altered expression of HCN4 was reported in T2DM animals. In vivo experiments conducted in GK diabetic rats have shown that a decrease in the HR of young animals was coupled to downregulation of the expression of HCN4 gene (126). It is important to note that downregulation of HCN4 and If might be partly responsible for bradyarrhythmia observed in diabetic patients (127).

Although elevated ROS is a consistent finding in cardiovascular complications of diabetes, data on defined molecular targets and pathways that connect increased oxidation with SAN function are very limited. In sick sinus syndrome, mitochondrial oxidative stress was found to induce HCN4 downregulation (128). A recent study found that this effect involves the inhibition of mitochondrial thioredoxin-2, an important ROS scavenger that regulates the mitochondrial apoptosis signaling pathway. Indeed, the deletion of thioredoxin-2 in the whole mouse heart caused dilated cardiomyopathy, atrioventricular block and sinus bradycardia. The mice also displayed reduced expression of HCN4 in SANCs and typical electrophysiological signs of sick sinus syndrome (129).



4.3.1.3 T-Type Voltage-Gated Ca2+ Channel (Cav3.1)

The T-type voltage-gated Ca2+ channel plays a key role in cell excitation and Ca2+ handling in the heart. Three types of T-type Ca2+ channels were cloned; Cav3.1 (α1G), Cav3.2 (α1H) and Cav3.3 (α1I) (130). The Cav3.1 is highly expressed in the SAN and atrioventricular node, while it is poorly expressed in the myocardium. Cav3.1 contributes to the total Ca2+ current in the SAN. It was found to play a vital role in pace-making and impulse conduction in both mice and humans (131). The current generated by Cav3.1(ICa,T) is marked by delayed activation at voltages expanding over the diastolic depolarization phase, and rapid inactivation (132). It was reported that mice deficient in Cav3.1 had slower SAN recovery time, decelerated pacemaker activity of SAN and HR, and delayed atrioventricular conduction. These findings show that Cav3.1 is a major contributor to the generation of cardiac rhythmicity (132). An earlier study demonstrated that ICa,T of mouse SAN is activated by isoproterenol in a PKA-dependent manner; however, the physiological role of adrenergic control of ICa,Tis not well-understood (130).

Studies on the expression of Cav3.1 in diabetic animals reported conflicting results. Ferdous et al. (2016) have shown that in the SAN of STZ diabetic rats, mRNA expression of Cav3.1 is upregulated (107). In agreement with this finding, earlier studies have reported upregulation of Cav3.1 in the ventricle from the GK and the Zucker diabetic fatty rat (133, 134). It is expected that the upregulation of Cav3.1 upsurges T-type Ca2+ current and, consequently the slope of the pacemaker potential and HR in STZ rats. In contrast and in a more recent study, it has been shown that the expression of Cav3.1 gene is downregulated by three folds in GK rats. As a result, reductions in pacemaker activity and the slope of diastolic depolarization are expected (126, 132).



4.3.1.4 L-Type Voltage-Gated Ca2+ Channel (Cav1.3)

Two types of L-type voltage-gated Ca2+ channels, namely Cav1.2 and Cav1.3 are expressed in the heart; however, Cav1.3 is predominantly expressed in the SAN and atrioventricular node. In SAN, Cav1.3 not only contributes to the pacemaker activity but also to the initiation of diastolic depolarization and regulation of Ca2+ release from SR during SAN pacemaker activity (135, 136). Evidence shows that downregulation of the Cav1.3 gene in mice causes a reduction in pacemaker activity and causes spontaneous arrhythmia in SANCs (135).

Experiments in isolated perfused hearts of STZ diabetic animals have shown that decreased HR and prolonged SAN AP were associated with a significant decrease (32%) in the expression of Cav1.3 gene in diabetic SAN compared to control SAN (118). Previous studies have shown that deletion of the channel (Cav1.3–/–) caused the prolongation of the PR interval and the complete block of the atrioventricular conduction (137). As a result, downregulation of Cav1.3 could be a source of bradyarrhythmia and heart block in patients with T1DM. In GK diabetic rats, SAN Cav1.3 was also downregulated (126). This reduction in ICa,T observed in diabetes may be attributed to the change in the activation/inactivation kinetics of the channels, the expression of the channel proteins, or the change in the single-channel conductance. Although several studies have investigated the effect of diabetes on such electrophysiological properties in ventricular myocytes, the data on SAN Cav1.3 is scarce (138).

An earlier study examined the effect of CaMKII on SAN spontaneous excitation and modulation of ICa,L in freshly isolated rabbit single SANCs. It was found that inhibition of CaMKII can completely arrest SANCs largely as a result of depressed ICa, L amplitude, reduced window current, and slowed recovery of L-type Ca2+ channels from inactivation. This finding shows a key role of CaMKII in regulating cardiac pacemaker activity (33).




4.3.2 SAN Cytoskeletal Proteins

Cytoskeleton proteins support cell shape, elasticity, and contractility. For example, collagen I is an extracellular protein that provides a structural framework to the cardiac myocytes, stiffness to the myocardial wall, and assists in force transmission (139). Therefore, changes in the level of expression of this protein affects the conduction properties in the heart, thus promoting arrhythmogenesis. In fact, several studies have shown that collagen I is overexpressed in diabetic rat hearts, which would contribute to the decreased ventricular compliance (140). A recent study in STZ diabetic rats has shown an increase in the level of collagen I expression throughout the conduction system in the heart including the SAN (118).

Caveolin-3 is a structural and regulatory protein that modulates the function of ion channels, including those involved in pace-making (141). Mutations in the gene encoding caveolin-3 have been linked to several cardiac diseases such as long QT syndrome, myocardial hypertrophy, and diabetic cardiomyopathy (142, 143). SAN cells are rich in caveolin-3 protein (144). Studies have shown that caveolin-3 co-localizes with HCN4 channel and affects its function (145). The expression of caveolin-3 mutant modifies the gating properties of HCN4 channels by causing a rightward shift in the activation curve (146). Furthermore, when caveolae are disturbed in the SAN, β2-adrenergic receptor regulation of HCN4 channel was found to be lost (145). In spontaneously beating neonatal cardiac cells, the T78M mutation of the caveolin-3 gene significantly enhanced peak-to-peak AP variability linked to rightward shift of activation potential of HCN4 channels (147). In support of the vital role of Caveolin-3 in SAN function, Lang et al. (2016) found that in caveolin-3 knockout mice, heart rate fluctuation with altering periods of bradycardia-tachycardia rhythm was observed. Such change was linked to the disturbance of SAN function (144). In chronic STZ-induced diabetic rats, lower expression of caveolin-3 was detected (148, 149).

PKC-β2 is known to be overexpressed in the diabetic heart and contributes to cardiomyocyte hypertrophy in diabetes. Interestingly, impairment in caveolin-3 expression was found to be one of the underlying mechanisms for cardiac dysfunction that is linked to hyperglycemia-induced PKC-β2 activation (150). Therefore, it is expected that changes in the expression of caveolin-3 in any region in the heart may contribute to the pathogenesis of diabetic cardiomyopathy. However, data on the altered expression of caveolin-3 in the SAN of diabetic rats is scarce. In addition, α-actinin is another structural protein involved in maintaining cell shape and contractility. A significant decrease in the expression of α-actinin was observed throughout the heart regions but not in the diabetic SAN (118).

A hallmark of cell-to-cell coupling is the gap junction at the intercalated discs, forming macrochannels for effective transmission and propagation of the AP between cardiac cells. The expression and distribution of the different variants of connexins-Cx (the proteins forming gap junctions) is specific to each different area of the SAN (151). While Cx40, Cx45, and Cx46 are abundantly distributed in the central area of the SAN, Cx43 is almost non-existent in this tissue (12). The heterogeneity of the expression of these Gap junction proteins explains the distinctiveness of conduction through the SAN. Of interest, one of the striking remodeling features in diabetic cardiomyopathy is the persistently reduced transmission of the AP through gap junctions. In fact, the function of Cx43, which is predominantly expressed in the working myocardium, depends on tyrosine phosphorylation. Both the expression/distribution and phosphorylation of Cx43 are altered in diabetic hearts, leading to reduced impulse propagation which increases the risk for the development of fibrillation (152, 153). In SAN from diabetic animal models, the expression of Cx40, Cx43, and Cx45 is still controversial. Howarth et al. (2007) showed a moderate increase of these connexins in the SAN of the STZ-treated rats (154). However, Ferdous et al. (2016) reported an increase in the mRNA of Cx45 in the SAN of STZ-treated rats, without a significant change in the expression pattern of the Cx40 and Cx43 (107). The literature falls short on the implication of Cx40 and Cx45 in the electrical remodeling of the diabetic SAN, the slow conductance of the AP, and consequently cardiac rhythm. This warrants extensive investigation to fill this gap in the literature and to help stabilize cardiac rhythm in diabetic conditions.




4.4 Electrophysiological Effects of Anti-Diabetic Drugs on SAN Currents

While few studies indicate that anti-diabetic drugs significantly protect the cardiovascular system, other controversial reports conclude that anti-diabetic medicine is far from reversing the cardiac complications manifested in diabetic settings (155). For example, Metformin, a medicine used to treat T2DM, stimulates the 5′ adenosine monophosphate-activated protein kinase (AMPK) signaling pathway, which consequently stimulates the ATP-sensitive potassium channels (KATP) involved in the control of HR (156). In the same vein, the activation of AMPK contributes to the maintenance of the ICa,L, the ICa,L- triggered Ca2+ transients amplitude, the Ca2+ content, and promotes cell contraction (157).

Rosiglitazone, the thiazolidinedione class of anti-diabetic drugs, acts to inhibit KATP channels in the pancreatic β-cells (158). Inhibition of these channels by high levels of ATP causes membrane depolarization, Ca2+ influx through voltage-gated Ca2+ channels and Ca2+ -dependent secretion of insulin; thus inhibition of pancreatic KATP channels prevents insulin secretion (159). Conversely, the blockade of the cardiac isoform of the KATP channel (KIR6.2/SUR2A) severely compromises the cardiac ability to cope with ischemic assaults (158, 160–162), implying that the KATP of SANCs would be tremendously altered in diabetic patients on Rosiglitazone treatment. However, existing studies do not provide confirmatory information on the role of anti-diabetic drugs on the AP of SANCs. This field warrants further investigations.

While insulin remains an ultimate treatment for a large group of diabetic patients, its effect on the electrophysiological properties of cardiac cells remains inexplicit. However, few studies highlighted an implication of insulin in the electrical activity of cardiac myocytes. For example, in myocytes isolated from T1DM diabetic hearts, the main affected repolarizing current is the Ito (138). In an earlier report (1999), Shimoni and colleagues have shown that insulin treatment of isolated ventricular myocytes from STZ diabetic rats reverses the depression of ventricular K+ currents (163). Moreover, insulin mediates its effect through insulin receptors and the cAMP-dependent PKA to stimulate ICa,L in isolated rat ventricular myocytes in a dose-dependent and reversible manner (164). Interestingly, insulin may also play a role in both the “M” and “Ca2+” clock systems by stimulating Ca2+-ATPase activity at the SR and the SL, and by increasing the Na+/Ca2+ exchange activity (164).

It is noticed that in insulin-resistant cardiac tissues, the normal rise in a calcium-independent sustained K+ current is either reduced or eradicated (165). The addition of insulin to myocytes isolated from insulin-resistant rats, treated with metformin (an insulin-sensitizing drug), produced a very significant enhancement of sustained K+ current (165). Thus, Metformin modulates the insulin resistance effect observed for cardiac K+ current which implies that these changes may also occur at the SAN level. In addition, both acute and chronic insulin treatment improved sodium currents in the atrial muscle of T1DM Atika mice by promoting the electrical properties of the Nav1.5 channel and by increasing its expression. This stabilization effect of insulin on atrial fibrillation could probably be stretched on SAN tissues since they express the Nav1.5 channel, and since arrhythmic SANCs are a hallmark of diabetes in animal models (54, 166).




5 Conclusion and Future Perspectives

Despite its primordial role in generating the AP waves that drive cardiac contractions, the dynamics of the SAN in diabetic settings remain ill-defined. It is clear that hyperglycemia modulates the expression/function of the ion channels underlying the electrical properties of the SANCs. This is manifested by repression of the currents involved in the upstroke of the AP and the conduction of SAN tissues. Chronic anti-diabetes treatments (metformin, insulin, rosiglitazone) adversely affect the SAN and, consequently, cardiac function. This is in addition to the structural/functional changes that underscore diabetic cardiomyopathy (working myocardium and other parts of the conduction system, i.e., the atrioventricular node and Purkinje fibers). Although various animal models are now established to study diabetes, the literature falls short on the synergy of the SAN during this metabolic syndrome. This includes a gap in the knowledge on the structural remodeling of SAN in diabetes as well as the metabolic changes induced by diabetes in the SANC. This calls for more investigations focused on the molecular signature of diabetes-induced SAN dysfunction to build an informative platform that links the clinical aspect of SAN failure with diabetes, and to provide a safer therapeutic approach for this metabolic disorder of the cardiac pacemaker. The advent of live imaging and optical mapping provides unique tools to study the metabolic and electrical changes in human diabetic SANCs. An alternative and more attractive approach would be a targeted therapy (pharmacological or genetic) of the SAN in diabetic subjects to warrant normal pacemaker activity and typical cardiac function. The different modalities of diabetic SAN injuries showcased herein must be carefully considered in the field of biological SAN engineering to develop a diabetes-resistant SAN for patients with diabetes.
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Diabetic cardiomyopathy (DCM) is a pathophysiological condition induced by diabetes mellitus that often causes heart failure (HF). However, their mechanistic relationships remain unclear. This study aimed to identify immune gene signatures and molecular mechanisms of DCM. Microarray data from the Gene Expression Omnibus (GEO) database from patients with DCM were subjected to weighted gene co-expression network analysis (WGCNA) identify co-expression modules. Core expression modules were intersected with the immune gene database. We analyzed and mapped protein-protein interaction (PPI) networks using the STRING database and MCODE and filtering out 17 hub genes using cytoHubba software. Finally, potential transcriptional regulatory factors and therapeutic drugs were identified and molecular docking between gene targets and small molecules was performed. We identified five potential immune biomarkers: proteosome subunit beta type-8 (PSMB8), nuclear factor kappa B1 (NFKB1), albumin (ALB), endothelin 1 (EDN1), and estrogen receptor 1 (ESR1). Their expression levels in animal models were consistent with the changes observed in the datasets. EDN1 showed significant differences in expression in both the dataset and the validation model by real-time quantitative PCR (qPCR) and Western blotting(WB). Subsequently, we confirmed that the potential transcription factors upstream of EDN1 were PRDM5 and KLF4, as its expression was positively correlated with the expression of the two transcription factors. To repurpose known therapeutic drugs, a connectivity map (CMap) database was retrieved, and nine candidate compounds were identified. Finally, molecular docking simulations of the proteins encoded by the five genes with small-molecule drugs were performed. Our data suggest that EDN1 may play a key role in the development of DCM and is a potential DCM biomarker.
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Introduction

Diabetic cardiomyopathy (DCM) is defined as myocardial dysfunction that develops from complex pathophysiological mechanisms of diabetes in the absence of coronary artery disease (CAD) or hypertension (1). Currently, epidemiological studies have indicated a high incidence (19–26%) of heart failure (HF) in patients with diabetes mellitus (2), creating a heavy financial burden on both government and citizens (3).

However, due to the lack of early symptoms and signs, DCM was often ignored (4). Even in asymptomatic patients with well-controlled diabetes, up to 50% have been found to exhibit some degree of cardiac dysfunction (5). The current treatments for DCM have been traditional cardiac and anti-glycemic drugs, with no targeted therapies (6). Considering that there are no established diagnostic criteria and targeted therapeutics for DCM, the development of diagnostic biomarkers and the identification of therapeutic targets based on its molecular mechanism are of great clinical significance.

Multiple factors contribute to the pathophysiology of DCM, including systemic metabolic disorders, inappropriate activation of the renin-angiotensin-aldosterone system (RAAS), subcellular abnormalities, oxidative stress, inflammation, and dysfunctional immunomodulation (7). With immunological mechanisms contributing to the pathogenesis of HF, immunology has become a significant research topic. The Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial has shown that inflammation is one of the main drivers of atherosclerosis (8). Further exploration of immunology was expected to expand our understanding of the fundamental mechanisms of DCM.

Numerous groups have performed comprehensive, microarray-based, genome-wide analyses. The use of bioinformatics methods and tools to identify disease signatures and drug targets is rapidly maturing. Despite these analyses, addressing DCM by immune-informatics approaches remains largely unexplored. In this study, we integrated bioinformatic analysis to identify immune molecular biomarkers and potential drugs for diabetic cardiomyopathy, further testing them using molecular docking and animal model validation.



Materials and methods


Dataset and differentially expressed genes (DEGs)

Raw microarray data from the dataset GSE4745, based on the platform GPL85, were downloaded from the GEO database. These data were converted to gene names and normalized, followed by removal of bias and variability from the dataset using the combat function in the surrogate variable analysis (sva) package. The analysis of digital gene expression using the R (edgeR) package was used to screen for DEGs between diabetic patients and healthy controls. The selection criteria were |log2 FC| > 1 and false discovery rate (FDR) < 0.05.



Immune infiltration analysis

The degrees of infiltration by 22 immune cell types were quantified by transcriptomic data using the CIBERSORT deconvolution algorithm. The cell types investigated included plasma cells, resting memory CD4+ T cells, CD8+ T cells, naïve CD4+ T cells, T follicular helper cells, regulatory T cells (Tregs), activated memory CD4+ T cells, gamma delta T cells, naïve B cells, memory B cells, monocytes, M0 macrophages, M1 macrophages, M2 macrophages, resting natural killer (NK) cells, activated NK cells, activated mast cells, eosinophils, neutrophils, resting dendritic cells, activated dendritic cells, and resting mast cells. The CIBERSORT data were visualized using R software.



WGCNA and ImmPort database of immune-related genes

WGCNA is an algorithm that finds co-expressed gene modules of high biological significance and explores the relationship between gene networks and diseases. We obtained approximately 5000 genes for further analysis based on P values < 0.05 and logFC > 0.05. The main processes were: (i) the hierarchical clustering (hclust) function was used for hclustanalysis; (ii) the Topological Overlap Matrix (TOM) was constructed using the pickSoftThreshold function to determine the optimal soft threshold; (iii) the expression profile of each module was summarized by module signature genes (ME); (iv) the relationship between ME and DCM was calculated using Pearson correlation analysis; (v) Gene Ontology (GO) annotation and KEGG pathway enrichment analysis were performed for these functional modules and (vi) genes from the immune database intersected with genes from the module.



Establishment of PPI network topology algorithm and hub node detection

PPIs are a target of cell biology research and a prerequisite for systems biology studies (9). Proteins were placed in PPI networks through interactions with another protein, suggesting its possible function(s). We constructed PPI networks from DEGs using the STRING (https://string-db.org/) repository to describe functional and physical interactions in DCM (10). Hub nodes were generally defined by highly interconnected nodes in large and complex PPI networks. Hub nodes were determined by a degree topology algorithm using cytoHubba (http://apps.cytoscape.org/apps/cytohubba), a Cytoscape plug-in for Cytoscape software (11). PPI network was then analyzed using the MCODE plug-in with default parameters degree cutoff ≥2, node score cutoff ≥2, K-core ≥2 and max depth =100); finally, cytoHubba was used to identify hub genes.



Gene set enrichment analysis (GSEA) and potential transcription factors (TFs)

Gene sets with enrichment scores with a normalized P < 0.05, and an FDR of < 0.25, were considered significantly enriched. The University of California Santa Cruz (UCSC) sequence database was used to identify promoter sequences of target genes, followed by a search for potential TFs in the JASPAR database, a first screening step based on the direction and correlation level of transcription, and a second step using expression in the GEPIA database and clarification of its binding structural domain.



Potential therapeutic chemicals and their molecular docking to proteins

Genes of interest were imported into the clue.io platform to identify potentially useful small molecules (Supplementary Figure 1). There were three steps for molecular docking. First, the drug candidates were imported into the PubChem database to obtain their three-dimensional structures and minimize their energy using viaChem 3D. Second, target genes were imported into the Universal Protein Resource (UniProt) and Protein Databank (PDB) databases to obtain the highest-resolution receptor structures and perform dehydration, hydrogenation, and charge setting operations (using viaAutoDockTools and PyMOL software). Third, molecular linkage was performed using AutoDock Vina-1.5.7 software. Molecular docking simulations were used to gain insight into how these drugs bind to their targets. The binding energy between the ligand and receptor was calculated to predict affinities. A binding energy of less than 0 indicates higher affinity of binding between two molecules freely, corresponding to a smaller binding energy and a more stable binding conformation.



Establishment of a murine DCM model

Male C57BL/6 mice (4 weeks old, weight 18–20 g) (n = 24) were purchased from the Model Animal Research Center of Nanjing University. All mice were kept in specific-pathogen-free environment (temperature 25 ± 2°C, humidity 50 ± 5%) with a 12-h light–dark cycle. Normal control mice were fed standard rodent diet and DCM model mice were fed a high-fat diet (HFD; 60% calories as fat). After four weeks of feeding, control mice were intraperitoneally injected with citrate-phosphate buffer (pH 4.2, 0.1 mmol/L). Mice in the HFD group received an intraperitoneal injection of 30 mg/kg streptozotocin (STZ; Lot No. S0130) dissolved in the same citrate-phosphate buffer for seven consecutive days. One week after the completion of STZ injections, blood glucose levels were measured. Echocardiography was performed at the end of 16 weeks. The research protocol was approved by the Animal Ethics Committee of Nanjing Medical University (license number IACUC-1903016).



Echocardiography and statistical analysis

Mice were anesthetized with 1.5–2% isoflurane and transthoracic echocardiography was performed using a Vevo 2100 instrument (VisualSonics Inc., Toronto, Ontario, Canada). The following parameters were measured from M-mode images: left ventricular ejection fraction (EF%), left ventricular fractional shortening (FS%), early phase (E-wave), late phase (A-wave), and E/A ratio. Continuous variables in these data are expressed as means ± standard deviations, and categorical variables are expressed as frequencies with percentages. Comparisons between diabetic cardiomyopathy and non-diabetic cardiomyopathy groups were made using Welch’s t-test, Student’s t-test, or the Mann-Whitney U test, depending on whether the data met normality and chi-squaredness. All statistical analyses were conducted using R software (version 4.0.3). Two-sided P values < 0.05 were considered statistically significant.



Reverse transcription, quantitative real-time polymerase chain reaction (qRT-PCR), and western blotting (WB)

Myocardial tissues were treated with TRIzol reagent for total RNA extraction. The RNA was reverse-transcribed into complementary DNA (cDNA) after measuring the corresponding concentration. Finally, qRT-PCR was performed to verify expression levels. The procedure for PCR is shown below: in brief, samples were incubated at 95°C for 5 min, followed by 40 cycles at 95°C for 10 s, and finally at 60°C for 20 s. 18S levels were used to normalize mRNA expression levels. The primer sequences were as follows: 5’-CTGCCGTCTGAGTGTATCGC-3′ and 5′-GCTGGGGCTGAGGAAAGTG-3 for 18S, 5’-ATGGCGTTACTGGATCTGTGC-3’ and 5’-GCGGAGAAACTGTAGTGTCCC-3’ for Psmb8; 5’-GGGGCCTGCAAAGGTTATC-3’ and 5’-TGCTGTTACGGTGCATACCC-3’ for Nfkb1; 5’-CAAGAGTGAGATCGCCCATCG-3 and 5’-TTACTTCCTGCACTAATTTGGCA-3’ for Alb; 5’-GAGCGCGTCGTACCGTATG-3 and 5’-ACTGACATCTAACTGCCTGGT-3’ for Edn1; 5’-CCCGCCTTCTACAGGTCTAAT-3’ and 5’-CTTTCTCGTTACTGCTGGACAG-3’ for Esr1.

WB was performed as follows: (i) Cells were lysed at 4°C using RIPA buffer (P0013C, Beyotime, Shanghai, China) and the cell lysates were collected. (ii) Protein concentration was measured using a BCA protein assay kit and equal amounts of proteins were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Millipore, Billerica, MA, USA) and transferred onto polyvinylidene difluoride (PVDF) membranes. (iii) The membranes were blocked with 5% skim milk for 2 h at room temperature. The membranes were cut according to the molecular weight of the target protein based on the pre-stained protein ladder. Subsequently, membranes were incubated overnight at 4°C with primary antibody (Edn1,1:1000; Psmb8,1:1000; Alb,1:1000; Nfkb1,1:1000; Esr1,1:1000; Gapdh, 1:1000). (iv) The membrane strips were incubated with the secondary antibody for 2 h at room temperature. The intensity of the protein bands was observed using Labworks software (Bio-Rad, USA) and analyzed using ImageJ software.




Results


Research design

The flowchart is shown in Figure 1. In summary, hub DCM genes were identified from microarray data from the GEO database. DCM was associated with the infiltration of multiple immune cell types using the CIBERSORT test. Subsequently, WGCNA was performed to screen the core modules and identify intersections with the genes in the immune gene database. Potential drug molecules for core targets were searched as well as TFs regulating the transcription of the genes encoding them; the possibility of molecular structure docking and expression consistency was verified. Finally, qPCR was performed to verify the relationships between expression levels of the core DCM targets and clinical phenotypes in animal models.




Figure 1 | Study workflow. DCM, Diabetic cardiomyopathy; GEO, Gene Expression Omnibus; GO, Gene Ontology; PPI, protein-protein interaction; cMAP, Connectivity Map; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis; TF, transcription factors; DEGs, differentially expressed genes; WGCNA, Weight gene  co-expression network analysis; GEPIA, Gene Expression Profiling Interactive Analysis; QPCR, quantitative real-time PCR; WB, Western blotting.





DCM-related immune genes

The pickSoftThreshold parameter was calculated to set six as the optimal soft threshold. A dynamic cut tree with a merge cut height of 0.25 was used for module identification and module merging. The minimum number of genes in each network module was set to 30, producing 19 modules. The black module had the strongest correlation (correlation coefficient: 0.69, P < 0.0001) with DCM and was identified as the core module (Figure 2). There were significant differences in proportions of immune cells between groups and samples, with naïve B cells, plasma cells, resting NK cells, activated NK cells, and eosinophils with the most pronounced extents of DCM infiltration. The black module contained 248 genes, and the immune gene database contained 1793 genes, 22 of which were contained in both the immune database and the module (Figure 3).




Figure 2 | Gene co-expression modules. (A) Analysis of network topology for soft-thresholding powers. (B) Hierarchical cluster dendrogram of DCM-related genes based on one dissimilarity measure. (C) Module-phenotype associations.






Figure 3 | Immune infiltration analysis and intersection dataset. (A) Boxplot diagram of proportions of 22 types of immune cells. (B) Venn diagram of intersection of black modules and immune genes. * means p value <0.05; ** means p value <0.01; *** means p value <0.001.





A PPI network for module analysis and selection of hub genes

To investigate the interactions of DEGs associated with DCM occurrence and to obtain central genes, all DEGs were analyzed using STRING. Those with composite scores >0.7 suggested close associations between genes and were imported into Cytoscape for further analysis. In this network, there were 168 nodes and 527 edges; using MCODE, eight key modules were identified from the entire network (Supplementary Figure 2). The identified immune-related genes were further screened using cytoHubba, which produced five hub genes: PSMB8, NFKB1, ALB, EDN1, and ESR1. Figure 4 showed the density map of the dataset GSE4745. The density plots had a smooth distribution of points along the numerical axis. The peaks of the density plots are located at locations with the highest concentrations of points. Furthermore, we show the variation of target genes in the dataset across different groups.




Figure 4 | Density plots of the dataset GSE4745, showing a smooth distribution of the points along the numeric axis. The peaks of the density plot are at the locations with the highest concentration of points. (A) density plot of sample dataset. (B–F) Density plots of hub genes.





GO and KEGG enrichment analysis of modules and gene sets

The primary enrichments corresponding to the black module included small-molecule catabolic process, fatty acid metabolic process, ribonucleotide metabolic process, NADH metabolic process, response to hypoxia, and response to nutrient levels. Primary enrichments in the cell component (CC) included mitochondrial matrix, apical plasma membrane, cytosolic ribosome, and oxidoreductase complex. The primary enrichment in molecule function (MF) was thioester hydrolase activity. Primary enrichments in the KEGG pathway were valine, leucine, and isoleucine degradation; carbon metabolism; glutathione metabolism; and the PPAR signaling pathway (Supplementary Figure 3). GSEA showed that compared to control samples (screening based on |NES|>0.7,P < 0.05, and q < 0.25), the identified CC terms were complex with collagen trimers. The identified MF terms were thioester hydrolase activity, intracellular ligand-gated ion channel activity, and extracellular matrix structural constituents, conferring tensile strength. The identified reaction terms included mitochondrial fatty acid beta-oxidation, insulin processing, interferon alpha/beta signaling, collagen chain trimerization, and branched-chain amino acid catabolism. The identified pathways were linoleic acid metabolism, fatty acid elongation, unsaturated fatty acid biosynthesis, and chemical carcinogenesis (DNA adducts) (Figure 5).




Figure 5 | DCM-related gene set enrichment analysis. (A) Cell component. (B) Molecular function. (C) KEGG pathway. (D) Reactome.





Murine model of DCM

A total of 24 mice were included, 12 experimental and 12 controls. There was a statistically significant difference in E/A ratios between groups (1.20 ± 0.14 vs 1.42 ± 0.22; P = 0.006), indicating significant diastolic dysfunction. Moreover, EF (65.3 ± 4.4 vs 72.3 ± 5.4; P = 0.002) and FS (35.1 ± 3.0 vs 40.8 ± 4.5; P = 0.001) values for the experimental group were significantly smaller than those of the controls, indicative of systolic dysfunction. All echocardiography parameters measured are listed in Table 1.


Table 1 | Ultrasound in mice.





qPCR validation of hub genes and TFs

Relative expression levels of the hub genes are shown in Figure 6. The difference in gene expression between the DCM and CON groups was consistent with the PCR results. No statistically significant differences were found in the expression of four genes (Psmb8, Alb, Nfkb1, and Esr1). Only the expression of Edn1 in the DCM group was significantly higher than that in controls (P = 0.02). The model was also built to test its predictive ability for DCM, with an area under the curve (AUC) of 0.859 for the test set and 0.861 for the validation set, showing good sensitivity and specificity. The three most likely upstream TFs (PRDM5, GATA4, and KLF4) corresponding to EDN1 were predicted by JASPAR and imported into GEPIA for validation of gene and TFr expression correlation. Among them, PRDM5 and KLF4 expression was strongly correlated with EDN1 expression, with correlation coefficients of 0.55 (P < 0.0001) and 0.51 (P < 0.0001), respectively. The TF core binding thresholds are shown in Figure 7.




Figure 6 | Gene expression and validation. (A) Dataset gene expression; (B) Murine DCM gene expression; (C) ROC for gene expression in dataset; (D) ROC curve for murine DCM gene expression.






Figure 7 | Binding sites of transcription factors and expression correlation verification. (A) Binding site of Prdm5; (B) Binding site of Gata4; (C) Binding site of Klf4; (D) Correlation between Prdm5 and Edn1 gene expression in myocardial tissue; (E) Correlation between Gata4 and Edn1 gene expression in myocardial tissue; (F) Correlation between Klf4 and Edn1 gene expression in myocardial tissue.





Validation of protein level expression

WB was used to detect changes in the expression of target proteins. Compared with that in the normal group, the expression level of Edn1, Alb, Psmb8 and Esr1 in the DCM group was significantly changed; however, the expression levels of Nfkb1 did not differ significantly. This result is consistent with the bioinformatics prediction results and the PCR results (Figure 8).




Figure 8 | Protein level expression of hub genes. Ns means p value >0.05;* means p value <0.05; ** means p value <0.01; *** means p value <0.001.





Candidate target docking and validation

Nine potential therapeutic molecules were identified from the CMap database: telomerase inhibitor IX, isoliquiritigenin, medrysone, benzoic acid, oxymetholone, sulforaphane, pevonedistat, epoxycholesterol, and 2-chloro-6-(1-piperazinyl)pyrazine (Table 2). Pevonedistat failed to bind to EDN1; the binding energies of the remaining candidates were -5.9, -5.3, -5.8, -3.2, -6.5, -2.3, -5.2, and -3.4 kcal/mol, respectively. The molecular docking is diagrammed in Figure 9.


Table 2 | Significant small molecule chemicals.






Figure 9 | Molecular docking simulations. (A) EDN1 with telomerase inhibitor IX. (B) EDN1 with isoliquiritigenin. (C) EDN1 with medrysone. (D) EDN1 with benzoic acid. (E) EDN1 with oxymetholone. (F) EDN1 with sulforaphane. (G) EDN1 with epoxycholesterol. (H) 2-chloro-6-(1-piperazinyl)pyrazine.



While computational predictions usually require experimental verification, there were greater difficulties and limitations in practical implementation. Based on our experience from previous studies (12), we constructed receiver operator characteristic curve (ROC) curves corresponding to the components (active and inactive compounds) to be separated by virtual screening (Figure 10). Among them, medrysone, sulforaphane and 2-chloro-6-(1-piperazinyl)pyrazine were validated, corresponding to AUC of 0.848, 0.776, and 0.9, respectively.




Figure 10 | ROC curves of the virtual filter for (A) isoliquiritigenin; (B) medrysone; (C) benzoic acid; (D) oxymetholone; (E) sulforaphane; (F) pevonedistat; (G) 2-chloro-6-(1-piperazinyl)pyrazine.






Discussion

DCM is characterized by a feed-forward cycle of metabolic imbalance, HF, and multiple organ dysfunction (3). Hyperglycemia and other metabolic abnormalities that induce systemic inflammation activate the immune system play roles in the progression of DCM (13). The interactions of multiple innate and adaptive immune cell populations, as well as the immune response and its regulation, also play important roles. Currently, clinical treatment strategies for DCM focus on antifibrotic agents, anti-inflammatory agents, and antioxidants, in addition to controlling metabolic disorders (14, 15). Based on immunomodulation, we expected to find key targets in diabetic cardiomyopathy to provide a highly sensitive and early method for diagnosis and targeted therapy.

A hostile environment of hyperglycemia, hyperlipidemia, hyperinsulinemia, and insulin resistance, underpinned by chronic systemic inflammation, activates the RAAS and maladaptive immune responses, changes the function of calcium, and regulates the release of cytokine in DCM (16, 17). GO function and pathway enrichment analyses showed that the products of the identified screened genes were located in the mitochondrial matrix, apical plasma membrane, cytosolic ribosome, and oxidoreductase complex; they are involved in the regulation of redox state, fatty acid metabolism, and nucleotide metabolism, which is consistent with the relevant literature. KEGG analysis showed that fatty acid synthesis and metabolism were important pathways associated with diabetic HF (18, 19). It is consistent with the reported results that diabetic cardiomyopathy is closely related to immunity (13, 20).

Through reanalysis of the GSE4745, we identified the black module as the most significant for diabetic HF with WGCNA and CIBERSORT algorithms, then identified five hub genes based on their degree values from the PPI network.: PSMB8, NFKB1, ALB, EDN1, and ESR1. Proteasome subunit beta 8) is a catalytic subunit involved in tumor infiltration and neuroinflammation (21, 22). Nuclear factor kappa B1 is a classic transcriptional regulator with multi-system involvement (23). Albumin acts as a carrier of fatty acids and a variety of enzymes, involved in the metabolism of endogenous and exogenous compounds. Hypoalbuminemia has also emerged as an independent prognosticator in many cardiovascular diseases (24, 25). ESR1 encodes the estrogen receptor and ligand-activated TFs to regulate the estrogen signaling pathway, but its abundance in the heart is much less than that in the endometrium. It is usually relevant to the growth of galactophore tumors but has also been reported to be involved in impaired glycemic homeostasis (26). EDN1, located on human chromosome 6, encodes a pre-proprotein that generates a secreted peptide of the endothelin/sarafotoxin family that affects blood vessel contraction.

Identified and verified by RT-PCR in our study, the expression of EDN1 was found to be of significantly higher level in DCM than in normal samples. A separate GWAS suggested that phosphatase and actin regulator protein 1 (PHACTR1) and EDN1 (upstream of PHACTR1) are risk factors in five vascular diseases, including CAD, migraine, cervical artery dissection, fibromuscular dysplasia, and hypertension (27). Also, binding of both mineralocorticoid and glucocorticoid receptors to the endothelin 1 EDN1 hormone response elements plays an important role in the regulation of renal sodium transport and cardiovascular physiology (28). Case-control studies have shown that PHACTR1/EDN1 is a risk factor for several vascular diseases, such as spontaneous coronary artery dissection (SCAD) (29). Some studies have suggested an association between the EDN1 polymorphism and risk of atherosclerosis progression in great cardiac vessels and coronary arteries (30, 31). EDN1 has been implicated in the pathogenesis of microcirculation disturbances and may be critical for maintaining normal contractile function and preventing the myocardium from overstretching or even affecting blood pressure levels (32–34). Coronary microvascular dysfunction has been reported in patients with diabetes through quantitative myocardial contrast echocardiography and strain-rate imaging, as well as by adenosine stress cardiovascular magnetic resonance (CMR) (35, 36). Therefore, it is reasonable to hypothesize that EDN1 is a potential biomarker for HF induced by DCM.

We screened for potential therapeutics that can regulate the activity of TFs upstream of EDN1 to affect the pathophysiology of diabetic cardiomyopathy. Based on molecular docking, we identified telomerase inhibitor IX, isoliquiritigenin, medrysone, benzoic acid, Oxymetholone, sulforaphane, epoxycholesterol, and 2-chloro-6-(1-piperazinyl)pyrazine. In other studies, it has been shown that telomerase inhibitor IX affects tumor inhibition (37). Isoliquiritigenin has neuroprotective and antioxidant activities, while inhibiting apoptosis by ameliorating the loss of mitochondrial membrane potential and the change of nuclear morphology (38). Medrysone suppresses the effects of multiple aspects of innate and adaptive immune responses (39). Benzoic acid has been shown to improve gut functions via regulating enzyme activity, redox status, immunity, and microbiota (40). Oxymetholone’s anabolic properties have been studied for the treatment of damaged myocardium (41). Through the molecular target Nrf2 of Sulforaphane, it can exert a beneficial role by activating genes and molecules with antioxidant, anti-inflammatory, and anti-apoptotic properties (42). Epoxycholesterol can prevent foam cell formation in human SMCs and restore the elaboration of extracellular matrix (43). However, these molecular docking and network data require further validation by in vivo and in vitro experiments.

This study has two primary limitations. First, the verification of hub genes and their functions has only been performed in a murine model, but not in other animals or in human clinical trials. Second, experiments related to biological functions in vivo and in vitro require further study. In conclusion, in this study, we found EDN1 to be a key gene in DCM, then predicted its regulatory TFs and identified potential therapeutic molecules. This suggests that EDN1 has potential as a biomarker and therapeutic target for DCM.
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Endothelial dysfunction is an early pathological event in diabetic angiopathy which is the most common complication of diabetes. This study aims to investigate individual and combined actions of Curcumin (Cur) and Baicalein (Bai) in protecting vascular function. The cellular protective effects of Cur, Bai and Cur+Bai (1:1, w/w) were tested in H2O2 (2.5 mM) impaired EA. hy926 cells. Wistar rats were treated with vehicle control as the control group, Goto-Kakizaki rats (n=5 each group) were treated with vehicle control (model group), Cur (150 mg/kg), Bai (150 mg/kg), or Cur+Bai (75 mg/kg Cur + 75 mg/kg Bai, OG) for 4 weeks after a four-week high-fat diet to investigate the changes on blood vessel against diabetic angiopathy. Our results showed that Cur+Bai synergistically restored the endothelial cell survival and exhibited greater effects on lowering the fasting blood glucose and blood lipids in rats comparing to individual compounds. Cur+Bai repaired the blood vessel structure in the aortic arch and mid thoracic aorta. The network pharmacology analysis showed that Nrf2 and MAPK/JNK kinase were highly relevant to the multi-targeted action of Cur+Bai which has been confirmed in the in vitro and in vivo studies. In conclusion, Cur+Bai demonstrated an enhanced activity in attenuating endothelial dysfunction against oxidative damage and effectively protected vascular function in diabetic angiopathy rats.
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Introduction

As the major regulator of vascular homeostasis, the endothelium is an important locus to control vascular constriction and dilation (1). Endothelial dysfunction, characterised as a disrupted balance between vasodilation and vasoconstriction, is associated with many diseases including diabetes mellitus (DM), cardiovascular diseases and metabolic syndrome (2).

Endothelial injury occurs due to many risk factors including oxidative stress, inflammation, long-term hyperglycemia, insulin resistance, glucose and lipid metabolism disorders (3). In particular this process can result in the development of diabetic angiopathy, which is closely related to the mortality and morbidity arising from DM (4).

Hyperlipidemia is an independent risk factor of endothelial dysfunction. Chronic hyperglycemia and hyperlipidemia in DM both induce higher oxidative stress and inflammation in endothelium leading to excessive apoptosis and dysfunction of vascular endothelial cells. Cell damage increases the permeability of the endothelial layer, which promotes the invasion and accumulation of lipids in the blood vessel wall (5, 6). Additionally, immune cells such as monocytes are also recruited into the vascular endothelium due to inflammation, further contribute to the development of diabetic angiopathy.

Curcumin (Cur), the main natural polyphenol found in Curcuma longa L. species, has been demonstrated to markedly attenuate DM-induced endothelial dysfunction in animal studies (7, 8). The mechanism of Cur in protecting the endothelium have been investigated in the diabetic model. The benefit was mainly attributed to the inhibition of oxidative stress, as evidenced by decreased reactive oxygen species (ROS) (8), superoxide overproductions and increased heme oxygenase 1 (HO-1) activity (7). The efficacy of Cur in clinical trials remains inconclusive as it has been limited by poor bioavailability (low absorption and rapid excretion). Thus, research focus has been shifted to the modification of structure or the combined use of Cur with other biomolecules or phytochemicals to enhance its efficacy and bioavailability (9). For example, a Cur and vitamin C combination enhanced the effectiveness in protecting endothelial function, which was related to the strengthened antioxidant with hypoglycemic and hypolipidemic actions (10).

Baicalein (Bai) is a phytochemical isolated from the roots of Scutellaria baicalensis Georgi and Scutellaria lateriflora L. and possesses a multitude of pharmacological activities (11). It prevented the exaggerated constriction of blood vessels in the insulin-resistance rat model with macro-vascular impairment (12). It also inhibited high glucose-induced vascular inflammation in human umbilical vein endothelial cells (HUVECs) and mouse models (13). However, relatively high doses (100-150 mg/kg) of Bai were used in animal studies, restricting its further investigation in human clinical trials. The mechanism of action of Bai was associated with the upregulation of antioxidant nuclear factor erythroid 2–related factor 2 (Nrf2) mediated antioxidant pathway and downregulating Nuclear factor kappa B (NF-κB)-mediated inflammatory pathways (12, 13).

Chinese herbal medicines serve as an abundant source of drug discovery and development. The key mechanism of Chinese herbal medicines relies on the multi-component and multi-targeted action of the bioactive molecules. Thus, the optimal combination of selected bioactive molecules from Chinese herbal medicines may provide an attractive alternative or adjunct therapy in contrast to the single-entity, single-targeted pharmaceuticals (14). Network Pharmacology, a systems biology approach, can be applied to identify the bioactive molecules in the Chinse herbal medicines, and predict their targeted genes and signaling pathways (15). The development of mathematical models for synergistic interactions has enabled increasing research to determine synergy in natural products leading to novel combination therapies. Among them, combination index (CI) is one of the most popular models to determine the synergistic effect of two or more agents acting on a specific pharmacological target (i.e. receptor, gene, protein) in comparison to the action of each individual agent (16).

Based on the individual effects and associated mechanisms of Cur and Bai in protecting endothelium against diabetes, we speculated that Cur and Bai, when used as a combination, may interact synergistically leading to strengthened antioxidant activity and multi-targeted effects. This study aims to investigate the individual and combined effects of Cur and Bai against macrovascular changes in diabetic angiopathy by protecting the endothelium and their underpinning mechanisms via network pharmacology analysis, in vitro and in vivo investigations.



Materials and methods


Network construction and network analysis

To analyse the possible interaction of Cur and Bai against relevant disease targets, a network was constructed using the terms “endothelial dysfunction”, “diabetic angiopathy” and “atherosclerosis and endothelial dysfunction”. Briefly, the target disease condition (i.e. endothelial dysfunction)-related genes were obtained using the Online Mendelian Inheritance in Man (OMIM) Database (http://www.omim.org/), GeneCards Database (https://www.GeneCards.org/) and DisGeNET Database (http://www.disgenet.org/home/) by searching the key words “endothelial dysfunction”. Duplicate targets were removed after collecting all the genes targets in the three databases. The 2-dimensional structures of Cur and Bai were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and their individual structure was subjected to the PharmMapper (http://www.lilab-ecust.cn/pharmmapper/) to populate their relevant gene targets. Common gene targets by Cur and Bai and disease condition were input to Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, URL: https://string-db.org/4) to generate the protein-protein interaction (PPI) network. Disconnected nodes were hidden in the default setting of the network. Based on the constructed PPI network for each compound, we then investigated the associated Gene Ontology (GO) including biological process, cellular component and molecular function that represent gene product properties through the Database for Annotation, Visualization and Integrated Discovery (DAVID) online enrichment analysis database (https://david.ncifcrf.gov/home.jsp). We also explored the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways from DAVID. The top 5-15 targets in each function were selected and input to Bioinformatics (http://www.bioinformatics.com.cn/) to conduct the enrichment analysis of KEGG pathways and GO enrichment analysis, and the terms with a p-value less than 0.05 were filtered for the subsequent network construction. The overlapping gene targets were integrated and uploaded to Cytoscape (v.3.7.2) to construct the interactive network of “signaling pathway-gene target-drug”. The most relevant gene targets and KEGG pathways for both Cur and Bai were shown in the final network. The workflow for the network pharmacology analysis is shown in Supplementary Material 1A.



H2O2 induced oxidative stress and drug treatments in endothelial cells

Human cardiovascular endothelial cell line (EA. hy926) was purchased from American Type Culture Collection (ATCC, USA, ATCC®CRL-2922™). Cells were cultured in DMEM/Ham’s F12 (Lonza, Australia) supplemented with 10% fetal bovine serum (FBS, Sigma, Australia) and 100 U/mL of penicillin-streptomycin (Gibco BRL, Australia). The cells from passage 20 to 30 were grown in a 5% CO2-humidified incubator at 37°C until confluency for the bioassays. The reference compounds of curcumin (Cur, Cat.no. BP0421) and baicalein (Bai, Cat.no. BP0232) were purchased from Chengdu Biopurify (China) with their identities confirmed by the high-performance liquid chromatography and purity over 98% (Supplementary Material 2A, B). They were both dissolved in dimethyl sulfoxide (DMSO, Sigma, Australia) at 15 mg/mL. Cur+Bai combination was prepared by mixing Cur and Bai both at 15 mg/mL in DMSO at the ratio of 1:1, w/w. Then Cur, Bai and Cur+Bai were dissolved in serum-free DMEM to 15 μg/mL and diluted by 1:2 fold with the final concentration of DMSO at 0.1%.

We followed our previous published method (9, 17) to investigate the protective effects of Cur, Bai, and Cur+Bai on endothelial cells against the oxidative damage from hydrogen peroxide (H2O2). EA. hy926 cells (1 × 106 cells/mL) were seeded with DMEM/Ham’s F12 supplemented with 10% FBS and 100 U/mL of penicillin-streptomycin in the 96 well Corning Costar plate (Sigma, Australia) overnight. The media was replaced with serum-free DMEM/Ham’s F12, and the cells were incubated with serial diluted Cur, Bai, or Cur+Bai (0.43-15 μg/mL) for 1 h before the addition of H2O2 (Sigma-Aldrich, Australia) at 2.5 mM to induce the oxidative damage. Gallic acid acts as an antioxidant inhibiting oxidative species and enhance cell survival in the presence of  H2O2 at low concentration (18–21). Thus, it has been used as comparison reference in our in vitro assays. EA. hy926 cells were co-incubated with 8.51 μg/mL (50 μM) gallic acid with a two-fold serial dilution 1 h prior to the stimulation of H2O2.



Cell viability assessment by Alamar Blue and caspase-3 assays

EA. hy926 cells were pre-treated with serial diluted Cur, Bai and Cur+Bai for 1 h, and stimulated with H2O2 (2.5 mM) overnight. The cell supernatant was then replaced with Alamar Blue (10 μg/mL) in phosphate buffered saline (PBS) for 2 h. The fluorescent absorbance of Alamar Blue was measured at 540 nm excitation and 590 nm emission using a microplate reader (BMG LABTECH FLUOstar OPTIMA, Mount Eliza, Victoria, Australia). The cells were lysed on ice for 10 min, and then subjected to a Caspase-3 assay kit (ABCAM, Australia, ab39401) for the measurement of cellular protein levels of caspase-3 following the protocol in Zhou et al. (9, 17). The absorbance was read on a microplate reader (BMG LABTECH FLUOstar Optima, Mount Eliza, Victoria, Australia) at a wavelength of 410 nm.



Intracellular oxidative status measurements by ROS expression

The intracellular level of oxidative stress with or without treatments was measured by ROS expression according to the protocol of cellular ROS assay kit (ABCAM, Australia, ab113851) cited in (9, 17). Briefly, EA. hy926 cells were stained with 2′,7′-dichlorofluorescin diacetate (DCFDA) (20 μM) at 100 μL per well for 45 min at 37°C in the dark. The plate’s initial absorbance was recorded as A0 with an excitation at 455 nm and an emission at 535 nm in fluorescence mode. After washing with ice-cold PBS, the cells were treated with Cur, Bai, Cur+Bai at increasing concentrations (0.86–15 μg/mL) or tertbutyl hydroperoxide (TBHP, 50 μM, positive control) for 1 h followed by the stimulation of H2O2 for 30 min. The absorbance was measured again and recorded as A1. The fold change of ROS was calculated as A1 normalised to its corresponding A0 (A1/A0).



Intracellular oxidative status measurements by Nrf2 luciferase, superoxide dismutases and nicotinamide adenine dinucleotide enzymatic activities

The Nrf2-mediated pathway was investigated for the cyto-protection of Cur+Bai against oxidative stress. MCF7 AREc32 cells were cultured in DMEM (10% FBS, 1% penicillin), which were donated by Professor Gerald Münch in School of Medicine, Western Sydney University. Cells were seeded in 96-well plates at a density of 1.0 ×106 cell/mL till confluency and then treated with 0.1% DMSO in serum-free media (blank control), increasing concentrations of Cur, Bai, Cur+Bai, and tertiary butylhydroquinone (TBHQ, positive control). The Nrf2 total luciferin was detected by luciferase assay with optimization (9). The luminescence was measured within 30 min at an excitation wavelength of 488 nm and an emission wavelength of 525 nm. The activation of Nrf2 was calculated by fold compared to the blank control.

For the superoxide dismutases (SOD) assays, EA. hy926 cells cultured in the T25 flasks (Sigma, Australia) were treated with 0.1% DMSO, Cur, Bai, or Cur+Bai at the concentrations of 3.25 and 7.50 μg/mL for 4 h, and the cells were harvested by the lysis buffer (0.1 M tris HCl, pH 7.4 containing 0.5% Triton X-100, 5 mM β-ME, 0.1 mg/mL PMSF) on ice for 10 min. The protein was collected by centrifugation at 14,000×g for 5 min at 4°C. The collected protein was then subjected to the measurement of SOD using the commercial kit from Sigma-Aldrich (Australia) according to the manufacturer’s protocol (9).

For the nicotinamide adenine dinucleotide (NAD+) assay, EA. hy926 cells (1.0 × 106 cell/mL) were seeded on a 96-well plate (Sigma, Australia) overnight for 120 μL per well to allow confluency. The cells were then treated with media with 0.1% DMSO, Cur, Bai, or Cur+Bai at 7.5 μg/mL for 24 h. The total cellular NAD production was measured using the NAD+/NADH cell-based assay kit (Cayman, Australia) as cited in Zhou et al. (9).



High-fat diet induced hyperlipidaemia rats and drug intervention

Following the bioassays in endothelial cells, the effect of Cur+Bai against macrovascular changes in diabetic angiopathy was investigated in the spontaneous model of type 2 diabetes, the Goto–Kakizaki (GK) rat (22, 23).

All animal experiments were conducted with the approval of the Animal Care and Use Committee of Fujian University of Traditional Chinese Medicine (approval number: 2021068), and followed the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines and the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). Male Wistar rats and Goto-Kakizaki rats (12-week-old, 300 ± 20 g) were purchased from Cavens Biogle (Suzhou) Model Animal Research Ltd. Co. (Suzhou, no. SCXK-2018-0002). Animals were provided with food and water ad libitum under specific pathogen free conditions at the temperature of 24°C ± 1°C, with 12-h light/dark cycle and unlimited drinking water supply.

After 7 days of acclimation, Wistar rats were given normal diet and GK rats were given high-fat diet containing 10% refined lard, 1.5% cholesterol, 0.3% pig bile salts and 88.2% normal diet for 4 weeks (22). The changes of fasting blood glucose (FBG) and body weights were monitored once a week throughout the trial. After 4 weeks, the Wistar rats were allocated to the control group (n=5): oral gavage (OG, passage of a gavage needle into the esophagus) administered with 0.5% sodium carboxymethyl cellulose solution (CMC-Na) as the vehicle control; The GK rats were randomly allocated to four groups (1) The model group (n=5) rats were OG administered with 0.5% CMC-Na in 10 mL; (2) Cur treatment group (n=5) were OG administered with Cur (150 mg/kg) in 10 mL 0.5% CMC-Na; 3) Bai treatment group (n=5) were OG administered with Bai (150 mg/kg dissolved in 10 mL of 0.5% CMC-Na; 4) Cur+Bai treatment group (n=5) were OG administered with Cur+Bai (75 mg/kg Cur + 75 mg/kg Bai both dissolved in 10 mL of 0.5% CMC-Na). All the treatments were given for 4 weeks (24). CMC-Na was used to enhance the drug stability of Cur and Cur+Bai in the prepared suspensions (25). The treatments in each group were given at 9 AM once daily. At the end of treatment (week 8), the animals were fasted for 12 h and anesthesitised with 25% Ulatan (1.1 g/kg, IP injection) before the blood was collected from the abdominal aorta. The aortic arch and mid thoracic aorta were collected immediately. The serum samples were collected by centrifugation at 500 g for 10 min, and the supernatants were collected for analysis.



Body weight, fasted blood glucose test, blood lipid level and related oxidative and inflammatory biomarkers

The FBG and body weight were recorded once a week after the intervention (week 4-8). In preparation, the animals were fasted for 9 h before their tail blood was collected and tested using blood glucose test strips measured by the glucometer (Roche, USA). The FBG and body weight measurements at each time point were conducted three times for each animal, and the averaged value was recorded.

The blood lipid biomarkers including total cholesterol (TCHO), triglyceride (TG), non-esterified fatty acids (NEFA), low-density lipoprotein cholesterol (LDL-C) were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute, China). The oxidative stress biomarkers including superoxide dismutase (SOD), myeloperoxidase (MPO), NAD+/NADPH levels were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute, China). The inflammatory biomarker, tumor necrosis factor-α (TNF-α) was measured using ELISA kit (BOSTER Biological Technology co. ltd, China).



Hematoxylin and eosin staining and TUNEL staining of blood vessel

Pathological hematoxylin and eosin (H&E) staining was conducted following steps in previous studies (26, 27). Briefly, aortic arch and mid thoracic aorta blood vessel tissues were collected, fixed with 4% paraformaldehyde, and dehydrated with ascending concentrations of ethanol. The tissues were cleaned with xylene I (100% ethanol and pure fresh xylene solution 1:1) and xylene II (pure fresh xylene) solutions for 40 min, respectively. The tissues were embedded in paraffin for 48 h and sectioned into 5 μm thickness. Each section was perfused in xylene I and II again for 10 min to remove the wax. Then the sectioned tissues were soaked in descending ethanol. Then they were stained with hematoxylin and eosin. These stained sections were sealed, mounted using Permount™ media, imaged and analysed using a light microscope. The dewaxed tissue was also subjected to the TUNEL staining with DAPI for blue staining of the nucleus and apoptotic cells stained with green fluorescence.



Western blot analysis

EA. hy926 cells and entire aorta wall tissues from rats were washed twice with ice-cold PBS. Whole cell protein lysates were prepared by a lysis buffer supplemented with protease inhibitor mixture (Cell Signaling Technology, USA) and quantified by the Pierce BCA protein kit (Thermo Fisher Scientific, Australia). Equal amounts of protein samples (10 mg/mL) from each group were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and the proteins were transferred to PVDF membranes (Thermo Fisher Scientific, Australia). After being blocked with 5% skim milk at room temperature for 1 h, the membranes were incubated with the following primary antibodies overnight at 4˚C: caspase-1 p20 (1:500, SantaCruz, sc-398715), NLRP3 (1:1000, Abcam, 263899), Nrf2 (1:1000, Cell Signaling Technologies, 86806S), HO-1 (1:1000, Cell Signaling Technologies, 12721S), eNOS (1:1000, Cell Signaling Technologies, 32027S), p-JNK (1:1000, Cell Signaling Technologies, 9255S), JNK (1:1000, Cell Signaling Technologies, 9252S), p-p38 (1:1000, Cell Signaling Technologies, 4511S) and p38 (1:1000, Cell Signaling Technologies, 8690S). β-actin and GAPDH were used as the internal controls (1:3000, Beijing TransGen, China, catalogue number: HC201 and HC301) in this study. Then, the blots were washed in PBST three times (three min at a time) and subsequently incubated with anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibody (Cell signaling Technologies, 7074s or Proteintech, SA000-1, USA) for 1.5 h. Two separate gels were used for the examination of the phosphorylated and total proteins. The images were taken by the ChemiDoc XRS plus imaging system (Bio-Rad, Hercules, CA). The intensity of the targeted bands was quantified by ImageJ software. The quantitative data was presented as the ratio of intensity of targeted protein to that of β-actin.



Synergy determination and statistical analysis

CompuSyn (Biosoft, US) was used to analyse the synergistic/antagonistic interaction between Cur and Bai based on the median-effect equation and isobologram analysis (16). The specific measurement for the combination index (CI) value represents the interaction level, where CI < 1, CI = 1, and CI > 1 suggest synergistic, additive, and antagonistic interaction, respectively. The calculation of CI values was based on Chou-Talalay method and determined by CompuSyn (28).

The values of concentrations and their corresponding responses of individual or combined Cur and Bai from the cell viability assay were input to the CompuSyn program. The CI-Fa (fraction affected level) curves were than generated with the CI and Fa values regarding the synergistic/antagonistic interactions. The CI-Fa curves show the dynamic changes of the interaction (based on CI values) with the different levels of Fa (cell viability).

All statistics comparisons were performed using GraphPad Version 9 (US). The significance was analysed by one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test and Dunnett’s test as post-hoc test, or unpaired t test. The data was expressed as mean ± standard deviation with at least three individual experiments (n ≥ 3) or mean ± standard error of the mean (SEM) with n=5 rats per group. P<0.05 was considered statistically significant.




Results


Identification of common gene and KEGG targets by network construction and analysis

For endothelial dysfunction, GeneCards, DisGeNET and OMIM searches generated 1500, 716 and 185 gene targets, respectively. The pharmacological actions of Cur and Bai have been connected with 49 and 47 gene targets, respectively. After filtering, 20 and 22 common gene targets were screened for Cur and Bai against endothelial dysfunction. As shown in Supplementary Material 1B, the compound–candidate target (C-T) network was constructed for Cur and Bai against endothelial dysfunction which consisted of 291 edges 63 nodes. The key common gene targets included MAPK14, MAPK8, MAPK 10, NQO1, CDK2, ESR1, ESR2, F2, HSP90AA1, ADAM17 (degrees ranged from 12-23), with MAPK 14 ranked as the top gene (the highest degree).

We have listed the top 15 signaling pathways that were involved in the targets of Cur and Bai against endothelial dysfunction (Supplementary Material 1C, D). The top 3 signaling pathways of Cur are pathways in cancer, Foxo signaling pathway, and endocrine resistance (ranked by degree). The top three signaling pathways of Bai are Estrogen signaling pathway, Chemical carcinogenesis-receptor activation and Fluid shear stress and atherosclerosis. The top 3 targeted signaling pathways shared by both Cur and Bai against endothelial dysfunction were identified through the constructed network. These were Endocrine resistance (degree=32), Pathways in cancer (degree=19), and Fluid shear stress and atherosclerosis (degree=16). Among them, only the Fluid shear stress and atherosclerosis pathway, is categorized in cardiovascular diseases; thus, particular attention was paid to this pathway as shown in Supplementary Material 1E. The top 10 KEGG pathways that are affected by both Cur and Bai are shown in Table 1.


Table 1 | KEGG pathways affected by both Cur and Bai against endothelial dysfunction.



This KEGG pathway map contains two major components (sub-pathways); the anti-atherogensis and pro-atherogensis pathway. In the anti-atherogensis pathway, Nrf2 has a central role as its translocation switches on the downstream functional responses against atherosclerosis including antioxidant, anti-inflammatory, vasodilatory, and anti-thrombotic actions. In the pro-atherogensis pathway, the phosphorylation of p38 and JNK induces the activation of transcription factor AP-1. It then leads to a serial cascades’ response of inflammation, matric degeneration, and angiogenesis contributing to pro-atherogensis.

Further network pharmacology analysis for Cur and Bai against diabetic angiopathy and atherosclerosis/endothelial dysfunction was also constructed as shown in Supplementary Material 3, 4, respectively.



Synergistic effect of Cur+Bai on restoring cell viability of EA. hy926 cells

Following the results obtained from network pharmacology analysis, the individual and combined actions of Cur and Bai on EA. hy926 cells were explored to see if they exhibited the expected protective effect on endothelium against oxidative stress which is one of the risk factors in diabetic angiopathy. As shown in Figure 1A, H2O2 dose-dependently (0.31–10 mM) reduced the cell viability compared to the untreated cells (cells with media only, p<0.0001) assessed by the Alamar Blue assay. At 2.5 mM, H2O2 reduced the cell viability dramatically to 8.99 ± 1.11% only. Thus, this concentration of H2O2 was selected to establish the oxidative stress induced cell impairment model in EA. hy926 cells. As shown in Figure 1B, gallic acid restored the cell viability to 72.92 ± 8.54% at 2.12 μg/mL (12.46 μM) against the oxidative damage of H2O2.




Figure 1 | Synergistic activity of combined Cur and Bai in restoring H2O2 impaired cell viability in EA. hy926 cells assessed by Alamar Blue assays. (A) H2O2 dose-dependently reduced cell viability in EA. hy926 cells by Alamar Blue assay. **** p<0.0001 vs. H2O2 concentration = 0.00 mM in EA. hy926 cells. (B) Pretreatment of Cur, Bai, or Cur+Bai (1:1, w/w) restored the cell viability of EA. hy926 cells against the stimulation of H2O2 at 2.5 mM assessed by Alamar Blue assay. Gallic acid was used as a comparative reference. The effect of Cur+Bai in restoring the impaired cell viability was significantly greater than that of Cur or Bai at 1.62, 3.25, 7.50 and 15 μg/mL. *p<0.05, ****p<0.0001 vs. H2O2 only. #p<0.05, ##p<0.01, ####p<0.0001 vs. Cur or Bai individual treatment. (C) Synergistic interaction of Cur+Bai in restoring cell viability analysed by CI-Fa curve in EA. hy926 cells. Fa represents the cell viability, and CI<1 represents synergy whereas CI>1 represents antagonism. (D) Cur+Bai (7.5 and 15 μg/mL) exhibited an enhanced effect in inhibiting H2O2-induced caspase-3 protein expression in comparison to that of the individual compound. #p<0.05 vs. Blank (H2O2 = 0.00 mM), *p<0.05 vs. H2O2 (2.5 mM), &p<0.05, &&p<0.01 vs. Cur or Bai at the same concentration level. Results were expressed as mean ± standard deviation for at least three individual experiments. The p values were obtained from one-way ANOVA analysis.. **p<0.01, ***p<0.001, ****p<0.0001.



In Figure 1B, the pretreatment with Bai significantly restored cell viability to 38.42 ± 5.80% at 15 μg/mL (p<0.0001), whereas Cur (0.47-15 μg/mL) showed a dose-dependent increasing trend of the cell viability but did not reach significance. Combinations of Cur+Bai showed a prominent effect in restoring cell viability in a dose-dependent manner. Particularly, Cur+Bai (3.75 – 15 μg/mL) showed significantly higher cell viabilities compared to that of the blank control (p<0.05), and the improvement was consistently higher than that of Cur or Bai alone (p<0.05). CI model in Figure 1C revealed a strong synergy (CI values< 0.53) in most concentration levels when Fa ranged from 0.1 to 0.97 (representing 10%-97% cell viability levels).

Following this, the activity of total intracellular caspase-3 enzymes was assessed to determine whether Cur+Bai reduced the apoptotic cells against the impairment from H2O2. As shown in Figure 1D, EA. hy926 cells incubated with H2O2 (2.5 mM) for 24 h caused a significant increase in caspase-3 activity measured at 24 h (p<0.05) compared to that of the blank control, indicating an elevated cell apoptotic level with the stimulation of H2O2. At concentration level of 7.5 μg/mL, the effect of Cur and Bai were insignificant, whereas Cur+Bai markedly reduced the caspase-3 level to a comparable level of blank control (p<0.0001). The reduction of caspase-3 by Cur+Bai was markedly greater than that of Cur or Bai (both p<0.01). At 15 μg/mL, all the treatments demonstrated a down-regulatory trend of caspase-3, with the lowest expression of caspase-3 protein by Cur+Bai (p<0.001) which was greater than that of Cur alone (p<0.05).



Cur+Bai increased Nrf2-regulated antioxidant response and downregulated MAPK-JNK pathway in EA. hy926 cells

Figure 2A shows that ROS increased by 14.21 ± 1.82 times in H2O2 (2.5 mM) stimulated EA. hy926 cells whereas non-treated cells only expressed 5.53 ± 0.32 fold of ROS. TBHP was used as a positive control which boosted the ROS level by 12.42 ± 0.32 fold. Treatment of Cur, Bai, and Cur+Bai significantly reduced the ROS fold change against H2O2 (2.5 mM) at 1.88–15 μg/mL (all p<0.05). Furthermore, Cur+Bai showed a significantly greater inhibition of ROS than that of Cur at 0.94 and 1.88 μg/mL (p<0.001) when compared at the same concentration level.




Figure 2 | Cur+Bai attenuated H2O2-induced endothelial damage in EA. hy926 cells which may be associated with regulating Nrf2-HO-1 and MAPK pathways. (A) ROS expression in EA. hy926 cells pretreated with Cur, Bai or Cur+Bai with serial dilutions from 15 μg/mL and stimulated with H2O2 for 4 h. TBHP (50 μM) was used as the positive control. The ROS expression was presented as the fold change to the blank control (cells with media only). *p<0.05 vs. H2O2 only. ###p<0.001, ####p<0.0001 vs. Cur or Bai at the same concentration level. n=3 individual experiments. (B) Nrf2 luciferase under the treatment of Cur, Bai or Cur+Bai (0.47-15 μg/mL). The Nrf2 luciferase was presented as fold change to that of the blank control (cells with media only). TBHQ was used as the positive control. ####p<0.0001 vs. Cur or Bai at the same concentration level. n=3 individual experiments. (C) The up-regulatory activity of Cur+Bai on HO-1/beta-actin which was greater than that of Cur or Bai alone (7.5 μg/mL) as assessed by the Western blot analysis (n=3 individual experiments). ****p<0.0001 vs. blank. Cur+Bai increased cellular SOD (D) and NAD (nM) (E) productions. *p<0.05, **p<0.01 vs. blank; #p<0.05, ###p<0.001 vs. Cur or Bai at the same concentration level (7.5 μg/mL). The error bars represent the standard deviation of measurements for over three samples in three separate assay runs (n = 3). (F, G) Cur+Bai (7.5 μg/mL) downregulated the phosphorylation of MAPKp38 and JNK as assessed by the Western blot analysis (n=3 individual experiments). #p<0.05 vs. blank control. *p<0.05, **p<0.01 vs. H2O2. Results were expressed as mean ± standard deviation for at least three individual experiments. The p values were obtained from one-way ANOVA analysis.



The activation of the Nrf2 activity by Cur+Bai was investigated to see if it was associated with the synergistic protective effect of Cur+Bai on endothelial cells against oxidative damage as indicated by the network pharmacology analysis. As shown in Figure 2B, Cur+Bai dose-dependently increased the Nrf2 luciferase with the maximum fold change of 28.48 ± 4.91 at 15 μg/mL, whereas the up-regulatory effect by Cur or Bai alone were insignificant. The positive control, TBHQ, increased Nrf2 expression by 12.76 ± 1.01 fold at 4.16 μg/mL (25 μM). We then analysed the induction of HO-1 protein by Cur, Bai, or Cur+Bai, as the downstream protein target regulated by Nrf2 (Figure 2C). Individual Cur and Bai at 15 μg/mL showed an increasing trend of HO-1 expression compared to that of untreated cells, however, the increase did not reach a significance level. Cur+Bai (15 μg/mL) increased the HO-1 protein expression by 1.81 ± 0.01 times with the greatest increase (p<0.0001) among three treatments.

The expressions of SOD and NAD+ were examined as Nrf2-HO-1 regulated antioxidant (co)enzymes (Figure 2D, E). Cur or Bai alone at 7.5 μg/mL showed an increasing trend of SOD activity, although it did not reach a statistical significance compared to that of untreated cells (blank). In contrast, Cur+Bai (7.5 μg/mL) significantly increased the SOD activity (89.84 ± 3.04% vs. blank 75.52 ± 6.23%, p<0.0001). The increase of SOD activity by Cur+Bai was significantly higher than that of Cur or Bai (both p<0.001). Similarly, Cur+Bai (7.5 μg/mL) significantly increased the total intracellular NAD production compared to that of the blank control (untreated cells) (64.20 ± 8.51 nM vs. blank 23.08 ± 3.63 nM, p<0.01). The increase of NAD by Cur+Bai (7.5 μg/mL) was significantly higher than that of Cur (p<0.05) but comparable to that of Bai alone.

Western blot analysis was conducted to analyse the regulated phosphorylation of MAPKp38 and JNK by Cur+Bai, Cur or Bai. Our results in Figures 2F, G showed that the stimulation of H2O2 (2.5 mM) significantly upregulated the phosphorylation of MAPKp38 and JNK by 1.49 ± 0.29 and 17.31 ± 9.19 times, respectively compared to the blank control (both p<0.05). The treatment of Cur or Bai (7.5 μg/mL) did not show a significant inhibition of p-p38/p38 whereas Cur+Bai (7.5 μg/mL) significantly reduced the expression (p<0.01 vs. H2O2) to a comparable level of the blank control. Cur+Bai (7.5 μg/mL) also demonstrated a significant downregulation of p-JNK/JNK to 1.91 ± 0.61 fold change compared to that of  H2O2 only (p<0.05), whereas the effects of Cur or Bai (7.5 μg/mL) were less remarkable.



Cur+Bai protected aortic blood vessels and decreased the blood lipid levels in diabetic rats

The individual and combined effects of Cur and Bai on endothelial and vascular function in GK rat model were investigated.

The changes in blood glucose level and body weight were monitored every week from week 4 to week 8. As shown in Figure 3A, the body weight in the control group remained at a similar level throughout the trial, with an average weight of 583.4 ± 37.6 g in week 4 to 591.0 ± 31.0 g in week 8. In comparison, the body weight in the GK rat model group was averaged at 367.8 ± 12.8 g in week 4 and 381.6 ± 11.0 g in week 8. The treatment of Cur, Bai or Cur+Bai did not show significant change of the body weight compared to the model group throughout the trial.




Figure 3 | Cur+Bai effectively lowered the FBG and blood lipid levels in diabetic rats. (A) The body weights of diabetic model group were constantly lower than that of the control group (n=5 per group). The treatments of Cur+Bai, Cur or Bai did not change body weight from week 4 to week 8 compared to that of the diabetic model group. ####p<0.0001 vs. control group. (B). Cur+Bai, Cur and Bai time-dependently reversed the HFD-induced high FBG level (mmol/L) in diabetic group (n=5 per group) from week 4 to week 8. The FBG lowering effect in the Cur+Bai was greater than that of Cur or Bai group from week 5 to week 7. ####p<0.0001 vs. Con at the same time point. *p<0.05, **p<0.01 vs. Mod at the same time point. &&p<0.01, Cur+Bai vs. Bai compared at the same time point. The changes of blood lipid levels by Cur+Bai, Cur and Bai in the diabetic rats, including TCHO (C), TG (D), LDLC (E) and NEFA (F) with n=5 per group. ###p<0.001, ####p<0.0001 vs. Con at the same time point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs. Mod at the same time point. Results were expressed as mean ± SEM for five rats per group. The p values were obtained from one-way ANOVA analysis.



As shown in Figure 3B, the FBG level in the model group was constantly higher than that of the control group from week 4 (26.37 ± 6.65 vs. 4.92 ± 0.54 mmol/L, p<0.0001) to week 8 (26.42 ± 4.43 vs. 5.56 ± 0.34 mmol/L, p<0.0001). The treatment of Cur+Bai markedly reduced the FBG level starting from week 5 (13.30 ± 2.97 mmol/L), which was significantly lower than that of the model group (25.49 ± 9.28 mmol/L, p<0.05). Moreover, the FBG reducing effect of Cur+Bai was greater than that of Bai (25.85 ± 9.41 mmol/L, p<0.01) or Cur alone (21.91 ± 9.08 mmol/L, p<0.01) at week 5 which the individual effects were insignificant. The individual effects of Cur and Bai were not obvious until week 8 which reached a statistical significance with p<0.05. In contrast, Cur+Bai constantly lowered FBG level from week 6 to week 8 (p<0.05) with the FBG level ranging from 12.46 ± 3.91 to 14.86 ± 2.85 mmol/L.

The blood lipid levels were measured using the serum collected from the abdominal aorta. As shown in Figures 3C–F, the model group showed significantly higher levels of TCHO (p<0.001), TG (p<0.001), LDLC (p<0.001) and NEFA (p<0.0001) in comparison to that of the control group. Cur alone did not show a significant effect in lowering TCHO, but markedly reduced TG (p<0.01), LDL-C (p<0.001) and NEFA (p<0.001). Similarly, Bai was not effective in lowering TCHO, but significantly reduced TG (p<0.001), LDLC (p<0.001), NEFA (p<0.01). Remarkably, the treatments of Cur+Bai constantly showed significant effects in reducing their levels (all p values<0.001). Moreover, the greatest reductions were generally seen in Cur+Bai for all the tested blood lipids compared to that of Cur or Bai alone, although no significance difference was detected.

The pathological changes of blood vessels in the mid thoracic and aortic arch tissues by the treatment of Cur+Bai were monitored. As shown in Figure 4A, a smooth inner surface of the blood vessel was observed in the control group, whereas the model group showed a damaged inner surface of the blood vessel (indicated by a red arrow) and the presence of lipid droplets (adipose tissue, indicated by black arrows) in the middle layer of the blood vessel. The treatment of Cur+Bai showed a normal morphology of the blood vessel with a smooth surface of the inner layer and very few adipose tissues in the middle layer. Both the individual treatments of Cur and Bai showed smooth endothelium layer, however, adipose tissues were observed especially in the Cur-treated group. The statistical analysis showed a significantly higher percentage of aortic adipose tissue in the model group (13.01 ± 6.55%) compared to that of the control group (0.28 ± 0.31%, p<0.001). The treatments of Cur+Bai (0.36 ± 0.51%, p<0.001), Cur (3.40 ± 3.23%, p<0.01) and Bai (1.72 ± 1.56%, p<0.01) all significantly lowered the adipose tissue level compared to that of the model group. The lowest adipose tissue (%) was shown in the Cur+Bai treated group. In addition, as shown in Figure 4B, it was quite evident that the blood vessel wall was much thicker in the model group compared to that of the control group (p<0.001). The treatment with Cur+Bai (p<0.001), Cur (p<0.01) or Bai (p<0.001) all significantly reduced the blood wall thickness compared to that of the model group.




Figure 4 | The treatments of Cur+Bai, Cur and Bai repaired the blood vessel morphology in both mid thoracic and aortic arch tissue in the diabetic rats. (A) Representative pathological staining of blood vessel tissue in the mid thoracic aorta in the control, model, Cur+Bai, Cur and Bai treated groups (n=5 per group). Scale bar = 50 um. Red arrow points to the injured inner surface of the blood vessel. Black arrows point to the adipose tissue in the middle layer of the blood vessel. The statistical analysis on the mid thoracic aorta adipose tissue (percentage) in five groups. Dynamic Med 6.0 microscopic image analysis system was used for the quantitative analysis of adipose tissue in the aorta. The adipose tissue in the aorta (%) was calculated as below: Aorta adipose tissue (%) = the sum of adipose tissue areas in the H&E staining area/total area of the blood vessel in the same H&E staining area* 100%. ###p<0.001 vs. Con group. **p<0.01, ***p<0.001 vs. Mod group. (B) Representative pathological staining of blood vessel tissue in the aortic arch in the control, model, Cur+Bai, Cur and Bai treated groups (n=5 per group). Scale bar = 50 um. The statistical analysis on the thickness of the aortic arch blood vessel wall (μm) in five groups. ###p<0.001 vs. Con group. **p<0.01, ***p<0.001 vs. Mod group. Results were expressed as mean ± SEM for five rats per group. The p values were obtained from one-way ANOVA analysis.



The effect of Cur+Bai in restoring cell survival in the blood vessels was examined by the TUNEL staining. Figures 5A, C revealed that there was obvious cell apoptosis in blood vessel (as highlighted by the green fluorescence) in both mid thoracic aorta and aortic arch. The statistical analysis in Figures 5B, D showed the significant higher TUNEL positive cells % in the model group in the mid thoracic aorta and aortic arch (p<0.01 and p<0.001). There were very few apoptotic cells in the Cur+Bai treated groups as evidenced by the weak green fluorescence and significantly lower TUNEL positive cells % (mid thoracic aorta: p<0.01 and aortic arch: p<0.001). Cur significantly reduced the TUNEL positive cells in the aortic arch (p<0.05), whereas Bai was insignificant in the aortic arch or mid thoracic aorta.




Figure 5 | TUNEL staining for the mid thoracic and aortic arch blood vessel tissue in the control, model Cur+Bai, Cur and Bai treated groups. Represent TUNEL staining images of blood vessel in thorax (A) and heart (B). Statistical analysis of the TUNEL positive cells in the mid thoracic (C) and aortic arch (D). ##p<0.01, ###p<0.001 vs. control group. *p<0.05, **p<0.01, ***p<0.001 vs. model group. Results were expressed as mean ± SEM for five rats per group. The p values were obtained from one-way ANOVA analysis.





Cur+Bai increased the eNOS protein expression, protected aorta blood vessels in relation to Nrf2-regulated antioxidant enzymes and MAPK pathway

In diabetes, the expression of endothelial nitric oxide synthase (eNOS) is altered which leads to endothelial dysfunction and the progression of diabetic angiopathy (29). The changes in eNOS protein expression were examined by Western Blot analysis as shown in Figure 6A. The model group showed a significantly lower eNOS protein expression (p<0.001) compared to the control group, suggesting an impaired endothelial function in the diabetic animals. On the other hand, treated groups including Cur+Bai, Cur and Bai all significantly reversed the eNOS protein expressions (p<0.05), with Cur+Bai showed the highest expression of eNOS (p<0.001).




Figure 6 | The treatment of Cur+Bai upregulated eNOS protein expression, Nrf2-HO-1 mediated antioxidant activity and downregulated MAPKp38-JNK pathway in the entire aorta wall in the diabetic rats. (A) Cur+Bai, Cur and Bai upregulated eNOS protein expression in diabetic rats as analysed by the Western blot analysis. n=3, ###p<0.001 vs. control group, *p<0.05, p<0.01, p<0.001 vs. model group. (B) Cur+Bai, Cur and Bai upregulated Nrf2 protein expression in diabetic rats as analysed by the Western blot analysis. n=3, ###p<0.001 vs. control group, **p<0.01, ***p<0.01 vs. model group. (C) Cur+Bai upregulated HO-1 protein expression in diabetic rats as analysed by the Western blot analysis. n=3, ##p<0.01 vs. control group, ***p<0.001 vs. model group. (D) Cur+Bai, Cur and Bai upregulated the SOD enzymatic activity (U/mL). n=5 per group, ###p<0.001 vs. control group, ***p<0.001 vs. model group. (E) Cur+Bai and Bai promoted the NAD+/NADPH ratio. n=5 per group, #p<0.05 vs. control group, *p<0.05 vs. model group. (F) Cur+Bai, Cur and Bai downregulated the MPO expression (U/mL) in the diabetic rats. n=5 per group, #p<0.05 vs. control group, *p<0.05 vs. model group. Results were expressed as mean ± SEM for five rats per group. The p values were obtained from one-way ANOVA analysis.



The Nrf2-mediated antioxidant defensive mechanism by Cur+Bai was investigated in vivo. As shown in Figures 6B, C, the protein levels of Nrf2 (p<0.001) and HO-1 (p<0.01) were significantly lower in the diabetic model group compared to that of the control group. The treatment of Cur+Bai significantly restored the Nrf2 (p<0.001) and HO-1 (p<0.001) protein expressions in comparison to that of the model group. Individual Cur and Bai also significantly increased the Nrf2 protein expression (p<0.01), however, they were insignificant in restoring the protein expression of HO-1. Following that, Cur+Bai significantly restored the expressions of SOD (p<0.001) and NAD+/NADH (p<0.05) compared to that of the model group (Figures 6D, E) which was consistent to that of the in vitro findings. Individual Cur and Bai significantly increased SOD expression (p<0.001) to the same extend as the Cur+Bai combination. Bai also increased the level of NAD+/NADH (p<0.05) whereas Cur did not show any significant effect. Cur+Bai significantly reduced the expression of MPO (p<0.001) compared to that of the model group (Figure 6F). The combined effect was comparable to that of Cur and Bai alone.

Since both the network pharmacology analysis and in vitro testing showed that p-p38 and p-JNK could be the key targets of Cur+Bai, these two protein targets were tested in vivo. As shown in Figures 7A, B, the phosphorylated p38 (p<0.05) and JNK (p<0.001) were significantly increased in the model group. In contrast, the treatment of Cur+Bai significantly lowered the expressions of p-p38 (p<0.05) and p-JNK (p<0.0001), suggesting that MAPKp38 and JNK still play a role in the action of Cur+Bai in protecting blood vessel and endothelium in diabetic animals. The downregulation of p-p38 by Cur+Bai was comparable to that of Bai alone (p<0.05 vs. model group), whereas Cur showed insignificant effect. Interestingly, Cur significantly reduced p-JNK (p<0.0001) which was similar to that of Cur+Bai, and Bai also showed a significant inhibition (p<0.01).




Figure 7 | The treatment of Cur+Bai downregulated phosphorylated MAPKp38 and JNK, and reduced the production of TNF-α in the entire aorta wall in the diabetic rats. (A) Cur+Bai and Bai downregulated phosphorylated MAPKp38 expression in diabetic rats as analysed by the Western blot analysis. n=3, #p<0.05 vs. control group, *p<0.05 vs. model group. (B) Cur+Bai, Cur and Bai downregulated phosphorylated JNK expression in diabetic rats as analysed by the Western blot analysis. n=3, ###p<0.001 vs. control group, **p<0.01, ****p<0.0001 vs. model group. (C) The treatment of Cur+Bai downregulated the TNF-α production expression in the diabetic rats. n=5, ###p<0.001 vs. control group, **p<0.01 vs. model group. Results were expressed as mean ± SEM for five rats per group. The p values were obtained from one-way ANOVA analysis.



The reduced level of MPO led to the investigation of inflammatory markers in the blood vessel by Cur+Bai. As shown in Figure 7C, the level of TNF-α was significantly elevated in the model group (p<0.001) and the treatment of Cur+Bai significantly lowered the level (p<0.01) which was at a comparable level to that of the control group. Bai also significantly reduced TNF-α production (p<0.01), however, the effect from Cur was insignificant.




Discussions

Endothelial dysfunction is an early marker in the pathogenesis of vascular diseases (30). It also has a strong link with diabetic angiopathy which is the major complication of DM. Many risk factors of DM are involved in the development of endothelial dysfunction such as hyperglycaemia and hyperlipidaemia that cause oxidative stress and inflammation in endothelium. Cur and Bai are two nutraceuticals that have been individually demonstrated to protect the endothelium in DM through antioxidant and anti-inflammatory related pathways. The present study investigated the combined activity of Cur and Bai in rescuing endothelial survival against the impairment of  H2O2 in EA. hy926 cells, and protecting blood vessels in aortic arch and mid thoracic aorta of diabetic rats. The detailed mechanisms of the Cur and Bai combination were elucidated through the network pharmacology analysis and partially validated by the in vitro and in vivo experimental investigations. To our knowledge, this is the first study that investigates the enhanced pharmacological activity of a Cur and Bai combination by in silico analysis, cellular assays and animal models.

The potent antioxidant activity of Cur has led to a few studies that investigated its individual effect in protecting the endothelium against a variety of impairments (31). A study from Sun etal. (32) suggested that the pretreatment of Cur (25 μM) partly inhibited the  H2O2 induced oxidative stress, and attenuated  H2O2-induced apoptosis index (9.67 ± 1.26% vs. 15.00 ± 1.77%, p<0.05) in HUVECs (32). Bai was shown to mitigate endothelial injury against radiation-induced enteritis and inhibit lipopolysaccharides-induced proinflammatory response and apoptosis in HUVECs (33, 34). Based on these previous studies, we tested the pharmacological activities of Cur, Bai and their combination using a generic and common endothelial injury model induced by  H2O2. EA. hy926 cells are the human umbilical vein cell line which was established by fusing primary human umbilical vein cells with a thioguanine-resistant clone of A549 by exposure to polyethylene glycol (PEG). This cell line has been widely used in various studies on endothelial cells and blood vessel related research. Previous studies have demonstrated that EA. hy926 preserves similar characteristics with primary human endothelial cells, such as Human Aortic Endothelial Cells (HAEC) (35, 36). Exposure to hydrogen peroxide ( H2O2) is widely used procedure to cause oxidative damage/stress in cellular models. The Fenton’s reaction between  H2O2 and Fe2+ ions generates the highly reactive OH radical and is thought to be the main mechanism for oxidative damage (37). Many studies have applied  H2O2 to induce cell injury in EA. hy926 cells for the study of endothelial injury including our previously published studies (9, 17, 38). The individual treatments of Cur and Bai showed dose-dependent improvement of cell survival in EA. hy926 cells, which were in line with the previous studies. Remarkably, the Cur+Bai combination has demonstrated a synergistic activity in restoring cell viability in EA. hy926 cells. Cur+Bai also reduced apoptotic level shown by the caspase-3 protein expression.

Further investigation on Cur+Bai combination in restoring the entire macrovascular pathological changes was conducted in a diabetic rat model. Two previous in vivo studies demonstrated that pre-treatment of Cur (15 days orally, 200 mg/kg or 2 weeks of 200 to 400 mg/kg, P.O.) prevented the increase in oxidative stress, reduced the cell apoptosis level and repaired the endothelial function as observed in the aortic tissue against cyclosporin A (31) and methotrexate (39). Bai has also been demonstrated to inhibit high glucose induced vascular inflammation in mice (13) and STZ-induced diabetic retinopathy rats (40). In this study, Cur and Bai used alone significantly lowered the FBG level, and reduced the blood lipids levels including TG, LDLC and NEFA, compared to the diabetic model group. Remarkably, the effect of the Cur+Bai combination was the greatest among all treatments that showed the lowest levels of FBG and tested blood lipids. It is worth mentioning that the dosage of Cur and Bai in the individual treatment group (150 mg/kg) doubled the dosage of Cur and Bai in the combination group (75 mg/kg for each), but the Cur+Bai generally showed a comparable or even greater effect in lowering the blood lipid levels. We then focused on the effect of Cur+Bai in protecting morphology and function of blood vessel in the diabetic model. The Cur+Bai combination significantly restored the eNOS protein expression, suggesting a remarkable protective effect on endothelial function in the diabetic rats. The pathological staining showed that the Cur+Bai combination maintained the normal structure of the endothelium and reduced adipose tissue in comparison to that of the diabetic model group. Thus, the endothelial protective action of Cur+Bai may partially be attributed to its anti-hyperglycemic and anti-hyperlipidemic activities. The TUNEL staining showed a significantly lower level of cell loss in the Cur+Bai treatment group compared to that of the model group in the three layers of the blood vessel, indicating its protection of blood vessel against diabetic angiopathy in vivo. Taken together, the above-mentioned results supported the feasible use of Cur+Bai as an oral supplement treatment (once a day) for diabetic angiopathy with a short treatment duration to regulate the glucose metabolism and restore the blood vessel status and function in diabetic angiopathy. The clinical dosage used in this study for Cur+Bai is estimated to be 1.5 g per 60 kg body weight, which is consisted of 0.75 g Cur and 0.75 g Bai. The clinical dosage used for Cur alone to improve the symptoms of diabetic microangiopathy is approximately 1 g per day for 4 weeks (41). In this case, if Cur is prepared in the Cur+Bai combination, a greater effect maybe reached with only half of the dosage. Further clinical trials are warranted to confirm the assumption.

Although there is an increasing number of studies that showed synergistic activity of phytochemicals (14), understanding the molecular mechanisms of synergy remains a challenge as it usually involves multi-faceted molecular targets. Previous studies have revealed the possible molecular mechanisms of Cur and Bai as individual compounds. Sun etal. (32) has linked the antioxidant action of Cur in protecting endothelium to the restored enzymatic activity of sirtuin 1 (SIRT1), which then upregulated the phosphorylation of eNOS and nitric oxide (32). The effect of Bai on diabetic-induced endothelial dysfunction was related to both antioxidant and anti-inflammatory activities (4, 13, 40). Bai was shown to inhibit the activation of nuclear factor (NF)-κB, the central signaling pathway of inflammation. In turn, it attenuated the vascular inflammatory response which is a critical event underlying the development of diabetic angiopathy (13).

In the present study, the molecular mechanisms of Cur and Bai, and their combination were investigated through a network pharmacology analysis. Our results revealed that (1) there are a number of overlapping genes and KEGG pathways (common targets) that are mediated by Cur and Bai against endothelial dysfunction, (2) top commonly targeted genes included MAPK 9, 10 and 14, and top targeted KEGG pathways included Pathways in cancer, Endocrine resistance and Fluid shear stress and atherosclerosis. The common gene targets and the KEGG pathway might be the key to explore the mechanisms of action of the Cur+Bai combination. The importance of the MAPK pathway was emphasized by the genes MAPK 8, MAPK10 and MAPK 14, which were all identified as common targets of Cur and Bai. The Nrf2 pathway was investigated due it is role as the essential antioxidant switcher to initiate the anti-atherosclerosis response in the Fluid sheer stress and atherosclerosis pathway. Additionally, MAPKp38 and JNK are essential protein kinases that participates in the pro-atherogenic response in the Fluid sheer stress and atherosclerosis pathway. Thereby these molecular targets are focused for the mechanistic study on Cur+Bai against diabetic angiopathy.

We demonstrated that the protective effect of the Cur+Bai combination in EA. hy926 cells was associated with Nrf2-HO-1 mediated antioxidant defense system. This was evidenced by significantly inhibited ROS level, magnified Nrf2 luciferase, upregulated HO-1 protein expressions as well as increased Phase II antioxidant enzymes including SOD and NAD enzymatic activities. Furthermore, the up-regulatory activities on Nrf2, HO-1 and phase II antioxidant enzymes by Cur+Bai were all significantly higher than that of Cur or Bai alone, which may help to explain the observed synergistic activity of Cur+Bai in restoring the impaired cell viability. Nrf2 is a master regulator of cellular resistance to oxidants which controls the basal and induced expression of an array of antioxidant response element-dependent genes (42). The induction of Nrf2 launches the expressions of Phase II antioxidant enzymes such as SOD and total NAD+ that directly detoxify ROS and thus reduce the level of oxidative stress (43–45). In fact, the results from our previous study demonstrated a synergistic activity of Cur and resveratrol in attenuating  H2O2-induced endothelial oxidative damage and apoptosis, and the synergistic mechanism was associated with further strengthened upregulation of Nrf2-HO-1 mediated antioxidant pathway (9). Thus, it was speculated that this finding could be used to identify novel synergistic combination. Indeed, our present study showed that Cur interacted with Bai synergistically which might be partially related to the further upregulated Nrf2-HO-1 pathway. This finding underpins our previous finding that synergy may occur through the strengthening of the Nrf2-HO-1 pathway.

The prediction of network pharmacology on the synergistic mechanism of the Cur and Bai combination has been partially confirmed by our experimental investigation on the protein kinases of MAPKp38 and JNK. Our in vitro investigation showed that the phosphorylated p38 and JNK increased significantly by the stimulation of  H2O2, which are key regulators in oxidative stress and inflammatory response in endothelial apoptosis (46, 47). The Cur+Bai combination significantly downregulated the protein kinase of p38 and JNK which the effect was greater than Cur or Bai alone. This finding supported the synergistic action of Cur+Bai in reducing cell apoptosis in EA. hy926 cells. In addition, the downregulation of p38 and JNK by Cur+Bai in diabetic rats may contribute to its observed protective effect on blood vessel. These experimental findings partially confirmed our network pharmacology results, although additional molecular targets and their crosstalk may also be involved, warranting further investigation and validation. Our results showed that the Cur+Bai combination also effectively reduced the level of TNF-α in the blood vessel tissue, the production of which is associated with the Fluid shear stress and atherosclerosis KEGG pathway and pathological progression of diabetic angiopathy (48).

Extrapolation of the results from cellular-based in vitro study to that of an in vivo investigation still present a great challenge. Some pharmacokinetics processes such as absorption, distribution, metabolism and elimination need to be taken into account when the efficacy of a phytochemical in a whole organism is concerned. Cur has been confirmed to exhibit very poor oral bioavailability (around 1%) (49) which rendered undetectable or extremely low amount in blood (50). Orally administered curcumin is transformed into dihydrocurcumin and tetrahydrocurcumin within one hour, and then largely converted into glucuronide and glucuronide/sulfate conjugates (51). Thus, the observed effect of Cur in the diabetic rats may be attributed to the functional role of these metabolites. Tetrahydrocurcumin, the main metabolite of Cur in the blood circulation, was shown to suppress oxidative stress (52), and improved vascular dysfunction, arterial stiffness, and hypertension associated with cadmium exposure in mice (53). The effect of glucuronide and glucuronide/sulfate conjugates in protecting vascular function against oxidative stress is unknown. Oral Bai also undergoes a fast and extensive phase II metabolism with a negligible absorption in rats (54, 55). Bai via oral administration was mainly transformed into its conjugated metabolites, glucuronides/sulfates of baicalein (75.7%) (56) including baicalin which were extensively circulating in the plasma (57, 58) (54). Baicalin is shown to repair the blood vessel function in aorta in diabetic mice, due to a mechanism associated with Nrf2 signaling (4). Thus, the observed effect of Bai in this study may at least partly be attributable to the action of baicalin. Thereby, the underlying mechanism of the combined action of Cur+Bai in restoring on macrovascular changes may rely on the action of their metabolites. The next step can be the pharmacokinetic study of Cur+Bai in the diabetic rats and determination of the ratio of their metabolites, followed by the study of the interaction of their metabolites.

At present, there is no robust statistical analysis method available to quantify synergy in a combination at one dosage level. Thus the “synergy” in this study was based on statistical comparison between the individual treatments to that of the combined treatments (i.e. t-test or one-way analysis of variance). There are several other limitations of the study. The secondary cell line, EA. hy926 cells were used to investigate the protective effect of the Cur+Bai combination in endothelial cells, rather than using the primary aortic endothelial cells, which does not fully inform the effects of Cur+Bai on native endothelium in aortic blood vessels. The effect of Cur+Bai observed in the animal study was only based on male animals, but not on female’s counterparts. The quantified phenotype changes in the endothelium following in vivo treatment were limited in this study. Due to the absence of pharmacokinetic data, there remains challenge to investigate the Cur+Bai combination as a therapeutic agent in the management of diabetic angiopathy.



Conclusions

The presented study suggested that Cur and Bai interacted synergistically in restoring cell survival in  H2O2 impaired EA. hy926 cells. The combined treatment of Cur and Bai reduced FBG and blood lipids levels including TCHO, TG, LDLC and NEFA in diabetic GK rats. The Cur+Bai combination protected the endothelium function, maintained the blood vessel wall and reduced the adipose tissue in both aortic arch and mid thoracic aorta blood vessels.

The mechanisms associated with the synergistic interactions of Cur and Bai were investigated by the network pharmacology analysis. MAPK gene targets and Fluid sheer stress and atherosclerosis pathway were analysed to be the key common targets of Bai and Cur against endothelial dysfunction. Our in vitro results revealed that the Cur+Bai combination reduced ROS fold change and upregulated Nrf2, HO-1, SOD, and NAD regulators. It also markedly downregulated the phosphorylation of MAPKp38 and JNK against the stimulation of  H2O2. In diabetic rats, the Cur+Bai combination upregulated the protein expressions of Nrf2 and HO-1, as well as increased the enzymatic activities of SOD, NAD+/NADPH, and decreased the enzymatic level of MPO. Furthermore, it inhibited the protein kinases of p38 and JNK. Cur and Bai also significantly reduced the level of TNF-α in the blood vessel tissue.

Altogether, our results demonstrated that the Cur+Bai combination significantly attenuated endothelial injury against oxidative damage in endothelial cells and effectively protected blood vessel in diabetic rats via regulating Nrf2-HO-1 mediated antioxidant defensive system and MAPK pathways. Our findings may help develop novel combination therapies with multi-targeted actions for mitigating endothelial dysfunction in diabetic angiopathy against hyperglycaemia, hyperlipidaemia and oxidative damage.
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Background

Postprandial hyperglycemia plays an important role in the pathogenesis of coronary artery disease (CAD). The aim of this study is to determine the associations of 1,5-Anhydroglucitol (1,5-AG), which reflects circulating glucose fluctuations, with the prevalence of CAD and CAD severity in coronary angiography defined Chinese patients.



Methods

2970 Chinese patients undergoing coronary angiography were enrolled. Baseline demographics and medical history data was recorded. Serum 1,5-AG levels and biochemical parameters were measured. Baseline characteristics were compared across 1,5-AG categories in diabetes (DM) and non-DM groups. Logistic regression analysis was performed to evaluate the associations of 1,5-AG with the prevalence and severity of CAD.



Results

Lower 1,5-AG was significantly associated with higher Gensini scores in both DM and non-DM groups. Logistic regression analysis demonstrated that the associations of low 1,5-AG with the prevalence of CAD, elevated Gensini score and severe CAD robustly dose-response increased from undiagnosed DM with 1,5-AG ≥ 14µg/mL to DM with 1,5-AG < 14µg/mL even after adjusting for fasting blood glucose (FBG) or Hemoglobin A1c (HbA1c). The associations were more significant in persons with DM. Significant modification effect of DM on the relationship of 1,5-AG with elevated Gensini score was found. In addition, nonlinear relationship and threshold effects of 1,5-AG with CAD and severity were observed.



Conclusion

Low 1,5-AG is significantly and independently associated with CAD and CAD severity in Chinese patients undergoing coronary angiography. Measurement of 1,5-AG is useful to differentiate subjects with extensive glucose fluctuations and high CAD risks, especially in DM patients.



Clinical Trial Registration

ClinicalTrials.gov, identifier NCT03072797.





Keywords: 1,5-anhydroglucitol, hemoglobin a1c, diabetes, coronary artery diseases, genuine score



Introduction

Atherosclerotic coronary artery disease (CAD) is among the leading cause of mortality and morbidity and puts an enormous economic burden worldwide (1). There are multiple risk factors for CAD such as smoking, obesity, hypertension, hyperglycemia and dyslipidemia (2). Early identification and intervention of the risk factors are effective measures to the prevention and treatment of CAD. Type 2 diabetes mellitus (DM) is considered to be an important risk factor in the development of CAD (3). Therefore, intensive blood glucose control is critical to reduce the mortality and morbidity of CAD in DM patients. Hemoglobin A1c (HbA1c), which reflects glycemic exposure over the past 2–3 months, is the standard measure used for diagnosis of diabetes as well as the clinical monitoring of glucose control (4). However, in patients with established DM, intensive intervention for glycemic control guided by HbA1c values did not improve the risk of macro-vascular complications and survival prognosis (5, 6). Previous studies have shown that postprandial hyperglycemia and glycemic variability are risk factors, independent of average glycemic level, for cardiovascular complications in people with DM (7, 8). A growing body of literature suggests that 1,5-Anhydroglucitol (1,5-AG) may provide a useful complement to HbA1c measurements (9), especially when short-term glycemic variability may not be reflected in traditional glycemia markers.

1,5-AG is a dietary monosaccharide, a naturally occurring 1-deoxy form of glucose, that is typically present at high but stable concentrations in the blood in normal glycemic status (10). Serum concentrations of 1,5-AG is adjusted by urinary excretion in the kidneys. Most 1,5-AG, which is filtered in glomerulus is reabsorbed at a specific fructose-mannose active transporter in the renal tubule, with a small amount, corresponding to dietary intake, excreted in the urine (11). The reabsorption is competitively inhibited by glucose. Therefore, the serum 1,5-AG level rapidly decreases when serum glucose level exceeds the threshold of urine glucose excretion (160-180 mg/dL), even when very short-lasting episodes appear. Previous studies have demonstrated that 1,5-AG level is negatively correlated with HbA1c and fasting blood glucose (FBG) and is a useful marker to identify well controlled, exclusively based on HbA1c levels DM patients with transient hyperglycaemia (12, 13).

In community-based studies, low 1,5-AG level is associated with the prevalence of CAD and also has predictive value for CAD events and mortality, in both DM and non-DM populations (9, 14). However, it is unclear if 1,5-AG is associated with CAD and CAD severity in high risk subjects and if 1,5-AG adds prognostic value to HbA1c, especially in Chinese populations. CAD severity can be evaluated by the Gensini score system which reflect the complexity and extent of CAD based on the artery morphology, coronary anatomy, and severity of stenosis in lesions  (15, 16). Therefore, the present study was designed to determine the independent associations of 1,5-AG with the prevalence of CAD and CAD severity evaluated by Gensini score in Chinese patients underwent coronary angiography.



Materials and methods


Study population

From Mar, 2017 to 2020, 2970 consecutive patients undergoing coronary angiography in Beijing Hospital were enrolled in this study, in which 2945 subjects were measured serum 1,5-AG concentrations. The exclusion criteria were: (1) patients who had severe congenital heart disease, severe cardiac insufficiency, primary pulmonary hypertension, hepatic and renal dysfunction; (2) patients who were receiving chemotherapy or radiotherapy, pregnant or nursing; (3) patients who were alcohol or drug abuser, or with mental illness under treatment. Baseline demographics and medical history information, including height, weight, blood pressure, lifestyle, and history of DM, hypertension (HTN), stroke, and premature CAD were surveyed by trained doctors during hospitalization. Patients with HTN, DM and dyslipidemia include those who have already been diagnosed with these diseases at enrolment and those newly diagnosed during hospitalization according to current guidelines. Before coronary angiography, fasting blood samples were taken into common vacutainer tubes and serum was separated by centrifugation. Serum samples were aliquoted into 2mL vials and stored at -80°C until analysis. This study was approved by the Ethics Committee of Beijing Hospital (2016BJYYEC-121-02) and the written informed consent was obtained from each patient.



Coronary angiography

Coronary angiographies were performed by experienced cardiologists using standard techniques in all study patients. All targeted coronary lesions of the patients were analyzed by the built-in QCA software of the Allura Xper FD20 Angiography System (Philips Healthcare, Netherlands). According to the classification of the American Heart Association Grading Committee, coronary arteries were divided into 15 segments. Coronary artery segments were carefully selected by cardiologists on the basis of smooth luminal borders and the absence of stenosis. All of the coronary arteries were injected and at least two views of the right coronary arteries and four views of the left coronary arteries were evaluated. The existence of CAD was analyzed by two experienced interventional cardiologists and was defined as the presence of one or more coronary arteries with 50% or more stenosis in the main epicardial coronary arteries. In the event of a disagreement, the opinion of a third observer was required, and the final decision was made by consensus of all three observers. To test the extent and severity of ischemia caused by the lesion, the Gensini scores (15, 16) were calculated in 2047 patients who did not have previous percutaneous artery interventions (PCI). Each lesion was assigned a score according to the percentage of stenosis, and multiplied by the coefficient defined for each major coronary artery and segment. The Gensini score of each patient was obtained by summing up the results. Subjects with Gensini scores of the top tertiles were referred as severe CAD.



Measurement of 1,5-AG and other variables

Serum 1,5-AG was measured by KingMed Diagnostics using Pyranose oxidase assay kit from Beijing Strong Biotechnologies, Inc. on a Roche Modular 702 system. Serum samples were thawed and mixed at room temperature. 1,5-AG concentration was measured according to the manufacturer’s instructions. FBG, HbA1c, total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), creatinine (CREA), uric acid (UA) and estimated glomerular filtration rate (eGFR) were measured at the clinical laboratory of Beijing Hospital by using assay kits from Sekisui Medical Technologies (Osaka, Japan) on a Hitachi 7180 chemistry analyzer. Two quality control materials, prepared by mixed fresh serum samples, were analyzed with patient samples in each run in 1,5-AG assays to monitor the performance of the measurements. The average inter- assay CV was below 2%. Previous studies have shown this 1,5-AG assay to be highly reliable even in long-term stored samples (17). In the 2945 subjects measured, 100 samples had 1,5-AG concentration below the limit of detection, on this occasion, the lowest measured concentration was inputted.



Statistical analysis

Data were presented as percentages or medians and interquartile ranges (IQR). Baseline characteristics of the study population were compared across categories of 1,5-AG (≥14 µg/mL, <14µg/mL) in subjects with and without diagnosed DM. We used the Chi-squared test or Fisher exact test for categorical variables and the Kruskal-Wallis test for continuous variables. Correlations between 1,5-AG and conventional CAD risk factors were analyzed by Spearman nonparametric test.

To analyze the associations of 1,5-AG with the incidence of CAD and CAD severity defined by Gensini scores, multivariable logistic regression or linear regression analysis were performed. We divided the subjects with and without diabetes into two groups based on a cut point of 14 μg/mL. Those without diagnosed diabetes and 1,5-AG≥14 μg/mL served as the common reference group. Odds ratios (ORs) for CAD versus non-CAD, high versus low Gensini scores, or regression coefficients β for Gensini score, and the corresponding 95% confidence intervals (CIs) were evaluated. Potential confounding variables, including age, gender, current smoking, obesity or overweight, hypertension, dyslipidemia, stroke, family history of premature CAD, statin use, and FBG or HbA1C, were controlled in the regression models.

We used restricted cubic splines with five knots located at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles and centered at the 14 μg/mL to explore whether there is a non-linear relationship between 1,5-AG and incident CAD and severity. Besides, two-piecewise linear regression model was also used to further explain the non-linearity and examine the threshold effect of the 1,5-AG on CAD and severity using a smoothing function. In the model, the threshold level (i.e.,turning point) was determined using trial and error, including selection of turning points along a pre-defined interval and then choosing the turning point that gave the maximum model likelihood. We also conducted a log likelihood ratio test to examine the statistical significance.

In addition, the subgroup analyses and interaction tests were performed using stratified binary logistic regression model or linear regression. In order to further examine the robustness of associations between 1,5-AG and incident CAD and severity, we performed several sensitivity analyses: additionally adjusting for the serum concentrations of other biochemical parameters, including TC, TG, HDL-C, LDL-C, UA, Crea and eGFR; excluding participants with 1,5-AG below the limit of detection; using 1,5-AG concentration as a continuous independent variable instead of the category variable with a cutoff for 1,5-AG of ≥ 14 μg/mL, respectively.

The analyses were performed using SPSS 26.0 (Windows SPSS, Inc.) and R packages (http://www.r-project.org). All reported P values were two-tailed, P value<0.05 was considered significant.




Results


Characteristics of the study participants

At baseline, participants were a mean of 65 years old, 62.4% males and 49.6% had a diagnosed DM. The participants were classified into two groups of undiagnosed and diagnosed DM, the baseline characteristics by 1,5-AG categories (≥14 μg/mL, <14 μg/mL) within the two groups and among four subgroups were compared. As shown in Table 1, in patients with diagnosed DM (n=1462), 57.7% had 1,5-AG concentration <14mg/mL, while in patients without DM (n=1483), only 7.8% had low 1,5-AG levels (<14 μg/mL). In both diagnosed and undiagnosed DM, subjects with 1,5-AG <14 μg/mL had significantly higher FBG and HbA1C levels compared to those with 1,5-AG ≥14 mg/mL. The percent of coronary angiography defined CAD, as well as Gensini scores, were also higher in low 1,5-AG (< 14 μg/mL) subjects compared to those with higher 1,5-AG (≥ 14 μg/mL). In addition, age, BMI, SBP, percent of BMI ≥ 24 kg/m2, HTN, DM, dyslipidemia, and statin use all significantly increased among subgroups (P values for trend <0.05). FBG, HbA1C, coronary angiography defined CAD, and Gensini scores were also significantly increased from undiagnosed DM to diagnosed DM and across different 1,5-AG categories (P values for trend <0.05).


Table 1 | Characteristics of the study participants by categories of 1,5-anhydroglucitol (1,5-AG) at baseline in subjects with and without diagnosed diabetes.





Correlations between 1,5-AG and conventional CAD risk factors

Spearman correlations between 1,5-AG and other CAD risk factors were presented in Table 2. In subjects without a diagnosis of DM, serum 1,5-AG levels were significantly negatively correlated with age, BMI (P<0.001) and SBP (P<0.05), and positively correlated with UA (P<0.001) and eGFR (P<0.05). In subjects with a diagnosed DM, 1,5-AG was found to be negatively correlated with SBP (P<0.01) and eGFR (P<0.001), and positively correlated with TC (P<0.05), HDL-C, Crea and UA (P<0.001). In all the patients including both with and without DM, serum 1,5-AG was significantly negatively associated with age, BMI, SBP, and TG (P<0.001), and positively associated with TC (P<0.01) and HDL-C (P<0.001) levels. In addition, serum 1,5-AG was significantly negatively associated with Gensini scores in all subjects (P<0.001) and subjects with DM (P<0.01), but no association was found in subjects without DM. The weak associations found between 1,5-AG and TC were probably caused by the use of statins.


Table 2 | Spearman correlation (r) of 1,5-AG with other clinical parameters.





Multivariable analysis between categories of 1,5-AG with CAD, gensini scores and severe CAD

The associations between 1,5-AG and the presence of CAD, the Gensini scores, as well as CAD severity (high vs low Gensini score), were analyzed by the multivariable analysis in subjects with and without diagnosed DM, with those no diagnosed DM and 1,5-AG ≥14 µg/mL served as the common reference group. As shown in Table 3, the associations significantly increased, in a dose-response manner, from undiagnosed DM with 1,5-AG ≥ 14µg/mL and < 14µg/mL to DM with 1,5-AG ≥ 14µg/mL and < 14µg/mL in order (P values for trend <0.01). The highest ORs for the prevalence of CAD, elevated Gensini scores and severe CAD were found in subjects with diagnosed DM and 1,5-AG < 14 µg/mL after adjusting for age, gender, and other CAD risk factors (Model 1& 2). The associations were attenuated but remained significant after adjustment for FBG (Model 3) and HbA1C (Model 4).


Table 3 | Adjusted β/OR (95% CI) and p-value of baseline diabetes-specific categories of 1,5-AG with prevalent coronary angiography defined CAD, Gensini score and severe CAD.



In subjects with diagnosed DM, compared with 1,5-AG ≥ 14 μg/mL, subjects with 1,5-AG < 14 μg/mL had more significant associations with the prevalent CAD, elevated Gensini scores and severe CAD in Model 1 &2 (P<0.05). The association remained significant after additional adjustment for FBG (Model 3) but not HbA1c (Model 4). However, in subjects without DM, compared with 1,5-AG ≥ 14 μg/mL, 1,5-AG < 14 μg/mL had no associations with the prevalence of CAD and elevated Gensini scores. Weak associations were found between 1,5-AG < 14 μg/mL and severe CAD in Model 2. The associations were no longer significant after further adjusting for FBG (Model 3) or HbA1C (Model 4). These results indicated that, in the categorical analyses, the associations of low 1,5-AG (< 14 μg/mL) with the prevalent CAD, elevated Gensini scores and CAD severity were largely confined to persons with diagnosed DM. In sensitivity analyses, associations of 1,5-AG with CAD, elevated Gensini scores and severe CAD remained essentially unchanged after further adjustment for other biochemical parameters, including TC, TG, HDL-C, LDL-C, UA, Crea and eGFR (Supplementary Table 1). Similar associations were observed when restricting the analyses to participants with 1,5-AG levels above the limit of detection (n=2845) (Supplementary Table 1) and using 1,5-AG concentration as a continuous independent variable instead of the category variable with a cutoff of 1,5-AG ≥ 14 μg/mL. (Figure 1, Supplementary Figure 1).




Figure 1 | Adjusted associations of serum 1,5-AG levels with (A) coronary angiography defined CAD, (B) Gensini scores and (C) severe CAD in the BHAS study, N = 2945. 1,5-AG was modeled using restricted cubic splines (solid line) with knots at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles. The concentration of 1,5-AG of 14 μg/mL was used as the reference point for (A) and (C). 95% CIs are shown with the dashed lines. Models are adjusted for age, gender, current smoker, obesity or overweight, diabetes, hypertension, dyslipidemia, stroke and family history of premature CAD. Frequency histograms are shown for persons without diabetes (light gray bars) and for persons with diabetes (dark gray bars).





Analysis of nonlinear relationship between 1,5-AG and incident CAD and severity

The restricted cubic splines were used to flexibly model and visualize the distribution of 1,5-AG and its relation with CAD, elevated Gensini scores and CAD severity. As shown in the histograms (Figure 1), the distributions of 1,5-AG was substantially different in subjects with and without a diagnosis of DM. In subjects without DM, the distribution of 1,5-AG is roughly normal (light gray bars), however, in persons with diagnosed DM, the distribution of 1,5-AG was non-normal and highly right skewed (black bars). When modeled with restricted cubic splines, the lowest level of 1,5-AG tended to be associated with the highest risk of incident CAD, elevated Gensini scores and severe CAD when adjusted for age, gender, current smoker, obesity or overweight, diabetes, hypertension, dyslipidemia, stroke, family history of premature CAD and statin use. The association was not linear across the entire distribution, we observed a threshold effect, with apparent dose-response associations at lower levels but little evidence of associations at higher levels. In Table 4, by using the two-piece wise linear regression model, the turning point of 1,5-AG was calculated as 14.0 μg/mL for prevalent CAD. Therefore, on the left of the turning point, the adjusted ORs (95%CI) were 0.420 (0.263, 0.670) (P <0.001), indicating significant associations with CAD. However, on the right of the turning point, the adjusted associations were not significant. Compared with the linear model, the differences found were statistically significant (P for log likelihood ratio tests were <0.001). Interestingly, the turning points for the Gensini scores and severe CAD were 29.7 μg/mL and 28.8 μg/mL respectively, which were much higher than that of CAD.


Table 4 | Threshold effect analysis of 1,5-AG (per 1-SD increment) on coronary angiography defined CAD, Gensini score and the severity of CAD.





Stratified analysis of the associations between 1,5-AG with CAD, gensini scores and CAD severity

In order to examine the robust associations of 1,5-AG with CAD, associations between 1,5-AG levels and the incidence of CAD, the Gensini scores and CAD severity were respectively analyzed in different subgroups, such as different age, gender, BMI (<24kg/m2, ≥24kg/m2), smoking status, hypertension, dyslipidemia, and with or without diagnosed DM, stroke, and family history of premature CAD. Interactions between 1,5-AG and these factors on the distribution of CAD, Gensini scores and severe CAD were also analyzed. As shown in Supplementary Figure 1, the results suggested that when 1,5-AG was used as continuous variables, each SD increase was associated with 15% decrease of prevalent CAD, 2 point lower of Gensini scores and 18% decrease of severe CAD. The associations were apparently more significant in persons with diagnosed DM compared with non-DM. These results were similar with those when 1,5-AG was modeled as a categorical variable (Table 3). However, only the interaction by DM for Gensini score was observed (P for interaction =0.029, Supplementary Figure 1B). Although the ORs (95% CI) for CAD and severe CAD were different in DM and non-DM patients [0.771 (0.650-0.914) vs 0.919 (0.799-1.057) for CAD, and 0.716 (0.580-0.884) vs 0.909 (0.751-1.100) for severe CAD], no significant effect modification by DM was found (P for interaction > 0.05). We did not observe interactions by age, sex, BMI, current smoker, dyslipidemia, stroke and family history of premature CAD for the presence of CAD, Gensini score and CAD severity (all P for interaction > 0.05).




Discussion

In the present study, we analyzed the associations between serum 1,5-AG with the prevalence of CAD and CAD severity as assessed by the Gensini score system in Chinese patients underwent coronary angiography. The results showed that low concentrations of 1,5-AG were independently associated with the prevalence of CAD, elevated Gensini scores and severe CAD after adjusting for age, gender and other CAD risk factors. More significant associations remain in DM patients after further adjusting for FBG or HbA1C. Nonlinear relationship and threshold effects of 1,5-AG were found for prevalent CAD, elevated Gensini scores, and CAD burden, with the 1,5-AG turning points of 14.0μg/mL, 29.7μg/mL, and 28.8 μg/mL respectively.

DM is a disorder of impaired glucose homeostasis and is one of the important risk factors for cardiovascular diseases, including CAD and related mortality. Recent epidemiological, clinical and experimental data have suggested that effective controlling of blood glucose in the nonfasting state, especially the postprandial period, can reduce the risk of macroangiopathic complications of diabetes (7, 8, 18). Evaluating glycemic control is currently based on the self-monitoring of blood glucose and clinical testing for HbA1c, which is a surrogate biochemical marker of the average glycemia level over the previous 2-3 months (4). Although HbA1c provides a valuable, standardized and evidence-based parameter that is relevant for clinical decision making, there are circumstances that HbA1c levels are insufficient to predict the risk of adverse outcomes (19–21). Moreover, it was well established previously that although postprandial glycaemia can influence HbA1c concentration, glycated haemoglobin is not sensitive for short-lasting, transient hyperglycaemia (22). 1,5-AG is an emerging glycometabolic marker that complements HbA1c in terms of short-term glycemic control, postprandial hyperglycemia and glucose fluctuation (9, 10, 12–14). Serum 1,5-AG concentration is found to be relatively stable in normalglycemia state and rapidly falls reflecting not only chronic, but also short-lasting hyperglycaemic episodes. Therefore, measurement of 1,5-AG is important to identify transient hyperglycaemia and related CAD risks in DM patients and non-DM individuals.

Previous studies have reported that 1,5-AG levels are associated with vascular endothelial dysfunction (23), oxidative stress (24), carotid atherosclerosis (25, 26) and the prevalence of CAD (9, 27). In one previous prospective study of approximately 2000 persons in Japan, 1,5-AG at baseline was significantly associated with incident cardiovascular events during 11 years of follow-up (28). In the ARIC study, a community-based prospective cohort study, low 1,5-AG was associated with subclinical cardiovascular disease, cardiovascular outcomes and mortality in persons with a history of DM (14). However, the relationship of 1,5-AG with CAD or CAD events were not consistent in the population without diagnosis of DM (14, 29–31). The associations between 1,5AG and CAD were also studied in patients undergoing coronary angiography (32, 33), and found that the 1,5-AG levels were independently associated with CAD, and serum 1,5-AG value predicts CAD related adverse events even in non-DM patients without CAD. However, these studies had a relatively strict exclusion criteria and small number of participates which may have limited representations. In addition, whether the association between 1,5-AG and CAD is modified by DM is not clear. In the current study, the relationship of 1,5-AG with the prevalent CAD, Gensini scores, and CAD severity were analyzed in Chinese subjects undergoing coronary angiography in both DM and non-DM patients.

We first analyzed the baseline characteristics in diagnosed DM and non-DM by low (<14 μg/mL) and high (≥14 μg/mL) 1,5-AG categories. In both diagnosed and undiagnosed DM, lower 1,5-AG was associated with not only significantly higher FBG and HbA1C levels, but also higher Gensini scores. These results were in accordance with the previous reports (34, 35). Multivariable analysis showed that the associations robustly dose-reponse increased from undiagnosed DM with 1,5-AG ≥ 14µg/mL to DM with 1,5-AG < 14µg/mL even after adjusting for FBG or HbA1c. The associations of low concentrations of 1,5-AG with CAD, elevated Gensini score and severe CAD were more significant in persons with diagnosed DM. However, only significant modification effect of DM on the relationship of 1,5-AG with elevated Gensini score was found. These results suggested that measurement of serum 1,5-AG value may be useful for not only evaluation of glucose control but also CAD risk assessment in high risk populations, especially in DM patients.

Different values have been reported for blood 1,5-AG concentrations depending on the racial/ethnic groups, being higher in Asians and Africans compared to Caucasians (36, 37). In the previous study, 1,5-AG concentration of 10.0 μg/mL (14, 29, 32, 38) and 14.0 μg/mL (28, 31, 39) have been used as the cut-off values for defining exposure to hyperglycemia, potentially representing a subset of the population with higher post-prandial glycemic peaks. In our study, 57.7% of the subjects with diagnosed DM had 1,5-AG<14.0 μg/mL, and in subjects without DM, 92.2% had 1,5-AG>14.0μg/mL. These results were in accordance with the reports of Dr. Yamanouchi (40), in which 14 μg/mL was recommended as the normal lower limit of 1,5-AG levels. When modeled with restricted cubic splines, our results demonstrated that the lowest level of 1,5-AG was associated with the highest prevalence of CAD, elevated Gensini scores and sever CAD. In addition, the association was not linear across the entire distribution, in which a threshold effect was found. By using the two- piecewise linear regression model, the turning points of 1,5-AG for CAD, high Gensini scores, and severe CAD were calculated. The results suggested that, the linear associations between 1,5-AG and CAD was largely confined in 1,5-AG<14μg/mL. However, the turning points of 1,5-AG for high Gensini scores (29.7 μg/mL) and severe CAD (28.8 μg/mL) were much higher. These results indicate that, for prevention of the occurrence and development of atherosclerosis, more strict control of glycemic fluctuations are needed.

We recognize that our study has some limitations. First, this results are based on a single baseline measurement of 1,5-AG and lack of information on 2-h postprandial glucose. Second, owing to the observational nature of the study, we are also not able to completely rule out the possibility of residual confoundings. Third, since this study was a baseline data of our BHAS, the obtained results require further confirmation in future prospective analysis.



Conclusion

This study demonstrated that low 1,5-AG levels were independently associated with the prevalence of CAD and the severity of the disease evaluated by Gensini scores, in diagnosed DM patients, even after adjusting for FBG or HbA1C. The relationship of 1,5-AG with CAD and severity were not linear with threshold effects existed. Our study added to the evidence regarding the value of 1,5-AG as an effective glycometabolic marker that complements HbA1c in terms of glucose fluctuation and CAD risk assessment in persons with DM. Additional studies are needed to understand its possible utility as a tool for diabetes management in primary and secondary prevention of CAD.
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In recent years, the risk, such as hypertension, obesity and diabetes mellitus, of cardiovascular diseases has been increasing explosively with the development of living conditions and the expansion of social psychological pressure. The disturbance of glucose and lipid metabolism contributes to both collapse of myocardial structure and cardiac dysfunction, which ultimately leads to diabetic cardiomyopathy. The pathogenesis of diabetic cardiomyopathy is multifactorial, including inflammatory cascade activation, oxidative/nitrative stress, and the following impaired Ca2+ handling induced by insulin resistance/hyperinsulinemia, hyperglycemia, hyperlipidemia in diabetes. Some key alterations of cellular signaling network, such as translocation of CD36 to sarcolemma, activation of NLRP3 inflammasome, up-regulation of AGE/RAGE system, and disequilibrium of micro-RNA, mediate diabetic oxidative stress/inflammation related myocardial remodeling and ventricular dysfunction in the context of glucose and lipid metabolic disturbance. Here, we summarized the detailed oxidative stress/inflammation network by which the abnormality of glucose and lipid metabolism facilitates diabetic cardiomyopathy.
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1 Introduction

There are three major nutrients, including carbohydrates, fats and proteins, for human body’s metabolism. The monosaccharide, especially glucose, hydrolyzed from carbohydrates provide indispensable energy for cellular function and survival. Diabetes mellitus is characterized by dysregulation of insulin pathway and insulin resistance leading to the disorder of carbohydrate metabolism and hyperglycemia. Microvascular and macrovascular abnormalities, resulting in diabetic retinopathy, nephropathy, neuropathy and cardiomyopathy, are primary causes of high disability and mortality in diabetes (1, 2). Diabetic cardiomyopathy (DCM) is confirmed to be inseparably related to the abnormal myocardial energy metabolism (3). With the development of diabetes, the inhibition of glucose utilization is accompanied with the increase of fatty acid β-oxidation to satisfy the cellular energy requirement (4). Lots of cellular signaling transduction pathways associating with inflammatory response and oxidative stress are abnormally regulated in the diabetic heart and cardiomyocyte because of the disturbance of glucose and lipid metabolism, which is involved in the development of cardiac hypertrophy, fibrosis and heart failure (5, 6). Here, we summarized the crosstalk between the abnormality of glucose and lipid metabolism and DCM focusing on oxidative stress and inflammation.



2 What is diabetic cardiomyopathy

It has been estimated in IDF Diabetes Atlas (the 10th edition) that the global number of diabetes in the age of 20-79 was 537 million in 2021 (an increase of 16% compared with that in 2019), which has been projected to reach 643 million by 2030, and more than 6.7 million adults have died (about 12.2% of global death) due to diabetes and diabetic complications in 2021 (http://diabetesatlas.org/atlas/tenth-edition/). Such a high prevalence of diabetes and a hug number of diabetes-related death confirm that diabetes is one of the fastest growing global health emergencies in the 21st century. Despite the different pathophysiology of type 1 diabetes mellitus (T1DM) and T2DM, chronic systemic hyperglycemia and the disorder of glucose and lipid metabolism ultimately result in severe complications, such as blindness, kidney failure, cardiomyopathy, stroke, and lower limb amputation (2). The cardiovascular system is one of the most vulnerable targets of diabetes and suffers from endothelial dysfunction, atherosclerosis, cardiomyopathy, and even heart failure, which accounts for the major cause of morbidity and mortality in diabetic patients (7). Diabetes confers about a two-fold excess risk for cardiovascular disease independently from other conventional risk factors (8) and three-fold higher cardiovascular mortality had been reported in diabetic subjects by the Framingham Heart Study (4, 9). DCM is defined as a chronic metabolic heart disease in the absence of congenital heart disease, coronary artery disease, cardiac valve disease, or hypertension and is one of the major causes of the mortality in diabetic patients (10, 11). The typical manifest of DCM includes cardiac remodeling (hypertrophy and fibrosis) and dysfunction (12). Left ventricular diastolic dysfunction is one of the earliest characteristics of the diabetic heart and systolic dysfunction, even heart failure, develop at a later stage of DCM independent of hypertension and ischemic coronary artery disease (4, 12, 13).



3 Metabolic disorder in the diabetic heart

Although the normal adult heart can use a variety of energy substrates, such as glucose, lactate, fatty acids, ketones, and amino acids for the continuous requirement of energy, but it primarily utilizes long-chain fatty acids (LCFA) to supply 50%-70% of energy (4, 14). Chronic alterations of myocardial substrate preference, which begins from the early stage of diabetes, can contribute to DCM. As shown in Figure 1, the decrease in utilization of glucose owing to insulin resistance promotes fatty acid β-oxidation to supply 90%-100% of energy associated with the translocation of cluster of differentiation 36 (CD36), a fatty acid transporter, into the sarcolemma and enhanced LCFA uptake in the cardiomyocyte, meanwhile leads to the lipotoxic cardiomyopathy in diabetes (14–16). Irreversible hyperglycemia and over-use of fatty acid β-oxidation, as forerunners in diabetes (13), break the cellular homeostasis of oxidation-reduction reaction and provoke cardiac inflammatory response, characterized by the over-production of reactive oxygen species (ROS) and pro-inflammatory factors, which contributes to the development of DCM, including ventricular remodeling, hypertrophy, myocardial stiffness, cardiac dysfunction, and heart failure (4, 13, 17). The impaired myocardial structure and function both contribute to further abnormalities of glucose and lipid metabolism in the diabetic heart, generating a positive feedback loop to exacerbate the cardiac injury in diabetes, which can not be ignored in the development of DCM (3, 18–20). Thus, rectifying metabolic disorder in the diabetic patient has been clinically accepted to attenuate cardiovascular complications.




Figure 1 | The scheme of glucose and lipid metabolism disorder in the diabetic heart contributing to diabetic cardiomyopathy. Diabetes-induced insulin dysfunction and insulin resistance cause the increase in fatty acid uptake characterized by up-regulation of fatty acid β-oxidation and lipid accumulation and the decrease in glucose uptake accompanying with hyperglycemia and down-regulation of pentose phosphate pathway and glycolytic pathway in the cardiomyocyte. Up-regulation of fatty acid β-oxidation further promotes the inhibition of glycolytic pathway and pyruvate oxidation, and increases lipid intermediates and lipotoxicity. These metabolic alterations in diabetes ultimately cause oxidative stress, further insulin resistance, and cardiac hypertrophy, which aggravates the development of diabetic cardiomyopathy. NADPH, reduced form of nicotinamide adenine dinucleotide phosphate; GSH, reduced glutathione.




3.1 Glycometabolism disorder and DCM

Hyperglycemia is an independent risk factor for DCM (5). The membrane glucose transporters (GLUTs) are responsible for the uptake of glucose into the cardiomyocyte. The shortage of insulin signaling or insulin resistance results in the internalization of GLUT4 and a marked down-regulation of membrane GLUT4 (Figure 2), which finally leads to the decreased glucose uptake in cells and hyperglycemia (21, 22) and compensatory increased LCFA uptake to break the equilibrium of myocardial energy metabolism in diabetes (5). Chronic hyperglycemia induces complicated alterations, including activation of sorbitol and hexosamine pathways, the increase of advanced glycation end-products (AGEs) and receptors for AGEs (RAGEs), and the explosion of ROS and proinflammatory factors, to result in cardiac remodeling and dysfunction in diabetes (Figure 2) (5, 13, 23).




Figure 2 | Potential pathways by which glycometabolism disorder damages the diabetic heart. Insulin resistance promotes the internalization of glucose transporter 4 (GLUT4) that means the decrease of transmembrane GLUT4 to inhibit glucose uptake in the diabetic cardiomyocyte. Oxidative stress and inflammation induced by the disturbance of glycometabolism involve the activation of three major pathways: sorbitol pathway, advanced glycation end-products (AGEs)/receptor of AGE (RAGE) and hexosamine pathway. (A) Up-regulation of sorbitol pathway augments oxidative stress through decreasing the reduced glutathione (GSH) and increasing reactive oxygen species (ROS), which causes nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB)-induced inflammation. (B) Hyperglycemia boosts the formation AGEs and activates the AGE/RAGE system, which results in extracellular matrix (ECM) cross-linking, cardiac remodeling, nitric oxide (NO) inactivation and oxidative stress. (C) Up-regulation of hexosamine biosynthesis in diabetes leads to O-linked N-acetylglucosamine glycosylation (O-GlcNAcylation) modification of proteins, producing O-GlcNAc-A20, endothelial NO synthase (eNOS), Sp1 and NF-κB. O-GlcNAcylation of A20 accelerates its ubiquitination and proteasomal degradation resulting in inflammation. O-GlcNAcylation of Sp1 and NF-κB activate the transcriptional function to up-regulate pro-inflammatory and pro-fibrogenic factors. O-GlcNAc-eNOS decreases NO formation while increases superoxide anion (O2-) production. In addition, hyperglycemia may also activate protein kinase C (PKC), directly through de novo synthesis of diacylglycerol (DAG) and indirectly through increased flux of sorbitol pathway and hexosamine pathway, to promote inflammation and oxidative stress. All these glycometabolism disorders result in cardiac remodeling and dysfunction in diabetes. AR, aldose reductase; F-6-P, fructose 6-phosphate; GFAT, glutamine-fructose-6-phosphate amidotransferase; Glucosamine-6-P, glucosamine-6-phosphate; GSSH, oxidized glutathione; IKK, IκB kinase; NADH/NAD+, reduced/oxidized form of nicotinamide adenine dinucleotide; NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, reduced form of NADP+; ONOO-, peroxynitrite; TLR4, toll-like receptor 4; UDP-GlcNAc, UDP-N-acetylglucosamine.




3.1.1 Up-regulation of sorbitol pathway

With the development of diabetes, aldose reductase (AR), a rate-limiting enzyme in sorbitol pathway, is up-regulated to convert glucose into sorbitol at the expense of reduced form of nicotinamide adenine dinucleotide phosphate (NADPH). Sorbitol is, in turn, converted into fructose by sorbitol dehydrogenase at the expense of oxidized form of nicotinamide adenine dinucleotide (NAD+) (Figure 2A) (24–26). Fructose can be further metabolized into fructose 3-phosphate and 3-deoxyglucosone, two potent nonenzymatic glycation agents, to augment the formation of AGEs, resulting in ROS production (25). Because NADPH is required for the shift of oxidized glutathione (GSSH) to reduced glutathione (GSH), an endogenous antioxidant, the consumption of NADPH by sorbitol pathway up-regulated by chronic hyperglycemia breaks the cellular antioxidant capacity (Figure 2A) (27). Thus the increase in intracellular sorbitol produced by sorbitol pathway has been identified as a biomarker of oxidative stress. Besides, the up-regulation of sorbitol pathway aberrant increases the activation of protein kinase C (PKC) (2). Accumulation of intracellular sorbitol causes hyperosmotic stress and the decreased activity of Na+-K+-ATPase (2, 23). An increase in cytosolic NADH/NAD+ triggers mitochondrial dependent ROS formation (27). All these alterations induced by the up-regulation of sorbitol pathway in diabetes augments oxidative stress and leads to diabetic cardiovascular complications (Figure 2A).



3.1.2 Accumulation of AGEs

The AGEs formation is closely related to hyperglycemia and involves the development of diabetic cardiovascular complications (28, 29). Under long-standing hyperglycemia, reducing sugars such as glucose and fructose non-enzymatically binds with amino-acid residues in proteins, lipids and nucleic acids to form Schiff bases and Amadori products, the so-called Maillard reaction (Figure 2B), resulting in the accumulation of AGEs (30). The connective tissue matrix and membrane are prime targets of advanced glycation, by which high concentrations of AGEs are accumulated in cardiac tissues characterized by extracellular matrix (ECM) cross-linking (4) and myocardial stiffness (31). Formation of AGEs also produces excess ROS, which positively promotes the surges of AGEs, and reduces the bioavailability of NO leading to oxidative stress. AGEs activate RAGE to amply the inflammatory response by modulating nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) signaling and toll-like receptor 4 (TLR4) pathway (Figure 2B) (5, 31). These changes jointly promote myocardial fibrosis and diastolic dysfunction in diabetes. The interaction of AGE with a pattern recognition receptor termed RAGE affects numerous cell signal pathways related to inflammation and oxidative stress (31). Blocking RAGE signaling or knockdown RAGE gene has been demonstrated to alleviate cardiac hypertrophy and fibrosis and prevent the diabetic heart from systolic and diastolic dysfunction (32, 33).



3.1.3 Up-regulation of hexosamine biosynthesis

Under physiological conditions, only 2%-5% of the total glucose is metabolized through the hexosamine pathway (2, 27). When exposed to persistent hyperglycemia, the hexosamine pathway and the rate-limiting enzyme, glutamine-fructose-6-phosphate amidotransferase (GFAT), are both over activated to convert glucose into excessive fructose 6-phosphate (F-6-P), glucosamine-6-phosphate and finally into UDP-N-acetylglucosamine (UDP-GlcNAc) (Figure 2C) (34). UDP-GlcNAc can donate N-acetylglucosamine to serine or threonine residues of target proteins within the nucleus and cytosol forming O-linked glycoproteins of proteins, which is called post-translational modification of proteins by single O-linked N-acetylglucosamine glycosylation (O-GlcNAcylation) (2, 34). The increased O-GlcNAcylation modification of proteins was found to alter gene expression in the diabetic heart and to be associated with DCM (2, 23, 35, 36). Abnormally elevated O-GlcNAc modification of endothelial nitric oxide synthase (eNOS) at Ser1177 deactivates eNOS and inhibits NO production (37), which impairs vasodilation, ECM remodeling and angiogenesis (Figure 2C). Importantly, several transcription factors, such as NF-κB (37, 38) and Sp1 (Figure 2C) (39), can be directly/indirectly activated by hyperglycemia-induced O-GlcNAcylation leading to the up-regulation of pro-inflammatory factors, including TGF-β, TNF-α and PAI-1, and down-regulation of SERCA2a leading to abnormal intracellular Ca2+ transient (38–40). Hyperglycemia clears anti-inflammatory and atheroprotective protein A20 via O-GlcNAcylation-dependent ubiquitination and proteasomal degradation (Figure 2C), which may be key to the cardiovascular system (37, 41).




3.2 Lipid metabolism disorder and DCM

Early in diabetes, abnormal glycometabolism grants the increase in fatty acid β-oxidation to compensate for a shortage of energy in the diabetic heart, which reduces mitochondrial oxidative capacity, and cardiac efficiency characterized by low ratio of myocardial ATP production/oxygen consumption and high mitochondria-derived superoxide anion (O2-) (42). As shown in Figure 3, the high fatty acid β-oxidation is accompanied with violent intracellular accumulation of toxic lipid metabolites, which precipitates DCM through multiple mechanisms including excessive generation of ROS, endoplasmic reticulum (ER) stress, and mitochondrial remodeling  (43). Numerous studies using transgenic animal models have shown that up-regulation of myocardial fatty acid transporters such as CD36 and fatty acid transport protein 1 contribute to high fatty acid intake and lipotoxicity in the cardiomyocyte, which finally exacerbates the development of DCM (13, 44, 45).




Figure 3 | Potential pathways by which lipid metabolism disorder damages the diabetic heart. (A) Under diabetes conditions, the expression of cardiac PPARα/γ and FOXO1 is increased meanwhile miR-200b-3p is decreased and miR-320 is increased, which helps to up-regulation of CD36 causing the increase in LCFA uptake. (B) Abnormal FAO and accumulation of lipotoxic intermediates in the diabetic cardiomyocyte trigger oxidative stress, inflammation and ER stress. Furthermore, accumulation of lipotoxic intermediates in the diabetic cardiomyocyte increases mitochondrial uncoupling and impairment of mitochondria Ca2+ handing, leading to mitochondrial swelling and disruption through the opening of mitochondrial permeability transition pore (mPTP).  AGEs, advanced glycation end-products; Akt, protein kinase B; CD36, cluster of differentiation 36; ER, endoplasmic reticulum; FAO, fatty acid oxidation; FOXO1, forkhead box protein O1; LCFA, long-chain fatty acid; NLRP3, nucleotide-binding domain, leucine-rich-containing family, pyrin domain containing 3; NO, nitric oxide; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PPARα/γ, peroxisome proliferator-activated receptor α/γ; ROS, reactive oxygen species; TLR4, toll-like receptor 4.




3.2.1 Up-regulation of CD36

The LCFA transporter CD36, also named as scavenger receptor B2, has been evidenced to take oxidized low-density lipoproteins (oxLDLs) and phospholipids into myocytes and lipocytes of rodents and humans, and up to 70% of total fatty acids into cardiomyocytes (46, 47). The up-regulation of CD36 has been evidenced on the sarcolemma of cardiomyocytes in diabetic mice and patients with DCM, which is owing to both high membrane translocation and high expression of CD36 triggered by hyperinsulinemia, hyperglycemia and hyperlipidemia during the development of diabetes (5, 48). As suggested in Figure 3, high insulin at the beginning of diabetes up-regulates CD36 mRNA expression by activating the transcription factor forkhead box protein O1 (FOXO1) and strongly transports CD36 to sarcolemma by activating the PI3K-Akt pathway while chronic high glucose and high triglyceride (TG) in the advanced stage of diabetes further facilitate CD36 expression and sarcolemma distribution (48, 49). The recent study indicates that up-regulated nuclear micro-RNA (miR)-320 and down-regulated miR-200b-3p induced by diabetes directly promote CD36 transcription and translation, respectively, thus further promoting the sarcolemma distribution of CD36 (Figure 3) (48). At the same time, excessive intracellular fatty acid accumulation and β-oxidation and high oxLDL uptake due to the increased sarcolemma distribution of CD36 produce a great deal of ROS, which can advance inflammation and insulin resistance to worsen DCM (4, 49–51). The cardiac impairment induced by the high level of CD36 has been further confirmed by the fact that absence of CD36 inhibited the accumulation of cardiac lipotoxicity whereas improved the cellular utilization of glucose ultimately rescuing DCM (52, 53). Therefore, the increased CD36 during DCM in turn aggravates the heart injury. In addition, the transcription factor peroxisome proliferator-activated receptor (PPAR), a class of ligand activated nuclear receptor including PPARα, PPARβ/δ and PPARγ, is activated by CD36-induced high intracellular LCFA, which up-regulates the transcription and sarcolemma distribution of CD36 to irritate fatty acids uptake and lipotoxicity in the diabetic myocardium through a positive feed-back (Figure 3A) (13, 54).



3.2.2 Lipid accumulation-mediated myocardial injury

In the diabetic heart, insulin-dependent glucose intake is impaired while cardiac fatty acid influx and accumulation of lipids and lipotoxic intermediates are increased, resulting in cardiac lipotoxicity to play a causal role in the development of DCM (10, 13). Aberrant accumulation of lipids in diabetes usually leads to cardiovascular complications including DCM and heart failure (47). Excessive accumulation of lipids can facilitate numerous pathological processes linked to the development of DCM including mitochondrial dysfunction, ER stress, inflammation, and apoptosis (47, 55). The increase in myocardial fats especially TG (the other forms of LCFA) may exert deleterious effect on the left ventricular mass and diastolic function (56), which has been demonstrated in both ob/ob and db/db mice (57, 58). Furthermore, a constant myocardial influx of LCFA far exceeds cellular metabolic utilization, and the normal process of fatty acid β-oxidation is collapsed to generate plenty of mitochondrial derived ROS, which destroys cellular structure and function and promotes the process of DCM.



3.2.3 Lipotoxic intermediates-mediated myocardial injury

Intramyocardial accumulation of lipotoxic intermediates, such as ceramide, diacylglycerol (DAG) and fatty acyl-CoAs, caused by lipid metabolism disorder creates a lipotoxic microenvironment in the heart, that likely renders much of the cardiac injuries in diabetes (47). As indicated in Figure 3B, these lipotoxic intermediates have been identified to activate some serine/threonine kinases including PKC and TLR4-mediated innate immunity, causing plenty of proinflammatory cytokines, oxidative stress, apoptosis and hypertrophy in the diabetic heart (47, 59, 60). Briefly, ceramide, the precursor of sphingolipids, stimulates the assembly of the nucleotide-binding domain, leucine-rich-containing family, pyrin domain containing 3 (NLRP3) inflammasome, ER stress, insulin resistance, and myocardial death (Figure 3B) (60, 61). DAG can activate PKC to trigger insulin resistance, the release of ROS and dilated lipotoxic cardiomyopathy. In addition, both DAG and ceramides probably inhibit the production of NO, which is responsible for cardiovascular endothelial dysfunction in diabetes (Figure 3B) (49). The increase of LCFA uptake exceeds the limited oxidation capacity in the diabetic heart, which causes the overproduction of fatty acyl-CoAs that associated with cardiac lipotoxicity (62). The high fatty acid oxidation (FAO) and excess fatty acyl-CoAs may activate PKCθ leading to insulin resistance and impaired glucose metabolism ultimately metabolic disorder leading to DCM (Figure 3B) (63, 64).




3.3 Common downstream pathway and miRNA interference


3.3.1 PKC

PKC, a family of serine-threonine kinases composed of at least 12 isoforms, can phosphorylate target proteins and is essential for cell proliferation and differentiation in a tissue- and isoform-dependent manner (18, 65). Long-standing hyperglycemia-induced activation of PKC, through predominately a de novo synthesis of DAG, has been confirmed to thicken basement membrane, reduce blood flow and deposit ECM in the heart from both diabetic rodents and patients, which renders the development of DCM from cardiac inflammation, hypertrophy, fibrosis and diastolic dysfunction to heart failure  (62, 66–69). Besides DAG, hyperglycemia may also activate PKC indirectly through increased flux of sorbitol pathway, increased flux of hexosamine pathway (Figure 2), and activated renin-angiotensin-aldosterone system, all of which result in the accumulation of pro-inflammatory cytokines and ROS in DCM (6, 34). PKC-induced overproduction of ROS mainly depends on the activation of NADPH oxidase (Figures 2, 3), which has been verified by the fact that treatment with the inhibitor of PKC reduced NADPH oxidase-produced ROS and rescued the heart from DCM (70–72). In addition, PKC can up-regulate eNOS to produce peroxynitrite (ONOO-), a potent ROS, under the reaction of NO with O2-, which results in a decreased bioavailability of NO and an increased oxidative stress in the diabetic vasculature (Figure 2) (73). Furthermore, PKC can activate NF-κB via IκB kinase (IKK)-dependent inactivation of inhibitor of NF-κB to up-regulate proinflammatory factors (Figure 2) (74, 75). The role of PKC in the development of DCM has been verified by several studies that high oxidative stress and inflammation triggered by activation of PKCθ and PKCβ2 is essential to the diabetic cardiac hypertrophy and fibrosis (76–78).



3.3.2 AMPK

AMP-activated protein kinase (AMPK) is an evolutionarily conserved serine-threonine kinase which regulates cellular energy homeostasis and coordinates multiple pathological processes, such as diabetes, cancer, cardiac hypertrophy and other chronic diseases (79, 80). Substantial evidence suggests that activating AMPK may be key to the function and survival of the diabetic cardiovascular system by balancing the utilization of intracellular energy substrates (such as glycolysis, TG synthesis and FAO) (80, 81), suppressing NLPR3 inflammasome-related inflammation and NADPH oxidase-related oxidative stress, and modulating autophagy and ER stress (82–88). In view of this, AMPK, for example, pharmacologically activated by metformin (80, 81, 86), appears to be a potential target for treating DCM.



3.3.3 miRNAs

MiRNAs are a group of short (22~25 nucleotides), single‐stranded and highly conserved RNAs and commonly act as post-transcriptional inhibitors of gene expression (89). A variety of miRNAs, including miR-1, miR-152, miR-187, miR-208a, miR-802, miR-126 and so on, have identified to modulate insulin production, energy metabolism (89, 90), and oxidative stress (89) resulting in DCM characterized by hypertrophy (89, 91), fibrosis (92) and heart failure (93–97). Recent studies have shown that miR-21 is abundantly expressed in the diabetic hearts (98–100), which accounts for the high oxidative stress and inflammation-related DCM probably through the insufficient activation of nuclear factor-E2 related factor 2 signaling pathway (100) and sprouty homolog 1/extracellular signal-regulated kinase/mammalian target of rapamycin (SPRY1/ERK/mTOR) pathway (99). The expression of miRNAs, such as miR-146a and miR-221, is disturbed to induce an enhancement of oxidative stress and inflammation response, which is acknowledged to promote the development of DCM. Several studies have showed that the significantly down-regulated miR-146a induced by longstanding hyperglycemia not only causes the overexpression of pro-inflammatory factors (IL-6, TNF-α and IL-1β) and NF-κB (101–103) but also generates excess ROS via NADPH oxidase 4 pathway, which impairs the diabetic cardiovascular system (101).





4 Inflammatory response and oxidative stress in DCM

Metabolic disturbance in the context of diabetes is associated with inflammation characterized by the excessive release of pro-inflammatory cytokines and activation of inflammatory cascade response (104). Pro-inflammatory cytokines, especially TNF-α, can lead to cardiac remodeling and dysfunction in the progression of diabetes. TNF-α inhibits tyrosine phosphorylation of insulin receptor substrate-1 aggravating insulin resistance and increases ventricular hypertrophy and vascular permeability leading to heart failure in diabetes (105). Inflammation and oxidative stress are closely interlinked (Figure 4). Both inflammatory response and overproduction of ROS/reactive nitrogen species (RNS) induced by metabolic disturbance in diabetes trigger NF-κB transcription and translocation to further arise pro-inflammatory cytokines and ROS/RNS, forming a vicious cycle of diabetic complications (106). Hyperglycemia and the increase of FAO produce excessive ROS/RNS to modify and blunt endogenous antioxidant defense systems, leading to deadly cell abnormalities such as mitochondrial membrane potential disruption (107), DNA double-strand break (27), and ER stress in diabetes (108). Eliminating pro-inflammatory factors and ROS/RNS is involved in the protection of correcting metabolic disturbance against DCM, which has been demonstrated by the curative effect of statins and active compounds in medicinal plants in diabetic heart diseases (109, 110).




Figure 4 | Overview of intracellular inflammation and oxidative stress interaction in response to glucose and lipid metabolic disorder in the development of diabetic cardiomyopathy. Glucose and lipid metabolic disorder in diabetes promotes cardiac inflammation via TLR4-mediated innate immunity, the surge of reactive oxygen species (ROS) and NF-κB-induced activation of NLRP3 inflammasome. The decrease in the antioxidant capacity and the increase in ROS production induced by the metabolic disorder both accelerate oxidative stress in the diabetic heart. Inflammation and oxidative stress promote each other to cause myocardial hypertrophy, fibrosis, stiffness and cardiac dysfunction, which is a potentially vicious cycle in the development of diabetic cardiomyopathy.  NF-κB, nuclear factor κ-light-chain-enhancer of activated B cells; NLRP3, nucleotide-binding domain, leucine-rich-containing family, pyrin domain containing 3; TLR4, toll-like receptor 4.




4.1 Inflammation in DCM

A chronic inflammatory response clearly persists in diabetes through deadly activating the innate immune system to damage the heart (20, 111). Some early-responding pro-inflammatory immune cells, like M1-polarized macrophages, lymphocytes and neutrophils, secrete IL-6, IL-18, TNF-α, IL-1β to attack vascular smooth muscle cells, fibroblasts and cardiomyocytes impairing cellular energy metabolism and cause cardiovascular dysfunction (112, 113). TLR4 can be activated by the excess free fatty acid and pathogen-associated molecular patterns (PAMPs) to induce the synthesis of pro-inflammatory cytokines, meanwhile the activation of NF-κB by TLR4 also amplify the inflammatory response and pathological alterations (Figure 4) (114). This up-regulation of TLR4-mediated inflammation has been found in the diabetic heart (115) and repression of TLR4 benefits to lower lipid accumulation and to ameliorate cardiac function in diabetes (13, 116). Additionally, NLRP3 inflammasome, assembled by NLRP3, caspase-1, and apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), has been considered as another inflammatory participant in the ventricular remodeling and dysfunction of cardiac disease such as acute myocardial infarction, DCM and heart failure (117–119). The deleterious effect of activating NLRP3 inflammasome in DCM includes inflammation, fibrosis, pyroptosis and apoptosis (119–122). In addition to DAMPs/PAMPs (119, 123, 124), the increased fatty acids (122, 125), lipid intermediates (122), glucose (119), ROS (37, 119) are also the positive regulator to boost NLRP3 inflammasome in DCM. Once exposed to diabetic or other nociceptive stimuli, the auto-oligomerization of NLRP3 inflammasome is rapidly initiated by connecting NLRP3 proteins with ASC through both PYD domains (119). The NLRP3-ASC complex recruits pro-caspase-1 to form NLRP3 inflammasome via CARD domain interaction (122). Subsequently, pro-caspase-1 is cleaved into activated caspase-1, which promotes the secretion of IL-1β and IL-18 leading to a novel cell death named pyroptosis (123, 126). NLRP3 inflammasome plays a vital role in the progression of inevitable cardiac fibrosis and collagen deposition via suppressing MAPK signaling pathway and the production of cAMP and in myocardial fibroblasts (127–129). Given such destructive effect, NLRP3 inflammasome is probably a new target for the treatment of DCM.



4.2 Oxidative stress in DCM

ROS are primarily produced by mitochondrial respiratory chain as an electron leakage due to the impairing electron transport in hyperglycemia (130). NADPH oxidase is another prominent source of ROS in diabetes (27, 131). The decline of endogenous antioxidant capacity by inactivating antioxidants (such as GSH and vitamin E) and/or down-regulating antioxidant enzymes (such as superoxide dismutase, peroxidase and catalase) is also involved in the oxidative stress to develop DCM (Figure 4) (2, 27, 71, 130). Excess ROS can break DNA double-strand and oxidize proteins, by which glyceraldehyde 3-phosphate dehydrogenase, a key glycolytic enzyme in the glycolysis process, is down-regulated leading to the inhibition of glycolysis and accumulation of glycolytic intermediates (37). High glucose powerfully hampers the pentose phosphate pathway via inhibiting its rate-limiting enzyme glucose-6-phosphate dehydrogenase, to decrease the production of NADPH and GSH resulting in a lower antioxidant defense with a higher ROS production in endothelial cells and cardiomyocytes (Figure 1) (132, 133). The excessive ROS in diabetes can modify the structure of lipids named lipid peroxidation such as formation of malondialdehyde, 4-hydroxynonenam and oxLDL. These oxidized lipids commonly enhance pro-inflammatory response and participate diabetic cardiovascular complications including atherosclerosis and DCM (50, 51). Hence, oxidative stress represents a major force in the development of diabetic inflammation and probably an important target in the treatment of DCM accompanied by disproportionate inflammation (Figure 4).




5 Conclusion

A variety of studies have confirmed that glucose and lipid metabolic disturbance plays a central role in the development of DCM through vicious oxidative stress and inflammatory response pathways. The polyol pathway, hexosamine biosynthesis, PCK activation, sarcolemmal translocation of CD36, up-regulation of AGE/RAGE system, and disequilibrium of micro-RNA are involved in the metabolic disturbance, all of which contribute to the enhancement of diabetic oxidative stress and inflammation finally resulting in DCM. Although several dependable first-line drugs targeting glucose/lipid metabolism such as metformin, thiazolidinediones and sodium-glucose transporter-2 inhibitors alleviate hyperglycemia, the exact effect of these agents on DCM still needs to be further explored in the diabetic animal model and patient.
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Type 2 diabetes mellitus (T2DM) affects the formation of carotid atherosclerotic plaques (CAPs) and patients are prone to plaque instability. It is crucial to clarify transcriptomics profiles and identify biomarkers related to the progression of T2DM complicated by CAPs. Ten human CAP samples were obtained, and whole transcriptome sequencing (RNA-seq) was performed. Samples were divided into two groups: diabetes mellitus (DM) versus non-DM groups and unstable versus stable groups. The Limma package in R was used to identify lncRNAs, circRNAs, and mRNAs. Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, protein-protein interaction (PPI) network creation, and module generation were performed for differentially expressed mRNAs. Cytoscape was used to create a transcription factor (TF)-mRNA regulatory network, lncRNA/circRNA-mRNA co-expression network, and a competitive endogenous RNA (ceRNA) network. The GSE118481 dataset and RT-qPCR were used to verify potential mRNAs.The regulatory network was constructed based on the verified core genes and the relationships were extracted from the above network. In total, 180 differentially expressed lncRNAs, 343 circRNAs, and 1092 mRNAs were identified in the DM versus non-DM group; 240 differentially expressed lncRNAs, 390 circRNAs, and 677 mRNAs were identified in the unstable versus stable group. Five circRNAs, 14 lncRNAs, and 171 mRNAs that were common among all four groups changed in the same direction. GO/KEGG functional enrichment analysis showed that 171 mRNAs were mainly related to biological processes, such as immune responses, inflammatory responses, and cell adhesion. Five circRNAs, 14 lncRNAs, 46 miRNAs, and 54 mRNAs in the ceRNA network formed a regulatory relationship. C22orf34—hsa-miR-6785-5p—RAB37, hsacirc_013887—hsa-miR-6785-5p/hsa-miR-4763-5p/hsa-miR-30b-3p—RAB37, MIR4435-1HG—hsa-miR-30b-3p—RAB37, and GAS5—hsa-miR-30b-3p—RAB37 may be potential RNA regulatory pathways. Seven upregulated mRNAs were verified using the GSE118481 dataset and RT-qPCR. The regulatory network included seven mRNAs, five circRNAs, six lncRNAs, and 14 TFs. We propose five circRNAs (hsacirc_028744, hsacirc_037219, hsacirc_006308, hsacirc_013887, and hsacirc_045622), six lncRNAs (EPB41L4A-AS1, LINC00969, GAS5, MIR4435-1HG, MIR503HG, and SNHG16), and seven mRNAs (RAB37, CCR7, CD3D, TRAT1, VWF, ICAM2, and TMEM244) as potential biomarkers related to the progression of T2DM complicated with CAP. The constructed ceRNA network has important implications for potential RNA regulatory pathways.
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Introduction

Type 2 diabetes mellitus (T2DM) is a group of metabolic diseases that are mainly caused by chronic hyperglycemia due to multiple causes. Long-term progression can lead to atherosclerotic cardiovascular disease (ASCVD), which is the main cause of death in T2DM patients (1). When atherosclerosis (AS) occurs, a series of pathological changes, including fibro-lipopathy and foam cell necrosis, occur on the arterial wall and lead to plaque formation (2, 3). Cervical plaque formation is one of the main causes of stroke (4). The American Heart Association classifies carotid atherosclerotic plaques (CAPs) histologically into stable and unstable plaques (5). The formation and progression of unstable CAPs lead to more dangerous ischemic stroke events (6).

Patients with T2DM are more likely to form unstable plaques, and the probability of stroke is twice that of those without T2DM (7). Thus, increased vulnerability to CAP development in T2DM patients may be due to aggravated inflammation (8, 9), increased neovascularization (8), promotion of liponuclear expansion (10, 11), growing numbers of plaques (12), and other mechanisms. Clinically, it is of great significance to identify the stability of CAPs in T2DM patients as early as possible and to actively prevent the formation of unstable plaques. Unfortunately, plaque stability cannot be determined histologically despite the increasing number of methods to detect the development of CAPs in T2DM patients. Earlier bioinformatics studies have reported that T2DM alters CAP gene expression (13), but this has not been further confirmed with transcriptomics. Consequently, key biomarkers for T2DM complicated by CAP progression are currently unavailable.

In our study, after a carotid endarterectomy, CAPs were sampled for histological classification and high-throughput sequencing. Using bioinformatics analysis, we determined the corresponding biomarkers at the transcriptome level that indicate the stability of CAPs in T2DM patients. Additionally, the pathogenesis of the disease was explored and treatment targets are discussed.



Materials and methods


Data source

Samples were collected from 10 patients with CAPs at the First Hospital of Jilin University (Changchun, Jilin, from July 2019 to November 2019). The procedure was approved by the Ethics Committee of the First Hospital of Jilin University (No. 2019-272), and written informed consent was obtained from each participant. The processes of tissue classification, storage, transportation, RNA extraction, library preparation, RNA sequencing, and identification of mRNA, lncRNA, and circRNA spectra are consistent with our previously published research (14). Similarly, the transcriptome data PRJNA752896 from this study can be found in the NCBI database (https://submit.ncbi.nlm.nih.gov/subs/bioproject/).

We used “atherosclerotic plaque” and “type 2 diabetes” as keywords to search for relevant information in GEO (http://www.ncbi.nlm.nih.gov/geo) (15). The GSE118481 dataset satisfied our research conditions. This dataset included 16 samples of non-T2DM with CAPs (six asymptomatic and 10 symptomatic) and eight samples of T2DM with CAPs (six asymptomatic and two symptomatic). See Supplementary Figure 1 for a flowchart.



Distribution and comparative analysis of expression abundance among samples

A variety of methods were used to evaluate the correlations among 10 samples, using the cor function in R version 3.6.1 (https://stat.ethz.ch/R-manual/R-devel/library/stats/html/cor.html) to calculate the Pearson’s correlation coefficient (PCC) between every two samples. The closer the correlation coefficient is to 1, the higher the similarity of expression patterns between samples (16), using version 1.7.8 of the psych package (https://cran.r-project.org/web/packages/psych/index.html) in R to perform principal component analysis (PCA) based on expression abundance on all samples to view the distribution among samples.



Screening of significantly differentially expressed RNAs and enrichment analysis of mRNAs

The Limma package (version 3.32.5) (17) (http://bioconductor.org/packages/release/bioc/html/limma.html) in R was used to screen RNAs (including lncRNA, circRNA, and mRNA) with a significant difference between the two comparison groups. FDR less than 0.05 and |log2FC|>0.5 were selected as the threshold criteria for screening significant differences. For the significantly differentially expressed RNAs screened from the two groups, the heatmap package (version1.0.8) (18) (https://cran.rproject.org/web/packages/pheatmap/index.html) in R was used to create a two-way hierarchical clustering heatmap.

Subsequently, the sets of significantly differentially expressed lncRNAs, circRNAs, and mRNAs screened from the two comparison groups of DM versus non-DM and unstable versus stable were compared, and the common RNAs of the two comparison groups were obtained. Next, the directions of the significant differences were investigated, and those that differed in the same direction among the common RNAs were retained as the target objects of future research. The mRNAs in the retained RNAs were enriched and analyzed based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (19) using the DAVID (version 6.8) (20, 21) online analysis tool (https://david.ncifcrf.gov/), and a p-value less than 0.05 was selected as the screening significance threshold for correlations. The GO terms include biological process (BP), cellular component (CC), and molecular function (MF) (22).



Construction of protein-protein interaction (PPI) network

The STRING database (version11.0) (23) (http://string-db.org/) was used to search the interactive relationships between the proteins at the intersection of significantly differently expressed gene products retained in the two comparison groups. The interaction network was constructed, and then a visual representation was generated using Cytoscape (version 3.9.0) (24)(http://www.cytoscape.org/). The centrality of the gene nodes in the network was calculated using the plug-in CentiScaPe (version 2.2) (25) (http://apps.cytoscape.org/apps/centiscape) of Cytoscape. The three most common methods for measuring node centrality are degree centrality (DC), closeness centrality (CC), and betweenness centrality (BC). Next, the important gene nodes were screened by the centrality parameter, and the closely connected genes in the network were obtained. Then, the module identification plug-in MCODE (version1.4.2) in Cytoscape was used to partition and identify the network modules (parameters: degree cutoff=2, node score cutoff=0.2, k-core=2). Another plug-in, BINGO (version 2.44; http://apps.cytoscape.org/apps/bingo; FDR<0.05) (26), was used to divide and annotate the functional modules.



Construction of transcription factors(TFs)-differentially expressed gene regulatory network

The Translational Regulatory Relationships Unraveled by Sentence-based Text Mining (TRRUST) database (27) (https://www.grnpedia.org/trrust/) establishes the transcriptional regulation relationship of TFs based on literature mining. We uploaded the genes with significant differential expression at the intersection screened by the two comparison groups to the database and selected TFs with regulatory connection relationships with the genes with significant differential expression at the intersection. Next, according to the relationship between TFs and regulatory genes, a regulatory network was constructed and visually displayed using Cytoscape (24).



Construction of co-expression network of circRNA-mRNA and lncRNA-mRNA

For the significantly differentially expressed lncRNAs, circRNAs, and mRNAs screened from the two comparison groups, the PCC (28) between the expression levels of circRNA-mRNA and lncRNA-mRNA was calculated using the cor.test function in R. Connection pairs with a p-value less than 0.05 were screened, and co-expression networks of circRNA-mRNA and lncRNA-mRNA were constructed. The networks were visualized using Cytoscape (24).



Construction of competitive endogenous RNA(ceRNA) network

To construct lncRNA/circRNA-miRNA relationships, the sequences of all human miRNAs were downloaded from miRBase (https://www.mirbase.org/), and then the sequences of significantly differentially expressed lncRNAs and circRNAs were extracted and retained by the two comparison groups from the RNA-seq data. Subsequently, the miRanda localization tool (29) (http://cbio.mskcc.org/miRNA2003/miranda.html) was used to predict the binding relationships of lncRNA-miRNA and circRNAs-miRNA (miRanda alignment parameter settings: gap extend=0, score threshold =100, energy threshold =-20, % matched seq threshold =80%).

For the construction of miRNA-mRNA relationships, the miRNAs linked to lncRNAs and circRNAs in the previous step were searched and the target genes they regulated were identified using the miRwalk3.0 database (30)(http://mirwalk.umm.uni-heidelberg.de/). Further, the significantly differentially expressed mRNAs screened from the two comparison groups were mapped to the target genes to identify the significantly differentially expressed mRNAs that were regulated.

To construct a ceRNA network, the lncRNA/circRNA-miRNA-mRNA regulatory network was formed after integration based on the relationships between lncRNA/circRNA-miRNA and miRNA-mRNA. The generated network was visualized using Cytoscape (24).



Public database validation analysis

The gene expression profile data in the GSE118481 dateset were downloaded from the GEO database, which included 24 CAP tissue samples. Further, all samples were divided into two comparison groups according to source information: DM versus non-DM and stable versus unstable. The same Limma algorithm and screening threshold (FDR is less than 0.05, |log2FC|>0.5) were used, and mRNAs with significant differential expression in the two comparison groups were screened. Next, we compared the mRNAs screened from the two comparison groups in the RNA-seq data, selected the overlapping sections, and visualized the mRNA expression levels of the overlapping sections in the RNA-seq data and GEO data.



Reverse-Transcription quantitative polymerase chain reaction (RT-qPCR) validation

We used seven unstable CAPs with DM and seven stable CAPs without DM for liquid nitrogen grinding and Trizol reagent (Invitrogen, Carlsbad, California, USA) extraction to obtain total RNA. After concentration and quality evaluation by microplate reader, total RNA was reverse transcribed to cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, Massachusetts, USA). Then, the cDNA samples were mixed with FastStart Universal SYBR Green Master (Rox) (Roche, Mannheim, Germany) and injected into an Eppendorf AG 22331 Hamburg PCR Thermal Cycler. β-Actin was used as the internal control. Primer sequences are listed in Supplementary Table 1. All samples were run in triplicate, and the results were analyzed using the 2(−ΔΔCt) method.



Construction of regulatory network where important factors are located

The overlapping mRNAs obtained in the previous step, were combined with the PPI network, TF-mRNA regulatory network, lncRNA/circRNA-mRNA co-expression network, and the ceRNA regulatory network previously constructed. Then, the overlapping mRNAs were extracted to jointly build a comprehensive network.



Statistical analyses

GraphPad Prism was used to draw graphics and perform statistical analysis of RT-qPCR data using the Wilcoxon rank sum test. Other statistical analyses were performed using R software. T-tests were used to compare differences in expression between the groups. The expression level of mRNAs is presented as the mean ± SD. p < 0.05 was considered statistically significant.




Results


Distribution and comparative analysis of expression abundance

The PCCs between samples with different RNAs expression levels were distributed above 0.6. PCA analysis was performed based on expression abundance. The results showed that the correlation between gene expression levels was very high, the sample distribution was relatively clustered, and there was no discrete type (Figure 1).




Figure 1 | circRNA (A), lncRNA (B), and mRNA (C). Left: PCA map of samples based on expression abundance. X, Y, and Z axes represent PC1, 2, and 3 respectively. Dots of different colors represent samples of different groups (S represents the stable group and U represents the unstable group); Right: heatmap of correlation between two samples based on expression abundance. The change of color from cold color to hot color indicates the relationship of the correlation coefficient between samples from small to large, the horizontal and vertical axes represent the name of samples, and the numbers in each grid represent the value of correlation coefficient.





Identification of differentially expressed RNAs

Statistics on the number and types of significantly differentially expressed RNAs were screened according to the two comparison groups and the common RNAs following comparison are shown in Supplementary Table 2. Among them, 180 lncRNAs, 343 circRNAs, and 677 mRNAs were differentially expressed between the DM versus non-DM groups, and 240 lncRNAs, 390 circRNAs, and 677 mRNAs were differentially expressed between the unstable versus stable groups. After investigating the direction of the significant differences of overlapping RNAs in the two comparison groups, five circRNAs (three downregulated and two upregulated), 14 lncRNAs (five downregulated and nine upregulated), and 171 mRNAs (80 downregulated and 91 upregulated) had the same significant difference directions in the two comparison groups. Figure 2A shows volcano plots depicting the significantly differentially expressed RNAs and whether they were up- or downregulated. Heatmaps of the expression level of each of the top 10 RNAs that were up- and downregulated among the significantly differentially expressed RNAs are shown in Figure 2B.




Figure 2 |  (A) The DM versus non-DM and unstable versus stable comparison groups volcano plot. The blue and red dots respectively indicated significantly downregulated and upregulated RNAs, the horizontal dotted line indicated FDR<0.05, and the two red vertical dotted lines indicated |log2FC|>0.5. The top 10 RNAs are marked. (B) Heat map of the expression levels of the top 10 RNAs in DM versus non-DM and unstable versus stable groups.





Function and pathway enrichment analysis of differentially expressed mRNAs

We screened 22 BPs, nine CCs, seven MFs, and 14 KEGG signaling pathways (Supplementary Table 3); the columnar figure is shown in Figure 3. The results showed that BPs and KEGG pathways of 171 mRNAs were significantly enriched in positive regulation of T cell receptor signaling pathway, regulation of immune response, lymphocyte chemotaxis, T cell differentiation, T cell costimulation, inflammatory response, cell adhesion molecules (CAMs), chemokine signaling pathway, focal adhesion, adherens junction, and NF-kappa B signaling pathways, which are involved in immune responses, cell adhesion, and inflammatory reactions. Additionally, the type I interferon signaling pathway and epithelial to mesenchymal transition are considered to be related to the progression of AS (31, 32), and regulation of phosphatidylinositol 3-kinase signaling is considered to be related to insulin resistance and AS (33). MFs were significantly enriched in phosphotyrosine binding, actin filament binding, CCR chemokine receptor binding, iodide transmembrane transporter activity, extracellular matrix structural constituent, 2’-5’-oligoadenylate synthetase activity, and structural constituent of muscle. CCs were significantly enriched in the integral component of plasma membrane, Ndc80 complex, extracellular matrix, extracellular region, sarcolemma, integral component of membrane, adherens junction, and immunological synapse.




Figure 3 | BP, CC, MF, and KEGG histograms related to 171 mRNAs with significant differential expression. The horizontal axis represents the number of genes, the vertical axis represents the significantly related items, and the color represents the correlation. The closer to red, the higher the significance.





Construction of a PPI network of differentially expressed mRNAs, regulatory relationship with TFs, co-expression network with differentially expressed circRNAs, and differentially expressed lncRNAs

A total of 697 pairs of interaction links were obtained using the STRING database to construct an interaction network. As shown in Figure 4A, the network contained 154 gene nodes. The important connecting genes in the network were screened and sorted from high to low according to the degree of nodes; the top 20 are displayed in Supplementary Table 4. The top 20 genes were LONRF2, CTNNA3, VWF, LCK, CCR7, LEF1, CD3D, GIMAP8, OASL, RIMS4, GIMAP5, HLA-B, LINGO1, ZAP70, CD40LG, CD5, TRAT1, ACTN2, HAPLN2, and DUSP26.




Figure 4 | (A) PPI network of significantly differentially expressed genes. The red and blue nodes represent the genes that are significantly upregulated and downregulated, respectively, in the two comparison groups. (B) Interaction network module diagram. The red and blue nodes represent the genes that are significantly upregulated and downregulated, respectively, in the two comparison groups. (C) TF-differential gene regulatory network. The yellow square and circle represent TFs and significantly differentially expressed genes, respectively, and the red and blue nodes represent the genes that are significantly upregulated and downregulated, respectively, in the two comparison groups. (D) circRNAs-miRNA co-expression network, red and blue represent the RNAs that are significantly upregulated and downregulated, respectively, in the two comparison groups, and round and diamond represent mRNAs and circRNAs, respectively; The blue and gray lines indicate significant negative and positive correlations, respectively. (E) lncRNA-miRNA co-expression network, red and blue represent the RNAs that are significantly upregulated and downregulated, respectively, in the two comparison groups, and round and square respectively represent mRNAs and lncRNAs; The blue and gray lines indicate significant negative and positive correlations, respectively.



The PPI network was divided into four modules (Figure 4B). After GO annotation, we obtained BP, MF, and CC which were significantly related to each module. Among the BPs, modules 1, 2, 3, and 4 were significantly related to lymphocyte activation, extracellular structure organization, RNA catabolic process, and nuclear division, respectively. Among the MFs, they were each involved in one of the armadillo repeat domain binding, neurotransmitter receptor activity, transcription cofactor activity, and protein domain-specific binding processes. Among the CCs, they were involved in the cell surface, extracellular matrix, and nucleus. All the significantly relevant GO annotations for each module are listed in Supplementary Table 5.

A total of 88 TF-mRNA regulatory junction pairs were screened. Based on the relationships between TFs and regulatory genes, a regulatory network was constructed (Figure 4C). We also compared all TFs in the TRRUST database with 171 target mRNAs and obtained four intersections (Dlx4, Gli1, LEF1, and hoxd1).

A total of 516 and 450 connecting pairs were screened from circRNA-mRNAs and lncRNA-mRNAs, respectively, to construct the co-expression network of circRNA-mRNAs and lncRNAs-mRNAs (Figures 4D, E).



Construction of ceRNA network

A total of 260 circRNAs-miRNA, 612 lncRNA-miRNA, and 131 miRNA-mRNA linkage pairs were obtained. Based on these regulatory relationships, a ceRNA regulatory network integrating the circRNA/lncRNA-miRNA regulatory axis was constructed (Figure 5). The network included five circRNAs, 13 lncRNAs, 46 miRNAs, and 54 mRNAs.




Figure 5 | ceRNA regulatory network: red and blue represent the RNAs that are significantly upregulated and downregulated, respectively, in the two comparison groups. Round, diamond, and square respectively represent mRNAs, circRNAs, and lncRNAs, and green triangle represents the related miRNAs. Blue, red, and gray represent lncRNA- miRNA, circRNAs-miRNA, and miRNA-mRNA connections, respectively.





GSE118481 dataset and RT-qPCR validation analysis

A total of 690 and 1118 significantly differentially expressed genes meeting the threshold requirements were screened in the DM versus non-DM and symptomatic versus asymptomatic groups, respectively. A total of 136 overlapping regions were screened in both groups (Figure 6A). Then, the direction of significant differences in overlapping genes in the two comparison groups was investigated. A total of 94 significantly differentially expressed genes with the same direction of difference were obtained.




Figure 6 | (A) Wayne diagram for comparison of significantly differentially expressed genes in DMs versus non-DM and symptomatic versus asymptomatic groups in GSE118481 datasets. (B) Wayne diagram comparing overlapping genes in DM versus non-DM and stable versus unstable groups with target mRNA in RNA-seq data results. (C) The expression levels of 7 genes were distributed in two comparison groups in the RNA-seq data. (D) The expression levels of 7 genes were distributed in two comparison groups in the GSE118481 dataset. * indicates p<0.05, * * indicates p<0.01, * * * indicates p<0.001.



After comparing these 94 genes with 171 mRNAs screened from the two comparison groups of RNA-seq data (Figure 6B), a total of 16 overlapping genes were obtained, of which seven genes were in the same direction of difference in the RNA-seq data and GSE118481 data (CCR7, CD3D, ICAM2, TMEM244, TRAT1, VWF, and RAB37). Column charts of the expression levels of the seven genes in different data are shown in Figures 6C, D.

RT-qPCR verified that CCR7 (p < 0.05), CD3D (p < 0.05), ICAM2 (p < 0.05), TMEM244 (p < 0.01), TRAT1 (p < 0.01), VWF (p < 0.05), and RAB37 (p < 0.05) were upregulated in the DM with unstable CAP group compared with the non-DM with stable CAP group (Figure 7).




Figure 7 | Violin diagram of RT-qPCR results for seven genes. * indicates p < 0.05, ** indicates p < 0.01.





Construction of a regulatory network where the seven mRNAs are located

Crucial factors related to seven mRNAs were extracted from the PPI network, TF-mRNA regulatory network, lncRNA/circRNAs-mRNA co-expression network, and the ceRNA regulatory network previously constructed. Supplementary Table 6 shows the connection relationships used to build a comprehensive network where the overlapping important mRNAs are located (Figure 8). The important factors included in the network were as follows: five circRNAs (hsacirc_028744, hsacirc_037219, hsacirc_006308, hsacirc_013887, and hsacirc_045622), six lncRNAs (EPB41L4A-AS1, LINC00969, GAS5, MIR4435-1HG, MIR503HG, and SNHG16), and seven mRNAs (RAB37, CCR7, CD3D, TRAT1, VWF, ICAM2, and TMEM244). Among them, TFs including ERG, ETS1, ETS2, GATA6, NFIC, NFIL3, NFKB1, POU2F1, POU2F1, RELA, and YY1 are involved in the regulation of the gene VWF; TFs including EPAS1, HIF1A, KLF2, NFKB1, RELA, and TRERF1 are involved in the regulation of the gene CCR7; and the TF of ERG is involved in the regulation of the gene ICAM2. In addition, C22orf34 can act as a ceRNA to compete with RAB37 through hsa-miR-6785-5p, hsacirc_013887 can compete with RAB37 through hsa-miR-6785-5p, hsa-miR-4763-5p, hsa-miR-30b-3p, MIR4435-1HG can compete with RAB37 through hsa-miR-30b-3p, and GAS5 can compete with RAB37 through hsa-miR-30b-3p. These six circRNA/lncRNA-miRNA-mRNAs may be key regulatory axes in the ceRNA network.




Figure 8 | The comprehensive network of important overlapping genes. Red and blue represent the RNAs that are significantly upregulated and downregulated, respectively, in the two comparison groups. Circles, diamonds, and squares represent mRNAs, circRNAs, and lncRNAs, respectively, green triangles represent related miRNAs, and yellow circles represent TFs. Grey lines indicate an interaction connection. Green, red, and purple line respectively indicate lncRNA-miRNA, circRNA-miRNA, and miRNA- mRNA connections. Blue lines indicate TF-mRNA connections, and yellow lines indicate circRNA/lncRNA-mRNA co-expression associations.






Discussion

Patients with T2DM are more likely to face CAP-related complications than those without T2DM (7). These T2DM patients are also more likely to develop unstable AS plaques, resulting in more serious cardiovascular events (34). Therefore, it is crucial to identify the T2DM complicated by unstable CAP earlier in clinical practice. Further, mechanisms underlying disease progression need to be elucidated along with identification of corresponding therapeutic targets.

By comparing the genes expressed in human T2DM patients with unstable CAP samples and non-T2DM patients with stable CAP samples, we identified a total of 171 target mRNAs with significant differential expression, of which 91 were upregulated and 80 were downregulated. By applying GO annotation and KEGG pathway analyses, we noticed that most of the enriched items were related to immune responses, cell adhesion, and inflammatory responses, which is consistent with published studies (3, 35–40). Further analyses indicated that AS formation cannot be separated from the adhesion and migration of monocytes, inflammatory cells, inflammatory mediators, and cytokines in the arterial wall (3). The enrichment results also showed that the plaque formation process of T2DM with unstable CAP also involves a similar pathogenesis. T2DM exacerbates the direct effect of inflammation on AS (35), and the immune response also plays an important role in the progression of AS (36, 37). Adaptive and innate immunity play an important role in the progression of T2DM (38, 39), and hyperglycemia promotes AS progression by regulating the adaptive immunity of macrophages (40). The microenvironment of AS plaques is very complex, where both inflammatory and immune responses are involved and play an important role (41–43). Considering that immune cell infiltration plays a key role in CAP development (44, 45) and that hyperglycemia alters the plaque environment, it is surprising that the role of immune cell infiltration in the progression of CAP under hyperglycemia remains unexplored. Future research should address this issue. Furthermore, research on the CAP microenvironment and the emergence of corresponding therapeutic targets provide a new research direction for the therapies of T2DM complicated with CAP (42, 43, 46, 47).

We identified seven potential mRNAs, five circRNAs, and six lncRNAs using comprehensive bioinformatic methods. These genes and non-coding RNAs may serve as biomarkers for CAP progression in T2DM. Among them, CCR7, ICAM2, VWF, and RAB37 have been reported to be associated with T2DM or ASCVD-related diseases (48–60). Our study is the first to demonstrate that CD3D, TRAT1, and TMEEM244 are also associated with CAP progression in T2DM. Additionally, for non-coding RNA, we constructed a ceRNA regulatory network to further explore the progression mechanism of T2DM complicated with CAP.

The C-C motif chemokine receptor 7 (CCR7) was one of the major differentially expressed genes obtained by comparing T2DM patients with unstable CAP samples and non-T2DM patients with stable CAP. CCR7 is expressed by B cells, mature dendritic cells (DC), and several T cell subsets including immature, regulatory, and central memory T cells (61). Notably, CCR7 has been identified as a marker for AS progression (51). Similarly, CCR7 has been identified as a differentially expressed gene in non-DM and DM islet samples, indicating that CCR7 may play an important role in the pathogenesis of T2DM (52). Chemokines are a large family of proteins that regulate immune cell transport. They play a key role in guiding the movement and activity of leukocytes during homeostasis, immune surveillance, and inflammation. CC-chemokine ligand 19 (CCL19) and CC-chemokine ligand 21 (CCL21), are CCR7 ligands (61). Adaptive immunity is involved in the pathogenesis of AS, and the chemokines CCL19 and CCL21 are involved in lymphocyte homing in atherosclerotic lesions (48). A few studies have noticed elevated plasma levels of CCL19 and CCL21 in ApoE-/- mice with AS lesions, human CAP, and patients with coronary artery disease (49). Further, while the levels of CCL19 and CCL21 in the plasma in atherosclerotic lesions have been noticed, both these molecules are reported to be upregulated in carotid AS (50). Overall, a large number of studies have probed the role of chemokines and chemokine receptors in the development of AS (48) and by now the importance of chemokines in AS treatment is widely accepted (53). In view of this evidence, we believe that CCR7 is an important biomarker for the progression of T2DM complicated by CAP and plays an important role in identifying relevant targets for the treatment of the disease.

Intercellular adhesion molecule-2 (ICAM-2) was another differentially expressed gene obtained by comparison between T2DM patients with unstable CAP samples and non-T2DM patients with stable CAP. The protein encoded by this gene is a member of the intercellular adhesion molecule (ICAM) family. Numerous studies have shown that cell adhesion molecules (CAM) play a crucial role in AS initiation and progression (54, 55). ICAM-1 is widely recognized as the driver of the inflammatory response (62). One study has shown that ICAM-1 and ICAM-2 are involved in every step of neutrophil extravasation (56). A recent meta-analysis showed that elevated circulating CAM levels increased the risk of T2DM in a dose-dependent manner (57). Therefore, we suggest that ICAM-2 likely plays an important role in the progression of CAP-complicated T2DM.

Along with ICAM-2, the von Willebrand factor (VWF) was listed as another differentially expressed gene. VWF encodes a glycoprotein that is involved in hemostasis. VWF is engaged in primary hemostasis and coagulation processes, where it acts as a carrier for blood clotting factor VIII, prevents degradation of the factor by protein C, and significantly increases its plasma half-life (58). VWF plays a crucial role in platelet adhesion at sites of vascular injury. It mediates the initial progression of thrombosis at endothelial injury sites through specific interactions with the subendothelial collagen and platelet receptors (63, 64). Earlier studies have reported that VWF can be used as a procoagulant biomarker to predict the risk of cardiovascular and renal complications in diabetic patients (58). A meta-analysis characterized the prognostic value of VWF for ASCVD complications in T2DM patients by comparing plasma VWF levels in T2DM patients with and without coronary artery disease (59). In our study, VWF expression was significantly upregulated in T2DM patients with unstable CAP. Therefore, VWF has potential to be considered as an important biomarker of CAP progression in T2DM.

RAB37, a member of the RAS oncogene family, encodes a protein. Bioinformatics analysis has shown that RAB37 is differentially expressed in Alzheimer’s disease (65). Further, a proteomic study reported that the RAB37 protein is related to insulin secretory granules, which are responsible for the storage and secretion of insulin (60). In addition, RAB37 is expressed in human islets and β-cell lines and is involved in the regulation of insulin secretion (66). These studies indicate that RAB37 is associated with T2DM, and our study concurs with this evidence and indicates that RAB37 may play a role in T2DM with CAP at the same time.

The protein encoded by the CD3D gene is a part of the T-cell receptor (TCR)/CD3 complex and participates in T-cell development and signal transduction (67). It exists on the surface of T lymphocytes and plays an important role in the adaptive immune response.A bioinformatis study on the progression of rheumatoid arthritis has shown that CD3D is a potential key mediator and diagnostic marker (68). TRAT 1 stabilizes the TCR/CD3 complex on the surface of T cells. CD3D and TRAT1 are closely related to T cells, and studies have shown that T cells are involved in the pathogenesis of AS and T2DM (37, 69). TMEM244 is a protein-coding gene. Studies have shown that this gene may be used as a marker of Sézary syndrome and other T-cell lymphomas (70). Therefore, it is necessary to consider that the three genes identified for the first time in our study may participate in the progression of T2DM complicated with CAP through an immune response.

The ceRNA hypothesis has revealed a new mechanism for RNA interactions that suggests biological processes can be regulated by an intrinsic mechanism (71). Many bioinformatics studies have constructed AS- or T2DM-related ceRNA regulatory networks using the ceRNA hypothesis (72–74). In this study, a circRNA/lncRNA-miRNA-mRNA regulatory network with CAP progression in T2DM was constructed for the first time, including five circRNAs,13 lncRNAs, 46 miRNAs, and 54 mRNA. Our results suggest that multiple regulatory axes in ceRNA networks may play key roles in the pathogenesis of the disease. We propose that C22orf34—hsa-miR-6785-5p—RAB37, hsacirc_ 013887—hsa-miR-6785-5p/hsa-miR-4763-5p/hsa-miR-30b-3p-RAB37, MIR4435-1HG—hsa-miR-30b-3p—RAB37, and GAS5—hsa-miR-30b-3p—RAB37 are potential RNA regulatory pathways that regulate disease progression.

Previous studies have assessed the role of RNAs that are associated with T2DM and CAP progression (75, 76). However, only a few studies (13), including this study, have explored the progression of T2DM with CAP using advanced bioinformatic methods. While our results provide useful insights into the role of certain genes and RNAs in the progression of T2DM with CAP, our study also has a few limitations. First, there are few public databases that met the purpose of this study. Consequently, the sample size of RNA-seq in our study was small, and further research should be carried out using larger samples. Second, the diagnostic efficacy of some central genes and non-coding RNAs described in our study needs to be verified by clinical data. Finally, the ceRNA regulatory network based on bioinformatics prediction must be verified using molecular methods. In conclusion, the results of our study show that some potentially important genes, non-coding RNAs, pathways, and ceRNA regulatory networks are associated with the progression of T2DM with CAP. Based on these results, we predict that these observations will aid future studies involved in diagnosis, pathogenesis, and potential targeted therapy of T2DM with CAP.
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Cluster 1 Cluster 2 P-Value
(Low-Risk Group, (High-Risk Group,
N =1,743) N = 1,467)

Age (years) 72 (63-81) 75 (67-83) <0.001
Males (n (%)) 886 (50.8) 849 (57.9) <0.001
Min HR (/min) 69 (60-79) 68 (60-78) 0.034
Max HR (/min) 98 (86-112) 96 (84-111) 0.189
Mean HR (/min) 82 (72-92) 81 (71-91) 0.075
Min RR (/min) 13 (11-15) 12 (10-15) 0.002
Max RR (/min) 28 (24-32) 27 (24-31) 0.028
Mean RR (/min) 19 (17-22) 19 (17-21) 0.002
Min Temperature (°C) 36.4 (36.1-36.7) 36.3(35.9-36.5)  <0.001
Max Temperature (°C) 37.2 (36.9-37.6) 37.1(36.8-37.4)  <0.001
Mean Temperature (°C) 36.8 (36.6-37.0) 36.7 (36.4-36.9)  <0.001
Min SpO» (%) 92 (89-94) 92 (89-95) 0.758
Max SpOy (%) 100 (99-100) 100 (100-100) 0.009
Mean SpO, (%) 97 (95-98) 97 (96-99) 0.001
Min SBP (mmHg) 91 (82-102) 89 (80-100) <0.001
Max SBP (mmHg) 148 (132-165) 143 (130-160) <0.001
Mean SBP (mmHg) 118 (107-131) 114 (104-127) <0.001
Min DBP (mmHg) 43 (37-50) 41 (35-48) <0.001
Max DBP (mmHg) 86 (74-100) 81 (70-95) <0.001
Mean DBP (mmHg) 60 (53-68) 57 (51-64) <0.001
Min MBP (mmHg) 57 (51-64) 55 (49-62) <0.001
Max MBP (mmHg) 100 (89-115) 97 (86-110) <0.001
Mean MBP (mmHg) 5 (69-82) 73 (67-80) <0.001
Lab events
Min Glucose (mmol/L) 120 (93-152) 107 (82-140) <0.001
Max Glucose (mmol/L) 216 (170-285) 200 (168-257) <0.001
Mean Glucose (mmol/L) 164 (133-210) 148 (124-191) <0.001
Min WBC (K/pl) 43 (3.0-5.9) 4.9 (3.1-6.5) <0.001
Max WBC (K/ul) 18.5 (13.3-24.9) 17.7 (12.9-23.7)  0.068
Mean WBC (K/pl) 8.3 (6.6-10.7) 8.5 (6.7-11.0) 0.092
Min RBC (m/ul) 2.8 (2.4-3.1) 2.7 (2.4-3.0) <0.001
Max RBC (m/pl) 46 (4.2-5.1) 4.3(3.9-4.8) <0.001
Mean RBC (m/p)) 35 (3.1-4.0) 3.4(3.0-3.7) <0.001
Min Platelet (K/ul) 133 (106-161) 126 (92-157) 0.001
Max Platelst (K/pl) 386 (294-493) 334 (251-440) <0.001
Mean Platelet (K/pl) 231 (177-295) 203 (151-266) <0.001
Min Hemoglobin (g/dl) 7.9 (6.8-8.9) 7.8(6.9-8.7) 0.117
Max Hemoglobin (g/dl) 13.4 (12.6-14.4) 12.8 (11.7-13.7)  <0.001
Mean Hemoglobin (g/dl) 10.3 (9.1-11.3) 9.8 (9.0-10.8) <0.001
Min anion gap (mEg/L) 9 (7-10) 10 (8-11) <0.001
Max anion gap (mEg/L) 1(19-25) 22 (19-26) 0.028
Mean anion gap (mEg/L) 5 (14-17) 16 (14-18) <0.001
Min bicarbonate (mEa/L) 9 (16-22) 18 (15-21) <0.001
Max bicarbonate (mEq/L) 4 (31-37) 32 (29-35) <0.001
Mean bicarbonate (mEcy/L) 6 (24-29) 25 (23-28) <0.001
Min Sodium (mmol/L) 131 (127-134) 131 (127-135) 0.027
Max Sodium (mmol/L) 146 (143-148) 145 (142-148) <0.001
Mean Sodium (mmol/L) 139 (137-141) 139 (136-141) 0.006
Min Potassium (mmol/L) 2 (3.0-3.5) 3.3 (3.0-3.6) <0.001
Max Potassium (mmol/L) 9 (6.2-6.9) 5.7 (6.1-6.6) <0.001
Mean Potassium (mmol/L) 4.3 (4.0-4.7) 4.4(4.0-4.8) <0.001
Min Chloride (mmol/L) 92 (87-96) 93 (88-97) <0.001
Max Chloride (mmol/L) 110 (107-113) 110 (106-113) 0.258
Mean Chloride (mmol/L) 101 (99-104) 101 (98-104) 0.427
Min Calcium (mmol/L) 7.7 (7.2-8.2) 7.7 (7.2-8.1) 0.219
Max Calcium (mmol/L) 9.9 (9.5-10.3) 9.6 (9.2-10.2) 0.001
Mean Calcium (mmol/L) 9.0 (8.8-9.2) 8.9(8.7-9.2) <0.001
Min BUN (mg/dl) 12 (8-16) 16 (11-24) <0.001
Max BUN (mg/dl) 59 (38-91) 73 (47-104) <0.001
Mean BUN (mg/d) 2 (17-32) 32 (22-46) <0.001
Min Creatinine (mg/dl) 8 (0.6-1.0) 1.0 (0.8-1.4) <0.001
Max Creatinine (mg/dl) 2.2 (1.5-3.6) 9(1.8-5.2) <0.001
Mean Creatinine (mg/dl) 1.1 (0.9-1.5) 5(1.1-2.2) <0.001
Min Lactate (mg/dl) 1.0 (0.8-1.2) 0(0.8-1.4) <0.001
Max Lactate (mg/dl) 3.2 (2.2-4.6) 9(1.8-5.2) 0.153
Mean Lactate (mg/dl) 1.6 (1.2-2.1) 1.5 (1.1-2.1) 0.289
Min ALT (IU/L) 12 (8-17) 13 (9-21) 0.001
Max ALT (IU/L) 48 (28-123) 50 (25-191) 0.033
Mean ALT (IU/L) 22 (16-33) 23 (15-44) <0.001
Min Bilirubin (mg/dl) 0.3 (0.2-0.4) 0.3(0.2-0.5) <0.001
Max Bilirubin (mg/dl) 0.8 (0.5-1.6) 0(0.5-1.8) 0.002
Mean Bilirubin (mg/dl) 0.5 (0.3-0.7) 5 (0.3-0.9) <0.001
Min Albumin (g/dl) 3.0 (2.6-3.5) 0 (2.56-3.4) <0.001
Max Albumin (g/dl) 42 (3.8-4.5) 3.9 (3.5-4.3) <0.001
Min Urine output (ml) 30 (12-62) 20 (5-40) <0.001
Max Urine output (ml) 460 (300-680) 375 (240-500) <0.001
Mean Urine output (mi) 200 (100-350) 120 (50-230) <0.001
Min CK-MB (ng/mi) 2.0 (2.0-4.0) 3.0 (2.5-3.4) <0.001
Max CK-MB (ng/mi) 7.0 (4.0-19.0) 9.0 (4.0-26.0) 0.010
Min Troponin-T (ng/ml) 0.02 (0.01-0.11) 0.06 (0.02-0.24) <0.001
Max Troponin-T (ng/ml) 0.28 (0.07-1.19) 0.41 (0.11-1.66) 0.001
Min NT-Pro-BNP (pg/ml) 1,052 (381-2367) 6,817 <0.001

(4,563-11,696)
Max NT-Pro-BNP (pg/mi) 3,972 13,316 <0.001

(1,797-8,848) (8,786-23,503)

Mean NT-Pro-BNP (pg/ml) 1,625 (607-3123) 9,068 <0.001

(6,419-14,854)
Min HbA1c (%) 6.3 (5.9-6.9) 6.3 (5.9-6.9) 0.187
Max HbATc (%) 7.6 (6.8-9.3) 7.1 (6.5-8.1) <0.001
Mean HbA1c (%) 6.9 (6.3-8.0) 6.7 (6.2-7.5) <0.001
Disease score
APS I 46 (37-60) 53 (43-68) <0.001
SOFA 4 (2-7) 6 (4-8) <0.001
SIRS 2 (2-3) 2(2-3) 0.162
Comorbidity
Hypertension (n (%)) 1,044 (59.9) 864 (58.9) 0.588
Arrhythmia (n (%)) 672 (38.6) 565 (38.5) 1.000
Cardiomyopathy (n (%)) 405 (23.2) 350 (23.9) 0.707
Coronary disease (n (%)) 1061 (60.9) 877 (59.8) 0.538
MI (0 (%)) 528 (30.3) 413 (28.2) 0.186
Peripheral vascular 342 (19.6) 273(18.6) 0.472
disease (n (%))
Cerebral disease (0 (%)) 280 (16.1) 236 (16.1) 1.000
Valvular disease (n (%)) 404 (23.2) 301 (20.5) 0.072
COPD (n (%)) 252 (14.5) 235 (16.0) 0.236
Respiratory failure (n (%)) 430 (24.7) 369 (25.2) 0.774
Pulmonary heart diseases 454 (26.0) 338 (23.0) 0.053
(n (%))
AKI (n (%)) 1005 (57.7) 819 (55.8) 0.300
CKD (n (%)) 922 (52.9) 752 (51.9) 0.357
Hyperlipidemia (n (%)) 1163 (66.7) 948 (64.6) 0.218
Hypothyroidism (n (%)) 330 (18.9) 280 (19.1) 0.928
Hemopathy (n (%)) 467 (26.8) 385 (26.2) 0.748
Drug use
Insulin (n (%)) 549 (31.5) 432 (29.4) 0.218
Loop diuretic (n (%)) 1,354 (77.7) 1,154 (78.7) 0.520
B-blocker (n (%)) 1,205 (69.1) 1,006 (68.6) 0.760
Digoxin (n (%)) 138 (7.9) 132 (9.0) 0.278
Aloumin (n (%)) 263 (15.1) 211 (14.4) 0.583
Dobutamine (n (%)) 66 (3.8) 49 (3.3) 0.507
ACEVARB (n (%)) 664 (38.1) 516 (35.2) 0.091
Epinephrine (n (%)) 128 (7.3) 86 (5.9) 0.102
Norepinephrine (n (%)) 409 (23.5) 323 (22.0) 0.332
CCB (n (%)) 291 (16.7) 241 (16.4) 0.849

HR, heart rate; RR, respiratory rate; SBP, systolic blood pressure; DBP, diastolic blood
pressure; MBP, mean blood pressure; WBC, white blood cell; RBC, red biood cell: BUN, blood
urea nitrogen; ALT, alanine aminotransferase; CK-MB, creatine kinase-MB; NT-Pro-BNP, N-
terminal pro-B-type natriuretic peptide; APS, Acute Physiology Score; SOFA, Sepsis-related
Organ Failure Assessment; SIRS, Systemic Inflammatory Response Syndrome; M,
myocardial infarction; COPD, chronic obstructive pulmonary disease; AKI, acute kidney
injury; CKD, chronic kidney disease; ACEI, angiotensin-converting enzyme inhibitors; ARB,
angiotensin receptor blockers; CCB, Calcium channel blocker.
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No diagnosed diabetes, n =1483 Diagnosed diabetes, n =1462

Total 1,5-AG = 14 pg/ 1,5-AG < 14 pg/ 1,5-AG = 14 pg/ 1,5-AG < 14 pg/
mL mL mL mL
N 2945 1367 116 619 843
*1,5-AG, ug/mL 20.8 (10.1, 30.2) 28.1(21.8,35.2) 10.1 (7.5, 12.2) # 23.5 (18.5, 30.5) 5.9(3.5,94) #
1,5-AG, pg/mL, range 1.0,99.3 14.0,99.3 1.0, 13.99 14.0, 80.6 1.0, 13.99
*FBG, mmol/L 59 (5.1,7.5) 5.2 (4.9,58) 55 (5.0,6.1) # 7.4 (6.0, 8.6) 7.9 (6.4, 10.0) #
*HbA1C, % 62(5.8,7.1) 5.8 (5.5, 6.0) 6.0 (5.6,6.2) # 6.3(5.9,6.8) 7.6 (6.8, 8.6) #
*Age, y 65.0 (58.0, 74.0) 64.0 (57.0, 73.0) 69.0 (61.0,77.8) # 67.0 (60.0, 74.0) 66.0 (58.0, 76.0)
Male, % 62.4 629 59.5 64.5 60.7
*BMI, kg/m2 25.4 (234, 27.7) 25.1,(23.2,27.3) 25.7 (23.8,28.7) # 25.8 (23.9,27.9) 25.5 (23.5, 28.0)
*BMI > 24 kg/mz, % 67.9 652 737 74.1 70.0
“SBP, mmHg 1350 (1230, 133.0 (121.0, 146.0) 1345 (1230, 150.8) 136.0 (124.0, 150.0) 139.0 (127.0, 151.0) #
149.0)
DBP, mmHg 79.0 (70.0, 85.0) 79.0 (71.0, 85.0) 79.5 (70.3, 86.8) 78.0 (70.0, 85.0) 78.0 (70.0, 85.0)
*TC, mmol/L 3.8 (3.2,4.5) 3.9 (3.3,4.5) 37 (3.2, 46) 3.8(3.2,45) 37 (3.2,4.4)
*TG, mmol/L 1.3 (0.9, 1.8) 1.2 (09, 1.7) 1.2 (0.9, 1.7) 1.3 (1.0, 1.8) 1.3 (1.0, 1.9)
*HDL-C, mmol/L 1.0 (0.9, 1.2) 1.1 (09, 1.3) 1.0 (0.8, 1.2) 1.0 (0.9,1.2) 1.0 (0.9, 1.1) #
LDL-C, mmol/L 2.3(1.8,238) 2.3 (1.8,29) 23(1.8,29) 2.3(1.8,29) 22(1.7,2.8)
Crea, umol/L 70.0 (60.0, 81.0) 70.0 (60.0, 80.0) 720 (62.0, 81.0) 71.0 (60.0, 83.0) 69.0 (57.0, 80.0) #
“UA, pumol/L 320.0 (266.0, 327.0 (270.0, 390.0) 305.0 (251.5, 382.5) 333.0 (280.0, 384.0) 300.5 (254.0, 354.0) #
379.0)
eGFR, mL/min per 1.73 m’ 95.5 (81.6, 110.3) 95.8 (83.1, 109.2) 91.9 (77.9, 104.7) # 93.3 (78.7, 109.1) 97.6 (80.3, 114.4) #
Current smoker, % 31.8 32.1 325 30.4 327
*Hypertension, % 60.7 66.4 735 738 743
*Diabetes, % 49.6 0 0 100 100
*Dyslipidemia, % 44.1 415 38.8 455 487
History of stroke, % 10.7 102 10.3 99 12.0
Family history of premature CAD, % 7.7 82 4.5 8.6 73
*Take statins continuously over 1 year, 253 224 19.0 # 276 292
%
*Coronary angiography defined CAD, 78.6 70.2 77.6 83.8 885 #
%
*Gensini score 12.0 (2.0, 37.5) 6.0 (1.0, 24.5) 9.5(2.8,29.5) # 18.3 (4.0, 45.5) 24.0 (6.0, 53.0) #

CAD, coronary artery disease; BMI, body mass index; SBP, Systolic blood pressure; DBP, Diastolic blood pressure; FBG, fasting blood glucose; TC-total cholesterol; TG- triglyceride; HDL-
C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; Crea, creatinine; UA, uric acid; eGFR, estimated glomerular filtration rate

Data are median (interquartile range) for continuous variables, or percentage for categorical variables. * P values for trend <0.05 among four groups. Significant differences (# P<0.05)
compared with groups of 1,5-AG > 14 pg/mL in no diagnosis of diabetes or diagnosed diabetes, respectively
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No diagnosed diabetes Diagnosed diabetes

Age -0.061** -0.093*** 0.055*
FBG -0.404*** -0.084** 0,179
HbA1C -0.6724** -0.196*** -0.686**
BMI -0.072* -0.089*** 0.004
SBP -0.110"** -0.062* -0.076**
DBP 0.006 -0.026 -0.010
TC: 0.052** -0.016 0.055*
TG -0.067*** -0.015 -0.032
HDL-C 0.138*** -0.008 0.130%*
LDL-C 0.037 -0.006 0.034
Crea 0.044* 0.006 0.108***
UA 0.158*** 0.103*** 0.226**
eGFR -0.024 0.053* -0.120%*
Gensini score -0.185*** -0.015 -0.093**

*n< 0.05, **p< 0.01, ***p< 0.001
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Prevalent coronary angiography defined CAD

No diagnosed diabetes
1,5-AG = 14 ug/mL
1,5-AG < 14 pug/mL
Diagnosed diabetes
1,5-AG 2 14 pg/mL
1,5-AG < 14 pg/mL

P for trend

Gensini score

No diagnosed diabetes
15-AG > 14 pg/mL
1,5-AG < 14 pg/mL
Diagnosed diabetes
1,5-AG > 14 pg/mL
1,5-AG < 14 pg/mL

P for trend

Prevalent severe CAD
No diagnosed diabetes
1,5-AG 2 14 pg/mL
1,5-AG < 14 pug/mL
Diagnosed diabetes
1,5-AG > 14 pg/mL
15-AG < 14 pg/mL

P for trend

Model 1

1.00 (reference)

1.377 (0.864, 2.195), 0.178

2.087 (1.625, 2.681), <0.001
*3.318 (2.591, 4.249), <0.001
<0.001

0 (reference)

3.508 (-3.729, 10.746) 0.342

10.906 (7.244, 14.568), <0.001
*18.008 (14.640, 21.377), <0.001
<0.001

1.00 (reference)

1.771 (0.974, 3.223), 0.061

2756 (2.018, 3.765), <0.001
*5.060 (3.760, 6.811), <0.001
<0.001

Model 2

1.00 (reference)

1.597 (0.963, 2.648), 0.070

1.993 (1.539, 2.581), <0.001
*3.192 (2.467, 4.131), <0.001
<0.001

0 (reference)

4.382 (-2.946, 11.709), 0.241

10.848 (7.141, 14.554), <0.001
*17.476 (14.060, 20.893), <0.001
<0.001

1.00 (reference)

*1.974 (1.044, 3.734) 0.036

2.751 (1.979, 3.825), <0.001
*5.164 (3.777, 7.059), <0.001
<0.001

ORs, odds ratios; CI, Confidence Intervals; CAD, coronary artery disease; SD, standard deviation
Model 1: age and gender. Model 2: variables in model 2 plus current smoker, obesity or overweight, hypertension, dyslipidemia, stroke, family history of premature CAD and statin use.
Model 3: variables in model 2 plus FBG (mmol/L). Model4: variables in model 2 plus HbAc (%). P values for overall trend were calculated by modeling the category medians as a

continuous variable. Significant differences (* P<0.05) between 1,5-AG categories within diabetes group (no diagnosis of diabetes or diagnosed diabetes)

Model 3

1.00 (reference)

1.441 (0.861, 2.410), 0.164

1.271 (0.942, 1.714), 0.117
*1.766 (1.284, 2.430), <0.001
<0.001

0 (reference)

3.737 (-3.614, 11.087), 0.319

5322 (1.132, 9.511), 0.013
9.350 (4.981, 13.719), <0.001
<0.001

1.00 (reference)

1.681 (0.877, 3.225), 0.118

1.313 (0.885, 1.948), 0.176
*1.933 (1.285, 2.908), 0.002
0.002

Model 4

1.00 (reference)

1.130 (0.595, 2.146), 0.708

1.603 (1.164, 2.206), 0.004
1.641 (1.103, 2.440), 0.014
0.002

0 (reference)

-1.077 (-10.696, 8.543), 0.826

9.069 (4.442, 13.696), <0.001
9.700 (4.181, 15.220), <0.001
<0.001

1.00 (reference)

1.388 (0.603, 3.196), 0.441

2.308 (1.528, 3.484), <0.001
2.555 (1.569, 4.161), <0.001
<0.001
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Without mASCVD event With 1 mASCVD event With >2 mASCVD events P for trend
Demographic characteristics
N 6676 2489 779
Male, %(n) 67.5(4503) 83.8(2085) 87.3 (680) <0.001
Age (y) 59.1+ 89 54.7+12.3 562+ 11.7 <0.001
BMI (kg/m2) 2569+32 26.1+32 26.0 +3.2 0.018
Clinical characteristics
Hypertension,%(n) 66 6 (4445) 59.9 (1490) 63 4 (494) <0.001
Hypercholesterolemia*, %(n) .5 (367) 6.5 (161) .6 (59) 0.026
Diabetes, %(n) 33 2 (2215) 32.2 (801) 36 7 (286) 0.034
CKD3/4,%(n) 4 (225) 4.0 (100) 9 (38) 0.056
History of congestive HF,%(n) 1.0 ©9) 7.2(179) 18 0 (140) <0.001
Current smoker,%(n) 33.3 (2220) 46.3 (1152) 46.0 (358) <0.001
History of PCI/CABG,%(n) 24.1(1612) 38.2 (951) 41.1 (320) <0.001
Physical/Laboratory values
SBP (mmHg) 127.81 £ 16.97 12391 + 16.81 123.40 + 17.53 <0.001
DBP (mmHg) 77.96 + 10.54 7720+ 11.10 76.53 + 10.84 <0.001
TG (mmol/L) 1.49 (1.09-2.09) 1.52 (1.12-2.13) 1.50 (1.14-2.13) <0.001
LDL-C (mmol/L) 2.53 + 0.95 244 £1.02 249 +1.01 <0.001
HDL-C (mmol/L) 1.09 +0.29 1.01+£0.28 0.98 + 0.26 <0.001
Lipoprotein(a) (mg/L) 142.94 (63.58-351.32) 152.81 (70.07-385.57) 201.82 (80.82-453.40) <0.001
Glucose (mmol/L) 593 +1.75 6.00 + 1.93 6.08 + 1.98 0.028
HbA1C (%) 6.33 + 1.10 6.41+1.23 6.52 + 1.26 <0.001
Cr (umol/L) 77.55 +22.35 80.98 + 18.62 83.31 + 17.58 <0.001
NT-proBNP (pg/ml) 123.90 (41.70-470.92) 352.75 (81.97-649.67) 494.05 (155.47-883.37) <0.001
Medications at enrolment
Anti-platelet, %(n) 61.5 (4109) 69.1(1720) 69.6 (542) <0.001
ACEV/ARB,%(n) 16.7 (1117) 23.3 (581) 22.2 (173) <0.001
B-bloker,%(n) 33.1 (2209) 42.1 (1048) 43.4 338) <0.001
Statins, %(n) 69.8 (4660) 76.9 (1915) 77.4 (603) <0.001

Data shown are %(n), mean + SD, or median (IQR). P values are shown for trend. mASCVD, major atherosclerotic cardiovascular disease; BMI, body mass index; CKD, chronic kidney

disease; HF, heart failure; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides;
LDL-C, low-density lipoprotein cholesterol; HDL-C, high-denstty lipoprotein cholesterol; HbA1C, hemoglobin A1C; Cr, creatinine; NT-proBNP, N-terminal pro-B-type natriuretic peptide;
ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor blocker.
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CAD

1,5-AG < 14.0 ug/mL
15-AG 214.0 pg/mL

P for log likelihood ratio test
Gensini score

1,5-AG < 29.7 pg/mL
1,5-AG = 29.7 pg/mL

P for log likelihood ratio test
Severe CAD

1,5-AG < 28.8 ug/mL
1,5-AG > 28.8 ug/mL

P for log likelihood ratio test

Crude: no adjustment

Crude B/OR (95% CI)
p-value

0.296 (0.197, 0.445), <0.001
0.875 (0.776, 0.986), 0.029
<0.001

-9.018 (-11.240, -6.796), <0.001
2.189 (-1.335, 5.713) 0.2235
<0.001

0.433 (0.360, 0.520), <0.001
1.224 (0.962, 1.558), 0.100
<0.001

*Adjusted B/OR (95% CI)
p-value

0.420 (0.263, 0.670), <0.001
0.969 (0.847, 1.108), 0.644
0.002

-4.674 (-7.189, -2.159), <0.001
1.963 (-1.415, 5.340), 0255
0.008

0.589 (0.464, 0.746), <0.001
1.221 (0.935, 1.595), 0.143
<0.001

*Adjusted for age, gender, current smoker, obesity or overweight, diabetes, hypertension, dyslipidemia, stroke and family history of premature CAD
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Pathway

Pathways in cancer

Endocrine resistance

Fluid shear stress and atherosclerosis

Epithelial cell signaling in Helicobacter pylori infection
Prolactin signaling pathway

Progesterone-mediated oocyte maturation

Lipid and atherosclerosis

Relaxin signaling pathway

Estrogen signaling pathway

Category

Cancer: overview

Drug resistance: antineoplastic
Cardiovascular disease
Infectious disease: bacterial
Endocrine system

Endocrine system
Cardiovascular disease
Endocrine system

Endocrine system

P value

0.0000000170229
0.00000128102
0.00000720725
0.0000111191
0.0000111191
0.0000494524
0.0000595532
0.00012373
0.000160666
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Group

A, mm/s

E, mm/s

E/A

Heart Rate, bpm
Diameter;s, mm
Diameter;d, mm
Volumess, ul

Volumesd, ul

Stroke Volume, ul
Ejection Fraction, %
Fractional Shortening, %
Cardiac Output, ml/min
LV Mass, mg

LV Mass Cor, mg
LVAW;s, mm

LVAW;d, mm

LVPW;s, mm

LVPW;d, mm

DCM
N=12

609 + 113
72293
1.20 + 0.14
531+78
234 +028
3.60 £ 0.27
194 + 6.1
54.8 £ 10.0
354 +4.4
653 + 4.4
351 +3.0
186 £2.7
1225 £ 12.0
98.0 £ 9.6
140 £ 0.14
0.97 +£0.11
1.29 +0.12
0.90 + 0.08

CON
N=12

544 72
764 + 95
142 £0.22
550 + 45
2.10 +0.28
353 £0.24
149 £5.0
52.6 £ 8.3
376 £4.2
723 £54
40.8 + 4.5
206 £2.3
1342 £19.2
107.3 £ 15.3
161 £0.12
1.10 + 0.09
1.40 + 0.09
0.92 +0.08

0.105
0.284
0.006
0475
0.045
0.546
0.06
0.536
0.23
0.002
0.001
0.069
0.089
0.089
0.001
0.004
0.021
0.524

A, A peak; E, E peak; LV, left ventricle; LVAW, Left Ventricular Actual Weight; s, systole; d, diastole; LVPW, Left ventricular posterior wall.

TOTAL
N=24

577 £ 98
743 £ 94
13+02
540 + 63
22+03
3.6+ 025
17.1+ 59
53.6+9.1
36.5+ 44
68.8 + 6.0
38.0+47
19.6 + 2.7
128.4 + 16.7
102.7 + 134
1.50 £ 0.16
1.03 £0.12
134 +0.11
091 + 0.08





OPS/images/fendo.2022.933635/table2.jpg
Name

Telomerase Inhibitor IX

Isoliquiritigenin

Medrysone

Benzoic acid

Oxymetholone
Sulforaphane

Pevonedistat

Epoxycholesterol

2-Chloro-6-(1-piperazinyl)
pyrazine

Canonical SMILE: Internationally recognized atomic structure. Target: Validated targets with activity.

Score

96.29

90.81

87.7

86.26
86.22
85.24

85.16
-93.16

Description

Telomerase inhibitor
Guanylate cyclase activator

Glucocorticoid receptor
agonist

Protein tyrosine kinase
inhibitor

Androgen receptor agonist
Antineoplastic

Nedd activating enzyme
inhibitor

LXR agonist

Serotonin receptor agonist

Target

TERT

AKRI1B1, HRH2,
SIRT1

NR3C1
ABLI, EGFR

AR
NFE2L2
NAEL, UBA3

NR1H2, NR1H3

HTR2A,HTR2B,
HTR2C

Canonical SMILES
C1=CC(=CC(=C1)NC(=0)C2=C(C(=CC=C2)0)0)NC(=0)C3=C(C
(=CC=C3)0)0
C1=CC(=CC=C1C=CC(=0)C2=C(C=C(C=C2)0)0)O

CC1CC2C3CCC(C3(CC(C2C4(C1=CC(=0)CC4)C)0)C)C(=0)C

COC(=0)C1=CC=C(C=C1)NCC2=C(C=CC(=C2)0)O

CC12CCC3C(C1CCC2(C)0)CCCAC3(CC(=CO)C(=0)C4)C
CS(=0)CCCCN=C=8

C1CC2=CC=CC=C2CINC3=C4C=CN(C4=NC=N3)C5CC(C(C5)0)COS
(=0)(=O)N

CC(C)CCLCC(C)C1CCC2CI(CCC3C2CC4C5(C3(CCC(C5)0)C)04)C
CICN(CCN1)C2=CN=CC(=N2)Cl
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Variables non-MS group (n = 355) MS group (n = 417) P

Age (year) 41(36-433) 41(38-43) 0616
Male,n (%) 335 (94.4) 405 (97.1) 0.056
BMI (kg/m?) 24.8 (23.1-26.2) 259 (23.9-27.9) P<0.001
Medical history

History of Diabetes, n, (%) 24(68) 138 (33.1) P<0.001
History of Hypertension, 1, (%) 112 (31.5) 254 (60.9) P<0.001
Previous angina pectors, n, (%) 75 (21.1) 97 (233) 0477
History of MI, n, (%) 14(39) 22(5.3) 0382
Family history of GVD,n, (%) 57 (16.1) 60 (14.4) 052
History of smoking.n, (%) 265 (74.4) 339 (81.9) 0.026
History of drinking,n, (%) 155 (43.7) 167 (40) 031
Renal insufficiency,n, (%) 103 922 0.022
Previous PCn, (%) 1@.1) 12 (29) 0857
Previous CABG,, (%) 101 2003 1
Cerebrovascular disease,n, (%) 1@.1) 133.1) 0.988
Admission

Systolic blood pressure (mmHg) 120 (110-145) 133 (125-151.6) P<0.001
Diastolic blood pressure (mmHg) 75 (69.8-87.8) 85.5 (70-94.3) P<0.001
Killp class 0627
| 343 (96.6) 407 (97.6)

I 9(25) 6(1.4)

1] 2(06) 3(07)

v 108 1002

Kilip =, n, (%) 12(3.4) 10 (24) 0414
Type of MI

STEMI, n, (%) 275 (77.5) 283 (67.9) 0.003
NSTEMI, n, (%) 80 (22.5) 184 (32.1) 0,003
Laboratory

LVEF<40%, n, (%) 22(62) 22(53) 0594
LVEF (%) 53 (48-58) 53 (47-58) 047
Fasting blood glucose (mmolL) 5.1 (4.6-5.6) 67 (6.3-84) P<0.001
CK (UL) 1728 (725.3-3064.8) 1599.5 (630.3-3020) 0.126
CK MB (U/L) 1595 (47.3-258.3) 122 (52.8-229.9) 0.111
Hypersensitive C-reactive protein (mmol/L) 5.3 (2.4-15) 63 (32-14.6) 0045
Total cholesterol (mmol/L) 48+12 50%1.2 0.002
Triglyceride (mmol/L) 1.5 (1.22.4) 25(2-35) P<0.001
HDL-C (mmolrL) 1(0.9-1.2) 09(0.7-0.9) P<0.001
Hypersensitive troponin T (ug/L) 29(1-5.7) 32(1.1-6.8) 0206
LOL-C (mmoli) 3.1(2538) 322639 0215
CAG and treatment

CAG, N, (%) 332 (93.5) 394 (94.5) 0573
Conservative treatment, n (%) 51 (14.4) 61 (14.6) 0918
Thrombolysis, n (%) 6(1.7) 5(1.2) 0566
CABG, n (%) 6(1.7) 6(1.4) 0778
PCI, n (%) 202 (82.3) 345 (82.7) 0861
Severity of coronary artery lesion, n (%)

Single vessel disease 151 (45.5) 147 (37.3) 0.026
Two-vessel disease 90 (27.1) 115 (29.2) 0535
Three-vessel disease 81 (24.4) 126 (32.0) 0.024
Left main 10 (3.0) 6(15) 0173
mult-vessel disease 181 (54.5) 247 (62.7) 0.026
Syntax score 16 (9-22) 155 (10-22.5) 0526
Syntax < 22 252 (75.9) 289 (73.4) 0.432
Syntax (23-32) 50 (15.1) 60(15.2) 0950
Syntax>33 19.(5.7) 25(6.3) 0726
Baseline medication, n, (%)

DAPT 353 (99.4) 410 (983) 0.150
Beta-blocker 281 (79.2) 332 (79.6) 0874
ACEVARB 242 (68.2) 273 (65.5) 0.427
Statin 353 (99.4) 410 (98.3) 0.150
Anticoagulants 341(96.1) 389 (93.3) 0.091

MS, metabolic synarome; M, myocardial infarction; CVD, cardiovascular disease; PC, percutaneous coronary intervention; CABG, coronary artery bypass graft; STEMI, ST-segment elevation myocardél infarction; NSTEMI, non-ST segment
elevation myocardlal infarction; CK, creatine kinase; CK-MB, creatine kinase isoenzyme; HDL-C, high density lpoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; GAG, coronary angiography; DAPT, dual antiplatelet; ACEVARS,
angiotensin-converting enzyme inhibitor/angiotensin receptor blocker.
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Variables non-MS group (n = 330) MS group (n = 379) P

MACE, n, (%) 34 (10.3) 68 (17.9) 0.004
TVR, n, (%) 22 (6.7) 46 (12.1) 0.014
HF, n, (%) 2(0.6) 18 (4.7) 0.001
Cardiac death, n, (%) 4(1.2) 6 (1.6) 0.676
Recurrent M, n, (%) 14 (4.2) 19 (5.0) 0.627
Stroke, n, (%) 3(0.9 4(1.1) 1.000

MS, metabolic syndrome; MACE, major adverse cardiovascular events; TVR, target vessel revascularization; HF, re-hospitalization for heart failure; MI, myocardial infarction.
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Variables HR

95%CI P
MACE 2.082 1.324-3.273 0.001
TVR 1.964 1.165-3.340 0.013
HF 8.301 1.798-38.332 0.007
Cardiac death 2.355 0.351-15.801 0.378
Recurrent MI 1.360 0.645-2.867 0.419
Stroke 1.216 0.162-9.119 0.849

MS, metabolic syndrome; MACE, major adverse cardiovascular events; TVR, target vessel revascularization; HF, re-hospitalization for heart failure; MI, myocardial infarction HR, hazard

ratio: Cl, confidence interval.
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