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Editorial on the Research Topic
 Metabolic regulation in cardiovascular homeostasis and disease




Metabolic dysregulation is a common feature in cardiovascular disease from congenital heart defects to heart failure. The Research Topic, metabolic regulation in cardiovascular homeostasis and disease, focuses on recent advances and challenges in understanding of metabolic regulation in cardiac physiology and pathogenesis. Here, a collection of 12 review and original research articles in this topic highlights recent findings and innovative approaches in the field of cardiovascular metabolism.


Metabolic risks for cardiovascular disease

Many risk factors contribute to cardiovascular disease and mortality, such as obesity, aging, diabetes, metabolic syndrome, and obstructive sleep apnea (OSA). After following about one thousand participants, Liu et al. demonstrate that patients with metabolic syndrome and OSA have a higher risk of adverse cardiac events. These results may lead to the design of additional clinical studies to understand effects of multiple risk factors on cardiovascular disease. In a review article, Zhao and Liu summarize regulatory mechanisms of FOXO3, a critical regulator in aging-related vascular disease. Regarding roles of FOXO3 activation in vascular remodeling, FOXO3 has a potential for therapeutic targeting. Insulin resistance, a marker for metabolic syndrome also increases risk of heart disease. After investigating 240 non-diabetic patients with ST-segment elevation myocardial infarction (STEMI), Kasem et al. demonstrate that acute insulin resistance is associated with microvascular injury and poor hospital outcome in these patients. This study suggests that molecules related to insulin resistance may serve as predictors of microvasculature injury in myocardium of patients post-coronary angiography and angioplasty. Abnormal cholesterol levels are also a marker of metabolic syndrome. Increased level of cholesterol is a risk factor for coronary heart disease (CHD). Treatment with statin and its derivative drugs is used to lower cholesterol levels, indicated by fasting level of low-density lipoprotein cholesterol (LDL-C) <1.4 mmol/L and non-high-density lipoprotein cholesterol (non-HDL-C) level <2.2 mmol/L. Measuring non-fasting levels of LDL-C and non-HDL-C has been recommended to prevent ischemic events. Guo et al. have measured fasting and non-fasting levels of LDL-C and non-HDL-C in 397 patients with CHD. This study shows that much lower level of LDL-C in non-fasting phase shall be considered as a healthy threshold.

Many factors contribute to alterations of metabolism in the pathogenesis of cardiovascular disease. Ketema and Lopaschuk provide a comprehensive review of one specific-regulatory mechanism mediated by post-translational acetylation of non-histone proteins, such as mitochondrial proteins. This review article highlights the importance of unraveling interconnections among metabolic protein acetylation, fatty acid β-oxidation, and glucose oxidation in the heart under physiological and pathological conditions.

Quantification of metabolites and measurement of metabolic dynamics in the heart could facilitate identification of biomarkers for cardiovascular disease and understanding disease pathogenesis. Using gas and liquid chromatography-mass spectrometry, Aa et al. have made efforts to identify metabolites that predict risk of myocardial infarction (MI) by profiling plasma metabolites in 85 patients with MI chest pain, 61 patients with non-MI chest pain, and 84 control subjects. This study demonstrates that higher plasma levels of deoxyuridine, homoserine, and methionine increase the risk for MI. Verification of these findings in large samples would benefit prognosis and prevention of MI. Patients who suffer from congenital heart disease with single-ventricle (SV-CHD) are susceptible to heart failure (HF). Identification of biomarkers to predict HF risk in patients with SV-CHD would benefit timely care management. Xu et al. have measured oxygen consumption rates (OCR) in peripheral blood mononuclear cells (PBMCs) isolated from human subjects with SV-CHD (n = 20), biventricular CHD (BV-CHD, n = 16), and healthy control (n = 22). SV-CHD patients with HF show higher maximal respiratory capacity and respiratory reserve in PBMCs, while SV-CHD patients without HF show less maximal respiratory capacity. Because the authors collected PBMCs from relatively small sample sizes, more studies are needed to verify whether alterations of mitochondrial respiration in PBMCs could serve as a biomarker for HF risk in patients with SV-CHD. Powerful approaches and mathematical tools are critical to accurately measuring metabolic dynamics in heart tissue. Karlstaedt summarizes techniques and concepts for in vivo or ex vivo stable isotope labeling in measuring metabolic flux in cardiovascular research and advancements in analytical methods at the tissue and single-cell levels. Consideration of challenges in accurate measurement of metabolic flux in clinics studies would assist with timely management of disease, estimation of treatment efficacy, and decision on therapeutic strategies.



Therapeutics targets of metabolic pathways

Dysregulation of metabolism is common in cardiovascular disease. Restoration of metabolic homeostasis has been regarded as a potential therapy for the disease. Obesity has been identified as a major risk factor of hospitalization, severe illness, and mortality of COVID-19 patients. Treatment of obesity plays an important role in ending the COVID-19 pandemic. Dickey et al. discuss metabolic impact of various treatments for obesity, including diet and calorie restriction and bariatric surgeries and highlight future studies needed to understand mechanisms of restoring metabolic homeostasis in obese patients by these treatments. Heart failure is accompanied by increased inflammation and glycolysis in myocardium. Wang et al. demonstrate that treatment with MCC950, a selective inhibitor of the inflammasome component NLRP3, ameliorated cardiac function and remodeling in obese mice with heart failure. This study indicates interactions between inflammation and metabolic alterations during cardiac pathogenesis in obese subjects. In another report, Chen et al. demonstrate that post-MI mice treated with 2-Deoxy-D-glucose (2-DG) show significantly decreased activation of cardiac fibroblasts and cardiac fibrosis. Although treatment with 2-DG 4 days post-MI significantly decreases cardiac fibrosis in mice, the treatment is not enough to ameliorate cardiac function and mortality. It is likely that cardiac fibrosis post-MI is activated by more than one pathway. Therefore, inhibition of only one pathway (e.g., glycolysis) appears insufficient to produce meaningful clinical outcomes. Reduction in ATP generation usually occurs in failing myocardium. Exogenous creatine phosphate (CrP), a high-energy phosphate provides cardiac protection by re-fueling ATP, attenuation of intracellular Ca2+ overload and oxidative stress, and anti-arrhythmias and platelet aggression in animal models. However, CrP does not improve long-term survival of patients with heart disease in various clinical trials. Yi-Dan et al. provide an overview of CrP physiology and pharmacological effects of exogenous CrP on ischemic myocardium. Yi-Dan et al. also summarize potential reasons why clinical benefits have not been observed in clinical trials, e.g., administration routs/dosage and lack of multicenter studies. Ultimately, treatment of cardiovascular disease by targeting metabolic dysregulation holds promising, but needs extensive and collaborative studies.



Summary

Articles presented in this Research Topic provide in-depth insights into the relationship between metabolic homeostasis and cardiovascular pathogenesis. This editorial briefly summarizes each article in the collection. We are enthusiastic that this work will lead to the development of new approaches and discovery of novel mechanisms in the field of cardiovascular metabolism, which eventually results in designing of effective therapeutics for cardiovascular disease.
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This study aimed to compare the percentage attainment of fasting and non-fasting LDL-C and non-HDL-C target levels in coronary heart disease (CHD) patients receiving short-term statin therapy. This study enrolled 397 inpatients with CHD. Of these, 197 patients took statins for <1 month (m) or did not take any statin before admission (CHD1 group), while 204 patients took statins for ≥1 m before admission (CHD2 group). Blood lipid levels were measured at 0, 2, and 4 h after a daily breakfast. Non-fasting LDL-C and non-HDL-C levels significantly decreased after a daily meal (P < 0.05). Both fasting and non-fasting LDL-C or non-HDL-C levels were significantly lower in the CHD2 group. The percentage attainment of LDL-C <1.4 mmol/L at 2 and 4 h after a daily breakfast was significantly higher than that during fasting (P < 0.05), but the percent attainment of non-fasting non-HDL-C <2.2 mmol/L was close to its fasting value (P > 0.05). Analysis of c-statistic showed that non-fasting cut-off points for LDL-C and non-HDL-C were 1.19 and 2.11 mmol/L, corresponding to their fasting goal levels of 1.4 and 2.2 mmol/L, respectively. When post-prandial LDL-C and non-HDL-C goal attainments were re-evaluated using non-fasting cut-off points, there were no significant differences in percentage attainment between fasting and non-fasting states. Non-HDL-C is more stable than LDL-C in assessing the percent attainment of non-fasting lipid for coronary heart disease patients. If we want to use LDL-C to assess the percent attainment of post-prandial blood lipids, we may need to determine a lower non-fasting cut-off point.

Keywords: coronary heart disease, non-fasting, low-density lipoprotein cholesterol, non-high-density lipoprotein cholesterol, cut-off points


INTRODUCTION

Elevated cholesterol level is an independent risk factor for coronary heart disease (CHD). To reduce the risk of ischemic events for CHD patients, fasting level of low-density lipoprotein cholesterol (LDL-C) should be controlled to <1.4 mmol/L as the primary target, then that of non-high-density lipoprotein cholesterol (non-HDL-C) should be <2.2 mmol/L as the secondary target of cholesterol control according to the 2019 European guidelines (1).

It is increasingly believed that atherosclerosis is a post-prandial phenomenon because, at least with respect to lipids, we are in the post-prandial phase for the most part of the day (2). Considering that either fasting or non-fasting (i.e., post-prandial) LDL-C level has a similar predictive value for all-cause death and cardiovascular death (3, 4), non-fasting lipids detection at a random time-point within at least 8 h after a daily meal has been recommended in the primary and secondary prevention against CHD (5–8). However, both LDL-C and non-HDL-C levels show a tendency of decrease in the non-fasting state (9–11). Moreover, there are only fasting cholesterol-lowering targets but not non-fasting ones in the published guidelines (1, 12–15). It is uncertain whether these fasting targets are applicable to assessing cholesterol control as well as how to evaluate it in the non-fasting stage.

Recently, we observed more substantial reductions in LDL-C and non-HDL-C levels in Chinese subjects with CHD at 2 and 4 h after a daily breakfast (9, 16), appearing to be greater than those reported in large-scale clinical studies conducted in other countries (10, 11, 17, 18), although the potential cause remains uncertain. Additionally, it was proposed that non-HDL-C level may be a better prognostic factor than LDL-C level to evaluate the risk of future cardiovascular events (19–24). Furthermore, non-fasting fluctuation of non-HDL-C level seem to be smaller than that of LDL-C (24). Nevertheless, there have been no studies comparing the goal attainment of LDL-C with that of non-HDL-C in the non-fasting state.

Therefore, this study aimed to compare the percent attainments of fasting and non-fasting LDL-C and non-HDL-C reaching their fasting targets in CHD patients receiving short-term statins therapy. Furthermore, analysis of c-statistic or receiver operating characteristic curve (ROC) analysis was used to determine the non-fasting cut-off points corresponding to their fasting targets, and the percent attainments of non-fasting LDL-C and non-HDL-C were re-evaluated according to the non-fasting cut-off points.



MATERIALS AND METHODS


Study Population

From March 2017 to July 2019, 397 inpatients with CHD were enrolled from the Department of Cardiovascular Medicine of the Second Xiangya Hospital, Central South University. A total of 84 patients did not take any statins and 109 patients took statins for <1 month (m) before admission (CHD1 group), and 204 patients took statins for ≥1 m before admission (CHD2 group). The definition of CHD was coronary atherosclerosis confirmed by coronary angiography and/or a history of myocardial infarction in patients with angina pectoris (AP). We asked all patients about their medical history and use of medication before enrollment. Patients with autoimmune disease, hepatic disorders, renal disease, cancer, or other serious diseases were excluded. The study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University. Informed consent was obtained from all patients.



Specimen Collection

All enrolled participants ate breakfast between 7 a.m. and 8 a.m. according to their regular diets after overnight fast for at least 8 h. The patients in this study are all Han nationality, and their daily breakfast were rich in carbohydrate, including steamed bread, noodles, rice porridge, and so on, which were purchased from the cafeteria in our hospital or brought from home according to their dietary habits. During 4-h test, subjects were allowed only to drink a little water and walk slowly. Drinking wine or eating any food were not recommended.



Determination of Blood Lipids Levels

Serum total cholesterol (TC) and triglyceride (TG) levels were measured using automated enzymatic assays. Serum high-density lipoprotein cholesterol (HDL-C) and LDL-C levels were measured using a chemical masking method (25). All measurements, including that of albumin, were carried out on a fully automatic biochemical analyser (Hitachi 7170A, Hitachi Inc., Tokyo, Japan) and performed by the expert who didn't know the details of the research (26). Non-HDL-C equals to TC minus HDL-C.



Statistical Analysis

Data were analyzed using SPSS version 19.0. (IBM Corp., Armonk, NY, USA) and Prism 6.0 (GraphPad Inc., San Diego, CA, USA). Continuous variable values data were shown as mean ± standard deviation (SD), and categorical data were shown as numbers and percentages. The t-test and chi-square test were used to analyse continuous variables and categorical variables, respectively. The optimal cut-off points for fasting LDL-C (1.4 mmol/L) and non-HDL-C (2.2 mmol/L) were determined using receiver operating characteristic (ROC curve) analysis. Based on the ROC curve, values determined using Youden analysis were used as cut-off points. All tests were two-tailed, and P < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics and Fasting Blood Lipids in Two CHD Groups

The baseline characteristics of the CHD patients are shown in Table 1. Both groups were similar in terms of age, sex, body mass index, percentages of hypertension, current smoking, and diabetes mellitus. There were 56.5% patients taking statins <1 m and 43.5% patients without statins treatment before admission in CHD1 group. Fasting serum levels of TC, LDL-C and non-HDL-C in CHD2 group were significantly lower than those in CHD1 group (P < 0.05). The differences in fasting serum TG and HDL-C levels between the groups did not differ significantly (Table 1). The proportion of STEMI and NSTEMI patients in CHD2 group was less than that in CHD1 group (P < 0.05). However, the proportion of schemic cardiomyopathy in CHD2 group was more than that in CHD1 group (P < 0.05). The differences in vascular disease (single or multiple vessel disease) did not differ significantly (Table 1).


Table 1. Baseline characteristics of the study population.

[image: Table 1]

According to the time of statin using before admission, all patients were divided into three groups: CHD1 group (non-statin taking, n = 93), CHD2 group [short-term statin taking (<1 m), n = 109] and CHD3 group [long-term statin taking (≥1 m), n = 204], which were added as the supplement data in the new manuscript due to the small sample size in this study (Supplementary Table 1).



Comparison of Changes in Non-fasting Blood Lipids in the Two Groups

Levels of LDL-C and non-HDL-C decreased significantly at 2 and 4 h after a daily breakfast (P < 0.05). Non-fasting LDL-C and non-HDL-C in CHD2 group were significantly lower than those in CHD1 group (P < 0.05; Figures 1A,B). When the data at 2 and 4 h after a daily meal as a whole were used as non-fasting data for further analysis, non-fasting reductions in LDL-C were 0.47 and 0.46 mmol/L, and non-HDL-C were 0.26 and 0.24 mmol/L in CHD1 and CHD2 groups, respectively (Figure 1C). The percentages of reduction in LDL-C were 17.1 and 18.5%, and 7.2 and 7.7% in non-HDL-C in CHD1 and CHD2 groups, respectively (Figure 1D). There were no significant differences in the absolute reduction or percentage of reduction in LDL-C or non-HDL-C level between the groups. However, non-fasting reductions in LDL-C were greater than those of non-HDL-C (Figure 1B).


[image: Figure 1]
FIGURE 1. Comparison of changes in non-fasting blood lipids in two groups. Non-fasting changes in serum levels of LDL-C (A) and non-HDL-C (B). Values are mean ± Standard Error (SE). Comparison of non-fasting absolute reductions in LDL-C and non-HDL-C levels (C). Comparison of non-fasting percentages of reductions in LDL-C and non-HDL-C levels (D). CHD1 group: CHD patients taking statins <1 m and without statins treatment before admission. CHD2 group: CHD patients taking statins ≥1 m before admission. #P < 0.05 when compared with the fasting level in the same group. *P < 0.05 when compared with CHD1 group at the same time point. $P < 0.05 when compared with the absolute reduction or percentage of reduction in non-HDL-C level.


Non-fasting albumin levels were measured in 89 patients among all CHD patients. There was no significant change in the albumin level after a daily breakfast (Table 2), whereas the post-prandial TC, HDL-C, LDL-C, and non-HDL-C level dropped significantly (P < 0.05; Table 2).


Table 2. Changes in levels of blood lipids and albumin after a daily breakfast in 89 CHD patients.
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Evaluating Goal Attainments of LDL-C and Non-HDL-C According to Various Targets in CHD2 Group

According to the 2019 European guidelines (1), the percent attainment of LDL-C <1.4 mmol/L in the fasting state was significantly lower than that of non-HDL-C <2.2 mmol/L (10.8 vs. 32.8%, P < 0.001). After a daily breakfast, the percent attainment of non-HDL-C and LDL-C gradually tightened, and there was statistical difference only at 2 h. The percent attainment of LDL-C at 2 or 4 h was significantly higher than its fasting value (P < 0.05), but there is no difference in non-HDL-C between fasting and post-prandial values (P > 0.05; Figure 2A).
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FIGURE 2. Comparison of the percent attainments of LDL-C and non-HDL-C levels according to different targets in fasting and non-fasting states in Group CHD2. CHD2 group: CHD patients taking statins ≥1 m before admission. (A) Comparison of the percent attainments in both fasting and non-fasting states according to the recommended targets of LDL-C level <1.4 mmol/L and non-HDL-C level <2.2 mmol/L. (B,C) Non-fasting cut-off points in relation to fasting LDL-C level 1.4 mmol/L (B) and non-HDL-C level 2.2 mmol/L (C) determined by ROC analysis and Youden's index (marked by the solid arrows). (D) Comparison of the percent attainments according to non-fasting cut-off points of LDL-C <1.19 mmol/L and non-HDL-C <2.11 mmol/L. #P < 0.05 when compared with the percent attainment of the same target(s) in the fasting state. *P < 0.05 when compared with the percent attainment of different LDL-C target at the same time point.


ROC curve analysis showed that non-fasting cut-off points for LDL-C and non-HDL-C at 4 h were 1.19 mmol/L (sensitivity 90.1%, specificity 77.3%, and AUC 0.904) and 2.11 mmol/L (sensitivity 87.6%, specificity 80.6%, and AUC 0.913), corresponding to their fasting goal levels of 1.4 and 2.2 mmol/L, respectively (Figures 2B,C).

According to the non-fasting cut-off points, the percent attainment of LDL-C <1.19 mmol/L at 2 or 4 h was 14.7 or 17.2%, which was close to the percent attainment of LDL-C <1.4 mmol/L in the fasting state. The percent attainment of non-HDL-C <2.11 mmol/L at 2 or 4 h was close to the percent attainment of non-HDL-C <2.2 mmol/L in the fasting state. Moreover, the percent attainment of LDL-C <1.19 mmol/L was significantly lower than that of non-HDL-C <2.11 mmol/L at 2 or 4 h (Figure 2D).




DISCUSSION

In this study, we found that when LDL-C goal <1.4 mmol/L was used for evaluating cholesterol control in Chinese CHD patients after short-term statins treatment, the target percentage attainment in the non-fasting state was significantly higher than that of the fasting state. However, the percent attainment of non-fasting non-HDL-C was close to its fasting state, suggesting that non-HDL-C is more stable than LDL-C in assessing the percent attainment of non-fasting lipid for coronary heart disease patients. Notably, according to the new non-fasting cut-off points, 1.19 mmol/L, the non-fasting goal attainment of LDL-C was close to its fasting value. This suggests that lower non-fasting targets could be needed to evaluate the efficacy of cholesterol-lowing therapy in the non-fasting state, particularly when fasting blood lipids are unavailable and the percentage reduction of LDL-C cannot be determined due to a lack of baseline non-fasting levels before treatment.

There are two targets to evaluate the efficacy of cholesterol-lowering treatment in CHD patients. First, LDL-C should achieve a ≥50% reduction from baseline or a goal <1.4 mmol/L according to the 2019 European guidelines (1). However, this recommendation refers only to cholesterol control in the fasting state. In this study, the goal attainment of LDL-C reduction ≥50% could not be evaluated because the baseline fasting or non-fasting LDL-C levels before treatment could not be obtained in most patients in the CHD2 group. Under these circumstances, a physician can only make clinical judgments based on LDL-C goal levels. A considerable number of CHD patients from other locations visit physicians but forget to remain in a fasting state. This is a common situation in the outpatient department of our hospital. As a result, physicians have to assess cholesterol control using non-fasting measurement of blood lipids. According to the joint consensus statement of European Atherosclerosis Society and European Federation of Clinical Chemistry and Laboratory Medicine (5), the non-fasting detection of blood lipids can be routinely applied in CHD patients as long as they are willing to undergo non-fasting measurement. This suggests that measurement of LDL-C level in the non-fasting state is quite important.

Compared with some studies with large population in other countries (10, 11, 17, 18), the reduction in LDL-C level in CHD patients after a daily meal was more significant in the present study. The maximum mean reduction in LDL-C or non-HDL-C was ~0.1–0.2 mmol/L in the European and North American subjects (10, 11, 17, 18); however, Chinese CHD patients in this study showed a greater decrease in either directly detected LDL-C (i.e., 0.4–0.5 mmol/L) or calculated non-HDL-C (i.e., 0.2–0.3 mmol/L) after a daily breakfast. Although our recent study showed that the post-prandial decline (i.e., 0.3–0.4 mmol/L) in calculated LDL-C was less than that of the directly detected LDL at 2–4 h after a daily breakfast in Chinese CHD patients (9), it was still more than the reduction of above the European and North American studies (10, 11, 17, 18). The underling mechanisms of non-fasting reduction in LDL-C may be complicated in the present study. First, in the Copenhagen General Population Study, they compared blood lipids levels of individuals at random time points after the last meal in the large-scale population. By contrast, our measurements were acquired from the same individuals at various times since the last meal, which was different from the Copenhagen General Population Study in terms of the observation time-points and monitoring method. Second, post-prandial reduction in LDL-C concentration is most likely haemodilution resulting from fluid intake in relation to the meal and thus adjusting the data for albumin concentration was recommended (7, 10). Langsted et al. (10) observed that the non-fasting LDL-C concentration no longer changed after adjustment for albumin concentration. However, a very slight change in the post-prandial albumin level was observed in our study; therefore, haemodilution may not be the only cause of post-prandial decline in the LDL-C level in the Chinese. Third, the diet structures of Chinese and western people are very different. For example, the Chinese people prefer carbohydrates (16). It is not clear whether the high-carbohydrate diet will cause a more significant decline in cholesterol. At any rate, the obvious decrease in non-fasting LDL-C might affect the evaluation of goal attainment when the LDL-C level was detected after a meal.

Indeed, non-HDL-C was more stable than LDL-C in assessing the percent attainment of non-fasting lipid for coronary heart disease patients. Non-fasting reduction in non-HDL-C was less than that in LDL-C and the difference between fasting and non-fasting percentage attainments of non-HDL-C <2.2 mmol/L was less than that of LDL-C <1.4 mmol/L. Non-HDL-C represents the cholesterol content of all atherosclerotic lipoproteins in the circulation, including chylomicrons, very-low-density-lipid and their remnants, intermediate-density lipoproteins, LDL, and lipoprotein (a) particles. Takahiro found that non-HDL cholesterol levels were clearly associated with future mortality and were less affected by fasting status or serum triglyceride levels (27). Meta-analyses and prospective studies with large populations supported the opinion that on-treatment levels of non-HDL-C were stronger than that of LDL-C for future CVD risk estimation (20, 21). Furthermore, non-HDL-C is a cheaper equivalent predictor of risk on and off statins, without the requirement for a fasting sample (28). Therefore, some scholars proposed that the clinical benefit obtained from controlling non-HDL-C would be greater than the one obtained from controlling LDL-C (19–21, 23).

Nevertheless, the percent attainment of non-HDL-C was higher than that of LDL-C in both fasting and non-fasting states according to the goals of LDL-C <1.4 mmol/L and non-HDL-C <2.2 mmol/L, respectively, in this study. The difference between non-HDL-C and LDL-C will increase with TG elevation, which could exert a substantial influence on evaluation of cholesterol-lowering treatment (29, 30). The fixed difference between fasting non-HDL-C and LDL-C goals was 30 mg/dl (i.e., 0.8 mmol/L) when fasting TG level was 1.7 mmol/L, reflecting the fact that cholesterol content within TG-rich lipoproteins was about 1.7/2.2 ≈ 0.8 mmol/L. Some scholars found that the goal attainment of non-HDL-C was higher than that of LDL-C when fasting TG was <1.7 mmol/L, while it was less than that of LDL-C when fasting TG >2.3 mmol/L (29). Su et al. reported that the specific and fixed goals as non-HDL-C 0.8 mmol/L (30 mg/dL) higher than the corresponding LDL-C goals were not sufficient for Chinese patients with CHD and proposed that flexible goals basing on TG level were more appropriate (30). This is consistent with our findings that the percent attainment of LDL-C <1.4 mmol/L was significantly lower than that of non-HDL-C <2.2 mmol/L in the fasting state; however, the difference in percent attainment between LDL-C and non-HDL-C after a daily breakfast became smaller with the increase in non-fasting TG level.

It was found that the percent attainment of post-prandial LDL-C was significantly higher than that of fasting values in the present study, suggesting that the fasting goals of LDL-C <1.4 mmol/L was indeed unsuitable for the evaluation of post-prandial cholesterol control. ROC analysis has been used to identify the optimal cut-off point for the diagnosis of post-prandial hypertriglyceridemia (16, 31, 32) but not for determining goals of LDL-C and non-HDL-C in the non-fasting state corresponding to the fasting goals. Because the non-fasting cut-off points acquired by ROC analysis corresponded to the fasting goals of LDL-C <1.4 mmol/L and non-HDL-C <2.2 mmol/L, the post-prandial percent attainments were very similar to their respective fasting values. This suggested that lower post-prandial cut-off points, different from their fasting goals, should be adopted in the evaluation of post-prandial goal attainment, unless it is possible to assess the percentage reduction in the non-fasting LDL-C level. In this study, the difference (1.19 vs. 2.11 mmol/L) between non-fasting cut-off points of LDL-C and non-HDL-C was 0.92 mmol/L corresponding to non-fasting TG level of ~2.0 mmol/L (i.e., 0.92 × 2.2 = 2.024 ≈ 2.0). This suggests that a larger difference between LDL-C and non-HDL-C should be considered in the evaluation of non-fasting goal attainment even after a daily meal without high fat.

This study had some limitations. First, it was a single center study with a small sample size of inpatients. In the future, the suitability of non-fasting cut-off points in a large sample of arteriosclerotic cardiovascular disease patients, including patients with ischemic stroke and peripheral vascular disease, is worth exploring. Second, only the percent attainment of the goal, but not percentage reduction of LDL-C, was evaluated because of the lack of baseline levels of blood lipids. Third, it can only reflect the situation of patients admitted to the hospital. There are also a large number of outpatients with relatively stable conditions and their medication situation may be different from that of hospitalized patients. Therefore, the changes of post-prandial blood lipid may be different from our study. This needs further study in the future.



CONCLUSIONS

Non-HDL-C is more stable than LDL-C in assessing the percent attainment of non-fasting lipid for coronary heart disease patients. If we want to use LDL-C to assess the percent attainment of post-prandial blood lipids, we may need to determine a lower non-fasting cut-off point.
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Myocardial infarction (MI) is one of the leading causes of death worldwide, and knowing the early warning signs of MI is lifesaving. To expand our knowledge of MI, we analyzed plasma metabolites in MI and non-MI chest pain cases to identify markers for alerting about MI occurrence based on metabolomics. A total of 230 volunteers were recruited, consisting of 146 chest pain patients admitted with suspected MI (85 MIs and 61 non-MI chest pain cases) and 84 control individuals. Non-MI cardiac chest pain cases include unstable angina (UA), myocarditis, valvular heart diseases, etc. The blood samples of all suspected MI cases were collected not longer than 6 h since the onset of chest pain. Gas chromatography–mass spectrometry and liquid chromatography–mass spectrometry were applied to identify and quantify the plasma metabolites. Multivariate statistical analysis was utilized to analyze the data, and principal component analysis showed MI could be clearly distinguished from non-MI chest pain cases (including UA and other cases) in the scores plot of metabolomic data, better than that based on the data constructed with medical history and clinical biochemical parameters. Pathway analysis highlighted an upregulated methionine metabolism and downregulated arginine biosynthesis in MI cases. Receiver operating characteristic curve (ROC) and adjusted odds ratio (OR) were calculated to evaluate potential markers for the diagnosis and prediction ability of MI (MI vs. non-MI cases). Finally, gene expression profiles from the Gene Expression Omnibus (GEO) database were briefly discussed to study differential metabolites' connection with plasma transcriptomics. Deoxyuridine (dU), homoserine, and methionine scored highly in ROC analysis (AUC > 0.91), sensitivity (>80%), and specificity (>94%), and they were correlated to LDH and AST (p < 0.05). OR values suggested, after adjusting for gender, age, lipid levels, smoking, type II diabetes, and hypertension history, that high levels of dU of positive logOR = 3.01, methionine of logOR = 3.48, and homoserine of logOR = 1.61 and low levels of isopentenyl diphosphate (IDP) of negative logOR = −5.15, uracil of logOR = −2.38, and arginine of logOR = −0.82 were independent risk factors of MI. Our study highlighted that metabolites belonging to pyrimidine, methionine, and arginine metabolism are deeply influenced in MI plasma samples. dU, homoserine, and methionine are potential markers to recognize MI cases from other cardiac chest pain cases after the onset of chest pains. Individuals with high plasma abundance of dU, homoserine, or methionine have increased risk of MI, too.
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INTRODUCTION

A strangling feeling in the chest is a typical manifestation of coronary artery disease (CAD). In most cases, CAD develops as plaque builds up on the artery walls. When it progresses to myocardial infarction (MI), coronary heart disease will be life-threatening and extremely dangerous in the ensuing days or weeks due to its various fatal complications. Thus, its diagnosis and treatment is urgent. However, chest pain can be caused by other cardiovascular events or heart diseases (e.g., unstable angina, myocarditis) (1). Although there are cardiac damage biomarkers, such as creatine kinase-MB (CK-MB), aspartate aminotransferase (AST), and cardiac troponins (cTnT, cTnI), they are usually related to tissue damage only and not specific to MI. For example, cTnT elevation can also be observed in myocarditis, hypertrophic cardiomyopathy, sometimes unstable angina, etc. Sometimes, unexpected elevation of the markers can also be observed without obvious connection to cardiac injury (2–4).

With the development of metabolomics, more and more small molecule metabolic markers will be identified, analyzed, and studied. The newly found differential metabolites between MI cases and non-MI chest pain cases will expand our knowledge of myocardial infarction development. Since ischemic heart diseases are characterized by profound metabolic shifts at both the circulatory and local levels (5), metabolomics has been applied to study the metabolic pattern changes detected in the blood of CAD patients. Early in 2002, a pioneering work was published showing that NMR-based metabolomics had the potential to rapidly and non-invasively diagnose the presence and severity of coronary heart disease (6). In 2005, Marc Sabatine and his colleagues identified metabolic biomarkers of myocardial ischemia associated with physical exercise (7). Later studies focused on identifying biomarkers and metabolic pathways and exploring the underlying mechanisms associated with cardiovascular diseases (8–14). A panel of potential markers has been suggested for coronary heart diseases, such as arginine and homocysteine, and the underlying mechanisms of their action have been explored (15–17). However, candidate metabolites to recognize MI cases from other cardiac chest pain cases remain to be further studied and improved.

In this study, we mainly focus on detecting and assessing metabolites' ability to discriminate MI cases from non-MI chest pain cases. A metabolomic platform with GC/MS and LC/MS instrumentation was employed to profile plasma metabolites of hospitalized patients with chest pain (including MI and non-MI chest pain cases) and their controls. We first applied multivariate statistical analysis to address our question about how good these identified metabolites detect MI cases. Then, medical history and laboratory test variables (e.g., sex, age, smoking history, function of the primary organs, and biochemical assays) were introduced as variables in a new model and analyzed in the same way. Their performance can be demonstrated in PCA and OPLS-DA plots. Next, metabolic patterns were evaluated, and metabolic markers were screened and described based on semiquantitative data, ROC analysis, odds ratios (OR) (18), and their relations to well-recognized cardiovascular disease risk factors. Considering that plasma cells affect plasma metabolites most directly, the connection between plasma cells and metabolites is briefly explained in the discussion.



MATERIALS AND METHODS


Human Plasma Collection

A total of 84 individual controls (social recruitment) and 146 chest pain cases highly suspected of MI were recruited from October 2017 to March 2018. (Exclusions include coma, fever, NYHA IV heart failure, hepatic decompensation, renal failure, cancers, and uncontrolled endocrine and hematological diseases.) After routine diagnostic procedures, including ECGs, infarction biomarkers, and coronary angiography (or coronary CT angiography, CCTA), 85 were later confirmed to be non-ST-elevation myocardial infarction (NSTEMI) or ST-elevation myocardial infarction (STEMI) as the MI cases (MIs), and the remaining 61 were confirmed to be non-MI chest pain cases (non-MIs). All the non-MIs include 34 unstable angina (UA) cases and 27 other non-MI cardiac cases (non-MICs), including myocarditis, valvular heart diseases, atrial fibrillation, etc (Figure 3A). The blood samples of the patients were collected not longer than 6 h since the onset of chest pain symptoms, before reperfusion therapy.

The study followed the principles outlined in the Declaration of Helsinki, and informed written consent was given prior to the inclusion of subjects in the study. The study was also under the guidance and supervision of the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University (Lot number: 2018-SR-028). The venous blood samples were collected from fasting state volunteers in EDTA-Na anticoagulated tubes in the morning. Within 2 h, blood samples were centrifuged at 1,000 g for 5 min, and each of the supernatant plasma was transferred to another tube, frozen at −80°C in a refrigerator. Before using the plasma samples, they were thawed by incubation at 37°C bath for 15 min, vortexed, and centrifuged at 650 g for 5 min.



Equipment for Blood Examinations

The instrument blood count, SYSMEX model xn-10, is made in Hyogo, Japan. Both NT-proBNP and serum infarction markers (cTns) are analyzed in Roche Cobas 6000 (produced in Mannheim, Germany). The blood biochemical instrument is AU5800 from Beckman Coulter of the United States, produced in Shizuoka, Japan.



Chemicals and Reagents

Stable isotope internal standard 5-13C-glutamine was purchased from Cambridge Isotope Laboratories (Andover, MA, USA). Myristic-1,2-13C2 acid, methoxamine hydrochloride (purity 98%), and pyridine (≥99.8% GC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-methyl-trimethylsilyl-trifluoroacetamide (MSTFA) and 1% trimethylchlorosilane (TMCS) were provided by Pierce Chemical (Rockford, IL, USA). Methanol, acetonitrile, and n-heptane were of HPLC grade and obtained from Merck (Darmstadt, Germany). Purified water was produced by a Milli-Q system (Millipore, Bedford, MA, USA). Ammonium acetate (purity 98.0%) and ammonia solution (25%, w/w) were purchased from Aladdin (Shanghai, China) and Nanjing Chemical Reagent (Nanjing, China), respectively.



Method S1 GC/MS Analysis, Instrumental Setting, and Parameters

The plasma samples were pretreated, extracted, and derivatized in a similar way to that reported previously (19). Briefly, an aliquot of plasma (50 μl) was added to 200 μl methanol (containing internal standard [13C2]-myristic acid, 2.5 μg, 12.5 μg/ml) for GC/MS analysis and vigorously vortex-extracted for 5 min, and then placed in a fridge at 4°C for 1 h. After centrifuging at 20,000 g for 10 min in the SORVALL Biofuge Stratos centrifuge (Sollentum, Germany), a 200-μl aliquot of the supernatant was transferred into a GC vial and evaporated to dryness in a SpeedVac concentrator (Thermo Fisher Scientific, Savant™ SC250EXP, Holbrook, USA).

For GC/MS analysis, the dried plasma samples were then methoxymated, where 30 μl of 1% methoxyamine pyridine solution was added to the residue and incubated for 16 h at room temperature. Then, the analytes were trimethylsilylated using 30 μl of MSTFA containing 1% v/v trimethylchlorosilane (TMCS) as a catalyst. After trimethylsilylation for 1 h, 30 μl of n-heptane containing methyl myristate (30 μg/ml) was added into each GC vial as external standard to monitor the stability of GC/S instruments. The final mixture (90 μl in total) was vortexed for 1 min and was then ready for GC/MS analysis.

The derivatized samples were analyzed using gas chromatography coupled to a mass spectrometer (Shimadzu GCMS-QP2010 Ultra, Kyoto, Japan) equipped with an automatic sampler (Shimadzu AOC-20i, Kyoto, Japan). A 0.5-μl sample aliquot was injected into a liner connected with the Rtx-5MS capillary column (0.25 mm × 30 m × 0.25 μm, Restek, PA, USA) in split mode (split ratio 8:1). The injector temperature was set at 250°C. The septum purge was turned on with a flow rate of 6.0 ml/min. Helium was used as the carrier gas at a flow rate of 1.5 ml/min. The column temperature was initially maintained at 80°C for 5 min, then raised to 300°C at a rate of 20°C/min, and held for 5 min. The mass spectrometer ion source temperature was 220°C, and ionization was achieved with a 70-eV electron beam. Mass spectra were detected at −1,570 V, obtained from m/z 50 to 700 in a full scan mode, with each run of 19 min and a solvent cutting acquisition at 4.5 min. The quality control (QC) samples were prepared for the pool of plasma, with the same preparation procedure as mentioned above. To minimize systematic variations, all samples were analyzed at random order, with QC samples inserted.



LC/MS Analysis, Instrumental Setting, and Parameters

The plasma samples were pretreated and extracted in the same way as in GC/MS analysis with a few modifications, which used the other internal standard of 5-13C-glutamine dissolved in methanol at 15 μg/ml. After vortexing and centrifugation, the final supernatant was transferred into an LC vial.

After evaporation, the residue was redissolved with 100 μl distilled water and centrifuged at 18,000 g for 5 min. Finally, 80 μl supernatant was transferred to an LC vial, and 10 μl was injected for UPLC-QTOF/MS analysis. Similarly, the QC samples were inserted and analyzed to check the stability of the system.

The HPLC-QTOF/MS analysis was carried out as previously reported (20). The chromatographic separation of the analyses was achieved with an Amide XBridge HPLC column (3.5 μm; 4.6 mm × 100 mm; Waters, USA). The column temperature was set to 40°C. The HPLC system consisting of a LC-30A binary pump, a SIL-30AC autosampler, and a CTO-30AC column oven (Shimadzu, Japan) was coupled with a hybrid quadrupole time-of-flight tandem mass spectrometer (AB SCIEX TripleTOF® 5600, Foster City, CA). The mobile phase was composed of 5 mM ammonium acetate in ultrapure water (pH = 9.0 ± 0.1 with ammonia) plus 5% acetonitrile (solvent A) and acetonitrile (solvent B). The mobile phase was delivered at 0.4 ml/min using a solvent gradient as follows: 0–3 min, 85% B; 3–6 min, 85–30% B; 6–15 min, 30–2% B; 15–18 min, 2% B; 18–19 min, 2–85% B; and 19–26 min, 85% B. A Turbo V electrospray ionization (ESI) was used in MS detection with negative ion modes. In the ESI source, parameters were set as follows: gas 1 pressure at 50 psi, gas 2 at 30 psi, and curtain gas at 30 psi; ion spray voltage was set at −4,500 V; turbo spray temperature was set at 500°C. Metabolic features were scanned in time-of-flight mass spectrometry over m/z 50–1,000, and the product ions were scanned over m/z 50–900, with declustering potential at −100 V and a collision energy at −35 V. The detected ions were all calibrated with the accurate masses of the reference standards containing amino-dPEG®4-acid (MW265.30, CAS: 663921-15-1), amino-dPEG®6-acid (MW353.41, CAS: 905954-28-1), amino-dPEG®8-acid (MW441.51, CAS: 756526-04-2), amino-dPEG®12-acid (MW617.72, CAS: 756526-07-4), and sulfinpyrazone (MW404.48, CAS: 57-96-5), for every eight samples.



Multivariate Statistical Analysis

Missing data were excluded before the analysis. After normalization against the IS, the data were evaluated using SIMCA-P 14.1 software (Umetrics, Umeå, Sweden) (21). Principal component analysis (PCA), partial least square to latent structure discriminant analysis (PLS-DA), and orthogonal PLS-DA (OPLS-DA) models were built and plotted to show the clustering or separation of samples from different groups. For PLS-DA modeling, samples from the different groups were classified such that all samples were divided into different groups (e.g., MIs, non-MIs, controls, etc.) as the qualitative “dummy” variables, Y. The goodness of fit for the models was evaluated using three quantitative parameters: R2X and R2Y are the explained variation in X and Y, respectively, and Q2Y is the predicted variation in Y. Permutation test was assessed for model validation, where a higher level of R2Y and Q2Y and a lower value of the intercept of R2 (lower than 0.2) and Q2 (lower than 0.0) suggested good model and prediction ability.



Discriminant Metabolites and Statistical Analysis

After normalization against the IS, all the semiquantitative data from both GC/MS and UPLC-QTOF/MS were logarized so that the state probabilities of the data queue tended to a normal distribution. The discriminant metabolites between groups were screened and chosen based on variable importance (VIP) using SIMCA-P 14.1 and the independent sample t-test of the logarized data using SPSS (version 23.0, SPSS Inc., Chicago, IL, USA). Fold change is calculated using raw but normalized data.

Metabolic pathway enrichment and topology analysis was performed online, using MetaboAnalyst 3.0 (https://www.metaboanalyst.ca/). The KEGG ID of discriminatory compounds was uploaded and embedded in human pathway library for pathway analysis and hypergeometric tests, with the pathway analysis algorithms of Fisher's exact test, topology algorithms of relative betweenness centrality, and KEGG pathway library version of Homo sapiens.

For data inconformity with normal distribution from clinical assaying, a non-parametric test (Mann–Whitney U-test, two-sided) was employed to evaluate statistical significance. ROC analysis and (adjusted) OR calculations were performed using SPSS as well. Before computing the OR value, the logarized data of a metabolite (i) for each subject of ORi were normalized by subtracting the mean value of ORmean within this group, and then divided by the standard deviation (SD) within the group, shown as the normalized ORs = (ORi – ORmean)/SD.



Transcriptomics Database

We studied transcriptomics data from the GEO database. The human myocardial infarction plasma data are from GSE48060 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48060) and GSE103182 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103182). Mice myocardial data are from GSE775 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE775). The data matrix was directly extracted by GEOquery in R 4.0.3. Limma package was used to produce false discovery rate (FDR), fold change (FC), and p-value.




RESULTS


Clinical Descriptions of Control, MI, and Non-MI Cases

Tables 1, 2 show the medical records and basic laboratory tests of the volunteers. Generally, higher glucose, AST, lactate dehydrogenase (LDH), hydroxybutyrate dehydrogenase (HBDH), and CK levels and lower albumin (ALB) and Ca2+ concentrations were detected in patients with chest pain. Among the 146 patients with cardiac chest pain, ~65% had taken aspirin and statin treatments before blood collection. As a result, total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) levels were all lower in chest pain inpatients than the controls.


Table 1. Sample characteristics: controls vs. all the chest pain cases.
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Table 2. Sample characteristics: MI vs. non-MI chest pain cases.
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Based on clinical parameters (listed in Table 1 “variables”), including “biochemical items,” “demographics,” and “cardiac risk factors,” an unsupervised PCA score plot was created. The model indicated a few outliers when the samples were either divided into three (controls, MIs, non-MIs) or four groups (controls, UA, MIs, and other non-MICs), and each of the groups generally overlapped with the others (Figures 1A1,A2). However, a supervised PLS-DA revealed a visible separation of the groups with only a little overlap when the samples were divided into three groups, i.e., MIs, non-MIs, and controls. When the samples were divided into four groups (MIs, UAs, other non-MICs, and controls), the controls, UAs, and MIs were fairly well-separated, but the other non-MICs primarily showed overlaps with UAs and MIs (Figures 1A3,A4). These findings suggest that the model was not powerful at differentiating non-MICs from MIs and UAs based on basic laboratory tests and history examinations.


[image: Figure 1]
FIGURE 1. Multivariate statistical analysis differentiates the groups of myocardial infarction (MI) cases, non-MI chest pain cases, and controls based on clinical information (A) and metabolomic data (B), respectively. (1) Non-supervised PCA modeling displays the original similarity of the three groups: MI cases (n = 85), non-MI chest pain cases (n = 61), and controls (n = 84), without arbitrary grouping. (2) Non-supervised PCA modeling displays the original similarity of the four groups: MI cases, unstable angina (UA), other non-MI cardiac cases, and controls, without arbitrary grouping. (A1,A2) PC1: R2X(cum) = 0.0895, Q2(cum) = 0.0106; PC2: R2X(cum) = 0.167, Q2(cum) = 0.0356. (B1,B2) PC1: R2X(cum) = 0.205, Q2(cum) = 0.189; PC2: R2X(cum) = 0.310, Q2(cum) = 0.274; PC3: R2X(cum) = 0.386, Q2(cum) = 0.338. (3) Supervised PLS-DA modeling with the three groups: MI cases, non-MI chest pain cases, and controls. (A3) PC1: R2X(cum) = 0.073, R2Y(cum) = 0.339, Q2(cum) = 0.270; PC2: R2X(cum) = 0.128, R2Y(cum) = 0.544, Q2(cum) = 0.362; PC3: R2X(cum) = 0.174, R2Y(cum) = 0.635, Q2(cum) = 0.394. Permutation tests with the intercepts of R2 < 0.23, Q2 < −0.20. (B3) PC1: R2X(cum) = 0.184, R2Y(cum) = 0.215, Q2(cum) = 0.207; PC2: R2X(cum) = 0.249, R2Y(cum) = 0.400, Q2(cum) = 0.377; PC3: R2X(cum) = 0.315, R2Y(cum) = 0.547, Q2(cum) = 0.512. Permutation tests with the intercepts of R2 < 0.10, Q2 < −0.05. (4) Supervised PLS-DA modeling with the four groups: MI cases (n = 85), UA (n = 34), other non-MI cardiac cases (n = 27), and controls (n = 84). (A4) PC1: R2X(cum) = 0.073, R2Y(cum) = 0.259, Q2(cum) = 0.198; PC2: R2X(cum) = 0.132, R2Y(cum) = 0.397, Q2(cum) = 0.269; PC3: R2X(cum) = 0.173, R2Y(cum) = 0.492, Q2(cum) = 0.289. Permutation test with the intercepts of R2 < 0.180, Q2 < −0.15. (B4) PC1: R2X(cum) = 0.183, R2Y(cum) = 0.169, Q2(cum) = 0.163; PC2: R2X(cum) = 0.254, R2Y(cum) = 0.300, Q2(cum) = 0.277; PC3: R2X(cum) = 0.317, R2Y(cum) = 0.422, Q2(cum) = 0.387. Permutation test with the intercept of R2 < 0.11, Q2 < −0.05.




Plasma Metabolomic Description of Chest Pain Individuals by PCA and OPLS-DA Plots

GC/MS and LC/MS analysis of the plasma samples aligned the metabolites in typical chromatograms (Supplementary Figures 1, 2). Deconvolution of the GC/MS chromatograms produced 135 independent peaks from the plasma samples, 83 of which were authentically identified as metabolites; LC/MS produced 279 peaks, and 76 metabolites were identified (Supplementary Tables 1, 2). Quantitative data were acquired for each metabolite in the plasma samples of the control, MI, UA, and other non-MI cardiac cases.

Based on the metabolomic data derived from GC/MS and LC/MS analysis, the PCA score plot again showed a few outliers when the samples were divided into three or four groups, as indicated above (Figure 3A). Unlike with the clinical data, unsupervised PCA analysis of metabolomic data showed that the majority of MIs deviated from the others, regardless of whether the three or four groups were defined, although the control, non-MICs, and UAs overlapped with each other to some extent (Figures 1B1,B2). This suggests that the identified plasma substances can naturally detect the difference between MI and other samples (including healthy controls, UA) and there are MI marker metabolites in the metabolite profile.

The supervised PLS-DA model revealed that samples from each group clustered closely and anchored away from the other groups when the samples were divided into three groups (Figure 1B3). When the samples were divided into four groups, the majority of MIs and controls clustered separately, while the UAs and non-MICs primarily overlapped with each other, with a minority overlapping with MIs and controls (Figure 1B4). The distant separation of MIs from the other groups suggested distinctly different metabolic patterns between MIs and the groups of UA and non-MICs, while the overlapping of the groups suggested similar plasma metabolic patterns between UA and the other non-MICs. In general, metabolomic data better characterized MIs than history examinations and laboratory tests, and the score plot of non-MI chest pain cases (including UA and non-MI cardiac cases) indicated that they had moderate metabolic perturbation relative to the MI cases because they anchored between MI and the controls (Figure 1B3). The above data suggest that subgroups of MI can be recognized by multivariate analysis of identified plasma metabolites more effectively than by routine clinical parameters.



Pathway Analysis of Differential Metabolites

OPLS-DA analysis showed a different metabolomic pattern of the non-MIs from the controls (Figure 2A1). Statistical analysis suggested 50 discriminant metabolites (p < 0.05) that differentiated non-MI chest pain inpatients from the controls (Table 3, S-plot: Figure 2A2). Similarly, MI cases primarily showed different metabolomic patterns from non-MIs (Figure 2B1). According to the statistical analysis and the VIP values, 54 discriminant metabolites were identified between MIs and non-MIs (Table 3, S-plot: Figure 2B2).
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FIGURE 2. Orthogonal partial least square to latent structure discriminant analysis (OPLS-DA) modeling and S-plots delineate different metabolic phenotypes and potential markers of MI and non-MI cardiac cases. (A1) OPLS-DA model differentiating non-MI cardiac cases (n = 61) from the controls (n = 84). (A2) S-plot highlights the potential markers of the non-MI cardiac cases. (B1) OPLS-DA model differentiating MI cases (n = 85) from non-MI cardiac cases (n = 61). (B2) S-plot highlights the potential markers of the MI cases.



Table 3. List of discriminant metabolites: non-MIs vs. controls and MIs vs. non-MIs.
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Of the 50 metabolites differentiating non-MIs from the controls, the levels of gluconic acid and isoleucine were higher in non-MIs, while succinate, inosine, and arginine were lower, and all the above metabolites deviated further in MIs (Figures 3C,D). These findings indicate that the above metabolites are involved in the development of cardiac damage (from averagely very small damage to severe infarction).
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FIGURE 3. Differential metabolites and pathways involved in the MI group. (A) Samples are divided into three groups: control (n = 84), MI (n = 85) cases, and non-MI chest pain cases (n = 61); or four groups: control (n = 84), MI cases (n = 85), UA (n = 34), and the other non-MI cardiac cases (n = 27) when OPLS-DA analysis is applied. (B) Plasma methionine, deoxyuridine, and homoserine levels spike in the MI group. (C) Succinate, inosine, and arginine levels drop as CAD progresses to MI. (D) Gluconic acid and isoleucine levels increase as CAD progresses to MI (relative abundance is shown in logarized form: mean with SD, ***p < 0.05). (E) Venn diagram shows discriminant metabolites can be classified into regions A, B, and C. (F) Pathway analysis of differential metabolites in Venn A and B regions (control vs. non-MI chest pain cases). (G) Pathway analysis of differential metabolites in Venn C and B (MI vs. non-MI cases). There is a remarkable change of arginine biosynthesis and alanine, aspartate, and glutamate metabolism. (H) Pathway analysis of differential metabolites in Venn C. There is a remarkable change of arginine biosynthesis and alanine, aspartate, and glutamate metabolism. (I) Unadjusted and adjusted (adjusted for age, gender, LDL-C, HDL-C, smoking/diabetic/hypertensive history) odds ratio of methionine, deoxyuridine, and homoserine. (J) Receiver operating characteristic curve (ROC) analysis of methionine [area under the ROC curve (AUC) 96.43%, sensitivity 89.4%, specificity 94.59%]. (K) ROC analysis of homoserine (AUC 94.31%, sensitivity 80.9%, specificity 100%). (L) ROC analysis of deoxyuridine (AUC 91.66%, sensitivity 80.9%, specificity 100%) (***p < 0.001).


Although glycerol, salicylic acid, and deoxyadenosine showed significant differences between the non-MI and control groups, they had no significant difference between the MI and non-MI cardiac groups. These are, thus, suggested as markers of non-MI chest pain. In addition to endogenous metabolites, we found that salicylic acid, an exogenous metabolite, also characterized the group of chest pain cases. Salicylic acid is the primary metabolite of aspirin, and a review of inpatient information and clinical data revealed that a large portion of chest pain patients had taken aspirin for the management of CAD.

Moreover, deviated levels of dU, methionine, homoserine, etc. were only observed in MI cases (vs. non-MI chest pains), and no significant difference was observed between the controls and non-MIs, indicating their association with the development of MI (Figure 3B).

The differential metabolites between acute coronary syndrome (ACS, including UA and MI) and healthy individuals (ACS vs. control) can play roles in lipid plaque rupture; thus, they have the potential in alerting the occurrence of ACS. We found 127 identified differential metabolites. Supplementary Table 3 lists the top 20 metabolites (sort by p), and most of them are amino acids. KEGG analysis highlighted ACS's upregulated cysteine and methionine metabolism, phenylalanine metabolism, and synthesis and degradation of ketone bodies pathway and downregulated arginine biosynthesis, purine metabolism, and pyrimidine metabolism (FDR < 0.05). The metabolites with large FCs are salicylic acid, dU, guanosine diphosphate, gluconic acid, homocysteine, NADPH, methionine, tryptophan, mannopyranose, and isoleucine (top 10, FC > 1, p < 0.05). The metabolites with the smallest FCs (p < 0.05, FC < 1) are succinate, isopentenyl diphosphate (IDP), glutamine, inosine, uracil, citrate, lysine, N-acetylornithine, indole-3-propanate, and alanine.

A Venn diagram was created to show the discriminant metabolites between MI and non-MIs and those between non-MIs and controls. The overlapping region (B) in the Venn diagram (Figure 3E) lists the metabolites screened out in both of the two comparison groups, suggesting that they were most likely the risk factors or markers of the occurrence and development of MI, reflecting homeostatic disturbance induced by myocardia hypoxia. Figure 3F shows the pathway analysis of the metabolites in the Venn A+B region (control vs. non-MI), and Figure 3G shows the pathway analysis of discriminant metabolites in the Venn B+C region (MI vs. non-MI). Generally, arginine biosynthesis and pyrimidine metabolism were the most significantly altered metabolic pathways in non-MI chest pain patients' plasma compared with that in healthy individuals. Enrichment and pathway analysis for the metabolites of the Venn C area by MetaboAnalyst showed that arginine biosynthesis (p < 0.01, FDR < 1%) was the most altered metabolic pathway (Figure 3H). Alanine, aspartate, and glutamate metabolism (p < 0.01, FDR < 1%) deserve attention in MI as well.

The pathway of pyrimidine metabolism was deranged in the MI cases, as shown by the dramatic changes in dU and uracil. Figure 4D shows metabolites and metabolic enzymes in the dU-related pathway.
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FIGURE 4. Methionine and deoxyuridine (dU)-related pathways in plasma. (A) Methionine (Met) abundance-related pathway in plasma. (B) The Met-related enzyme MTR is significantly* decreased and CBS is significantly higher in MI cases (n = 31) compared with healthy individuals (n = 21). (C) The Met-related enzyme MetRS(MARS2) abundance in the myocardium of murine MI models (n = 36) is downregulated* compared with control (n = 23), while human plasma MetRS remains unchanged. (D) dU-centered metabolism in plasma cells. (E) dU-related enzymes CDA, UPB1, and UPP1 are significantly* higher in the MI group (n = 31) plasma compared with those in healthy individuals (n = 21). (F) dU-related intermediates uracil, uridine, and dCMP significantly* dropped in MI cases (n = 85) compared with those in healthy individuals (n = 84). (G) Neutrophils, monocytes, lymphocytes, and white cell counts of non-MI cases (n = 34) and MI cases (n = 74). (H) dU is significantly* higher in the NT-proBNP(+) group (n = 104) than in the NT-proBNP(–) group (n = 29). (A,D): red indicates upregulated metabolites or enzymes, blue indicates the downregulated, black indicates the unchanged, and gray indicates undetected metabolites. *Student's t-test, p < 0.05.




Methionine, dU (Deoxyuridine), and Homoserine Are the Main Markers for MI Occurrence

A combined biosignature of homoserine, IDP, and 2-ketoglutarate discriminated MI from non-MI chest pain inpatients with high accuracy [Supplementary Figure 3I, area under the ROC curve (AUC) = 0.98, sensitivity = 94.1%, specificity = 100%].

The potential capacity of each discriminant metabolite to diagnose MI (MI vs. non-MI chest pain cases) was assessed by ROC analysis. Notably, although pathway analysis did not draw our attention to the methionine-related metabolic module, methionine and homoserine showed their potential in distinguishing MI from non-MI cardiac cases. Homoserine (AUC = 0.94, specificity = 100%, sensitivity = 81%) was more specific for MI diagnosis but less sensitive than methionine (AUC = 0.96, specificity = 94.6%, sensitivity = 89.4%) (Figures 3J,K). dU also scored highly, with an AUC over 90% (Figure 3L). dU level is also significantly higher in the proBNP-positive group than in the proBNP-negative chest pain group (Figure 4H). Some other metabolites that showed MI diagnostic potential were 2-ketoglutarate, arginine, 2-dehydro-D-gluconate, uracil, etc (Table 4).


Table 4. Differential metabolites and the diagnostic potential between MI and non-MI chest pain cases.
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cTnT, CK-MB, AST, LDH, and HBDH are well-recognized indicators involved in myocardial damage and infarction. As candidate markers of MI, methionine, dU, and homoserine were significantly and positively correlated with LDH, HBDH, and AST (Supplementary Figure 3B), but not with cTnT or CK-MB. Six metabolites, 2-hydroxybutyrate, 3-hydroxybutyrate, homocysteine, palmitic acid, stearic acid, and 1-monooleoylglycerol, were positively and significantly correlated with both cTnT and CK-MB (Supplementary Figure 3C).

Some other metabolites that showed good diagnostic potential were cysteine, 2-ketoglutarate, IDP, and uracil (Table 4).



Traditional CAD Risk Factors and Cardiac Function Influence the Metabolic Pattern

Correlation analysis showed that methionine, homoserine, homocysteine, and dU were all affected by smoking history, but none was obviously perturbed by hypertension (Supplementary Table 4). Moreover, to assess the role of these metabolites as risk factors for the prediction of MI occurrence, OR values were calculated between the MI and non-MI groups. Homoserine, dU, and methionine had high scores (Table 4). After adjusting for age, sex, LDL-C, HDL-C, smoking/diabetes/hypertension history, and logOR(MI/non−MI) of methionine, homoserine, and dU, all had ORs > 1 (MIs vs. non-MIs) (Figure 3I). In the subgroup analyses of smoking/non-smoking, hypertensive/normotensive, diabetic/non-diabetic, aged 45–54/55–65, and male/female, the means of homoserine, methionine, and dU were all higher in the MI cases (Table 5). It shows that higher methionine, homoserine, or dU plasma level increases the risk of chest pains being diagnosed as MI.


Table 5. Mean of deoxyuridine, methionine, and homoserine in certain subgroups of the controls, non-MIs, and MI cases.
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As a clinical indicator of cardiac function in MI, positive NT-proBNP represents cardiac dysfunction. Methionine, homoserine, and deoxyuridine were further elevated in NT-proBNP-positive cases. Pathway analysis of the discriminant metabolites (Supplementary Table 5) between the NT-proBNP-positive and NT-proBNP-negative groups suggested that only arginine biosynthesis was severely impaired (p < 0.001, FDR < 1%), indicating that arginine biosynthesis is closely associated with cardiac function (Supplementary Figure 3A).




DISCUSSION


Potential Markers of MI

This study identified a panel of discriminant metabolites that were also suggested as potential markers of MI in previous reports, such as taurine, methionine, leucine, isoleucine, valine, ornithine, tryptophan, citrate, and 2-ketoglutarate. Arginine biosynthesis and purine and pyrimidine metabolism pathways were also found to be seriously influenced in MI plasma samples. Among the differential metabolites between MI cases and non-MI cases, 10 of them in the MI group had more than twice the abundance as in the non-MI group (MIs/non-MIs, FC > 2); 17 metabolites had less than half the abundance as in the non-MI cases (MIs/non-MIs, FC < 0.5).


Elevated Markers in MI Cases

The pyrimidine metabolism pathway was also reprogrammed in MI cases. However, as an intermediate metabolite in pyrimidine metabolism, dU has never been suggested to play a role in cardiovascular diseases before. Previously, reports demonstrated how exogenous dU largely abolished the uptake of thymidine in bone marrow cells and how dU can also slow down the incorporation of deoxyguanidine and deoxyadenosine into DNA (22, 23). Moreover, elevation of dU has been identified as a potential adverse factor for nucleotide pool balance and mitochondrial function in the case of mitochondrial neurogastrointestinal encephalomyopathy (24, 25). Some studies reported the relations between dU accumulation and cancer progression (26). It is speculated that a high dU level may be a risk for MI patients because it may lead to problems about DNA incorporation. Consistent with a previous report suggesting the relationship of dU with insulin resistance (27), our correlation analysis also suggested that dU is partially affected by diabetes (correlation analysis vs. diabetes, p < 0.05, Pearson's r = 0.23), in addition to tobacco use and HDL-C level.

Accumulated metabolites in the MI plasma sample demonstrate abnormal methionine and cysteine metabolism. In this metabolic module, methionine is a precursor of homocysteine and homoserine is utilized in the biosynthesis of methionine. Homoserine was reported as a serum marker for cardiac disease in atherosclerosis patients with stent restenosis (28). A high level of methionine has been identified as atherogenic (29) and metabo-toxic (30). As a precursor of homocysteine, methionine elevation is supposed to be a negative signal for the development of CAD. A previous study showed that methionine in CAD cases is significantly higher than in controls and is a risk factor for CAD occurrence in unadjusted OR analysis (31). Our data further showed that methionine has the potential to be an independent biomarker for MI. Notably, we found that the diagnostic performance of biomarker candidates for MI varied with individual characteristics. When we studied individuals with a history of diabetes, methionine achieved an AUC score as high as 100% (sensitivity = 100.00%, specificity = 100.00%). For non-diabetic inpatients, the AUC score of methionine was only 73%, which is much lower than that of diabetic inpatients.

Our study suggests that a higher methionine, homoserine, or dU level has the potential in confirming MI diagnosis among chest pains and in contributing to the occurrence of MI. They could also be candidate predictors of future MI, but they still need to be further studied.

Moreover, methionine, homoserine, and dU also have the potential of being independent predictors of lipid plaque rupture. This is supported by the finding that logistic regression showed that the logOR(ACS/Control) of dU is 40.767, methionine 10,596.739, and homoserine 434.394. After being adjusted for age, gender, diabetes/hypertension/smoking history, and lipid levels, the logOR(ACS/Control) of methionine is 158,368.17, the logOR(ACS/Control) of dU is 37.185, and that of homoserine is 628.728. The above data suggest that homoserine, dU, and methionine also have the potential to be indicators of ACS occurrence, which also has the potential to indicate coronary lipid plaque rupture. However, their ability to predict future MI or ACS occurrence needs further cohort studies.



Decreased Metabolites in MI Cases

Both high level and low level of risk markers in plasma were detected in the MI. Among all the discriminant metabolites that declined in MI cases, arginine was the most noteworthy (Figure 3C). Arginine ROC analysis showed an AUC = 0.8865 (MIs vs. non-MIs). Our study showed that as cardiac damage and function worsened (further elevation of cTnT, AST, CK-MB, and NT-proBNP levels), these plasma arginine biosynthesis-related metabolites dropped more (Table 3). Arginine is the primary source of a vasodilator—nitric oxide. The lack of plasma arginine hints a deficiency of vasodilator in MI patients. Some reported that diminished global arginine bioavailability is predictive of increased CAD risk (17).

Uracil, a pyrimidine found in RNA, was also significantly decreased in MI plasma. Figures 4D,F show the relationship of uracil and dU in a brief dU-centered pathway. The panel implies the demand for damage repair after a heart attack. This suggests that after MI occurs, the body continues to repair itself by producing more RNA or even DNA (32).

Elevation of the ATP by-product inosine has been detected in human plasma samples as early as 15 min after exercise-induced myocardial damage (7). However, the level of inosine dropped in MI cases in this study. It is possible that circulating inosine change after myocardial infarction is very time-sensitive: it rises immediately after the myocardial damage but dropped within 1–2 days.




The Association Between Plasma Cells and Circulatory Metabolites

Although the causes of metabolite alterations could be many (e.g., gut microbial metabolites), we studied plasma transcriptomics data because circulating substances can cross the cell membranes and influence plasma metabolites most directly. We studied transcriptomics of circulating cells of MI patients and healthy controls from the GEO database (GSE48060). Differential genes between MI and controls were determined as those FDR < 0.05, FC > 1.2/FC < 0.8 (Supplementary Table 6). The metabolite–gene–disease interaction network analysis from MetaboAnalyst 3.0 (https://www.metaboanalyst.ca/MetaboAnalyst/Secure/network/MnetParamView.xhtml) showed the interaction network between differential metabolites from our study and differential genes from GSE48060 (Supplementary Figure 4A). Glucose, uric acid, cholesterol, glycine, and arginine are all important hubs with high-degree centrality.

Metabolite–gene interaction analysis showed that abnormal plasma level of purine metabolism intermediates ADP, ATP, GDP, and beta-alanine may relate to the expressions of plasma cells' ADCY7, YES1, PTGDR, etc. in mRNA level (Supplementary Figure 4B).


Plasma Cells Cannot Explain the Elevation of Plasma Methionine

Figure 4A shows methionine, homocysteine, and cystathionine in a panel. Inconsistent with the observed elevation of methionine, circulating transcriptomics of MI patients (GSE48060) showed that among the methionine abundance-related genes, methionine synthase 5-Methyltetrahydrofolate-Homocysteine Methyltransferase (MTR) expression decreased and Cystathionine β-synthase (CBS, converting homocysteine to cystathionine) increased (p < 0.05, Figure 4B). The other genes involved in methionine turnover, including methionine-tRNA ligase (MetRS), MrsB/MrsA [MARS, reduced methionine-(S)-S-oxide), and Mat2a/Mat1a (methionine adenosyltransferase), remained statistically unchanged in plasma cells. The above data showed that plasma cells tend to utilize methionine and homocysteine to produce more cystathionine in MI blood samples. Considering that plasma cells cannot explain the elevation of plasma methionine, it is more likely that damaged cardiac tissues (or other tissues/germs) are responsible for that. A transcriptomics study of MI mouse model (induced by left anterior descending ligation, GEO accession: GSE775) revealed that in ischemic cardiac tissue, MetRS decreased significantly (p 0.05) in MI mouse cardiac samples, and the utilization of methionine is handicapped (Figure 4C).



dU Abundance Is Likely to Be Related to Blood Cells

Unlike methionine, the elevation of dU is likely to be related to injured cardiomyocytes or blood cells. Normally, little dU and purines can be detected in the plasma of a healthy volunteer. When there is pathological change of the tissue or the cells, intracellular substances are released and enter into the circulation system. According to the human metabolome database (HMDB0000012), dU is detected in the blood. However, we only identified dU peak in plasma, not in serum. According to GSE48060, cytidine deaminase (CDA) and uridine phosphorylase 1 (UPP1) are upregulated in MI-circulating cells (p < 0.05). CDA catalyzes the formation of deoxyuridine from deoxycytidine and UPP1 catalyzes the reversible transformation of dU to uracil, and the above two upregulated enzymes can lead to dU elevation. Figure 4D shows the metabolites and metabolic enzymes in the dU-related pathway.

CDA and UPP1 are both highly enriched in immune cells (mainly in neutrophils and monocytes). Immune cells increased in MI plasma samples. Figure 4G shows white blood cell (WBC) counts, neutrophil (NE) counts, monocyte (MO) and lymphocyte (LY) counts, and dU abundance in MI and non-MI cases. A previous study (GSE103182) showed that STEMI patients feature more neutrophils and CDA mRNA in plasma than NSTEMI patients. Consistent with this finding, our data showed that in the STEMI group, both dU and neutrophil counts were higher than those in the NSTEMI group (Supplementary Figure 3G).

On the one hand, dU originates from plasma neutrophils, and it could also originate from damaged and remodeling hearts. Our study on transverse aortic constriction (TAC) mouse models showed that cardiac CDA mRNA expression increased as BNP and ANF mRNA levels increased (Supplementary Figures 3D–F,H). It is possible that damaged human heart could also expressed more CAD and produce more dU. Hopefully, more plasma single-cell information (33, 34) and omics data (e.g., cfDNA methylome (35)) will reveal the mechanism behind the changes very soon.




Limitations

As indicated by adjusted and unadjusted OR values, traditional risk factors, such as diabetes, hypertension, and smoking, had confounding effects on the candidate MI metabolite markers (36). In this study, diabetes and smoking also ranked as the marked risk factors for MI occurrence, but the history of hypertension was not (OR < 1, p > 0.05). As for the key substances in lipid metabolism, higher levels of TC and TG are risk factors for MI groups.

However, the OR of LDL-C scored 0.58 between cardiac chest pains and control, indicating that LDL-C is not a risk for healthy controls to develop into cardiac chest pains (Supplementary Table 6). Similarly, hypertension has been recognized as a risk for developing CAD, but it is not indicated as a risk factor in this study on MI. Considering that around 65% of inpatients had received medical treatment either with antilipidemic or antihypertensive drugs, or both, before blood collection, their HDL-C, LDL-C, and blood pressure levels may had been normalized or improved, so as to bring deviation of the data.
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Background: Myocardial blush grading is considered to be a novel tool for assessment of coronary microvasculature and myocardial perfusion in patients undergoing coronary angiography and angioplasty, and its reduction identifies patients at high risk. Our study aimed to evaluate the association between acute insulin resistance and myocardial blush in non-diabetic patients with ST-segment elevation myocardial infarction (STEMI).

Methods: Two hundred forty non-diabetic patients with STEMI who underwent primary percutaneous coronary intervention were consecutively recruited. The relationship of homeostasis model assessment—estimated insulin resistance (HOMA-IR) to myocardial blush and in-hospital outcome was investigated.

Results: Higher HOMA-IR tertile was observed in obese patients, with hyperinsulinemia, had Killip class >1, with higher CPK-MB level and was correlated to impaired myocardial blush after adjusting for the other confounding risk factors. It was also concluded that higher HOMA-IR was independently associated with no/minimal myocardial blush after STEMI. Moreover, it was founded to be an independent predictor of pulmonary edema and impaired left ventricular systolic function.

Conclusion: This study revealed that acute insulin resistance was prevalent in non-diabetic patients with STEMI and was an independent predictor for post-infarction myocardial and microvascular injury and poor in-hospital outcome.

Trial Registration: The trial was registered at the registry of Clinicaltrials.gov, ClinicalTrials.gov Identifier: NCT04651842, Date of registration: 2nd December 2020 Registry URL, https://clinicaltrials.gov/ct2/show/NCT04385589?cond=Dapagliflozin+in+diabetic+patients&cntry=EG&draw=2&rank=1.

Keywords: acute insulin resistance, myocardial blush, non–diabetics, Primary PCI, Acute coronary syndromes


BACKGROUND

Complete myocardial reperfusion and restoration of coronary microcirculatory function (CMF) is a therapeutic goal in ST-segment elevation myocardial infarction (STEMI) (1). However, the success of primary percutaneous coronary intervention (pPCI) is not achieved in 30% to 50% of patients (2, 3).

It was found that insulin resistance (IR) plays substantial role in the development of cardiac-vascular infirmities and carries bad prognostic outcome for acute myocardial infarction (AMI) (4).

IR was found to be related to cardiac injuries on both muscular and microvascular levels after STEMI. Likewise, after adjusting for other integrals of metabolic syndrome, IR was associated with myocardial injury after elective PCI (5).

Now, IR was assessed by the homeostatic model assessment (HOMA) index in the early phase of acute coronary syndrome in non-diabetic patients. This “acute IR,” considered a part of the acute glycol-metabolic response to stress, may be transient and also can occur even in patients without chronic glycol-metabolic derangements (6).

Acute IR includes acute hyperglycemia and/or acute hyperinsulinemia. Hyperglycemia has the importance of prognostic relevance of hyperinsulinemia in STEMI patients, but its relationship with coronary flow is still unclear (7, 8). However, the direct acute negative cardiovascular effects of hyperinsulinemia is acknowledged as it is contributing to incomplete myocardial reperfusion and CMF impairment (8).

Myocardial blush is a qualitative visual assessment of the amount of contrast medium filling a territory supplied by a pericardial coronary artery (9) (was first defined by Arnoud van't Hof et al.). Myocardial blush grade (MBG) is considered a reliable and valid tool for assessing coronary microvasculature and myocardial perfusion in patients undergoing coronary angiography and angioplasty (10). Decreased blush grade was used to identify those at increased risk who require intensive management both during the procedure to improve myocardial perfusion and later for secondary prevention (10).

The current study hypothesis was that acute IR can occur in the early post pPCI period even in non-diabetic patients as a dynamic phenomenon, and it could be related to the development of microvascular injury. Myocardial blush is defined as a marker of coronary microvascular function; accordingly, IR was evaluated in relation to myocardial blush in nondiabetic STEMI patients treated by pPCI as a primary endpoint. The residual ST-segment elevation, post-TFC% and major adverse cardiovascular events (MACE) were secondary endpoints. The HOMA index is a simple and inexpensive marker of IR, primary used in chronic states. It was recently validated in STEMI patients as feasible for assessing IR during myocardial infarction and therefore used in the current study (11).



METHODS


Study Participants

This cross-sectional comparative study included 240 non-diabetic patients with acute STEMI selected from the Cardiology Department, Assiut University Hospital, who underwent primary percutaneous coronary intervention (PCI) between May 1, 2018 and May 1, 2019. Sample size was calculated using the G*Power 3 software. With a power of 95% and type I error of 5% (α = 0.05 and β = 95%), the minimum required sample was 210 patients (further divided into three equal groups according to HOMA-IR tertiles) for an effect size of 10% in rate of myocardial blush grade.

Exclusion criteria were diabetic patients, renal insufficiency, advanced hepatic dysfunction, had malignancy, chronic heart failure/cardiomyopathy, prior myocardial infarction, and diseases requiring steroid therapy; patients on antioxidant supplement/therapy within 4 weeks before enrolment in the study, pregnant females, alcoholic, patients allergic to radiographic contrast, and uncooperative/refusal.

Ethical approval was obtained from the Medical Faculty, Assiut University (IRB No. 17300510) and was adherent to the guidelines of the declaration of Helsinki.



Clinical and Laboratory Assessment

After obtaining informed consent, the included patients were subjected to:

(1) Proper history taking including history for the presence of cardiovascular risk factors: hypertension, diabetes mellitus, dyslipidemia; smoking and family history of premature coronary artery disease, history of ischemia, previous CCU admission, and previous PCI.

(2) Complete physical examination including body mass index (BMI) was calculated using the formula of weight/height2 (kilograms per square meter).

(3) Blood pressure was measured in a seated position after a 10-min rest, using an electronic blood pressure monitor (Microlife AG, 9443 Widnau, Switzerland).

(4) Diagnosis of diabetes was made according to the criteria of the American Diabetes Association, and prediabetes was defined by fasting blood glucose of 100 mg to <126 mg/dl, 2-h plasma glucose of 140 to <200 mg/dl, or HbA1C of 5.7 to <6.5% (12).

(5) Hypertension was diagnosed according to the 8th Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC_8), and hyperlipidemia was diagnosed according to the guidelines of the National Cholesterol Education Program (ATP III) (13, 14).

(6) Blood samples were collected in an air-conditioned and quiet room. Serum glucose, blood urea, creatinine, total cholesterol, low-density lipoprotein—cholesterol (LDL-C), high-density lipoprotein—cholesterol (HDLC), and triglycerides were assessed using a HITACHI 912 Analyzer (Roche Diagnostics, Germany). Insulin and creatine kinase MB isoform level were assessed by AIA 900, fluorescence enzyme immunoassay (FEIA) method (Japanese).

HOMA-IR was calculated according to the formula (fasting insulin in mIU/L × fasting glucose in mg/dl)/40515. Normal reference levels for HOMA-IR range between 0.7 and 2.0. HOMA-IR is a preferred estimate for insulin resistance as glucose clamp methods, the current gold standard, are resource intensive and time consuming. Several studies use 2.0 as cutoff for increased insulin resistance (15).



Angiographic Assessment

After the angioplasty procedure immediately, epicardial and myocardial reperfusion was assessed and graded on the angiograms. In each patient, the best projection was chosen to assess the myocardial region of the infarct-related coronary artery, preferably without super positioning of non-infarcted myocardium. Angiographic runs must be long enough to allow some filling of the venous coronary system, and backflow of the contrast agent into the aorta have to be present to be sure of adequate contrast filling of the epicardial coronary artery.

All angiograms will be made after 400 μg of nitroglycerin intracoronary has been given immediately after the primary angioplasty procedures, and this procedure allows quantitative coronary artery analysis (16): First, epicardial reperfusion is assessed by thrombolysis in myocardial infarction (TIMI) flow grades (TFGs) as the following: Grade 0 means no perfusion, Grade 1 means penetration without perfusion, Grade 2 means partial perfusion, Grade 3 means complete perfusion (17). Epicardial reperfusion was also assessed by thrombolysis in myocardial infarction (TIMI) frame count (TFC), which is defined as the number of frames required for dye to first opacify a standard distal landmark (18). Second, myocardial reperfusion is assessed by TIMI myocardial perfusion grade (TMP) as the following: TMP Grade 0 denotes failure of dye to enter the microvasculature, TMP Grade 1 denotes dye slowly enters but fails to exit the microvasculature, TMP Grade 2 denotes delayed entry and exit of dye from the microvasculature, TMP Grade 3 denotes normal entry and exit of dye from the microvasculature (19).

Myocardial reperfusion had been also determined by measuring ST-segment resolution (STR) analysis so ECGs had been done on admission (first ECG) and 90 min after the primary PCI in the coronary care unit (second ECG). The second ECGs had been classified with regard to the ST segment resolution into the following grades: Normalized, defined as no residual ST segment elevation; Improved, defined as a residual ST segment elevation <70% of that on the first ECG; Unchanged, defined as a residual ST segment elevation > 70% of that on the first ECG (20).

For all patients, postprocedural transthoracic echocardiography left ventricular ejection fraction was measured by biplane Simpson method using the end diastolic and end systolic apical four- and two-chamber views for estimation of left ventricular volume and calculation of ejection fraction. In hospital primary angioplasty procedures, major adverse cardiovascular events (MACEs) were determined and defined as the composite of death, stent thrombosis, re-infarction, cardiogenic shock, and stroke (20).

Data entry, verification, and validation were carried out by the researcher, and analyses were performed via IBM-SPSS software (Statistical Package for the Social Sciences, version 24, SSPS Inc, Chicago, IL, USA). Numerical data were expressed as mean ± SD, and frequency tables with percentages were used for categorical variables. χ2 and Monte Carlo exact test was used to compare the difference in the distribution of frequencies among different groups. One-way ANOVA was used to determine the mean difference between groups. Binary logistic forward regression analysis was used to define the independent predictors of MBG variables that showed significant differences among the studied groups. A value of p < 0.05 was considered statistically significant.




RESULTS

This study aimed to evaluate the impact of insulin resistance in non-diabetic (IR) on myocardial blush and in hospital MACE in the setting of STEMI patients treated with PCI. Non-diabetic patients (274), with anterior and non-anterior STEMI, who were admitted to the ICU during the study period, were recruited. Thirty-four patients were excluded for recently discovered diabetes mellitus, left main thrombosis, aortic valve prostheses with embolization, stent thrombosis, and defect of data counting. Hence, 240 patients (classified based on equal tertile of HOMA IR level into three equal groups (low ≤ 4.6, intermediate 4.6–6.6, and high > 6.6) were available for analysis (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart of patient enrollment. STEMI, ST segment elevation myocardial infarction; PCI, primary coronary intervention; LM, left main; AV, aortic valve.


The majority of the studied patients were males aged >50 years with insignificant difference between groups in relation to HOMA-IR. Moreover, acute insulin resistance as estimated by HOMA-IR tertile was significantly higher in obese, those with heart failure (Killip class >1), and higher plasma insulin level, CPK-MB, and fasting blood glucose level (Table 1).


Table 1. Baseline demographic and clinical correlates of HOMA_IR.
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Angiographic Data Correlates of Homeostasis Model Assessment—Estimated Insulin Resistance

Although, patients with anterior wall infarction (AWI) had insignificantly higher HOMA-IR levels, those with higher HOMA-IR experienced significantly low-grade baseline TIMI as higher tertile was founded on grade 0 baseline TIMI (Table 2). Also, patients who need longer stents experienced significantly higher levels of HOMA-IR levels (Table 2 and Figure 2). However, no differences could be detected regarding stent diameter, presence of multivessel disease, and use of DES (Table 2 and Figure 2).


Table 2. Angiographic data correlates of HOMA_IR.

[image: Table 2]


[image: Figure 2]
FIGURE 2. Correlation between estimated insulin resistance (HOMA-IR) and stent parameters.




Perfusion Parameters Data Correlates of Homeostasis Model Assessment—Estimated Insulin Resistance

It was found that patients with MBG 0, 1, 2 had higher HOMA-IR level than those with grade 3, and those who had unchanged ST segment in their ECG after reperfusion had higher HOMA-IR level. Furthermore, postprocedural TIMI frame count (TFC) was longer in those with higher HOMA-IR level. Patients with low, intermediate HOMA-IR levels showed higher postprocedural TIMI flow grade than Grade 3 (Table 3 and Figure 3).


Table 3. Perfusion parameters data correlates of HOMA_IR.
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FIGURE 3. Correlation between HOMA-IR and thrombolysis in myocardial infarction (TIMI) frame count (TFC) %.




Homeostasis Model Assessment—Estimated Insulin Resistance in Relation With Disease Outcome

A higher level of HOMA-IR was detected in those with post MI pulmonary edema; however, prolonged hospital stays, arrhythmias, LVF, cardiogenic shock, re-infarction, and early stent thrombosis complicated higher HOMA-IR level but with insignificant difference (Table 4).


Table 4. HOMA_IR in relation with short and long disease outcomes.
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Predictors of Myocardial Blush (No/Minimal MB) Among Patients

For final multivariate regression analysis model and after adjusting for age and sex, there were 10 predictors of no/minimal myocardial blush in the studied cohort (previous CAD, hypertension, LVF, use of GPIIb/IIIa inhibitor, stent length, postprocedural TFC %, post MI LVEF %, and CKMB level). Importantly, HOMA-IR level is considered an independent risk for decreasing myocardial blush, i.e., with one unit increase in HOMA-IR level, there was decreasing myocardial blush by 20% in univariate analysis (OR:1.2, 95% CI: 1.08–1.34, p = 0.001) and by 10% in the multivariate analysis (OR:1.6, 95% CI: 1.01–2.04, p = 0.011) (Table 5).


Table 5. Predictors of myocardial blush (No/Minimal MB) among patients: logistic regression model.
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DISCUSSION

The present study analyzed IR in the acute phase of STEMI in non-diabetic patients treated by pPCI. First, it confirmed that acute IR in the early post pPCI period is common even in non-diabetic patients; second, IR, as estimated by HOMA-IR, affects myocardial perfusion especially MBG; and third, IR was related to the in-hospital MACE.

IR in the early phase of STEMI is considered part of the acute glycol-metabolic response to stress (21) Generally, in critically ill patients, acute IR is related to more severe acute illness and leads to poor clinical outcome (22, 23). The mean HOMA-IR level in this study was beyond the normal range as defined by a substantial number of epidemiological studies (24, 25). The majority of patients were obese and have significantly earlier post PCI hyperinsulinemia and, hence, higher HOMA-IR tertile. The same increment in insulin in the early post PCI period in non-diabetic patients was previously reported (26); Nishio et al. did serial HOMA index measurements among patients who underwent pPCI and identified those with transient IR, in whom HOMA index correlated with stress hormones (catecholamine and cortisol) and patients with persistent IR, in whom HOMA index during follow-up correlated with leptin and contributed to stent restenosis (27).

More cardiac necrosis was reported in those with higher IR. The relationship between acute IR in non-diabetic STEMI patients and myocardial damage in terms of peak enzymes was previously reported (28, 29). In this study, both HOMA indices were correlated well with the peak CKMB in the presence or absence of other confounders and insignificantly higher insulin resistance among those with anterior wall STEMI.

Acute hyperglycemia and IR per se predicted impaired epicardial flow before pPCI (30). This matched with our study findings, which speculated that IR was significantly higher in those with grade 0 TIMI either at baseline or post-interventional, and this may explain why those with higher HOMA index needed significantly longer stents. Also, there was significantly higher IR in those with more postprocedural TFC%. It may be related to the increased oxidative stress in STEMI, increased vascular cell apoptosis, and hence induced acute endothelial dysfunction.

The relationship between ST-R and acute IR was not conclusive. Acute hyperglycemia was related to limited ST-R in mixed diabetic and non-diabetic STEMI population after thrombolytic therapy (31) and after pPCI (32) and was identified as a predictor of ST resolution after pPCI. In the current study, in patients without diabetes, incomplete ST resolution was significantly more frequent among those with acute IR. Although the inverse relationship between HOMA IR level and myocardial perfusion was described in different states; to the best of our knowledge the current study is the first to link acute IR assessed by the HOMA index and myocardial blush in non-diabetic STEMI patients to assess microvascular perfusion.

Moreover, it was found that acute IR significantly affect myocardial blush; higher HOMA-IR level was associated with lower MBG and vice versa. Higher levels of HOMA-IR either alone or after adjusting for all other confounders (hypertension, previous CAD, LVF, multivessel CAD, reduced LVEF, and increased CPK_MB level) were considered important predictors of markedly reduced myocardial blush. This may be explained by IR in the setting of STIMI being associated with poor myocardial reperfusion, impaired coronary microcirculation (33) and collateralization (34) and reduced collagen deposition in the scar (35). These factors potentially lead to greater infarct size, post-infarction LV dilation, and finally a higher incidence of heart failure (36). Nevertheless, the implicated mechanisms await precise characterization in future studies. It was speculated in this research that acute IR was associated with poorer outcome, as higher HOMA-IR tertile was significantly observed in those with pulmonary edema and reduced LVEF. On the other hand, IR was insignificantly higher in those with LVF, prolonged hospital stays, arrhythmia, stent thrombosis, re-infarction, and cardiogenic shock.



CONCLUSION

The current study revealed that acute IR was prevalent in non-diabetic patients with STEMI and was identified as an independent predictor of post infarction myocardial and microvascular injury. Likewise, it was found to be associated with poor in-hospital outcome.
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The purpose of this review is to bridge the gap between clinical and basic research through providing a comprehensive and concise description of the cellular and molecular aspects of cardioprotective mechanisms and a critical evaluation of the clinical evidence of high-energy phosphates (HEPs) in ischemic heart disease (IHD). According to the well-documented physiological, pathophysiological and pharmacological properties of HEPs, exogenous creatine phosphate (CrP) may be considered as an ideal metabolic regulator. It plays cardioprotection roles from upstream to downstream of myocardial ischemia through multiple complex mechanisms, including but not limited to replenishment of cellular energy. Although exogenous CrP administration has not been shown to improve long-term survival, the beneficial effects on multiple secondary but important outcomes and short-term survival are concordant with its pathophysiological and pharmacological effects. There is urgent need for high-quality multicentre RCTs to confirm long-term survival improvement in the future.
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INTRODUCTION

The heart is more than a hemodynamic pump. It is also an organ that needs energy from metabolism (1). In fact, altered cardiac metabolism is the primary and upstream pathophysiologic manifestation of myocardial ischemia in humans (2). After coronary blood flow blockage, energy metabolism disorder occurs within a few seconds, followed by mechanical, electrophysiological and structural abnormalities of the myocardium. To date, standard treatments for ischemic heart disease (IHD), including revascularization (thrombolysis, percutaneous coronary intervention, and coronary artery bypass grafting), antithrombotic therapy (antiplatelet and anticoagulant agents), stabilization/reversal of atherosclerosis progression (control of atherosclerotic risk factors), and inhibition of myocardial remodeling (sympathetic and renin-angiotensin-aldosterone system inhibitors), focus on coronary anatomy and on the results of changes in myocardial metabolism rather than on the metabolic changes themselves (2–8). In addition, almost all of the above treatments exert cardioprotection by directly or indirectly affecting heart rate, blood pressure or myocardial perfusion. In contrast, myocardial energy metabolic therapy (MEMT) plays a protective role by regulating the energy synthesis and utilization of myocardial cells without significant impacts on heart rate, blood pressure and perfusion (9, 10). Because of residual cardiovascular risk, MEMT is promisingly emerging as an upstream treatment for IHD (11).

Since the discovery of creatine phosphate (CrP) in 1927 (12) and adenosine triphosphate (ATP) in 1929 (13), the biochemical, physiological, and pharmacological properties of high-energy phosphates (HEPs) have been gradually uncovered. Unlike the single metabolic process of glucose, free fatty acids or amino acids, the pathways and regulations of HEPs biosynthesis and degradation are involved in all metabolic substrates. Moreover, due to the production and consumption of HEPs in different cells and subcellular organelles, the transmembrane transport of HEPs is also a complex process requiring the assistance of many special transporters and catalytic enzymes (14). Therefore, although HEPs have been known for nearly a 100 years, clinicians still have a lot to learn. In recent years, a series of basic and clinical studies have shown potent protection for IHD by exogenous HEPs (15–19). These results have been confirmed in our laboratories (16, 20, 21).

Previous reviews focused either on the cellular and molecular mechanisms of HEPs which is too complex for clinical application (14, 22), or on presenting the clinical evidence which in turn is too simple for clinicians to understand their pathophysiological and pharmacological effects (15, 16). The purpose of this article is to bridge the gap between clinical and basic research.



OVERVIEW OF HIGH-ENERGY PHOSPHATES AND THEIR TRANSFORMATION

It is believed that energy would be concentrated in the chemical bond containing phosphate groups, which yields energy upon hydrolysis (23). Low-energy phosphates are usually linked to phosphoester bonds, which will release 2 and 3 kcal/mol energy. HEPs include a variety of phosphate compounds with energies of hydrolysis higher than 7 kcal/mol (24). ATP and CrP are considered to be the primary HEPs in human body. ATP is the intracellular energy currency, majority of which is not synthesized de novo but generated from adenosine diphosphate (ADP) by oxidative phosphorylation (OP) of mitochondria and cytoplasmic substrate phosphorylation (SP) (Figure 1) (25, 26). Thus, at any given time, the total amount of ATP and ADP remains fairly constant and recycled continuously (27). While, CrP is the storage and transport carrier of energy, which serves to transfer the HEP-bond from the site of ATP production to the site of ATP utilization through “CrP shuttle” (Figure 1) (28–35). Normally the total quantity of ATP in human body is about 0.1 mole (~50 g). However, the energy used by human cells requires the hydrolysis of 100–150 moles (around 50–75 kg) of ATP daily (36). This means that each ATP molecule is recycled 1,000–1,500 times during a single day. The ATP and CrP activity combined, also referred to as the phosphagen system, is the most rapidly available source of energy (37). Unfortunately, the energy available from the store of phosphagen system is limited and can provide energy for a few seconds of maximal activity.


[image: Figure 1]
FIGURE 1. An overview of synthesis of ATP and “CrP shuttle” in cardiomyocyte. ATP is the intracellular energy currency, majority of which is synthesized from ADP by oxidative phosphorylation of mitochondria (predominant) and cytoplasmic substrate phosphorylation (subordinate). CrP is the storage and transport carrier of energy, which serves to transfer the HEP-bond from the site of ATP production to the site of ATP utilization through “CrP shuttle.” ADP, adenosine diphosphate; ATP, adenosine triphosphate; CK, creatine kinase; CrP, creatine phosphate; HEP, high-energy phosphate; OP, oxidative phosphorylation; SP, substrate phosphorylation.


CrP, also known as phosphocreatine or phosphorylated creatine, is a small molecular compound with the formula of C4H10N3O5P, having a molecular weight of 211 daltons. There is one high-energy phosphate bond (N~P) in the chemical structure. As compared, ATP has a relatively more complex molecular structure (C10H16N5O13P3), larger molecular weight (507 daltons), and two high-energy phosphate bonds (O~P). However, the N~P bond of CrP has more energy than either one O~P bond of ATP, 10.3 kcal/mol in comparison with 7.3 kcal/mol (Figure 2) (38). Therefore, CrP can easily provide enough energy and serve as a HEP-bond donor for ATP reconstitution through “CrP shuttle” (28).


[image: Figure 2]
FIGURE 2. Transfer of HEP-bond through “CrP shuttle.” There is one HEP-bond (N~P) in the chemical structure of CrP. As compared, ATP has a relatively more complex molecular structure and two HEP-bonds (O~P). However, the N~P bond of CrP has more energy than either one O~P bond of ATP, 10.3 kcal/mol in comparison with 7.3 kcal/mol. ATP, adenosine triphosphate; CrP, creatine phosphate; HEP, high-energy phosphate; ΔG, Gibbs free energy change.


The contents of HEPs vary significantly in different tissues. The highest levels of HEPs are found in muscle, heart, brain, spermatozoa, and retina (14). The concentration and distribution of HEPs in vivo can be determined non-invasively by 31P-magnetic resonance spectroscopy (MRS) (39, 40). The myocardial CrP/ATP ratio measured by 31P-MRS reflects the viability and energy metabolic status of cardiomyocytes (41). Over a wide range of cardiac workloads, the CrP/ATP ratio is essentially invariant and consistent with a constant free ADP concentration (42, 43). The cutoff point for CrP/ATP ratio (>1.60 and <1.60), which was established retrospectively and need to be evaluated prospectively, is a stronger predictor of cardiovascular death (44). The ratio is decreased upon myocardial ischemia (45, 46).



THE BIOSYNTHESIS, DEGRADATION AND TURNOVER OF ENDOGENOUS CREATINE PHOSPHATE

The biosynthesis of CrP begins by formation of creatine from three essential amino acids: arginine, glycine, and methionine (Figure 3) (14). The entire glycine molecule is incorporated whereas arginine furnishes its amidino group to yield guanidinoacetic acid (GAA), which then methylated at the amidino group to give creatine. It is postulated, but largely accepted, that the main route of creatine synthesis involves formation of guanidinoacetate in kidney, and methylation in liver (47–49). These reactions are respectively catalyzed by two rate-limiting enzymes, i.e., L-arginine:glycine amidinotransferase (AGAT) and S-adenosyl-L-methionine:N-guanidinoacetate methyltransferase (GAMT) (47–50). To complete the phosphorylation process, creatine is then transported to tissues such as muscle, heart, and brain by a specific Na+- and Cl−-dependent plasma membrane transporter (51). CrP production is catalyzed by creatine kinase (CK), which is a dimer of M and B (M = muscle, B = brain) subunits produced by different structural genes. Three isozymes are possible: BB, MB, and MM. Cardiac muscle contains significant amounts of CK-MB (25–46% of total CK activity, as opposed to <5% in skeletal muscle), so that in myocardial infarction the rise in serum total CK activity is accompanied by a parallel rise in that of CK-MB (14, 52, 53).


[image: Figure 3]
FIGURE 3. Major routes of biosynthesis, degradation and turnover of endogenous CrP. The biosynthesis of CrP begins by formation of creatine from three essential amino acids: arginine, glycine, and methionine. The main route of creatine synthesis involves formation of GAA in kidney, and methylation in liver. These reactions are, respectively, catalyzed by AGAT and GAMT. Then creatine is transported to heart by a specific Na+- and Cl−-dependent plasma membrane transporter. The degradation of creatine and CrP is an irreversible, non-enzymatic cyclization to creatinine, which should be supplemented by diet or de novo biosynthesis. ADP, adenosine diphosphate; AGAT, L-arginine:glycine amidinotransferase; ATP, adenosine triphosphate; CK, creatine kinase; CrP, creatine phosphate; GAA, guanidinoacetic acid; GAMT, S-adenosyl-L-methionine:N-guanidinoacetate methyltransferase.


Unlike the biosynthesis, the degradation of creatine and CrP is an irreversible, non-enzymatic cyclization to creatinine (Figure 3) (54, 55). Almost constant fraction of the body creatine (1.1%/day) and CrP (2.6%/day) is converted into creatinine, giving an overall conversion rate for total creatine pool (creatine + CrP) of ~1.7%/day (56).

For example, in a 70 kg man containing around 120 g of creatine pool, roughly 2 g/day are converted into creatinine and have to be replaced by creatine or CrP supplementation or from de novo biosynthesis (14).



MYOCARDIAL METABOLIC CHANGES DURING ISCHEMIA/REPERFUSION: SUBSTRATES, PATHWAYS, METABOLITES, AND PURINE NUCLEOTIDE CYCLE

Within a few seconds after coronary blood flow blockage, the oxygenated hemoglobin in ischemic zone rapidly depletes. The main pathway used to generate energy in myocardium changes from aerobic oxidation of mitochondria to cytoplasmic anaerobic glycolysis (Table 1) (57, 58). And the primary substrate of myocardial energy metabolism also changes from free fatty acids to glucose (Table 1) (57–61). However, the HEPs synthesized by glycolysis are far from meeting the energy requirements of heart. Under such condition, the ischemic myocardium preferentially utilizes the energy contained in endogenous CrP, followed by ATP, ADP, and adenosine monophosphate (AMP) (Figure 4) (62–67). AMP can also be decomposed into adenosine, hypoxanthine, etc. under the action of 5'-nucleotidase (Figure 4) (62, 68). The above reaction ultimately leads to a decrease in intracellular adenine nucleotide pool (ATP + ADP + AMP), resulting in a significant reduction in high-energy phosphate precursors. If the myocardium recover aerobic oxidation in a short period of time, AMP can be reoxidized to ADP and ATP to replenish energy. If not, it is no longer possible to reoxidize AMP to ADP or ATP. Furthermore, the lactic acid and other intermediate products produced by glycolysis accumulate in cardiomyocytes (Figure 4) (57, 58). After 10 min of ischemia, the intracellular pH will drop to 5.8–6.0 (69, 70). The rate of ADP rephosphorylation to ATP by anaerobic glycolysis is slowed down by acidosis (71).


Table 1. Myocardial energy metabolism: source, process and site of ATP production.
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FIGURE 4. The primary metabolic changes and the secondary celluar injuries during myocardial ischemia/reperfusion. Ischemic myocardium preferentially utilizes the energy contained in CrP, followed by ATP, ADP, and AMP. And AMP can be further decomposed into adenosine and hypoxanthine, which leads to a decrease in intracellular adenine nucleotide pool. Furthermore, the lactic acid produced by glycolysis accumulate in cardiomyocytes, resulting intracellular acidosis. The loss of HEPs eliminates three of the four mechanisms of cellular calcium homeostasis, leading intracellular Ca2+ overload. Mitochondrial sequestration, the remaining mechanism, causes overloading of the mitochondria with Ca2+ and diminished capacity for oxidative phosphorylation. And overloaded intracellular Ca2+ induces the conversion of xanthine dehydrogenase to xanthine oxidase. The latter can produce oxygen free radicals, which in turn oxidize the membrane phospholipids and produce MDA, causing the membrane instability. In addition, intracellular accumulation of metabolic intermediates, including AMP, lactic acid, Ca2+, and H+, etc, may activate membrane phospholipase to make cell membrane degrade to LPLs, which also contribute to myocardial membrane instability. Increased ADP can induce platelet adhesion and aggregation. ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; CrP, creatine phosphate; HEPs, high-energy phosphates; LPLs, lysophospholipids; MDA, malondialdehyde.


Secondary to the metabolic changes, myocardial ischemia/reperfusion injuries occur as follows: intracellular Ca2+ overload, accumulation of arrhythmogenic intermediates and oxygen free radicals, myocardial membrane instability, electrophysiological changes in cardiomyocytes, mitochondrial damage, and platelet aggregation, etc (Figure 4).



PATHOPHYSIOLOGICAL AND PHARMACOLOGICAL EFFECTS OF EXOGENOUS CREATINE PHOSPHATE ON MYOCARDIAL ISCHEMIA

The clinical effects of ATP in patients with cardiovascular disorders have been evaluated in early studies (72–74). Intravenous administration of ATP can interrupt the reentry pathways through the atrial ventricular node and restore normal sinus rhythm accompanied by relatively high incidences of advanced atrioventricular block and other adverse reactions, which makes paroxysmal supraventricular tachycardia the primary cardiovascular indication (75). And it seems quite paradoxical that oral administration of ATP may lead to a progressive diminution of plasma ATP level (76). Furthermore, exogenous ATP is a charged molecule containing three negative charges that is not freely permeable through cell membranes (77–79). In addition, there are enzymes that decompose ATP on the surface of cell membrane, including ATPase, adenylate kinase and AMP deaminase, which can split ATP into ADP, AMP, adenosine, and inorganic phosphate (80, 81). Since the first publication by Parrat and Marshall (82), CrP has been substantially demonstrated to be effective in protection of ischemic myocardium. The following we will focus on the pathophysiological and pharmacological effects of exogenous CrP, including but not limited to supplementing cellular energy.


Replenishment of Intracelluar ATP

It has been observed that the exogenous CrP could be incorporated into intracellular ATP molecules and increase the tissue level of ATP (83). Although exogenous CrP uptake was 3–4 orders of magnitude lower than ATP conversion in the case of normal cardiac work, it may be important in maintaining subsarcolemmal pools of CrP or ATP (Figure 4) (35, 83). The exogenous CrP uptake rate can be markedly increased in hypokinetic segments of ischemic myocardium (35, 83–86). Low-dose CrP may promote intracellular ATP synthesis mainly through substrate. After reaching a certain concentration of 10 mmol/L, it can significantly inhibit 5'-nucleotidase and AMP deaminase, thereby maintaining the nucleotide pool level, indicating that CrP does not only act as a energy substrate but also a regulator able to bind to the active sites of the enzymes and change their activity (62, 68, 87–90).



Attenuation of Intracellular Ca2+ Overload in Cardiomyocytes

Normally, extracellular fluid has a concentration of Ca2+ 10,000 times higher than intracellular fluid (91). Furthermore, there is an electrical force driving Ca2+ into the cell because of the negative resting membrane potential (91, 92). However, there is little leakage of Ca2+ into the cardiomyocyte except during the action potential. Even the Ca2+ that enters the cell during action potentials must be removed from the cell otherwise an accumulation of Ca2+ would lead to cellular dysfunction (92). Main mechanisms maintaining the intracellular to extracellular concentration and charge gradients include: (1) pumping Ca2+ out of the cytoplasm by the plasma membrane Ca2+ ATPase (93), (2) exchange of Ca2+ for Na+ driven by the intracellular to extracellular concentration gradient of Na+ as a result of the plasma membrane Na+-K+ ATPase (94), (3) sequestration of cytoplasm Ca2+ in sarcoplasmic reticulum (SR) by the SR Ca2+ ATPase (95), and (4) accumulation of intracellular Ca2+ by oxidation-dependent calcium sequestration inside the mitochondria (96). The loss of HEPs during ischemia eliminates three of the four mechanisms of cellular calcium homeostasis (Figure 4). Mitochondrial sequestration, the remaining mechanism, causes overloading of the mitochondria with Ca2+ and diminished capacity for oxidative phosphorylation (Figure 4) (97). Furthermore, activation of phospholipases and protein kinases (98), production of arachidonic acid (99, 100), and oxygen free radicals (101) are all involved in the destruction of membrane integrity. This, in turn, causes a massive and rapid influx of Ca2+ into the cell.

Several studies have shown that intracellular Ca2+ overload is a major cause of myocardial cell damage and cardiac dysfunction in IHD. CrP can reduce Ca2+ influx by providing energy to ATP-dependent Ca2+ ATPase and Na+-K+ ATPase on the plasma membrane (102, 103). At the same time, the Ca2+ ATPase activity on the sarcoplasmic reticulum is restored, and Ca2+ enter the sarcoplasmic reticulum to avoid the myocardial stiffness contracture (104). Furthermore, CrP binds to membrane phospholipids through zwitterionic interaction, which can enhance membrane stability (105, 106). In addition, CrP can also provide energy for the sliding of actin-myosin filaments, promoting the rapid recovery of myocardial contractility (107).



Protection of Heart From Oxidative Stress-Induced Myocardial Injury

And overloaded intracellular Ca2+ induces the conversion of xanthine dehydrogenase to xanthine oxidase (108–111). The latter can produce superoxide and xanthine from hypoxanthine upon reperfusion (Figure 4) (112). Furthermore, more damaging free radicals could be produced by the metal catalyzed Haber-Weiss reaction (113–115). The large amount of oxygen free radicals generated by the above reactions can in turn oxidize the membrane phospholipids and produce malondialdehyde (MDA), causing the membrane instability (Figure 4) (116). Zucchi et al. (117) found that supplementation of exogenous CrP could reduce the product of phospholipid peroxidation, MDA, by inhibiting ADP/AMP degradation and Ca2+ accumulation in cardiomyocytes. Myocardial peroxidation damage is alleviated through all of the above mechanisms.



Stabilization of Membrane Structure

Maintaining the integrity of the phospholipid bilayer membrane is a basic requirement for preserving overall cell viability. Myocardial membrane instability due to the decrease of ATP production and accumulation of acid metabolites plays a key role in the pathogenesis of ischemia-reperfusion injury, especially the electrophysiological manifestation of ischemia (118). The possibility that lysophospholipids (LPLs) contribute to myocardial membrane instability was first reported by Hajdu (119). Normally their concentration is maintained very low, but LPLs in sufficient quantities are potent detergents, which can alter general properties of the membrane such as fluidity and permeability (120). Furthermore, LPLs have been shown to affect the activities of plasma membrane Na+-K+ ATPase (121). Upon myocardial ischemia, intracellular accumulation of metabolic intermediates, including AMP, lactic acid, Ca2+, and H+, etc, may activate membrane phospholipase to make cell membrane degrade to LPLs (Figure 4). At 8 min after ischemia, a 60% increase in LPLs levels occurred, which could either be reacylated or transacylated to form precursor phospholipids or further degraded, depending on the energy state of the cell (121–123). Supplementation of exogenous CrP can provide energy to ATP-dependent Ca2+ ATPase and Na+-K+ ATPase on the plasma membrane and reduce the activation of anaerobic glycolysis, which blocks the process of phospholipids degradation and stabilizes the cell membrane. In addition, the integrity of the mitochondrial structure during ischemia is the basis for oxidative phosphorylation to synthesize ATP after reperfusion. CrP also has protective effects on the mitochondrial membrane and its oxidative phosphorylation function (124–126).



Broad Spectrum Antiarrhythmic Effects

Normally, the electrophysiological properties of cardiomyocytes require cell membrane integrity and maintaining of intracellular to extracellular concentration and charge gradients. Metabolic changes after myocardial ischemia, including the decrease of ATP production and accumulation of acid metabolites, lead to decreased activity of ATP-dependent transport systems. ATP-sensitive K+ channels (KATP), inactivated by normal cellular ATP levels, will open and permit K+ to leave the cell upon ischemia (127, 128). Furthermore, decreased activity of Na+/K+-ATPase leads to extracellular accumulation of K+ and inactivation of fast Na+ channels that are responsible for the rapid depolarization (129). These mechanisms lead to a series of electrophysiological changes in cardiomyocytes, including: (1) the resting membrane potential and the action potential amplitude are significantly decreased; (2) the depolarization speed is slowed down; (3) the action potential duration (APD) is shortened; (4) the distance from the resting membrane potential to the K+ equilibrium potential is increased; (5) the conduction velocity rate is slowed down (130). All of the above changes ultimately can contribute to arrhythmias.

Studies have shown that in myocardial ischemia and reperfusion, CrP can play a broad spectrum antiarrhythmic effects through several electrophysiological mechanisms, including but not limited to ATP replenishment (131). Firstly, by providing energy to ATP-dependent KATP channels and Na+/K+-ATPase, exogenous CrP can reduce extracellular accumulation of K+ and reactivate the fast Na+ channels, suggesting a Class I antiarrhythmic role (132). Secondly, by prolonging ventricular myocardium APD and effective refractory period (ERP) under normoxic but not ischemic conditions, exogenous CrP can prevent reentrant circuits forming between the ischemic and non-ischemic zone and play a class III antiarrhythmic role (132, 133). Thirdly, by attenuating intracellular Ca2+ overload, exogenous CrP can inhibit Ca2+-mediated activation of inward current channels and triggered activity, exerting a class IV antiarrhythmic role (134, 135). Furthermore, exogenous CrP can also play an antiarrhythmic role by reducing the accumulation of arrhythmogenic lysophosphoglycerides and increasing the threshold of ventricular fibrillation (136–138).



Inhibiting Platelet Aggregation and Improving Microvascular Function

It is known that ADP can not only induce platelet adhesion and aggregation, but also amplify the aggregation effects of collagen, thrombin and other inducers (Figure 4) (139, 140). ADP may still affect the platelets when the arachidonate pathway is blocked (141). Exogenous CrP can inhibit platelet aggregation and then improve the microvascular function by rapid removal of ADP and formation of ATP, which is an inhibitor of ADP-induced platelet aggregation (19, 142).




CLINICAL APPLICATION OF EXOGENOUS CREATINE PHOSPHATE IN ISCHEMIC HEART DISEASE: EVIDENCE AND EVALUATION

As mentioned above, energy metabolic abnormalities are the upstream and primary pathophysiologic manifestation of myocardial ischemia. Whereas, hemodynamic, electrophysiological, morphological, clinical, biochemical and imaging changes are the downstream, and secondary consequence of myocardial energy metabolic abnormalities. The depletion of HEPs is involved in both upstream and downstream changes in myocardial ischemia. As demonstrated in vitro and animal experiments, CrP was suggested to be potentially beneficial in patients with acute and chronic myocardial ischaemic injury through multiple mechanisms, including but not limited to ATP replenishment. In fact, results from a large number of clinical studies substantially support that supplementation of exogenous CrP is associated with improved short-term survival (143, 144), enhancement of cardiac systolic and diastolic function (145–147), lower peak CK-MB/troponin release (20, 148–152), reduction in the incidence of major arrhythmias (144, 151, 153–156), etc. There is still uncertainty, however, whether the administration of exogenous CrP can improve long-term outcomes, rather than just the secondary endpoints or pathophysiological process of IHD.



LIMITATIONS AND PERSPECTIVES

According to a meta-analysis performed by Landoni et al. (16), although more than 4,000 articles were screened, only 12 studies comparing CrP with placebo or standard treatment in patients with IHD met the design requirements for controlled or case-matched clinical trials. Unfortunately, there is insufficient statistical power to obtain results on long-term survival due to the common limitations, including: (1) single center trial; (2) small sample size; (3) short-term follow-up; (4) secondary end-points; (5) choice of standard treatment rather than placebo as the comparator; (6) administration routes and doses of CrP varying significantly among the studies; (7) inadequate baseline information or baseline bias (20, 143, 144, 146, 150, 151, 153, 156). In addition, majority of the studies were published before the “era of revascularization” and patients were recruited from those undergoing non-revascularization therapy or mixed, significantly different from the current practice (143, 144, 146, 150, 153, 156).

At first glance, it is surprising that exogenous CrP has not been shown to improve long-term survival in clinical studies. In fact, there are two sides to the same issue. On one side, CrP may plays extensive roles in every physiological and pathophysiological process from upstream to downstream of myocardial ischemia. On the other side, the myocardial intracellular actions of CrP lack target and pathway specificity. Furthermore, the uptake and distribution of exogenous CrP in vivo lack of tissue and cell specificity. Such non-specificities lead to uncertainties in the dominant pharmacological mechanism, optimal administration route and dose, as well as treatment window of exogenous CrP in individualized patients with IHD. Moreover, the cardioprotection of exogenous CrP may be limited by endogenous CrP levels. However, owing to the physiological, pathophysiological, and pharmacological plausibility of its effects and to the concordance of the beneficial effects of exogenous CrP on multiple secondary but important outcomes and short-term survival, there is urgent need for high-quality multicentre randomized controlled trials (RCTs) to confirm long-term survival improvement. In addition, further studies are needed to investigate the causality between changes in endogenous/exogenous CrP levels and IHD progression and prognosis (157).

To better understand the pathophysiological and pharmacological effects, we specified the context for all cited researches as cell study (19, 23–27, 29–35, 48–54, 69, 70, 91–103, 118, 128), animal study (12, 41, 42, 45, 46, 65, 66, 68, 71–74, 76–78, 81–90, 99, 104, 111, 116–119, 129, 133–135) and human study (15–18, 20, 21, 37–40, 44, 58, 108–110, 143–156). Furthermore, we detailed the indications, contraindications, side effects, and application instructions of CrP supplement in Table 2.


Table 2. The indications, contraindications, side effects, and application instructions of CrP supplement for IHD.
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CONCLUSIONS

The purpose of this article is to provide a comprehensive and concise description of the cellular and molecular aspects of cardioprotective mechanisms and a critical evaluation of the clinical evidence of HEPs in IHD. According to the well-documented physiological, pathophysiological and pharmacological properties of HEPs, exogenous CrP may be considered as an ideal metabolic regulator. It plays cardioprotection roles from upstream to downstream of myocardial ischemia through multiple complex mechanisms, including but not limited to replenishment of cellular energy. Although exogenous CrP administration has not been shown to improve long-term survival, the beneficial effects on multiple secondary but important outcomes and short-term survival are concordant with its pathophysiological and pharmacological effects. There is urgent need for high-quality multicentre RCTs to confirm long-term survival improvement in the future.
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ABBREVIATIONS

ADP, adenosine diphosphate; AGAT, L-arginine:glycine amidinotransferase; AMP, adenosine monophosphate; APD, action potential duration; ATP, adenosine triphosphate; CK, creatine kinase; CrP, creatine phosphate; ERP, effective refractory period; GAA, guanidinoacetic acid; GAMT, S-adenosyl-L-methionine:N-guanidinoacetate methyltransferase; HEPs, high-energy phosphates; IHD, ischemic heart disease; KATP, ATP-sensitive K+ channels; LPLs, lysophospholipids; MDA, malondialdehyde; MEMT, myocardial energy metabolic therapy; MRS, magnetic resonance spectroscopy; OP, oxidative phosphorylation; RCTs, randomized controlled trials; SP, substrate phosphorylation.
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Perturbations in myocardial energy substrate metabolism are key contributors to the pathogenesis of heart diseases. However, the underlying causes of these metabolic alterations remain poorly understood. Recently, post-translational acetylation-mediated modification of metabolic enzymes has emerged as one of the important regulatory mechanisms for these metabolic changes. Nevertheless, despite the growing reports of a large number of acetylated cardiac mitochondrial proteins involved in energy metabolism, the functional consequences of these acetylation changes and how they correlate to metabolic alterations and myocardial dysfunction are not clearly defined. This review summarizes the evidence for a role of cardiac mitochondrial protein acetylation in altering the function of major metabolic enzymes and myocardial energy metabolism in various cardiovascular disease conditions.
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INTRODUCTION

Following the discovery of histone acetylation and its regulatory effect on RNA synthesis by Allfrey et al. (1), it has been established that alterations in the level of histone acetylation can modulate gene expressions via chromatin remodeling and epigenetic modifications (2, 3). Indeed, dysregulation of histone acetylation level has been strongly linked with the development and progression of cancer and other human diseases (4, 5). This was further reinforced by the identification of histone acetyltransferases (HAT) and histone deacetylases (HDACs), enzymes that mediate the addition or removal of an acetyl group to and from a lysine residue of histone proteins (6, 7), and the development of several HDAC inhibitors to treat cancer and heart diseases (8–10).

In addition to nuclear histone acetylation, the potential for non-histone protein acetylation of non-nuclear proteins has also recently generated considerable interest. The first acetylation of cytoplasmic proteins was described in microtubules (α-tubulin) in 1987 by Piperno et al. (11). The involvement of acetylation of non-nuclear proteins was further confirmed by the isolation of other acetylated proteins in both the cytosol and mitochondria, as well as the presence of deacetylase enzymes, such as SIRT2 and SIRT3 outside the nucleus (12–15). Since then, a number of acetylases and deacetylases have been identified outside the nucleus (Figure 1) (16). However, it is the advancements in protein acetylome quantitative methods, and the identification of several thousands of cytosolic and mitochondrial acetylated proteins using these techniques, that have recently helped advance our understanding of non-histone acetylation dynamics and its biological implications.


[image: Figure 1]
FIGURE 1. The process of protein lysine acetylation/acylation and deacetylation/deacylation. KAT1, lysine acetyltransferase; NAA60, N-α-acetyltransferase 60; CBP, CREB-binding protein; SIRT, sirtuin, GNAT, GCN5-related N-acetyltransferases; MYST, MYST family acetyltransferase; GCN5L1, General control of amino acid synthesis 5 (GCN5) like-1; ACAT1, acetyl-CoA acetyltransferase; AC, lysine Acetylation; SU, succinylation; MU, malonylation.


Kim et al. reported the first large acetyl proteomic data profile by identifying 388 acetylation sites in 195 proteins in HeLa cells and mouse liver using immunoprecipitation of lysine-acetylated peptides and mass spectrometry analysis (17). Of these, 133 proteins with 277 lysine acetylation sites were from mitochondria, showing for the first time the abundance of the acetylation process in mitochondria. Subsequently, several hundred acetylated proteins were also identified in other studies using either nutritional or acetylase/deacetylase enzymatic manipulations (18, 19). For example, in response to caloric restriction in mice, Schwer et al. reported acetylation of several proteins involved in metabolic pathways in the liver (19). Another study by Zhao et al. revealed the prevalence of acetylation of several metabolic enzymes and its possible regulatory role using both HDAC and non-histone acetylation inhibitors (20). Similarly, Lombard et al. demonstrated extensive mitochondrial protein acetylation in SIRT3 knockout (KO) mice (21), a finding confirmed by Hirschey et al. (22). Strikingly, these studies described the exceptional susceptibility of mitochondrial proteins to acetylation modification in response to various stressors, with up to 60% of mitochondrial proteins reported to being acetylated (23). Of importance, the majority of these acetylated proteins were enzymes catalyzing energy metabolic processes (19–21, 24). Similar to acetylation modifications, several studies have demonstrated increased succinylation and malonylation of a large number of cytosolic and mitochondrial proteins in response to SIRT5 deletion (25–27). For instance, in liver mitochondria isolated from SIRT5 KO mice, Rardin et al. identified 1190 succinylation sites, of which 386 sites on 140 proteins were seen in enzymes involved in energy metabolism, including fatty acid β-oxidation and ketogenesis (26). Despite these studies, that have revealed widespread acyl modifications on proteins in most of the metabolic pathways, its biological significance and regulation are still poorly understood. Understanding these post-translational modifications is particularly important in heart failure, where significant alterations in mitochondrial metabolism are seen, and disturbances in the metabolites used as a substrate for these post-translational modifications occur.

Impairments in myocardial energy substrate metabolism are a major contributor to the pathogenesis of heart failure (28–30). However, the underlying causes of these metabolic perturbations remain unclear. In the failing heart, changes in the transcription of genes encoding metabolic enzymes, particularly fatty acid metabolic enzymes, have been suggested as one of the mechanisms for altered energy substrate metabolism (31–34). Nevertheless, transcriptional regulation alone is not sufficient to explain all the metabolite and enzyme activity changes observed in the failing heart (35, 36). Several post-transcriptional and post-translational processes have been shown to modulate the original transcription products, and thus can significantly alter energy metabolism in the failing heart. Post-translational acetylation-mediated modification of metabolic proteins is thought to have a regulatory role in these energy metabolic changes (37–39).

In addition to acetylation, many other post-translational modifications including phosphorylation, malonylation, succinylation, glutarylation, ubiquitination, SUMOylation, O-GlcNAcylation, N-glycosylation, methylation, citrullination, and S-nitrosylation play important roles in cardiac disease pathogenesis, including metabolic perturbations (40–42). However, the focus of this review will be on the role of acetylation (and some acylation) modifications of energy metabolic enzymes and their contributions to altering cardiac energy metabolism. Although the relevance of protein acetylation changes have also been reported in other pathological processes, including inflammation, oxidative stress, and apoptosis, this review will mainly discuss the connections between acetylation imbalances and cardiac energy metabolic changes.



THE PROCESS OF PROTEIN ACETYLATION

Lysine acetylation of proteins occurs through the covalent attachment of an acetyl group to the lysine residues of proteins. This acylation modification causes important changes to the protein at its lysine residue, which includes altering its charge status and adding an extra structural moiety (43, 44). These changes impact the proteins' native structure, its interactions with other proteins or regulatory molecules, its stability, and its function (45). Similar to acetylation, lysine succinylation, and malonylation have also emerged as functionally important acyl group modifications. These acyl modifications occur by the addition of malonyl and succinyl groups to the same or different lysine residues modified by acetylation (25, 26, 46). As discussed in the following section, cellular protein acetylation dynamics are regulated by various factors including pathological stressors, substrate availability, and the balances between acylation and deacylation enzymes (47).

While several acyltransferases have been characterized and shown to catalyze histone and other nuclear protein acetylation processes (48, 49), the involvement of these acyltransferases in the transfer of acetyl (acyl) group during cytosolic and mitochondrial protein acetylation (acylation) modifications remains to be clearly defined. A few studies suggest that some of the nuclear acetyltransferases, such as p300/CBP, may shuttle between the nucleus and cytoplasm and participate in the acetylation of cytosolic proteins (44, 50, 51). Type B lysine acetyltransferases (KATs), which include KAT1 and NAA60, are also cytoplasmic enzymes (48). The GNAT family, ATAT1 and general control of amino acid synthesis 5-like 1 (GCN5L1) acetyltransferase, also contribute to mitochondrial protein acetylation changes (Figure 1) (52, 53). However, it has also been suggested that mitochondrial protein acetylation can occur through non-enzymatic modifications (54, 55). Although widespread protein malonylation and succinylation have been described in the mitochondria (25, 56), no specific succinyltransferases or malonytransferases have been identified to date. As a result, some researchers have proposed that non-enzymatic mechanisms may be responsible for such acyl modifications (55), while others suggest that some nuclear acetyltransferases, such as histone acetyltransferase 1 (HAT1), may be involved in nuclear protein lysine succinylation (57).

Deacetylation of cytoplasmic and mitochondrial proteins mainly involves the actions of sirtuin enzymes. Sirtuins are class III NAD+-dependent protein deacetylases, which are considered as orthologs of silent information regulator 2 (SIR2) in yeast (58, 59). SIR2 regulates the transcription of silencing of mating-type loci, telomeres, and ribosomal DNA, thereby prolonging the yeast's lifespan (60, 61). Sirtuins can also regulate mammalian lifespan (62–64). This effect of sirtuins has led to the suggestion that sirtuins are mediators of the favorable effects of calorie restriction on health and aging, including metabolic reprogramming and stress tolerance. In support of this, caloric restriction is also shown to increase the expression of sirtuins (21, 22, 65, 66).

There are seven mammalian sirtuin proteins (SIRT1–SIRT7) with variation in their tissue specificity, subcellular localization, enzymatic activity, and targets (16). SIRT1, 6, and 7 are mainly localized in the nucleus (16, 67, 68), while SIRT2 is predominantly localized in the cytoplasm (12). However, SIRT1 and SIRT2 can shuttle between the nucleus and the cytoplasm and acetylate proteins in both compartments (67, 69). SIRT1 can regulate the acetylation state of diverse cellular proteins in the nucleus (70). In contrast, SIRT 3, 4, and 5 are mainly localized in the mitochondria (13, 16, 71), although some studies have reported cytosolic localization of SIRT5 (25). In terms of their enzymatic activity, SIRT 1–3 possess potent deacetylase activity, regulating protein acetylation status in the respective organelles (21, 23, 72). The other sirtuins, SIRT 4–7, have weak or no detectable deacetylase activity or either have very protein specific deacetylation activity (73) or mediate other deacylation processes (21). Of importance, SIRT5 has potent lysine demalonylation and desuccinylation activity (25, 56, 74). Additionally, SIRT4 and 6 have been shown to possess ADP-ribosyltransferase activity in the mitochondria and nucleus, respectively (71, 75). Also, SIRT7 has been described to have desuccinylase activity on nuclear histones (76). Combined, deacylation by sirtuins regulates diverse processes including, metabolism, gene expression, cell survival, and several other processes in the heart (77). In addition to sirtuins, recent studies have also suggested the participation of non-sirtuin HDACs in the regulation of mitochondrial acetylation dynamics (78, 79). In support of this, HDAC1 and HDAC2 have been detected in the mitochondrial isolates from mouse hearts (79).



MYOCARDIAL CONTROL OF ACETYLATION/ACYLATION

Lysine acylation in the heart can be driven and affected by several factors including the altered level and function of acetyltransferases (such as GCN5L1) and deacylation enzymes (sirtuins), the levels of acetyl-CoA and short-chain acyl-CoAs, the levels of NAD+, and the underlying disease state (39, 80, 81). However, it is not yet clear how these individual factors contribute to the degree of mitochondrial protein acetylation/acylation, and whether their contribution varies according to variable conditions. As a result, despite the increased recognition of excessive protein acetylation and acylation in various forms of heart failure, there is a need to better understand the actual mechanism that is responsible for these protein post-translational modifications (PTMs).


Altered Acyl-CoA Levels

Short-chain acyl-CoA species such as acetyl-CoA, malonyl-CoA, and succinyl-CoA are important metabolite intermediates generated during catabolism of various energy fuels. They are also donors of acetyl, malonyl, and succinyl groups for protein lysine acetylation, malonylation, and succinylation, respectively. Thus, the levels and distribution of these short acyl-CoA species can significantly affect cellular PTMs patterns.

Previous studies have suggested that increased acetylation largely arises from the non-enzymatic reaction of high levels of acetyl-CoA generated during a high-fat diet (HFD), obesity, and diabetes (82–86). Myocardial fatty acid ß-oxidation increases with a HFD, diabetes, and obesity, leading to an increase in acetyl-CoA generation (84, 87, 88). Compromised mitochondrial tricarboxylic acid (TCA) cycle activity, such as during ischemia and severe heart failure, can also increase mitochondrial acetyl-CoA levels. The mitochondrial acetyl-CoA production in these conditions may exceed the oxidative capacity of the TCA cycle and therefore increase the mitochondrial acetyl-CoA pool size. As acetyl-CoA is a substrate for acetylation, this excess acetyl-CoA has the potential to drive acetylation of mitochondrial proteins. In agreement with this, Pougovkina et al., using radioactively labeled palmitate, showed that acetyl-CoA generated by fatty acid ß-oxidation in cultured liver cells is sufficient to drive global protein hyperacetylation (89). Similarly, in a recent study, Deng et al. observed a high incorporation of fatty acid-derived 13C isotope onto acetylated peptides in failing mouse hearts. The authors also demonstrated a significant elevation in the levels of protein acetylation in H9c2 cells when incubated with palmitate, suggesting an association between fatty acid ß-oxidation and protein hyperacetylation (90). Wagner and Payne also demonstrated that widespread protein acetylation in the mitochondria may be facilitated by alkaline pH and high concentrations of reactive acyl-CoAs independent of any enzymatic action (55). Although these studies suggest that elevations in acetyl-CoA levels during increased fatty acid utilization enhances protein acetylation events, it has not yet been demonstrated whether an increased acetyl-CoA production from other fuels also contributes to protein acetylation modification in the mitochondria.

Unlike acetyl-CoA, the association between malonyl-CoA and succinyl-CoA levels and corresponding changes in lysine acylation in the heart has not been examined. However, in contrast to acetyl-CoA levels, malonyl-CoA levels are reduced under conditions of increased fatty acid ß-oxidation as a result of increased malonyl-CoA decarboxylase (MCD) enzymatic activity, the enzyme that degrades malonyl-CoA (91, 92). Others have also suggested that malonyl-CoA levels are unchanged during obesity or with a HFD (93, 94). High levels of fatty acids seen in these conditions also increase myocardial MCD expression, contributing to a decrease in malonyl-CoA levels (95). In contrast, increased malonyl-CoA levels in MCD deficient human fibroblast cells resulted in a two-fold increase in the levels malonylation, suggesting that malonyl-CoA levels may impact malonylation status (96). Although succinyl-CoA is one of the most abundant acyl-CoAs in the heart (46), it is not known if succinyl-CoA levels alter succinylation status in the heart. It is known that protein lysine succinylation is increased in mice hearts lacking SIRT5 (46), and that many of these proteins participate in metabolic pathways that include oxidative phosphorylation, fatty acid ß-oxidation, ketogenesis, branched-chain amino acid (BCAAs) catabolism, and the TCA cycle (97).



Altered Expression of Acyltransferases

In contrast to the well-characterized role of multiple acetyltransferases for histone or nuclear protein acetylation, less is known regarding the role of acetyltransferases in cytosolic and mitochondrial lysine acetylation. Enzymatic acetylation of mitochondrial or cytosolic proteins may involve the GNAT family of acetyltransferases, including acetyl-CoA acetyltransferase (ACAT1) (98) and GCN5L1 (52, 53). Studies by Thapa et al. demonstrated a correlation between an excess nutrient (i.e., a HFD), upregulation of GCN5L1 expression, and increased mitochondrial lysine acetylation (53), although we observed no changes in GCN5L1 expression under similar experimental conditions (39). Reduced mitochondrial protein acetylation in GCN5L1 cardiac-specific KO mice subjected to a HFD has also been reported (99). We have also shown an increased expression of GCN5L1 in association with increased lysine acetylation in the newborn heart (100).

As discussed, protein lysine malonylation and succinylation modifications are highly prevalent in enzymes of mitochondrial metabolism and the TCA cycle (25, 56, 74). However, it is still unknown whether these processes are catalyzed by succinyl or malonyl transferases or whether they occur passively. Therefore, it remains unclear how these protein acylation modifications are regulated during pathological conditions.



Altered Expression of Sirtuins

SIRT3 is a major mitochondrial deacetylase. Studies have shown an association between SIRT3 deletion and mitochondrial protein hyperacetylation, supporting its critical deacetylating role (21, 22). Many key enzymes in fatty acid and carbohydrate metabolism are substrates for SIRT3 deacetylation (72, 101, 102). Downregulation of SIRT3 occurs in response to stressors such as a HFD or various heart diseases (81, 103). Decreased SIRT3 has been also implicated in various cardiac pathologies in association with hyperacetylation of mitochondrial proteins (54, 104). For instance, a change in the expression of SIRT3 isoforms (long and short forms) is seen in mice hearts subjected to different hypertrophic stimuli (105). However, there is a lack of understanding as to how SIRT3 gene expression is affected by altered metabolic (nutrient) state or heart failure. Moreover, most previous studies have focused on the expression levels of SIRT3, as opposed to actual SIRT3 enzymatic activity.

Cardiac SIRT1, a deacetylase enzyme in the nucleus and cytosol, is also downregulated in advanced heart failure (106). Similar findings in other heart failure studies have also been observed, which demonstrated an association between decreased SIRT1 expression and increased oxidative stress (107). Paradoxically, other researchers have shown a correlation between constitutive overexpression of SIRT1 and impaired cardiac function, as well as disturbed cardiac energy metabolism in response to acute pressure overload (108). SIRT1 protein is also negatively regulated by HFD, which induces its cleavage by the inflammation-activated caspase-1 in adipose tissue (109).

Some studies have indicated a high level of SIRT5 expression in normal hearts (16). However, the pattern of changes in SIRT5 levels under stress conditions is not well-characterized. A previous study on mouse primary hepatocytes have suggested upregulation of SIRT5 by peroxisome proliferator-activated receptor coactivator-1α (PGC-1α), and downregulation by AMP-activated protein kinase (AMPK) (110). Unlike SIRT1 and 3, the absence of SIRT5 does not affect the development of HFD-induced metabolic abnormalities and insulin resistance (111).

HDACs are known to modulate histone acetylation status and thus affect its interaction with DNA, which results in chromatin remodeling and transcriptional changes (2). However, recent studies have also implicated a role for HDAC in modifying the mitochondrial acetylome directly in a non-transcriptional manner using various HDAC inhibitors (78, 79, 112). Both hyperacetylation and hypoacetylation of mitochondrial proteins was observed in response to a pan-HDAC inhibitor in a feline model of heart failure (78). However, the effects of these acetylation modifications was not investigated in this study. Moreover, though a positive association has been made between HDAC inhibition and improved cardiac function in relation to acetylation changes, it has not yet been explored how HDAC inhibition affects sirtuin functions or whether the patterns of acetylation regulated by HDAC inhibition is different from those regulated by mitochondrial sirtuins.



Altered NAD+ Levels

NAD+ is an important cofactor for sirtuins, and as such fluctuation in NAD+ levels may be one of the contributing factors for altered protein acetylation levels (58). Through NAD+, sirtuin activity is directly linked to the energy status of the cell. NAD+ is synthesized from different biosynthetic precursors. In the salvage pathway, the major NAD+ generating pathway, nicotinamide riboside (NR) and nicotinamide (NAM) are converted into nicotinamide mononucleotide (NMN) by nicotinamide riboside kinase (NRK) and nicotinamide phosphoribosyltransferase (NAMPT) enzymes, respectively. Nicotinamide mononucleotide adenyltransferases (NMNAT) then converts NMN to NAD+. In the de novo pathway, NAD+ is generated from the amino acid tryptophan, which is ultimately converted into the biosynthetic intermediate, nicotinic acid mononucleotide (NaMN) through multiple enzymatic steps. Nicotinic acid mononucleotide is then converted to nicotinic acid dinucleotide (NaAD+) by NMN/NaMN adenylyltransferases (NMNATs) and then converted to NAD+ by NAD+ synthetase through deamination (113). Intracellular NAD+ levels can also be altered by rates of glycolytic and mitochondrial metabolic pathways using NAD+ to produce NADH, rates of mitochondrial electron transport chain activity that produce NAD+ from NADH, and by enzymes that consume or catabolize NAD+, such as the poly ADP-ribosyltransferases (PARPs) and the NAD+ cyclases (CD38) (113, 114).

Alterations in the NAD+ biosynthetic or degradation pathways may directly affect the activity of sirtuins and thus protein acetylation status (115, 116). Kinetics studies on sirtuins and NAD+ metabolites, have demonstrated the sensitivity of sirtuins to changes in nicotinamide and NAD+ levels, which inhibits and activates its enzymatic activity, respectively (58, 117, 118). While both the NADH and NAD+/NADH ratio have been previously suggested to impact lysine acetylation status (80, 119, 120), recent studies indicated that alterations in NADH have insignificant effect on sirtuin regulation (117, 121). Accordingly, NADH has a very poor binding affinity to sirtuins (117), and sirtuins are insensitive to NADH inhibition at the concentration of NADH found in the cell (121). As a result, changes in NAD+, as opposed to commonly reported changes in the NAD+/NADH ratio, should be used for assessing NAD+ regulation of sirtuin activity (122). Both NADH & NAD+, as well as NAD+/NADH ratio, also significantly varies across cellular compartments and in response to various disease or metabolic states, making it difficult to interpret the implication of NAD+/NADH ratio in controlling sirtuin activity (122). In addition, the NAD+/NADH ratio alone does not also provide specific information on the direction of changes to the individual nucleotides. Thus, measurement of free NAD+ levels is most relevant when it comes to the regulation of sirtuins and perturbations in protein acetylation.

Previous studies have demonstrated changes in the activity of sirtuins and protein acetylation levels by modulating both NAD+ synthetic and catabolic pathways (41, 115, 123). Accordingly, Lee et al. observed a significant decrease in the mitochondrial proteins acetylome in response to NAMPT overexpression or NAD+ supplementation (80). Similarly, other studies have also shown increased NAD+ levels accompanied by enhanced SIRT1 and SIRT3 activities in responses to NR supplementation, which was accompanied by an increase in oxidative metabolism and protection against HFD-induced metabolic abnormalities (123). Supporting this, producing a CD38 deficiency (which is a NAD+ degrading enzyme) protects the heart from HFD-induced oxidative stress by increasing NAD+ availability and activating SIRT3 mediated protein deacetylation (115). NAD+ depletion occurs in many cardiac pathologies, such as during ischemia-reperfusion (I/R) injury, and several therapeutic strategies to increase NAD+ levels have been proposed (124, 125). However, the mechanisms which mediate the favorable effects of increasing NAD+ levels are not completely understood, although emerging data suggests activation of sirtuins and decreasing protein acylation modifications as key effectors (126–129).




ACETYLATION/ACYLATION OF ENERGY METABOLIC ENZYMES AND MYOCARDIAL METABOLIC ALTERATIONS

Alterations in myocardial energy metabolism, both in terms of changes in energy substrate preference, and decreased mitochondrial oxidative metabolism and ATP production, are key contributors to heart failure development (28, 130–133). Various injury or stress signals, including ischemia, hypertrophy or neurohormonal changes, are thought to mediate these metabolic derangements (130). While these disturbances result in an unbalanced use of glucose and fatty acids and a decreased contractile efficiency during heart failure, it remains controversial whether the shifts occur toward increased glucose use or increased fatty acid use, and whether these shifts are adaptive or pathological (30, 33, 134–139). Our limited understanding of the underlying mechanisms regulating these metabolic changes is a major challenge to better characterizing these alterations for potential therapeutic interventions.

Changes in metabolic gene expressions, predominantly down-regulation of fatty acid transporting and metabolizing proteins, have been described as one of the contributors to the metabolic changes seen in heart failure (31–34, 139). Recently, apart from transcription regulation, several post-transcriptional and post-translational processes have been shown to modulate transcriptional and protein products (41, 42). There is also an inconsistency in these transcriptional changes, within both the metabolic pathways and across species (31). For instance, while downregulation of fatty acid metabolic enzymes expression is observed in various animal models of heart failure, no significant alterations are observed in genes regulating glucose metabolism, or changes are largely inconsistent, in human heart failure samples (31, 35). Even within the fatty acid metabolic genes, transcriptional downregulation has been observed only in a few of them compared to the widespread post-translational modification seen in most of these enzymes (34, 35). In support to this, Sack et al. observed, a mismatch between mRNA levels and activities of some of the fatty acid metabolic enzymes in the failing heart (139), suggesting a role for post-transcriptional and post-translational changes.

Growing evidence suggests that post-translational acetylation modification may play a significant role in altering myocardial metabolism during heart failure by modifying the function and structure of major metabolic proteins (39, 104, 140). Hyperacylation of key metabolic enzymes involved in fatty acid and glucose metabolism has been shown in heart failure as well as response to excess nutrition or sirtuin deletions (81, 83, 97, 141, 142). However, despite the modification of many of these enzymes by acetylation or other acylations, the actual impact of these PTMs on individual pathways and enzymes remains poorly understood. In this section, we summarize recent evidence on the impact of hyperacetylation on selected metabolic enzyme activity in the heart as well as in other organs or cells (Figure 2).
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FIGURE 2. Metabolic proteins subjected to acetylation control in the heart. AC, lysine acetylation; GLUT4, glucose transporter isoform 4; SLC7A5/8, solute carrier family-7; SLC25A44, solute carrier family-25; SLC16, solute carrier family-16; MCT, monocarboxylate transporter 1; CD36, cluster of differentiation 36; FABPpm, plasma membrane fatty acid-binding protein; MCD, malonyl CoA decarboxylase; ACC, acetyl CoA carboxylase; PDH, pyruvate dehydrogenase; LCAD, long-chain acyl CoA dehydrogenase; β-HAD, β-hydroxyacyl CoA dehydrogenase; KAT, 3-ketoacyl-coa thiolase; ECH, enoyl-CoA hydratase; FAS, fatty acyl CoA synthase; CPT-1, carnitine palmitoyltransferase 1; CPT-2, carnitine palmitoyltransferase-2; CT, carnitine acyl translocase; BCAA, branched-chain amino acids; BCATm, mitochondrial branched-chain aminotransferase; BCADH, branched-chain amino acid dehydrogenase; β-OHB, β-hydroxybutyrate; BDH-1, 3-hydroxybutyrate dehydrogenase 1; SCOT, 3-ketoacid CoA transferase; CS, citrate synthase; ISDH, iso-citrate dehydrogenase; α-KGDH, alpha-ketoglutarate dehydrogenase; SCS, succinate CoA synthetase; MDH, malate dehydrogenase; SDH, succinate dehydrogenase; FH, fumarate hydratase; OAA, oxaloacetate; MCD, malonyl CoA decarboxylase; ACON, aconitase; HK, hexose kinase; GA3P, glyceraldehyde 3-phosphate; 3PG: 3-phosphoglycerate; PGM, Phosphoglycerate mutase; PK, pyruvate kinase; CoQ, coenzyme Q; Cytc: cytochrome C; FAD/FADH2, flavin adenine dinucleotide; NAD/NADH2, nicotinamide adenine dinucleotide.



Fatty Acid ß-Oxidation

The enzymes catalyzing the cyclic reactions of fatty acid β-oxidation (which converts fatty acid carbons into acetyl-CoA moeities) includes long-chain acyl CoA dehydrogenase (LCAD), enoyl-CoA hydratase, L-3-hydroxy acyl-CoA dehydrogenase (β-HAD), and 3-ketoacyl-CoA thiolase (KAT) (143, 144). Acetylation of these enzymes has been widely reported in various studies (Table 1) (20, 22, 83). The functional consequences of acetylation are relatively well-studied for LCAD and β-HAD. However, most of these studies were conducted in the liver and skeletal muscle, and only a few studies examined the direct impact of acetylation on fatty acid metabolism in the heart.


Table 1. Effect of lysine acetylation on major metabolic enzymes in the heart.

[image: Table 1]

The exact effect of acetylation on fatty acid metabolizing enzymes' activity remains controversial, and there are two opposing views. Using both HFD and SIRT3 KO mice, we demonstrated a positive correlation between increased acetylation of myocardial LCAD and β-HAD and their enzymatic activities as well as increased fatty acid ß-oxidation rates in the heart (83). A similar relationship between acetylation and increased fatty acid ß-oxidation was also seen in newborn rabbits and human hearts. In the early newborn period, a dramatic maturational change in myocardial energy substrate metabolism occurs, accompanied by an increase in fatty acid ß-oxidation. In association with this, we have shown increased acetylation of LCAD and β-HAD, accompanied by an increase in their activities, during the maturation of fatty oxidation in neonatal rabbit hearts (100). The increased acetylation of these enzymes is accompanied by an up-regulation of the acetyltransferase, GCN5L1. In a separate study, we also found a decreased LCAD and βHAD activities and a decrease in fatty acid ß-oxidation rates in hypertrophied newborn human and rabbit hearts in association with decreased acetylation status of these enzymes (154). Similarly, Thapa et al. revealed a positive association between increased acetylation and activities of several cardiac fatty acid ß-oxidation enzymes, including LCAD, β-HAD, and short-chain acyl-CoA dehydrogenase in chronic HFD mice, along with GCN5L1 upregulation (53). Furthermore, decreasing acetylation by GCN5L1 knockdown leads to diminished fatty acid ß-oxidation in cultured H9C2 cells, supporting the idea that lysine acetylation promotes fatty acid ß-oxidation in the heart (53).

Additional evidence for a positive correlation between increased acetylation and increased activities of fatty acid ß-oxidation enzymes have been reported from studies in diabetic animals. In streptozotocin-induced type 2 diabetic rat hearts, Vazquez et al. found a significant increase in mitochondrial lysine acetylation compared to the controls (143). Increased activities of medium- and long-chain acyl-CoA dehydrogenases (MCAD, LCAD) and fatty acid ß-oxidation rates were observed in the hearts of diabetic animals. Analysis of substrate preference in these hearts also revealed an increase in state 3 respiration using palmitoylcarnitine as a substrate (146). Similarly, in type 1 diabetic mice, a 2.5-fold increase in total acetylation levels compared to age-matched controls was observed in the heart. In this study, the maximal rate of respiration remained unchanged only when palmitoylcarnitine or a fatty acid-based substrate was used (85). Furthermore, data from the two most recent studies also indicated that fatty acid utilization in the heart is either unaffected or proceed in harmony with increased acetylation state (90, 155).

Activation of fatty acid ß-oxidation by acetylation is also reported in other tissues/cells. A direct relationship between hyperacetylation and activity of enoyl-coenzyme A hydratase/3-hydroxy acyl-coenzyme A was demonstrated in the presence of high fat and deacetylase inhibitors in cultured Chang human liver cells (20). Other investigators have also found a link between HDAC3 mediated deacetylation of 3-hydroxy acyl-coenzyme A and its decreased activity in macrophages, while HDAC3 depletion reversed this effect (112). Moreover, in SIRT3 KO mice and SIRT3 deficient skeletal muscle cells, Jing et al. showed an increase in palmitate oxidation rates in the presence of excessive acetylation (155). In the presence of high palmitate, oxygen consumption rates are significantly higher in SIRT3 lacking myoblasts, which is lost in the presence of etomoxir, a fatty acid ß-oxidation inhibitor (156). Together, these studies demonstrate that increased acetylation of myocardial fatty acid ß-oxidation enzymes is associated with their enhanced activities. This is further supported by the fact that both myocardial fatty acid utilization and mitochondrial acetylation are enhanced during a HFD, obesity, and diabetes (157). The high fatty acid ß-oxidation rate seen in these conditions may also lead to the increased production of acetyl-CoA that can serve as a substrate for acetylation (82). Thus, it is reasonable to assume that increased acetylation of fatty acid oxidative enzymes can further trigger the enzyme activity and led to the continuation of fatty acid ß-oxidation in the heart in these circumstances.

In contrast to the scenarios discussed above, a study by Koentges et al., in isolated working hearts, found a negative correlation between hyperacetylation of LCAD and its activity along with reduced palmitate oxidation in SIRT3 deficient transverse aortic constriction (TAC) mice (158). However, these hearts were perfused with a buffer that contained an ultra-physiological high concentration of glucose (11 mM) and a lower fatty acid to albumin ratio (1.5%) where both conditions may contribute to decreased fatty acid ß-oxidation rates. Likewise, Chen et al. also reported an abnormal lipid accumulation and decreased palmitate ß-oxidation rates in TAC-induced hypertrophic hearts, with a further decline in SIRT3 KO mice hearts in association with hyperacetylation of LCAD (145). A recent study by Davidson et al. showed reduced expression of genes of fatty acid catabolism despite no overt abnormalities in mitochondrial respiration in mice deficient for cardiac carnitine acetyltransferase and SIRT3, despite the fact that the hearts exhibited extreme acetylation (159). In common, these three studies were done in mice with TAC-induced heart failure, while the last two did not assess directly the acetylation status of the enzymes. Overall, it is not clear if TAC alters the dynamics of acetylation on LCAD differently, such as through distinctive sites or multiple site modifications. However, several acyl modifications may likely coexist under these circumstances, which possibly compete with acetylation for the same lysine residue (104). However, experimental data are lacking regarding these interactions in heart failure.

Unlike the heart, studies conducted in the liver reported an inhibitory effect of acetylation on fatty acid metabolism. Hirschey et al. described a decreased activity of LCAD enzyme and reduced fatty acid ß-oxidation following hyperacetylation of these enzymes in SIRT3 KO mice. The authors further reported an accumulation of long-chain acylcarnitine species, fatty acid ß-oxidation intermediate products, and triacylglycerol in livers from SIRT3 KO mice that could suggest a decreased rate of fatty acid ß-oxidation. From the eight acetylated lysine residues detected on LCAD, lysine residue 42 was identified as a critical regulation site for acetylation (22). Furthermore, analysis of the rate of conversion of radiolabeled palmitate revealed lowered oxidizing capacity and ATP production in tissue homogenates from SIRT3–/– compared to wild-type tissue at a high substrate concentration. Reduced activities of fatty acid ß-oxidation enzymes in the liver by acetylation were also reported in other studies (160). In addition to LCAD and β-HAD, hyperacetylation of hydroxy acyl-CoA dehydrogenase, another important enzyme in fatty acid ß-oxidation, led to its decreased activity and decline in overall fatty acid oxidation rate in the mouse liver. Deletion of GCN5L1 acetylase enzyme or overexpression of SIRT3 reduced hydroxy acyl-CoA dehydrogenase acetylation and increased its activity as well as fatty acid ß-oxidation in the liver (161, 162). However, there is presently no agreement on the functionally significant acetylation sites or SIRT3 target sites in these studies. While Hirschey et al. noted lysine 42 residue on LCAD as an important regulation site (22), using chemically acetylated recombinant proteins, Bharathi et al. identified Lys-318 and Lys-322 residues as an important site for LCAD acetylation/sirt3 deacetylation (160). To date, a detailed analysis of lysine residue modification and functional acetylation/deacetylation target sites for LCAD and β-HAD is lacking in the heart. Not all lysine residues within LCAD that are acetylated are expected to impact LCAD activity in the same manner. Understanding the acetylation status of different acetylation sites, and their effect on the enzyme function in multiple tissues will help to characterize the tissues specific effects of acetylation dynamics.

Compared to acetylation, the effect of succinylation and malonylation modification on fatty acid ß-oxidation enzymes is not clear. Some studies have shown an impaired β-oxidation and accumulation of medium- and long-chain acylcarnitines in the liver and muscles of SIRT5 KO mice (26). Most of the acyl-CoA dehydrogenase enzymes, including very long-chain acyl-CoA dehydrogenase (VLCAD), LCAD, and MCAD, were found to be hypersuccinylated, suggesting a suppressive effect of excessive succinylation on fatty acid oxidizing enzymes (26). In contrast, cardiac ECH is desuccinylated and activated by SIRT5 (46, 97). But the effects of similar modifications on other enzymes in this pathway have yet to be determined.

Overall, from all these data it is possible to suggest that the effect of lysine acetylation on fatty acid ß-oxidative enzymes may not be similar between different tissues, at least between the liver and heart. Reasonably, these differences may account for the specialization of these tissues in regulating fatty acid ß-oxidation differently in line with their physiological functions. The liver has a high capacity for both synthesizing and oxidizing fatty acids and the two processes are regulated reciprocally during a fed or fasting state as well in disease conditions such as in obesity or diabetes. On the contrary, the heart continually uses fatty acids as a source of energy, which accounts for up 60–90% of the total energy requirements for its normal contractile function irrespective of the fed state or disease conditions. While acetylation may serve as a feedback regulation in the liver as suggested by Bharathi et al. (160), the same mechanism would potentially compromise the heart's ability to produce energy if fatty acid ß-oxidation enzymes were down-regulated by acetylation induced by excess fatty acid ß-oxidation. Thus, future studies are needed to determine the differences in acetylome between the two tissues, and if acetylation-mediated regulation of fatty acid ß-oxidation is tissue- or site-specific.



Glucose Metabolism
 
Glucose Oxidation

In contrast to fatty acid metabolism, the effects of acetylation on glucose metabolism have received less attention, especially in the heart. However, recent studies reported the acetylation of several proteins involved in glucose transport, glycolysis, and glucose oxidation (83, 149, 156). The pyruvate dehydrogenase complex (PDH) is one of the most widely investigated glucose metabolizing enzymes in relation to acetylation. It is a key enzyme that catalyzes the irreversible and rate-limiting step in glucose oxidation that links glycolysis to the TCA cycle. PDH is regulated by several mechanisms, but the change in its phosphorylation status is critical to its activity. It is inhibited by phosphorylation on the E1 subunit by a specific PDH kinase (PDK), PDK4, and is activated when dephosphorylated by PDH phosphatase (163, 164).

Modification of PDH by acetylation has been demonstrated in several studies (53, 83, 156). In HFD induced obese mice subjected to a TAC, we showed a significant increase in PDH acetylation with a decrease in glucose oxidation rates (147). Similarly, Thapa et al. reported increased acetylation of the α-subunit of PDH in the heart after HFD feeding, and its hyperacetylation was shown to inhibit its activity (53). Reduced activity of PDH in association with its increased acetylation and decreased SIRT3 level has been also demonstrated in mice with angiotensin II-induced cardiac hypertrophy (165).

In addition, increased acetylation has also been implicated in a reduced transport of pyruvate into the mitochondria. Akita type 1 diabetic mice hearts exhibit a significant hyperacetylation state, along with a 70% decrease in the rate of mitochondrial pyruvate transport that occurs without any changes in the protein level of the mitochondrial pyruvate carriers 1 and 2 (MPC1 and MPC2). Mass spectrometry analysis revealed that acetylation of lysines 19 and 26 of MPC2 were increased in Akita mice heart mitochondria, and that acetylation at these sites is associated with impaired pyruvate metabolism in the heart (148).

The impact of acetylation on PDH has also been examined in skeletal muscle by Jing et al. Deletion of SIRT3, both in vivo in SIRT KO mice and in vitro in myoblasts, lead to a significant increase in acetylation associated with decreased PDH activity along with a reduced glucose oxidation rate and accumulation of pyruvate and lactate metabolites. Six acetylation sites have been identified on the PDH E1α subunit, with lysine 336 being significantly altered by SIRT3 deletion (156). Interestingly, it was also shown that hyperacetylation of the PDH E1α at lysine 336 enhances its phosphorylation leading to suppressed PDH enzymatic activity. Additionally, Ozden et al. and Fan et al. also demonstrated the inhibitory effect of acetylation at lysine 321 on PDH activity in cancer cells, which is completely reversed by SIRT3 activation (97, 164). In the latter study, it was also shown that lysine acetylation at lysine 202 inhibits PDP1 by dissociating it from PDHA1, thus promoting its phosphorylation (97).

Hypersuccinylation of PDH accompanied by a decrease in SIRT5 expression is also associated with a decrease in PDH activity as the heart maturates in postnatal rabbits (100). Unexpectedly, Park et al. observed the suppressive effect of SIRT5 catalyzed desuccinylation on PDH in SIRT5 KO mouse embryonic fibroblasts (MEFs), while SIRT5 deletion led to an increase in PDH activity (25). In contrast, Zhang et al. found significantly reduced malate/pyruvate-driven respiration in SIRT5-deficient HEK293 cells, as well as in homogenates prepared from SIRT5 KO livers (166). While these discrepancies need further investigation, tissue/cell-specific variation in these modifications may contribute to these differences.



Glycolysis

Acetylation of glycolytic enzymes has been reported in hearts as well as various other cells. In newborn rabbit hearts, we showed a significant decline in glycolysis rates in line with hyperacetylation of its enzymes, including hexokinase (HK-1) and phosphoglycerate mutase (PGM) (100). In contrast, Hallows et al. have shown a negative regulation of PGM by SIRT1 (165). Acetylated PGM displayed enhanced activity, while Sirt1-mediated deacetylation reduced its activity in human embryonic kidney (HEK293) cells (167). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is another glycolytic enzyme subjected to acetylation modification. Similar to PGM, acetylation of GAPDH at lysine 254 increases its enzymatic activity in response to glucose in HEK293T cells (168). In contrast, GAPDH acetylation enhances its translocation from the cytoplasm to the nucleus in NIH3T3 cells, thereby inhibiting downstream glycolysis and accumulation of glycolytic intermediates (169). In another study, Xiong et al. showed an inhibitory effect of acetylation of pyruvate kinase (PK), which catalyzes the last step of glycolysis (170). In addition to acetylation, other acyl modifications can regulate glycolysis. GAPDH, PGK, and enolase are hypermalonylated in livers of db/db mice (142), although the effects of this hypermalonylation on the activities of these enzymes has not been investigated. Another study in hepatocytes demonstrated SIRT5 mediated demalonylation of GAPDH and increased activity, suggesting that malonylation decreases glycolytic flux (27). Similarly, desuccinylation of PK by SIRT5 increases its kinase activity (171). In contrast, Xiangyun et al. reported that desuccinylation of PKM2 by SIRT5 inhibits its activity in tumor cells (172). Unfortunately, there is a lack of data on the effect of malonylation and succinylation modifications on glycolysis in the heart.

At the transcriptional level, glycolysis is regulated by the level of hypoxia-inducible factor-1α (HIF-1α), a master transcriptional regulator of glycolytic enzymes (173). Studies by Geng et al. have shown a positive correlation between increased acetylation of HIF-1α by p300 at lysine 709 and its stability, or decreased polyubiquitination, in HEK293 cells (174). Similarly, other studies also showed an inhibition of HIF-1α by SIRT1 mediated deacetylation at lysine 674, in HT1080 and HEK293 cells (175). These results were also found in SIRT6 deficient embryonic stem cells and MEFs cells (174). Interestingly, these cells exhibit increased glucose uptake with up-regulation of glycolysis in association with increased HIF-1α activity.

The impact of acetylation on glucose uptake and its transporters has also been described. In both cultured cardiomyocytes and perfused hearts, Renguet et al. found that acetylation of GLUT 4 inhibits glucose uptake in adult cardiomyocytes, as well as in perfused hearts, by decreasing its translocation to the plasma membrane (173). Strikingly, treatment with inhibitors of acetyltransferases prevents the increase in protein acetylation and reverses the inhibition of glucose uptake and GLUT4 translocation (149). Unfortunately, the direct acetylation status of GLUT4 was not analyzed in this study. However, the inhibitory effect of acetylation on glucose uptake is supported by other studies. Using SIRT3 KO mice and hyperinsulinemic-euglycemic clamp experiments, Lantier et al. showed that increased acetylation leads to insulin resistance and reduced muscle glucose uptake that is associated with decreased hexokinase II (HKII) binding to the mitochondria in HFD-fed SIRT3 KO mice (176). This suggests a reduced HKII activity and translocation as a result of increased acetylation. Similar to the above study, unfortunately, there was no direct analysis of the acetylation status of the proteins involved in glucose uptake or glucose phosphorylation.



Insulin Signaling

Insulin resistance in type 2 diabetes and obesity as well as in other heart conditions contributes to a number of adverse changes in the heart that includes alterations in cardiac energy metabolism, lipotoxicity, and hypertrophy, and is associated with an increased risk of heart failure (84, 177, 178). Cardiac insulin signaling is impaired in heart failure, diabetes, and obesity (147, 178, 179). Recent studies have shown that several proteins in the insulin signaling pathway are targets for acetylation modification, which therefore may impact insulin signaling. Akt is an important component of the insulin signaling pathway. Akt activation requires binding with phosphatidylinositol 3,4,5-trisphosphate [PIP (3)], which promotes its membrane localization and phosphorylation by the upstream kinase, phosphoinositide-dependent protein kinase 1 (PDK1). Previously, we have shown a negative association between acetylation of insulin signaling mediators, such as Akt and PDK1, and their decreased activation as a result of changes in their phosphorylation status due to acetylation (147). In support of this, Sundaresan et al. showed that acetylation of Akt and PDK1 occurs in their pleckstrin homology (PH) domains, which blocks PIP (3) binding, and that this is reversed by SIRT1 deacetylation (150). SIRT2 also binds and activates Akt in insulin-responsive cells, through its interaction with the PH domain, whereas SIRT2 inhibition impairs AKT activation by insulin (180).




Acetylation and Metabolism of Other Fuel Substrates

Ketone body and BCAA oxidation can impact cardiac energy metabolism and heart failure progression (179, 181, 182). Both pathways may also contribute to mitochondrial acetylation changes. However, only a few studies have characterized the acetylation status and its impact on enzymes involved in ketone and BCCA metabolism.

In hepatic mitochondria of SIRT3 KO mice, hydroxymethyl-glutaryl (HMG)-CoA synthase (HMGCS2), the rate-limiting enzyme in ketogenesis, is hyperacetylated and its enzymatic activity reduced, leading to a decrease in β-hydroxybutyrate synthesis. Deacetylation of HMGCS2 by SIRT3 increases its enzymatic activity and β-hydroxybutyrate levels (183). Similar to the acetylation effect, loss of SIRT5 results in hypersuccinylation of HMGCS2 and reduces its activity both in vivo and in vitro in liver mitochondria, which leads to reduced β-hydroxybutyrate levels during fasting (26).

With regard to ketone oxidation, succinyl-CoA:3-ketoacid-CoA transferase (SCOT), a key enzyme of ketone oxidation, is hyperacetylated in the brain and heart at multiple sites in SIRT3 KO mice (184). In vitro biochemical analysis of recombinant SCOT demonstrates that acetylation at lysine 451 residues results in decreased enzyme activity that is reversed by SIRT3 activation. Moreover, in brain homogenates from WT and SIRT3 KO mice, acetoacetate-dependent acetyl-CoA production is decreased by three-fold in SIRT3 KO mice, suggesting decreased ketone oxidation rates upon increased acetylation (180). In contrast, a decrease in ketogenesis capacity was noted in the liver of mice lacking SIRT3 (184). However, similar studies are lacking in the heart.

Similarly, enzymes in BCAA (isoleucine, leucine, and valine) catabolic pathways are among the proteins regulated by acetylation and SIRT3 in the liver. Some acetylation sites were detected in branched-chain alpha-keto acid dehydrogenase (BCKDH), a key enzyme catalyzing the breakdown of BCAAs, in SIRT3 KO mice (181, 182). As BCAA levels were raised, the authors suggested that acetylation may have an inhibitory effect on branched-chain ketoacid dehydrogenase (BCKDH) activity (23, 185). Other investigators have also suggested that acetylation of BCAA aminotransferase (BCAT) promotes its degradation in the ubiquitin-proteasome pathway, thereby decreasing BCAA catabolism in the pancreas (186). cAMP-responsive element-binding (CREB)-binding protein (CBP) and SIRT4 were identified as the acetyltransferase and deacetylase for BCAT at lysine 44 (K44), respectively (186).



Acetylation and TCA Cycle Enzymes

Acetyl-CoA is the final common product in the oxidative metabolism of various fuels, and is a substrate for the TCA cycle. While acetylation of all TCA cycle enzymes have been reported in the liver (20), 6 of the 8 enzymes were found to be acetylated in the heart (151). However, examination of the effect of acetylation on the TCA cycle has produced mixed results. Increased acetylation of malate dehydrogenase (MDH) in Chang liver cells enhances its enzyme activity. When cells were treated with deacetylase inhibitors, trichostatin A (TSA) and NAM, MDH acetylation doubled the endogenous MDH activity, while in vitro deacetylation of purified MDH decreased its activity (20). Similarly, significant acetylation-dependent activation of aconitase was found in both isolated heart mitochondria subjected to in vitro chemical acetylation, and in hearts of HFD fed obese mice (152). Increased aconitase acetylation at multiple sites were found, with acetylation at K144 identified as a responsible site for structural change at the active site that was reversed by increasing SIRT3 overexpression (152).

Although acetylation at multiple sites was detected on the TCA cycle enzyme isocitrate dehydrogenase (IDH), no significant effect of this acetylation on enzyme activity was found (151). In contrast, others have reported a significant loss of function of IDH when acetylated at lysine 413, which is fully restored by SIRT3 mediated deacetylation (187). Additionally, increased acetylation of succinate dehydrogenase (SDH), which functions both in the TCA cycle and electron transport chain, is associated with a decrease in activity in human and mice heart failure (81). Further investigation on its acetylation sites revealed that lysine 179 of SDH as an important site for acetylation that regulates enzyme activity by interfering in FAD+ binding to the enzyme. However, despite widespread acetylation of its enzymes, the overall TCA cycle activity appears to be unaffected by excessive acetylation (83).

Succinylation and malonylation of TCA cycle enzymes have also been reported (25, 26, 142). However, the impact of this succinylation and malonylaton has been assessed on only a few enzymes. SIRT5 mediated desuccinylation activates IDH (188). Paradoxically, SDH desuccinylation has been suggested to inhibit its activity in MEFs, while SIRT5 deletion leads to an increase in SDH activity (25).



Acetylation of Proteins in Electron Transport Chain and Oxidative Phosphorylation

Lysine acetylation of mitochondrial respiratory complex enzymes, NADH dehydrogenase 1, ubiquinol cytochrome c reductase core protein 1, and ATP synthase mitochondrial F1 complex assembly factor 1 is increased in mice hearts that lack SIRT3. In these hearts, functional studies demonstrated inhibition of Complex I activity (24). In another study, a similar effect was observed in neonatal rat cardiomyocytes, as well as in H9c2 cells treated with high glucose, oleate, and palmitate (153). Treatment with HDACs and sirtuin inhibitors, TSA and NAM, respectively, further increase the levels of acetylated proteins in mitochondrial complexes I, III, and V, with a concomitant decrease in ATP production. However, treatment with exogenous H2S elevates the NAD+/NADH ratio and the activity of SIRT3, both of which are decreased in the presence of high glucose and fatty acid as well as in diabetes (153). Similarly, a decrease in the activity of complex V in association with increased acetylation was shown by Kerner et al. (151).



Nuclear Acetylation Control of Mitochondrial Metabolism

Acetylation can also affect transcription factors that regulate energy metabolism. Peroxisome proliferators-activated receptors (PPARs) are a family of nuclear receptors that have a critical role in regulating the expression of proteins involved in fatty acid metabolism. The PPAR transcription factors, comprised of PPARα, PPARδ, and PPARγ, form a complex with retinoid X receptor (RXR) and bind the peroxisome proliferator response element (PPRE) in the promoter region of target genes, thereby initiating their transcription (189, 190). Similarly, estrogen receptor-related receptors (ERRs) including ERR α, β, and γ affect the expression of enzymes in the glucose and fatty acid metabolic pathways after binding with ERR responsive elements (191). Peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α) is an inducible cofactor of both PPARs and ERRs (192). Activation of PGC-1α together with PPAR and ERR promotes fatty acid utilization while suppressing glucose metabolism. All of these transcription factors have been shown to be subject to acetylation/acylation.

SIRT1 interaction with PPARα positively affects PPARα activity. While SIRT1 deficiency impairs PPARα signaling and decreases fatty acid ß-oxidation, while its overexpression upregulates PPARα targets (193). On the contrary, SIRT4 decreases PPARα activity and consequently the expression of PPARα target genes (194). Acetylation of PPARγ at different lysine residues has been shown in various tissues (195, 196). Repression of PPARγ by SIRT1 is seen in 3T3-L1 adipocytes (197). Activation of PPARγ has been seen with acetylation and its suppression by histone deacetylase 3 (HDAC3) (198). In contrast, PGC-1α is deacetylated and activated by SIRT1 (199–201). ERRα is another transcription regulator that is modified by acetylation with suppressed sensitivity after acetylation (202).

Altered energy metabolism may also influence the expression pattern of metabolic genes through chromatin modification by post-translational histone acetylation. Accordingly, increased glucose supply leads to increased histone acetylation with a corresponding activation of glucose metabolism genes in vitro (203). Similarly, upregulation of several lipid metabolism-related genes is observed in response to fatty acid-derived acetyl-CoA-induced histone hyperacetylation (204). While these data support substrate-dependent induction of specific metabolic genes, it unclear how cells respond differently to the acetyl-CoA derived from either glucose and fatty acid ß-oxidation. Additionally, the contribution of histone acetylation modifications as a result of metabolite imbalances has not been determined in the transcription dysregulation seen in pathological states.




PROTEIN ACETYLATION IN HEART FAILURE

Studies in both animal models and humans have shown increases in acetylation of mitochondrial proteins in the failing heart compared to healthy control hearts (Figure 3) (80, 81). Davidson et al. compared the acetyl proteomics profile between dual KO mice for SIRT3 and carnitine acetyltransferase (which causes extreme mitochondrial acetylation) and TAC induced heart failure mice (159). These authors found an approximately 86% overlap in acetylated peptides between the double KO mice and the experimental heart failure mice. Furthermore, in rat models of hypertensive heart failure, the Dahl salt-sensitive (SS) and spontaneously hypertensive heart failure-prone (SHHF) rats, a large number of proteins were found exclusively hyperacetylated in the failing hearts compared to control hearts (140). Increased acetylation was accompanied by a reduced level of SIRT3 in these pressure-overload-induced failing hearts (140). Similarly, in failing hearts of obese patients, Castillo et al. found a 46% decline in SIRT3 expression and increased acetylation profiles in heart failure patients with a BMI >30, as well as in obese rat hearts (205). Increased cardiac acetylation was also observed in obesity-related left ventricular remodeling and cardiac fibrosis (206). A dramatic increase in protein lysine acetylation was also seen in the heart and mitochondria from diabetic mice, along with decreased deacetylation reactions (146). Several other studies have also revealed the abundance of hyperacetylation of different proteins in various forms of heart failure (207–209). Although these data have consistently shown the increased protein acetylation in heart failure settings, the specific impact, regulations, and the mechanisms of how these changes are linked to heart failure remain incompletely understood. Moreover, the mass spectrometry-based acetylome proteomics used in these studies have inherent limitations to measure acetylation changes at the protein level and individual acetylation sites within each protein, which would be necessary to understand the biological significance of acetylation (210–213).


[image: Figure 3]
FIGURE 3. Contributing factors to mitochondrial protein hyperacetylation.



Acetylation and Shifts in Myocardial Energy Metabolism During Heart Failure

Numerous studies have demonstrated altered substrate preferences and metabolism in the failing heart [see (28) for review]. However, the actual direction of these shifts in energy substrate utilization remains controversial. While the shift toward increased oxidation of fatty acid is widely observed in ischemic and diabetic heart failure, other studies have suggested a shift in myocardial metabolism away from fatty ß-oxidation and its association with the progression to ventricular dysfunction in hypertrophic hearts (214). According to the principles outlined by Randle (215), glucose and fatty acid metabolism are regulated reciprocally. As highlighted in the preceding sections, lysine acetylation affects the main enzymes of both fatty acid and glucose oxidation inversely in the heart. In fact, various animal studies, as described below, have demonstrated that acetylation may be sufficient to cause shifts in myocardial substrate preference in the presence of pathological stressors.

In type 1 diabetic mice hearts, increased acetylation induces mitochondria metabolic inflexibility accompanied by decreased activities of PDH and complex II enzyme activities (85). A dramatic decrease in mitochondrial respiration in the presence of non-fatty acid substrates was observed in contrast to minimal inhibition in palmitoylcarnitine-supported respiration (85). Similarly, other studies have shown a switching in cardiac energy metabolic substrate preference toward fatty utilization by lysine hyperacetylation in type 2 diabetes mice (216). In db/db mice, and in cardiomyocytes in culture, increased acetylation of enzymes involved in mitochondrial fatty acid ß-oxidation and glucose oxidation were found, with a concomitant decrease in the expression and activity of SIRT3. While LCAD acetylation is accompanied by a significant upregulation in its activity, the hyperacetylation of PDH is associated with a decrease in its activity. In support of this, decreasing acetylation by increasing the expression and activities of SIRT3 (through exogenous hydrogen sulfide administration) switches cardiac substrate utilization from fatty acid ß-oxidation to glucose oxidation in diabetic mice hearts (216).

Additionally, Romanick et al. observed marked changes in lysine acetylation in cardiac tissues with obesity (206). Of those significantly impacted by increased acetylation due to obesity were very long-chain specific acyl-CoA dehydrogenase, aconitate hydratase 2, and dihydrolipoyl dehydrogenase. Interestingly, increased transcriptional activation of KLF15 and PPARα, with increased expression of downstream target genes and their interaction with these significantly acetylated proteins, was observed in diet-induced obesity. In addition, the authors of this study found enhanced expression of PDK4 and MCD in the heart (206). PDK4 is known to inhibit glucose oxidation by inhibiting pyruvate dehydrogenase, while malonyl CoA decarboxylase promotes fatty acid ß-oxidation via activation of carnitine palmitoyltransferase 1 (CPT1). Together this suggests that shifting toward fatty acid ß-oxidation, at the expense of glucose oxidation, occurs in the presence of hyperacetylation (206). We and others have also observed that hyperacetylation on PDH, LCAD, and β-HAD, accompanied by a decrease in glucose oxidation and an increase in fatty acid oxidation, is seen in the heart in response to HFD feeding (28, 53). Likewise, as discussed in the preceding sections, in skeletal muscle a switch in substrate utilization from glucose oxidation toward fatty acid utilization is also induced by SIRT3 KO, as a result of PDH inhibition by hyperacetylation of its E1α subunit (156). Thus, acetylation could contribute to the metabolic inflexibility seen in heart failure by regulating metabolic enzyme activities differently.

Myocardial I/R is another pathology where shifts in energy substrate utilization are implicated in heart injury. Increased fatty acid ß-oxidation rates following ischemia result in suppression of glucose oxidation and a subsequent uncoupling of glucose oxidation from glycolysis, which contributes to ischemic damage (217, 218). As discussed in the preceding section, the increased acetylation of proteins following enhanced fatty acid ß-oxidation and increased acetyl-CoA generation may contribute to the metabolic phenotype observed in I/R. In addition, as NAD+ availability is a critical determinant for Sirtuin activity, ischemia-induced decreases in the NAD+/NADH redox couple during I/R may inactivate SIRT3 and lead to the hyperacetylation of mitochondrial proteins (80). Furthermore, the mRNA and protein levels of NAMPT, the rate-limiting enzyme that converts NAM to NMN in the NAD+ salvage synthesis pathway is downregulated in the heart during I/R injury, further reducing NAD+ levels and thus Sirtuin activity (219). Several studies have demonstrated the cardioprotective role of NAD+ in I/R injury either by exogenous NAD+ supplementation or enzymatic manipulation (80, 125, 219, 220). However, this mechanism has not yet been investigated in relation to changes in metabolic enzymes activity or metabolic alterations as a result of acetylation suppression by NAD+ boosting. There is little data that support the idea that this effect may be related to increased glucose oxidation rates. Accordingly, in rats subjected to I/R after prolonged caloric restriction, Shinmura et al. showed a decreased level of acetylated mitochondrial proteins associated with enhanced Sirtuin activity and attenuated myocardial oxidative damage. Interestingly, caloric restriction increases respiratory control index and oxygen consumption in the presence of pyruvate/malate substrates in mitochondria isolated from I/R hearts (221). However, the hearts in this study were reperfused for only 3–5 min after ischemia and the proteomic analysis was not robust enough to analyze the acetylome changes in metabolic enzymes.



Contribution of Hyperacetylation to Cardiac Dysfunction

As discussed above, hyperacetylation of myocardial proteins is common in heart failure. In addition to its regulatory role in myocardial energy metabolism, several studies have also analyzed the impact of hyperacetylation of myocardial proteins on heart failure development and progression. While the majority of the studies suggested a link between hyperacetylation and worsening of heart failure (80, 81, 105, 146, 206, 222, 223), others found no association between myocardial dysfunction and hyperacetylation (159, 224). The cause for the discrepancies in these studies awaits further studies.

Hypertrophy is one of the pathological processes where increased acetylation is implicated in disease progression. In response to various hypertrophic stimuli, SIRT3-deficient mice appear to be more sensitive to injuries and manifested various abnormalities compared to their wild-type counterparts (105). On the other hand, SIRT3 transgenic mice are protected from hypertrophic injuries (105). Activation of forkhead box O3a-dependent (Foxo3a) and manganese superoxide dismutase and catalase are also seen in response to SIRT3 activation. Activation of SIRT3 has been also implicated in lessening the severity of cardiac hypertrophy by blocking interstitial fibrosis, as well as fibroblast proliferation and differentiation (222). Furthermore, in SIRT5 KO mice subjected to TAC, Herschberger et al. observed a reduced survival of SIRT5 KO mice compared with wild-type mice (225). The increased pathological hypertrophy and mortality in these mice is associated with several biochemical abnormalities including reduced fatty acid ß-oxidation and glucose oxidation, suggesting that SIRT5-mediated desuccinylation plays an important role in regulating cardiac metabolism during stress.

Changes in protein acetylation have been also shown in myocardial I/R injury in association with decreased SIRT3 protein levels (158, 223, 226). In support of this, increased mitochondrial protein acetylation in SIRT3 KO mice is associated with increased sensitivity to injury, as shown by larger infarct size, less functional recovery, and low O2 consumption rates (223). In contrast to these findings, the study by Koentges et al. found no additional susceptibility to I/R-specific injury in SIRT3 KO mice that underwent permanent ligation of the left anterior descending coronary artery (LAD) (125). On the other hand, Boylston et al. found an increase in infarct size and impaired recovery during I/R in SIRT5 KO hearts compared to WT littermates (97). This injury was decreased by pretreatment with dimethyl malonate, a competitive inhibitor of SDH, suggesting that the enhanced activity of SDH by hypersuccinylation is an important cause for increased ischemic injury (which inconsistent with other reports) (25). Similarly, using exogenous NAD administration, Liu et al. demonstrated that SIRT5-mediated SDH desuccinylation decreased the activity of SDH, which attenuated the succinate accumulation during I/R and alleviated reactive oxygen species generation (227). In a separate study, accumulation of succinate during ischemia and its rapid oxidation by SDH during reperfusion can drive extensive ROS generation in a murine I/R injury model (228).

Though complete data are unavailable on the acetylation status of metabolic enzymes and its impact specifically in I/R, several studies have investigated this modification in other proteins or pathways. The permeability transition pore (PTP) is an important inner membrane channel that has a role in I/R injury (229). Permeability transition pore opening is facilitated by the translocation of cyclophilin D (CyPD) from matrix protein to the inner mitochondrial membrane (230). The study by Bochaton et al. in SIRT3 KO mice demonstrated that increased acetylation of CyPD following myocardial I/R facilitates PTP opening and subsequent cell death, which was prevented by attenuation of CyPD acetylation at reperfusion (231). A similar result was found in mice subjected to renal I/R where dexmedetomidine induced SIRT3 overexpression and significantly reduced I/R related mitochondrial damage by decreasing cyclophilin D acetylation (232).




SUMMARY

Although excessive mitochondrial metabolic enzyme acetylation occurs in heart failure, its contribution to cardiac metabolic alterations remains incompletely defined. However, accumulating evidence supports the hypothesis that acetylation alters energy substrate utilization in heart failure by activating fatty acid ß-oxidation and inhibiting glucose oxidation. While the inhibitory effect of acetylation on glucose oxidation is widely accepted, there are still disagreements as to the relationship between acetylation and fatty acid ß-oxidation. While most of the studies done in the heart and skeletal muscle tissues illustrate a positive association between acetylation and fatty acid ß-oxidation, others studies suggest a suppressive effect of acetylation on fatty acid ß-oxidation in the liver. Tissue or site-specific variation in acetylation of these enzymes, as well differences in underlying pathologies, could contribute to such discrepant data. Available data also suggests that acetylation does not always has an inhibitory effect on metabolic enzymes.
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The prevalence of obesity in the United States approaches half of the adult population. The COVID-19 pandemic endangers the health of obese individuals. In addition, the metabolic syndrome poses a challenge to the health of obese adults. Bariatric surgery and diet restore metabolic homeostasis in obese individuals; however, it is still unclear which strategy is most effective. For example, intermittent fasting improves insulin sensitivity and diet alone decreases visceral adipose tissue at a disproportionately high rate compared to weight loss. Bariatric surgery causes rapid remission of type 2 diabetes and increases incretins for long-term remission of insulin resistance before meaningful weight loss has occurred. Malabsorptive surgeries have provided insight into the mechanism of altering metabolic parameters, but strong evidence to determine the duration of their effects is yet to be established. When determining the best method of weight loss, metabolic parameters, target weight loss, and risk-benefit analysis must be considered carefully. In this review, we address the pros and cons for the optimal way to restore metabolic homeostasis.
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KEY POINTS

• Obesity is a state of metabolic dysregulation, and affects susceptibility to COVID-19 infections.

• Bariatric surgery results in the most sustainable weight loss of known strategies for obesity treatment and causes rapid, persistent improvement in insulin resistance.

• Bariatric surgery has metabolic benefits independent of weight loss, but the exact mechanisms are still unclear.

• Malabsorptive bariatric surgery restores metabolic health to a greater extent than solely restrictive bariatric surgery.

• More knowledge is needed to account for the distinction between bariatric surgery's effect on visceral adipose tissue and subcutaneous adipose tissue.

• Intermittent fasting improves metabolic health by inducing adaptations that respond to periods of fasting and feeding, thereby increasing metabolic flexibility.

Obesity is a vexing problem. Despite an abundance of data on the serious health risks of obesity, its prevalence is increasing around the world. In the United States, the prevalence of obesity (defined by BMI of 30–39.9 kg/m2) is currently 42.4%, and the prevalence of severe obesity (defined by BMI >40 kg/m2) is 9.2% (1). In addition to adverse effects on people's well-being, the costs for the treatment of obesity and related comorbidities are formidable. More importantly, in the last year obesity has also been identified as a major risk factor for susceptibility to severe COVID-19 disease (Figure 1). Obesity may also decrease efficacy of the COVID-19 vaccine (2, 3) Here, we discuss obesity as a process of disrupted fuel homeostasis, and the treatment of obesity as an attempt to restore this homeostasis and possibly also lower susceptibility to severe COID-19 infections (Figure 2).
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FIGURE 1. Direct relationship between BMI and risk of severe COVID-19 illness. Data from Hamer et al. reveal an increase from <15 COVID-19 hospital admissions per 10,000 people in patients with normal weight compared to >40 admissions in those with Stage 2 obesity. Reproduced from Wadman with permission (2).
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FIGURE 2. Restoration of homeostasis by neuroendocrine regulation. Surgery and diet may improve insulin sensitivity by affecting various components of the neuroendocrine axis. Refer to text for further discussion.


The long-term success rates of weight loss vary considerably depending on the treatment strategy (4). Historically, diet and exercise were the mainstay of obesity treatment. Pharmacotherapy was subsequently introduced without much success, while bariatric surgery was offered to patients with a BMI > 40 kg/m2 or those with comorbidities and a BMI > 30–35 kg/m2, depending on the surgical method.

Surgical procedures include Roux-en-Y gastric bypass surgery, sleeve gastrectomy, adjustable gastric banding, and the less commonly used biliopancreatic diversion (5). Many studies have already investigated metabolic outcomes of bariatric surgery, but study protocols in the existing literature are heterogeneous. Consequently, meta-analyses are difficult to perform due to the inconsistencies between different studies.

More work is needed to address this important public health issue, including a standardized comparison of the metabolic consequences of various bariatric surgery options, as well as diet and pharmacotherapy. As rigorously controlled comparative data begin to emerge, a fresh look at obesity and its treatment may offer a new perspective.



DISRUPTED FUEL HOMEOSTASIS


The Metabolic Syndrome and COVID-19

Metabolic syndrome is defined by an increase in any three of the following parameters: waist circumference, blood pressure, blood glucose level, or triglyceride level, or high-density lipoprotein cholesterol concentration (6). The interplay among these features is difficult to sort out, as some are seen in one patient but not the next. However, in all the leading theories, insulin resistance is a core component. Metabolic syndrome is particularly important in the context of COVID-19, as it causes a three times higher chance of death, and a four to five times higher probability of invasive mechanical ventilation, acute respiratory distress syndrome, and admission to the intensive care unit. Obesity may also impair an immune response to the COVID-19 vaccine (3, 7). In addition, compared to COVID-19 patients with normal glucose or with diabetes, those with hyperglycemia at hospital admission had higher mortality and lower PaO2/FiO2 (8).

To address the significance of insulin resistance, we discuss a recent study by Yoshino et al., in which the authors concluded that weight loss, whether induced by bariatric surgery, or by strict dieting alone, was key to restoring insulin sensitivity (9). In this matched prospective cohort study, obese individuals with type 2 diabetes underwent either Roux-en-Y gastric bypass or were placed on a diet to achieve 16–24% weight loss. Weight loss in both groups increased hepatic insulin sensitivity as indicated by increased suppression of glucose production and increased glucose disposal, with no significant difference between groups (9). The report by Yoshino et al. suggests, at first glance, that the mechanism of weight loss does not impact the outcomes concerning insulin sensitivity. However, this study has considerable limitations, and the results must be interpreted with caution. As the authors mentioned, the subjects were not randomized, and the sample size may have been inadequate. We also noted that two-thirds of the participants were women, whose metabolic profiles differ from men with respect to lipid metabolism, and to their predisposition for central obesity. Most importantly, both groups, the surgical and the non-surgical group, were placed on diets to achieve weight loss, suggesting that the lack of between-group differences may be due to diet and weight loss combined. Several studies also suggest that various metabolic improvements, such as decreased visceral adipose tissue, increased insulin sensitivity, and increased levels of high-density lipoprotein cholesterol occur in the absence of weight loss (10). Given these confounders, it is difficult to determine whether other, more important, factors are at play.

Another confusing component of disrupted fuel homeostasis in metabolic syndrome is that there are two groups of outliers in the general population: “metabolically healthy” obese individuals and “metabolically obese” normal weight individuals. Metabolically obese normal weight individuals (24% of normal weight individuals) are primarily a result of genetics and lifestyle factors, whereas metabolically healthy obese individuals (32% of obese individuals) are impacted by a multitude of factors, such as inflammation of adipose tissue (11, 12). In both groups, poor metabolic “fitness” is strongly correlated with increased hepatic fat stores, which are likely a result of de novo lipid synthesis, increased uptake, and decreased disposal (13). These individuals with disrupted fuel homeostasis complicate the hypothesis that weight loss alone is the mechanism of restoring insulin sensitivity (14).

Additionally, considerable differences in metabolic risk factors in obese individuals (BMI 30–40 kg/m2) exist, depending primarily on ectopic fat and lifestyle factors, such as diet and exercise (4, 13). In a landmark paper by Reaven et al., the authors noted an association between insulin resistance and upregulation of the sympathetic nervous system, even suggesting a potential causal relationship (6). An increased adrenergic response may be the mechanism behind other components of metabolic syndrome, such as increased non-estrified long-chain fatty acids (FAs) in the plasma and arterial hypertension. Indeed, recent data have demonstrated a bidirectional relationship of leptin with the sympathetic nervous system and thus, energy storage and mobilization (15). Furthermore, lifestyle changes which decrease insulin resistance and sympathetic nervous system activity, including exercise and caloric control, appear to protect against the metabolic syndrome. It is not proven, however, that these lifestyle modifications are exclusively responsible for the mechanism to restore metabolic normalcy, and the genetic profile likely plays a role as well (6, 12).




RESTORING FUEL HOMEOSTASIS


Metabolic Impacts of Diet and Calorie Restriction
 
Metabolic Impact: Insulin Resistance

To understand which metabolic improvements to attribute to weight loss, diet, or surgery, it is helpful to consider how diet impacts insulin resistance in the absence of significant weight loss. De Cabo et al. established that a 2.5% weight loss caused by 22 days of fasting every other day resulted in a disproportionately high (57%) decrease in fasting insulin levels (16). In another study, individuals not undergoing surgery showed improvements in insulin sensitivity and beta-cell function similar to operated individuals both following similar fasting protocols. These results suggest that fasting may be responsible for the acute metabolic improvements in the surgery group (4).



Metabolic Impact: Visceral and Ectopic Excess Body Fat

Another parameter followed by the research work in obesity is the assessment of visceral adipose tissue (VAT), estimated by waist circumference and BMI taken together. Increased VAT, regardless of BMI, is associated with increased cardiovascular and metabolic risk (4). Similarly, excess body fat is highly associated with poor metabolic health and is a far better predictor of metabolic health than BMI (13). The accumulation of visceral and ectopic fat represents disrupted lipid homeostasis due to excessive fuel intake, excessive fuel storage, or deficient fuel breakdown. The amount of visual adipose tissue is readily decreased and insulin sensitivity is readily restored at 3 months after bariatric surgery (17). In contrast there is no effect on liposuction on insulin action with evidence for fatty liver disease (18, 19).



Diet: Intermittent Fasting

Intermittent fasting is an increasingly popular strategy for obesity. Intriguingly, after 6 months, women who followed an intermittent fasting protocol of 5 days of regular diet and 2 days of significant calorie restriction per week had a greater decrease in waist circumference than women who just reduced caloric intake by 25% every day (16). Hence, it is reasonable to assume that intermittent fasting per se improves metabolic abnormalities, including insulin resistance.

Supportive evidence suggests improved insulin sensitivity with intermittent fasting in a randomized crossover study that supervised standardized meal consumption in prediabetic men over a five-week period (20). In this study, food intake was matched in both arms with the goal of maintaining current weight. Compared to the matched group that consumed meals over a 12-h period, subjects consuming the same amount of calories over 6-h period, mean postprandial insulin levels were significantly lower (26.9 mU/l) (20). This proof-of-concept study provided the first evidence for the effectiveness of early time-restricted feeding (eTRF) which stresses eating early in the day in alignment with circadian rhythms of metabolism (21). The improvements in insulin levels persisted during the 7-week washout period, indicating that a fasting protocol may be necessary in the diet-only group before one can draw firm conclusions in the Yoshino et al. study (9).

Another important factor is the duration of follow-up. In one 12-month study, insulin sensitivity and lipid levels failed to improve despite weight loss from bariatric surgery (22). Other studies have reported improved insulin and lipid levels after weight loss, indicating that results may differ when taken in an acute vs. long-term setting (9). Although it is tempting to deduce that weight loss accounted for improved insulin sensitivity, it seems that fasting protocol, diet, and time since surgery are potential confounders.




A Comparison of Bariatric Surgeries

The most common bariatric surgery procedures performed in the United States are currently sleeve gastrectomy (61%), and RYGB (17%), with LAGB and biliopancreatic diversion (2% together) falling out of favor (23). Novel gastrointestinal surgeries that target diabetes, such as duodenal-jejunal bypass and ileal interposition, provide helpful clues to the mechanism of restored insulin sensitivity following bariatric surgery (5). Briefly, RYGB excludes most of the stomach just distal to the gastroesophageal junction (GEJ). It bypasses the entire duodenum and part of the jejunum as the 30 cc stomach pouch attached to the esophagus is anastomosed to the distal jejunum. Sleeve gastrectomy removes a significant portion (60–80%) of the stomach along the greater curvature, and adjustable gastric banding is an inflatable/adjustable silicone band placed around the superior portion of the stomach, just distal to the GEJ. Biliopancreatic diversion removes the stomach just as in gastric sleeve, which is anastomosed to the distal portion of the ileum. The excluded duodenum, jejunum, and proximal ileum are anastomosed to the alimentary limb, allowing biliary and pancreatic secretions to mix with ingested nutrients (5).

The current standard of care in the United States is to allow the patient to choose among these procedures, and patients may find the following information helpful in the decision (Table 1) (23, 24). After 5 years, 35% of LAGB patients had failed to lose weight compared to 4% of RYGB patients, and metabolic parameters were inferior in LAGB patients after 2 years (25). In general, bypass surgeries have caused more durable weight loss and better insulin control than restrictive surgeries, or than lifestyle management (5, 23). Long-term improvements in dyslipidemia and hypertension have been less consistent across studies. Of note, RYGB has higher complication rates than sleeve gastrectomy, including a higher rate of reoperation, perioperative mortality, and readmission (23). However, overall perioperative mortality remains low with RYGB (around 0.2%), and adverse events occur in 1–9% of patients undergoing RYGB (23).


Table 1. Malabsorptive surgeries cause more dramatic weight loss and metabolic impacts than purely restrictive surgeries.
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Metabolic Benefit of Bariatric Surgery Independent of Weight Loss

There are several findings that indicate that bariatric surgery has benefits independent of weight loss. There is a rapid resolution of type 2 diabetes within days following bariatric surgery that persists at one and five years (4, 5). Another important finding is a remarkably higher rate of type 2 diabetes remission at 2 years with malabsorptive RYGB (72%) compared to restrictive LAGB (17%) in patients who had lost approximately 30% of their body weight (26).

In addition to remission of diabetes, subjects in a non-randomized, prospective cohort study showed decreased glucose, insulin, and leptin levels within 3 months of surgery, and glucagon-like peptide 1 (GLP-1), glucose-sensitive insulinotropic peptide (GIP), peptide-YY, while pancreatic polypeptide concentrations increased within days (4, 5, 24), On the contrary, fasting did not affect high molecular weight adiponectin, ghrelin, leptin, or GLP-1, suggesting unique effects of surgery compared to diet (20). One explanation for the rapid change in disrupted fuel homeostasis may be that surgery excises or interrupts regions of the digestive system involved in some of the pathologic adaptations of fuel excess. Additional support for these unique benefits of surgery include the nearly identical skeletal muscle gene expression of diabetogenic hormones, such as stearoyl-CoA desaturase (SCD), pyruvate dehydrogenase kinase 4 (PDK-4), and peroxisome proliferator-activated receptor alpha (PPAR-α) among participants who underwent LAGB vs. RYGB despite significant variation in weight loss between the two groups (222% greater mean weight loss at 9 months in RYGB participants compared to LAGB participants) (24). However, lengthening of the intestinal bypass by RYGB does not affect GLP-1 secretion, which suggests that the GLP-1 response after RYGB may not require delivery of nutrients to more distal intestinal segments (27). It is not known whether the metabolic effects of RYGB persist long-term, but the duration of surgery's impact may provide clues as to the mechanism of restored fuel homeostasis. For example, return of a disruption in fuel homeostasis over time may suggest that surgery merely interrupts pathologic metabolic adaptations, whereas permanent improvement in metabolic health may indicate that surgery removes an element of the metabolic pathway essential to disrupted fuel homeostasis.



Intermediate Steps Between Disruption and Restoration of Metabolic Homeostasis From Diet and Surgery

Given these important mediators, we postulate that there are intermediate steps between diet and surgery and increased insulin sensitivity (Figure 2). These interposed steps may include incretins, appetite-suppressing hormones, known metabolic risk factors, such as VAT, catecholamines, and unknown upper gastrointestinal effects that impact the regulation of blood glucose and lipogenesis. A possible mechanism for these hormonal changes may be related to the impressive reduction of oil-red-O staining in skeletal muscle post-operatively, which may occur in other organs, dramatically impacting the neuroendocrine signaling between adipose tissue and other organs (24). These findings also support the observation that ectopic fat, such as in skeletal muscle, is a key component of global metabolic dysfunction throughout the body (13).

Additional mechanisms may include surgical removal of the gastric fundus with sleeve gastrectomy, which is the site of ghrelin secretion, or hyperstimulation of appetite-suppressing hormone production by increased nutrient delivery to distal portions of the gastrointestinal tract, such as with RYGB. Antidiabetic effects are also observed in patients with decreased nutrient delivery to the upper gastrointestinal tract, possibly due to anti-incretin factors released from the proximal bowel (4, 26, 28).



Return to Normalcy in the Cardiovascular System After Surgery-Induced Weight Loss

Obesity affects the cardiovascular system at many different levels. In one study, 42% of obese participants had left ventricular diastolic dysfunction on tissue Doppler imaging (14, 24). Compared to non-obese patients with heart failure with preserved ejection fraction (HFpEF), obese patients with HFpEF had greater volume overload and right ventricular dysfunction, and decreased levels of brain natriuretic peptide and cardiac efficiency (4, 29). Obese patients also have an approximately 50% higher prevalence of atrial fibrillation than normal-weight patients, but the reversibility of arrhythmias following bariatric surgery is still unknown (4). These obesity-related abnormalities may be related to cardiac fibrosis, hypertrophy, and impaired microvascular coronary perfusion (in hearts of diabetic patients), and the cardiovascular impact of COVID-19 has the potential to further compound these problems (5).

Given the detrimental cardiac effects of obesity, pharmacologic agents have been tested as treatment options without success. We have previously proposed that obesity related cardiac dysfunction is likely a result of fuel excess, which results in production of reactive oxygen species (ROS). The overwhelmed heart may protect itself from further damage with insulin resistance in response to ROS. As a result, abruptly inducing insulin sensitivity overrides this protective response, resulting in cytotoxic damage (30). Worsening cardiac dysfunction with thiazolidinedione (TZD) use in a diabetic heart supports this proposition, as TZDs contribute to fuel overload by increasing glucose uptake and oxidation. Alternatively, metformin has protective effects on the heart by enhancing peripheral glucose oxidation and decreasing FAs (31).

In this context, it is important to emphasize that bariatric surgery-induced weight loss is a feasible solution to improve metabolic abnormalities, as well as cardiac function. Surgery decreased the incidence of major adverse cardiovascular events by more than 40% among a matched cohort of 2,600 obese patients with cardiac disease and by more than 55% among those with heart failure (32, 33). Surgery also decreases the use of antihypertensive drugs (33%), and diet induces a 0.43 mmHg decrease in systolic blood pressure per 1% decrease in body mass index (10, 20, 24). Interestingly, blood pressure is one of the first parameters to change with exercise before any meaningful weight loss occurs (10). Tissue Doppler diastolic velocity also increased by 1.9 cm/sec (95% CI 0.52–3.4) and 1.2 cm/sec (95% CI 0.32–2.1) at 3 and 9 months, respectively, along with improved septal mitral annular velocity (24). Lastly, left ventricular mass decreased linearly for 2 years post-operatively even as weight loss plateaued (14). Correction of metabolism by non-pharmacologic means is the most beneficial way to restore cardiac function.




CONSIDERING WEIGHT LOSS: DIET VS. SURGERY

Bariatric surgery is significantly more efficacious and long-lasting for weight loss than lifestyle modifications or medical management, inducing up to 70% excess weight loss (5). Surgery also increases survival by three years compared to obese subjects on standard obesity treatment over a 24-year period (34). Patients with type 2 diabetes and excess VAT appear to selectively lose VAT with exercise irrespective of the amount of weight loss, and patients who enrolled in a lifestyle intervention program following bariatric surgery had increased weight loss (4). In addition, exercise and diet seem to disproportionately boost outcomes in overweight and obese COVID-19 patients and may be beneficial to prevent hyperglycemia in the context of COVID-19 (2). Weight loss independent benefits of exercise, such as translocation of GLUT-4 receptors to the skeletal muscle surface, enhanced FAs oxidation by an exercise-induced increase in the number of mitochondria, and increased high density lipoprotein cholesterol may be accounted for when devising a patient-specific weight loss plan (10). Other considerations include bariatric surgery for medically refractory type 2 diabetes, and diet and exercise as a first line option for normal-weight patients with type 2 diabetes and other metabolic derangements. However, a combination of diet, exercise, and surgery will likely lead to the best outcomes.



CONCLUSIONS

Obesity treatment continues to confound healthcare professionals. More research is needed to establish a mechanism for the restoration of metabolic homeostasis, a process in for which multiple factors are likely to be responsible. Important concepts to consider include the role of neuroendocrine interactions between adipose tissue and the brain, the hypothesis that sympathetic nervous system upregulation is associated with insulin resistance and perhaps responsible for metabolic syndrome, and the change in skeletal muscle gene expression and reduced ectopic fat deposition following bariatric surgery (15). Intermittent fasting or eTRF appear to be an effective strategy to improve metabolic health by increasing metabolic flexibility, as if conditioning the body's metabolism to undergo periods of stress. The paradoxically damaging effects of abruptly correcting insulin resistance in a fuel-overloaded heart is also significant. Future studies may include a study cohort comprised of a diet and surgery group with matched waist-to-hip ratios and identical fasting protocols or an animal study (with a sham-operated control group) to assess the impact of weight loss on insulin resistance. Additional long-term research is also needed to understand obesity-induced cardiac dysfunction. Gradual weight loss in a time of COVID-19 may decrease morbidity and mortality at a relatively high rate in obese patients, and bariatric surgery should not be postponed (2). Determining long-term outcomes and solidifying our understanding of mechanisms will allow patients and physicians to choose rationally among available weight loss options to restore metabolic health in the patient with disrupted fuel homeostasis. It still remains unknown whether restoring fuel homeostasis also reduces susceptibility to COVID-19 infections. But it seems likely.
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Background: Congenital heart disease (CHD) with single-ventricle (SV) physiology is now survivable with a three-stage surgical course ending with Fontan palliation. However, 10-year transplant-free survival remains at 39–50%, with ventricular dysfunction progressing to heart failure (HF) being a common sequela. For SV-CHD patients who develop HF, undergoing the surgical course would not be helpful and could even be detrimental. As HF risk cannot be predicted and metabolic defects have been observed in Ohia SV-CHD mice, we hypothesized that respiratory defects in peripheral blood mononuclear cells (PBMCs) may allow HF risk stratification in SV-CHD.

Methods: SV-CHD (n = 20), biventricular CHD (BV-CHD; n = 16), or healthy control subjects (n = 22) were recruited, and PBMC oxygen consumption rate (OCR) was measured using the Seahorse Analyzer. Respiration was similarly measured in Ohia mouse heart tissue.

Results: Post-Fontan SV-CHD patients with HF showed higher maximal respiratory capacity (p = 0.004) and respiratory reserve (p < 0.0001), parameters important for cell stress adaptation, while the opposite was found for those without HF (reserve p = 0.037; maximal p = 0.05). This was observed in comparison to BV-CHD or healthy controls. However, respiration did not differ between SV patients pre- and post-Fontan or between pre- or post-Fontan SV-CHD patients and BV-CHD. Reminiscent of these findings, heart tissue from Ohia mice with SV-CHD also showed higher OCR, while those without CHD showed lower OCR.

Conclusion: Elevated mitochondrial respiration in PBMCs is correlated with HF in post-Fontan SV-CHD, suggesting that PBMC respiration may have utility for prognosticating HF risk in SV-CHD. Whether elevated respiration may reflect maladaptation to altered hemodynamics in SV-CHD warrants further investigation.
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INTRODUCTION

Hypoplastic left heart syndrome (HLHS) is a critical congenital heart disease (CHD) characterized by hypoplasia of left-sided structures of the heart, including the ascending aorta, left ventricle (LV), and aortic and mitral valves. As there is only a single pumping chamber in HLHS [the right ventricle (RV)], it is a type of single-ventricle (SV) CHD. While HLHS and other SV-CHDs were previously uniformly fatal, it is now survivable with a three-stage surgical palliation that includes the final Fontan surgery. Together, this creates an SV circulation with venous blood routed directly to the lungs by gravity, while the single pumping chamber (LV or RV) serves as the systemic chamber pumping blood to the rest of the body (1).

While such SV physiology (2) allows most SV-CHD patients to survive, 10-year transplant-free survival for HLHS patients stands at only 39–50%. This high morbidity/mortality is largely due to ventricular dysfunction and heart failure (HF) (3) for which heart transplantation remains the ultimate therapy. Therapies developed for adult HF have been ineffective for SV-CHD (3). As it is not possible to predict which SV-CHD patients will have HF, it has not been possible to prioritize SV-CHD patients for early heart transplantation. For SV-CHD patients who will develop HF, undergoing the palliative surgical course would not be helpful and could even be detrimental.

Our previous study of a mouse model of HLHS (4) uncovered mitochondrial abnormalities that suggested metabolic disturbance contributing to the pathogenesis of HLHS. Consistent with this, transcriptome profiling of the HLHS mouse heart tissue yielded metabolic pathways among the top pathways impacted (4). Supporting clinical evidence has come from a recent study showing that serum isolated from SV-CHD patients can induce pathological changes in neonatal rat cardiomyocytes (5). Transcriptome profiling of the treated cardiomyocytes showed that 23% of the genes impacted were related to metabolic processes (5). Another study of adults at early stages of HF showed that their peripheral blood mononuclear cells (PBMCs) had mitochondrial respiration defects in association with inflammation and oxidative stress (6).

Based on these previous findings, in the present pilot study, we investigated the hypothesis that respiratory parameters in PBMC may have prognostic value for assessing HF risk in SV-CHD. For this study, we recruited SV-CHD patients pre- vs. post-Fontan completion and also age-matched BV-CHD patients and control subjects.



METHODS


Patient Recruitment

CHD patients and healthy control subjects were recruited from the Children's Hospital of Pittsburgh of University of Pittsburgh Medical Center (UPMC) under a human study protocol approved by the University of Pittsburgh Institutional Review Board. Informed consent was obtained, and for infants and minors, informed consent was obtained from the parent or legal guardian. Recruitment criteria comprised subjects with complex SV-CHD or BV-CHD. For SV-CHD, this included HLHS, critical aortic stenosis, pulmonary atresia with intact ventricular septum, double outlet RV with mitral atresia, and unbalanced atrioventricular septal defect with total or partial anomalous pulmonary venous return, while BV-CHD included Tetralogy of Fallot, transposition of the great arteries, Ebstein's anomaly, aortic arch hypoplasia, aortic stenosis, ventricular septal defect, and pulmonary stenosis. Three pediatric dilated cardiomyopathy (DCM) patients with HF were recruited as BV-HF disease controls, two having received a heart transplant and the third listed for transplant and having received an interim ventricular assist device. Patient demographics are summarized in Table 1, Supplementary Spreadsheet S1.


Table 1. Demographic and clinical outcome summary.

[image: Table 1]



Peripheral Blood Mononuclear Cell Isolation and Measurement of Oxygen Consumption Rate

Whole blood was used to recover fresh PBMCs using standard protocol with Ficoll-Paque PLUS from Pharmacia Biotech (or a similar separation medium). After centrifugation, PBMCs at the interphase were collected, washed twice, and resuspended in RPMI 1640 with 10% fetal bovine serum, and the cells were counted. For measurement of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), 20,000 PBMCs were seeded into each well of a Seahorse XFe96 plate. OCR and ECAR were determined using the Seahorse XF Cell Mito Stress Kit (Agilent). Basal respiration was measured in unstimulated cells. Afterward, oligomycin (1 μM) was added to quantify respiration coupled to ATP production and proton leak followed by carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP; 1 μM) injection to assess maximal cellular respiration (respiratory capacity). Finally, antimycin A (1 μM) and rotenone (1 μM) were used to assess non-mitochondrial respiration. For mouse heart tissue, OCR was obtained for the quantification of basal respiration. For this analysis, 2-mm2 pieces of heart tissue were plated into individual wells of a Seahorse XF24 microplate, and OCR was measured using the same Seahorse XF Cell Mito Stress Kit without stimulation during two cycles of measurement.




RESULTS

CHD patients with BV-CHD (n = 16) or SV-CHD (n = 20) and 22 healthy controls without CHD were recruited with informed consent, and blood samples were obtained for PBMC isolation. Among the 20 SV-CHD patients, 16 had HLHS with dominant/systemic RV, and four had dominant/systemic LV (Table 1). Twelve of the SV patients were <1 year old, while eight were ≥10 years old, all having completed the Fontan surgery (Table 1). Of the BV patients, five were ≥10 years old, and 11 were <1 year old. All the control subjects were ≥10 years old (Table 1).

All of the BV-CHD (n = 16) patients and 15 of the 20 SV-CHD patients survived heart transplant-free and were classified as having a favorable clinical outcome without HF. Among the SV patients, five HLHS patients had an unfavorable cardiac outcome related to HF, one having died from acute HF, and four exhibiting cardiac death. The latter was indicated by having had a heart transplant (n = 3) or having been listed for heart transplant for decompensated HF (n = 1). Using the New York Heart Association (NYHA) HF classification, the four HLHS patients ≥10 years old with HF had significantly higher or worse NYHA scores than either the BV-CHD patients (p = 0.014) or the SV-CHD patients with favorable outcome (p = 0.005) (Table 1).


Mitochondrial Respiration in Peripheral Blood Mononuclear Cells of SV-CHD and BV-CHD Patients

PBMCs isolated from the blood of patients and controls were analyzed for OCR using the Seahorse Analyzer. Measurements of the different mitochondrial respiratory parameters were obtained by assessing the changes in OCR with the addition of different inhibitors of respiration. No significant difference in OCR was observed among the control subjects stratified by age, although a trend for lower OCR was observed in patients >40 years old (Supplementary Figure S1A). This is consistent with a previous observation of lower mitochondrial respiration in platelets from older subjects (7). Hence, we excluded OCR measurements from subjects >40 years of age and used only the 22 control subjects between 10 and 40 years of age (Supplementary Figure S1A).

Comparisons between the SV-CHD and BV-CHD patients showed no difference in mitochondrial respiration (Figure 1A, Supplementary Figure S1B). A similar comparison of the SV-HLHS vs. BV-CHD patients also showed no difference (Figure 1B, Supplementary Figure S1C). We further examined the BV and SV patients grouped by age, either <1 year old or >10 years old (Supplementary Table S1). This also showed no difference for any mitochondrial respiratory parameter (Figures 1C,D). For individuals ≥10 years old, no difference was observed for any of the CHD groups when compared with healthy controls (Figure 1D). We further examined basal glycolysis with the measurement of the ECAR, and this also showed no difference between the SV-CHD and BV-CHD patients (Supplementary Figure S1D).
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FIGURE 1. Comparison of mitochondrial respiration in the PBMCs of CHD patients stratified by lesion type, age, and Fontan status. (A,B) There was no difference in any of the respiratory parameters in OCR of PBMCs of BV-CHD vs. SV-CHD and between BV-CHD and HLHS. (C) No significant difference was observed in the parameters of mitochondrial respiration among BV-CHD, SV-CHD, and HLHS patients ≤1 year old. (D) No significant difference in mitochondrial respiration was observed among control, BV-CHD, SV-CHD, and HLHS subjects ≥10 years old. Bar graphs show mean ± SEM with one-way ANOVA. Subjects' numbers were indicated in the graphs. BV, biventricular; CHD, congenital heart disease; HLHS, hypoplastic left heart syndrome; OCR, oxygen consumption rate; PBMC, peripheral blood mononuclear cell; SV, single ventricle.




Respiration in Pre- and Post-fontan SV-CHD Patients

Comparison of the pre-Fontan (<1 year old) vs. post-Fontan (>10 years old) SV or HLHS patients showed no difference in mitochondrial respiration (Figures 2A,B). ECAR data also showed no difference (Supplementary Figure S1E). We further investigated the impact of HF on mitochondrial respiration in the pre- vs. post-Fontan patients. Among the 12 pre-Fontan SV patients, only one had an unfavorable outcome with sudden cardiac death. This subject showed higher respiratory maximum and reserve when compared to the SV or BV patients without HF (Figure 2C). As this patient had HLHS, comparison was also made to the eight non-failing pre-Fontan HLHS patients. This also showed higher maximal respiration and reserve capacity in the pre-Fontan HLHS patient with HF (Figure 2D). For one HLHS patient, we obtained PBMCs for OCR measurements before and after heart transplant. No change was observed in any respiratory parameter after heart transplantation, suggesting that patient intrinsic factors and not hemodynamic factors underlie the respiratory dysfunction in this HLHS patient (Supplementary Figure S1F).
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FIGURE 2. Mitochondrial respiration in SV-CHD patients stratified by Fontan palliation and HF status. (A,B) No significant difference was observed for respiration in pre- vs. post-Fontan SV and HLHS patient groups. (C,D) Mitochondrial respiration in the PMBCs of pre-Fontan SV (C) or HLHS patients (D) ≤1 year old as compared to age-matched BV patients. (E,F) Mitochondrial respiration in the PBMCs of SV-CHD patients ≥10 years old with and without HF vs. age-matched controls (E) and BV-CHD patients (F). (G,H) Mitochondrial respiration in the PBMCs of HLHS-CHD patients ≥10 years old with and without HF vs. age-matched controls (G) and BV-CHD patients (H). Mean ± SEM with one-way ANOVA test. Subjects' numbers are indicated in the legend for the graphs. BV, biventricular; CHD, congenital heart disease; HF, heart failure; HLHS, hypoplastic left heart syndrome; OCR, oxygen consumption rate; PBMC, peripheral blood mononuclear cell; SV, single ventricle.




Respiration and Clinical Outcome in Post-fontan HLHS Patients

Of the eight SV-CHD patients with Fontan completion, four had HF. These patients showed a significantly higher OCR when compared to those of SV-CHD patients without HF, BV-CHD patients, or healthy controls (Figures 2E,F). These changes were observed in two related respiratory parameters, respiratory maximum and respiratory reserve. In contrast, SV-CHD patients without HF showed a significantly lower OCR when compared to SV-CHD patients with HF, BV-CHD patients, or healthy controls (Figures 2E,F).

Given that SV-CHD with systemic RV is known to have worse clinical outcome than SV-CHD patients with systemic LV (8–10), we reanalyzed the data focusing on only SV patients with HLHS (systemic RV) either with or without HF. This analysis yielded similar findings with significantly higher respiratory maximum and reserve observed in the post-Fontan HLHS patients with HF, while the opposite was observed in HLHS patients without HF (Figures 2G,H). We also examined basal glycolysis with the measurement of ECAR, but no significant difference was found between post-Fontan SV and HLHS patients either with or without HF when compared to BV-CHD patients or control subjects (Supplementary Figures S2E,F).

To further investigate whether the increase in respiration in the SV-CHD patients with HF may be attributable to HF in general, we recruited three pediatric DCM patients with HF and obtained PBMCs for a similar analysis of mitochondrial respiration. However, no significant difference was observed in the mitochondrial respiration of the DCM patients with HF vs. the BV-CHD patients without HF (Supplementary Figure S2G). We also examined medication use among the SV patients with and without HF and observed no correlation between inotropic infusion, brain natriuretic peptide (BNP) levels, or other medication use and changes in mitochondrial respiration. Similarly, no hemodynamic parameters were correlated with changes in mitochondrial respiration in the SV-CHD patients (Supplementary Spreadsheet S1).



Mitochondrial Respiration in Heart Tissue of Ohia Mutant Mice

HLHS mutants from the Ohia mouse line were previously shown to suffer early HF with severe pericardial effusion (4) and prenatal/neonatal lethality. This was associated with mitochondria abnormalities that suggested metabolic dysfunction (4). Transcriptome profiling with RNA sequencing (RNA-seq) analysis of the HLHS heart tissue (4) recovered many metabolic pathways in the hypoplastic LV, and a few of the same metabolic pathways were also recovered in the RV but with lower fold change (Figures 3A,B, Supplementary Figures S3A,B).
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FIGURE 3. Mitochondrial respiration in Ohia mutant mouse heart. (A,B) Pathways recovered among downregulated genes at FDR 0.05 from RNA-seq analysis of HLHS-LV (A) or RV (B) tissue compared to that of WT littermate control. Pathway enrichment analysis was performed using KEGG pathway analysis with g: Profiler and FDR < 0.05. (C–F) Basal OCR in LV and RV heart tissue from E14.5–16.5 Ohia line with Sap130/Pcdha9 mutations known to cause HLHS. This analysis was obtained using the Seahorse Analyzer. (C,D) Data obtained from litters comprising WT (n = 7) and HLHS (n = 4). (E,F) Quantitative analysis of five Sap130/Pcdha9 mutants with normal cardiac anatomy without HLHS (E,F) and six WT controls. Bar graphs show mean ± SEM with Student's t-test. Each dot represents one mouse embryo heart tissue. FDR, false discovery rate; HLHS, hypoplastic left heart syndrome; KEGG, Kyoto Encyclopedia of Genes and Genomes; LV, left ventricle; OCR, oxygen consumption rate; PPAR, peroxisome proliferator-activated receptor; RNA-seq, RNA sequencing; RV, right ventricle; WT, wild-type.


Given that CHD showed incomplete penetrance in the Ohia mutant mice, this allowed us to further assess respiration in mice with the same HLHS-causing mutations but either with or without CHD/HLHS. Measurement of basal respiration in the heart tissue of the Ohia mutant mice using the Seahorse Analyzer showed elevated basal OCR in the LV tissue of HLHS mutants (Figure 3C), a result reminiscent of the elevated OCR observed in the PBMCs of HLHS/SV patients with HF. In contrast, the LV tissue of Ohia mice without CHD showed markedly lower basal OCR, a result that seems to parallel the lower mitochondrial respiration in the post-Fontan HLHS patients without HF (Figure 3E). However, a similar analysis of the RV tissue from Ohia mutant mice, whether with HLHS or without CHD, showed no significant change in respiration (Figures 3D,F). These observations point to an intrinsic mitochondrial respiration defect arising from the genetic predisposition for HLHS. Western immunoblotting showed that the respiration perturbations were not associated with altered expression of the electron transport chain (ETC) components (Supplementary Figures S3C,D).




DISCUSSION

Our study showed that mitochondrial respiration in PBMCs is significantly elevated in post-Fontan SV-CHD patients with poor cardiac outcome associated with HF, operationally defined as death or cardiac death with heart transplant or listing for heart transplant. This operational definition is supported by the significantly higher NYHA classification score for HF observed for HLHS/SV-CHD patients ≥10 years old identified with HF. Thus, we found that post-Fontan HLHS patients with HF exhibited higher maximal OCR and respiratory reserve, respiratory parameters often elevated in response to cell stress. In contrast, post-Fontan HLHS patients without HF showed lower maximal and reserve respiratory capacity. These findings are consistent with observations in the Ohia mutant mice, which also showed opposing changes in basal respiration in mutant mice with or without CHD/HLHS.

Heart tissue from Ohia mutant mice with HLHS showed elevated basal respiration. This is also associated with HF, shown by in utero echocardiography observation of poor cardiac contractility, low cardiac output, and severe pericardial effusion in the Ohia HLHS fetal mice (4). In contrast, genetically identical Ohia mutants without CHD showed reduced basal respiration but with entirely normal cardiac function. Together, these findings suggest intrinsic metabolic defects in patients with HLHS with a shared genetic etiology with their structural heart defects, a possibility supported by other studies showing mitochondrial metabolism (11) playing an important role in heart development and the regulation of cardiomyocyte differentiation (12).

Many adverse sequelae in SV-CHD patients have been attributed to the Fontan circulation with its non-pulsatile flow in the venous system (13), such as in promoting venous hypertension and hepatic congestion. However, the Fontan circulation is unlikely to account for the metabolic perturbations, as post-Fontan patients can have either hyper-elevated or reduced mitochondrial respiration. In one HLHS patient, a significant increase in mitochondrial respiration was observed before and after heart transplantation, indicating that the metabolic defects in this patient is likely intrinsic and could cause oxidative stress leading to apoptosis and HF. Supporting this possibility, induced pluripotent stem cell-derived cardiomyocytes from HLHS patients with early HF were found to have a failed antioxidant response that could exacerbate metabolic defects causing redox stress (14, 15).

While defects in mitochondrial respiration in PBMCs have been reported in patients with HF, such as in the setting of cardiomyopathies (16), this is typically associated with reduced respiratory capacity, not the hyper-elevated mitochondrial respiration observed in the post-Fontan HLHS patients with HF. Our analysis of DCM-HF patients showed no change in mitochondrial respiration when compared to that of the BV-CHD patients without HF. This would suggest that mechanistic differences may explain why existing therapies for BV-HF have been ineffective for SV-CHD. Thus, hyper-elevated mitochondrial respiration may cause increased production of reactive oxygen species (ROS) with oxidative stress ensuing and triggering apoptosis that can predispose to HF in post-Fontan patients. In contrast, reduced mitochondrial respiration in the post-Fontan SV patients without HF may keep ROS levels in check and provide cardioprotection.

The elevated maximal respiration and reserve respiratory capacity in HLHS patients with HF is not likely to be an adaptive response to the SV physiology or Fontan circulation, since only SV-CHD patients with HF showed elevated respiration. As cells usually function at only a fraction of their maximal respiratory capacity and with a correspondingly large reserve capacity (17), the elevation of these two parameters in the SV-CHD patients with HF might reflect an adaptive response to cell stress related to intrinsic mitochondrial defects. That this could be genetically encoded by the same mutations causing HLHS is suggested by observations in the Ohia mouse model.

While our patient assessments were conducted using PBMCs, the analysis of the Ohia mouse model entailed assaying OCR in heart tissue. The use of PBMCs assumes a systemic defect in mitochondrial respiration that may broadly impact a variety of different cells and tissues. This could include platelets that are cell fragments derived from megakaryocytes. Interestingly, an increase in mitochondrial reserve and maximal capacity has also been reported in the platelets of adults with pulmonary hypertension (18), a common comorbidity in CHD patients. We noted a previous study that showed that serum from SV-CHD patients (5) can cause pathological remodeling with the reactivation of fetal gene programs in neonatal rat cardiomyocytes. The expression of HF markers, such as BNP (19) and atrial natriuretic factor (20) were observed, with transcriptome profiling showing metabolic process as one of the top enriched pathways. Together, these findings suggest systemic effects impacting mitochondrial respiration in SV-CHD patients. Further studies are warranted to verify the potential utility of a simple blood test with measurement of respiration in PBMCs as a biomarker for HF risk assessment in SV-CHD patients. The possibility that platelets might also be employed for such assessments should be further investigated.


Limitations

There are various limitations to our study, one being the complicated clinical course of older SV-CHD patients that could confound the interpretation of metabolic defects in post-Fontan patients, such as morbidity/mortality associated with protein-losing enteropathy, plastic bronchitis, or liver cirrhosis (21–24). The relatively small number of SV-CHD patients included in this study is also a limitation, largely a reflection of SV-CHD being relatively rare, comprising only 1.25% of infants with CHD (25). Due to the small cohort size, we were unable to assess the differences in mitochondrial respiration between systemic RV and systemic LV SV-CHD. Thus, a multicenter study will be needed to verify and extend the findings from this pilot study with longitudinal assessments of PBMC respiration in SV-CHD patients with dominant RV vs. LV and before and after Fontan surgery. Yet another limitation is the fact that mitochondrial respiration was investigated only in the PBMCs but not in human heart tissue. Heart tissue from patients is difficult to procure, but this can be obtained from patients undergoing heart transplant. However, changes detected in explanted heart tissue could be secondary to the HF. The lack of control pediatric PBMC measurements precluded the analysis of the CHD subjects ≤1 year of age. This limitation is partially addressed by the inclusion of age-matched pediatric BV-CHD subjects as disease controls. Finally, while our data showed a significant association between alterations in mitochondrial respiration in the PBMCs and HF risk in SV-CHD patients, establishing a causal link will require further mechanistic studies in the future. Additional studies are also needed to investigate whether PBMC respiration may be altered in other types of HF not related to CHD.
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Glycolysis Inhibition Alleviates Cardiac Fibrosis After Myocardial Infarction by Suppressing Cardiac Fibroblast Activation
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Objective: To explore the role of glycolysis in cardiac fibroblast (CF) activation and cardiac fibrosis after myocardial infarction (MI).

Method: In vivo: 2-Deoxy-D-glucose (2-DG), a glycolysis inhibitor, was injected into the abdominal cavity of the MI or sham mice every day. On the 28th day, cardiac function was measured by ultrasonic cardiography, and the hearts were harvested. Masson staining and immunofluorescence (IF) were used to evaluate the fibrosis area, and western blot was used to identify the glycolytic level. In vitro, we isolated the CF from the sham, MI and MI with 2-DG treatment mice, and we also activated normal CF with transforming growth factor-β1 (TGF-β1) and block glycolysis with 2-DG. We then detected the glycolytic proteins, fibrotic proteins, and the concentrations of lactate and glucose in the culture medium. At last, we further detected the fibrotic and glycolytic markers in human fibrotic and non-fibrotic heart tissues with masson staining, IF and western blot.

Result: More collagen and glycolytic protein expressions were observed in the MI mice hearts. The mortality increased when mice were treated with 2-DG (100 mg/kg/d) after the MI surgery (Log-rank test, P < 0.05). When the dosage of 2-DG declined to 50 mg/kg/d, and the treatment was started on the 4th day after MI, no statistical difference of mortality between the two groups was observed (Log-rank test, P = 0.98). The collagen volume fraction was smaller and the fluorescence signal of α-smooth muscle actin (α-SMA) was weaker in mice treated with 2-DG than PBS. In vitro, 2-DG could significantly inhibit the increased expression of both the glycolytic and fibrotic proteins in the activated CF.

Conclusion: Cardiac fibrosis is along with the enhancement of CF activation and glycolysis. Glycolysis inhibition can alleviate cardiac fibroblast activation and cardiac fibrosis after myocardial infarction.

Keywords: heart failure, myocardial infarction, glycolysis, fibroblast activation, cardiac fibrosis


INTRODUCTION

Heart failure is a cardiovascular disease with high morbidity and mortality, which cause a great burden on society (1). Among the various etiologies, myocardial infarction (MI) is the most important one which is responsible for more than half of the cases (2). As cardiomyocyte is hard to regenerate after ischemia and hypoxia, fibrotic scar helps to maintain the integrity and function of the heart (3). However, excessive fibrosis reduces its compliance, thereby impairing its systolic and diastolic function (4). Consequently, it is a hotspot to find new strategies to restrict excessive fibrosis after MI (5).

As heart is the energy metabolism core in the body, alterations in cardiac energy metabolism contribute to several cardiovascular pathologies. Glycolysis is one of the major energy-yielding manners, which is enhanced when MI occurs (6). When the heart suffers ischemia, glycolysis can supply amounts of energy quickly, thus meeting the demands for heart contraction and blood transportation (7). Though glycolysis is well-investigated in heart failure (8, 9) and MI (10), few studies focus on the glycolysis in cardiac fibrosis after MI. Nevertheless, various fibrosis-related studies in other organs such as lung (11), liver (12), skin (13), and kidney (14) have reported that glycolysis contributes to the fibrotic process. Glycolysis contributes to fibroblast activation via several ways in fibrotic diseases. It not only produces several key metabolites responsible for CF activation, like glycine and triphosadenine, it also produced abundant lactate, which was important for the activity of proline hydroxylase, TGF-β1 and the hydroxylation of collagen (15, 16). Due to the specific hemodynamics of the heart, role of glycolysis in cardiac fibrosis after MI seems more complicated. It is well-acknowledged that cardiac fibroblast (CF) activation is the most important contributor to cardiac fibrosis after MI (17). Interestingly, our previous research demonstrates that enhanced glycolysis promotes cardiac fibroblast (CF) activation (18). Accordingly, it is of great significance to investigate the role of glycolysis in cardiac fibrosis after MI.

Thus, to explore the relationship between glycolysis and cardiac fibrosis after MI. We firstly detected the glycolysis-related proteins in the mouse MI model. Then, by delivering a glycolysis-specific inhibitor 2-Deoxy-D-glucose (2-DG), we demonstrated the role of glycolysis in the fibrotic process of the heart. At last, we also measured the glycolysis change in human fibrotic and non-fibrotic tissues, thus providing more clinical evidence.



MATERIALS AND METHODS


Animals

C57BL/6J mice were used to perform a MI or sham surgery. Then 2-DG (100 mg/kg/d or 50 mg/kg/d; Sigma-Aldrich, #D8375) was delivered by intraperitoneal injection immediately after the surgery or started at the 4th-day after the surgery. Trans-thoracic echocardiography was performed on the 28th day after the surgery to evaluate the cardiac function. The animal use protocol was approved by Institutional Animal Care and Use Committee, Sun Yat-sen University. Detailed information was provided in the Supplementary Material.



Human Heart Specimens

Human heart specimens were harvested during cardiac surgeries in Sun Yat-sen Memorial Hospital. Among them, the resected ventricular aneurysm tissues were used as fibrotic tissues while papillary muscle tissues from the diseased valve were served as non-fibrotic tissues. The study design was approved by the Ethics Committee of Sun Yat-sen Memorial Hospital.



Masson Staining

Heart tissues from the mice or patients were collected and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS; Servicebio, #G4202) overnight after being perfused with cold normal saline. Then the hearts were processed for paraffin embedding and subsequently cut into slices. Slices then undergo dewaxing, rehydration and stained for collagen fibers with Masson's Trichrome staining Kit (Servicebio, #G1006) following the manufacturer's instructions. Fibrotic tissues and muscle tissues were segmented using ImageJ (NIH) and fibrosis was expressed as the percentage of fibrotic tissue in each section.



Tissue Immunofluorescence

Slices from human or mice undergo dewaxing, rehydration, antigen retrieval and blocking. Then tissues were incubated with primary antibodies overnight, followed by fluorescigenic secondary antibodies incubation. At last, the nucleus was stained, and photos were taken with the fluorescence microscope. The fluorescence signal quantification was conducted with Image J.



Cell Culture

Neonatal mouse CFs (NMCFs) and human CFs were used for the in vitro experiments. The NMCFs were separated from the ventricle of the neonatal 1–3-day-old mice as described previously (19), and the human CFs were isolated from human juvenile ventricle. The detailed separation method of the NMCFs was described in the Supplementary Material. The human CFs were purchased from Sciencell (#6310, the detail separation method could be found with the following link: https://www.sciencellonline.com/human-cardiac-fibroblasts-juvenile-ventricular.html).

Human CFs at the passage between 6 and 8 and NMCFs at passage 2–3 were pre-treated with 2-DG (1 mmol/L) for 1 h. Then human/mouse transforming growth factor-β1 (TGF-β1; PeproTech, 100-21; 10 ng/mL; TGF-β1; Novus Biologicals, 7666-MB; 10ng/mL) was added to induce an activated phenotype. Cells were treated for 48 h and harvested. For HK2 knockdown tests, NMCFs were treated with small interfering RNA against HK2 (si-HK2: GGACAAGCUACAGAUCAAAdTdT) or scrambled siRNA (negative control, NC: UUCUCCGAACGUGUCACGUdTdT). Cell medium was refreshed after 12 h treatment and harvested after 48 h cultivation.

Adult mouse CFs (AMCFs) were separated from the ventricle of the MI or sham mice with or without 2-DG treatment on the 28th day after the sham or MI surgery as described previously (20, 21). As inadequate cells could be harvested from only one heart, two hearts were isolated together and mixed to produce one group of cardiac cells with an enzymolysis approach. After the differential adherent method, primary AMCFs were harvested for the next experiments. The detailed separation method of the AMCFs was described in the Supplementary Material.



Lactate and Glucose Detections

Lactate in the cell medium were detected with Lactate Assay Kit II (Sigma, # MAK065), and the glucose in the cell medium were detected with Glucose Colorimetric/Fluorometric Assay Kit (Biovision, #K606–100) according to the manufacturer's instructions. All results were normalized to the total protein concentration.



Western Blot

Western blot was performed as previously described (18). Antibodies are listed in Supplementary Table 1. The western blot band density quantification was analyzed with Image J (National Institutes of Health, Maryland, USA).



Cell Immunofluorescence

Cells were fixed with 4% paraformaldehyde (Servicebio, #G1101). After being permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, #X100) for 20 min, cells were blocked with 5% bovine serum albumin (Sigma-Aldrich, #A1933). Afterwards, cells were incubated with the indicated the primary antibodies overnight and then the fluorescigenic secondary antibodies for 1 h at room temperature. At last, fluorescence were captured with the fluorescence microscope. Antibodies are listed in Supplementary Table 1. The fluorescence signal quantification was conducted with Image J.



Statistical Analysis

Data were showed as mean ± SEM. Statistical analyses were performed with GraphPad Prism Software (version 8.0.1). Statistical comparison among multiple groups was carried out by one-way ANOVA followed by the Bonferroni test. Student's t-test was used to analyze differences between two groups. Kaplan-Meier method was used for the survival analysis, and the log-rank test was used for the statistical analyses. P-value < 0.05 indicated statistical significance.




RESULTS


Glycolysis Was Increased in the Fibrotic Heart After MI

To explore the role of glycolysis in cardiac fibrosis, we measured the glycolytic markers in the fibrotic heart after MI. As is shown in Figure 1A, compared with the sham group, cardiac function of mice in MI group obviously decreased (sham vs. MI: LVEF (%): 75.84 ± 0.96 vs. 21.46 ± 3.70, LVFS (%): 43.67 ± 0.80 vs. 9.87 ± 1.83, LVDd (mm): 3.44 ± 0.10 vs. 4.54 ± 0.38, LVSd (mm): 1.94 ± 0.07 vs. 5.04 ± 0.41; P < 0.05). Masson staining showed that plentiful collagen was deposited in the heart after MI (collagen volume fraction (%): sham vs. myocardial infarction: 1.93 ± 0.71% vs. 26.49 ± 4.87%; P < 0.05; Figure 1B), which indicated that cardiac fibrosis occurred after MI. To further explore the change of glycolysis during this process, we harvested the heart tissue protein and detected the glycolysis-related proteins and CF activation markers. As a result, we found the increased expressions of hexokinase 1 (HK1), 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 3 (PFKFB3), and pyruvate kinase isoform M2 (PKM2), along with the CF activation markers (periostin, POSTN; Alpha smooth muscle actin, α-SMA) (Figure 1C). Thus, we concluded that cardiac fibrosis after MI was accompanied by enhanced glycolysis.


[image: Figure 1]
FIGURE 1. Cardiac fibrosis was accompanied by enhanced glycolysis in MI mice. (A) The cardiac function measured by echocardiography was shown. Representative images of the M-mode of the echocardiography results, and the related parameters (LVEF, LVFS, LVDd, LVSd) measurement were displayed, respectively. (B) Masson staining of the heart harvested on the 28th day after the MI or sham surgery. Representative images (left) and the statistical analysis (right) were shown. (C) Western blot of the expressions of glycolytic and CF activation markers between the MI and sham mice. The representative image (left) and the statistical analysis (right) were shown. LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; LVDd, left ventricular end diastolic dimension; LVSd, left ventricular end systolic diameter; MI, myocardial infarction; Sham, sham operation; HK1, hexokinase 1; PFKFB3, 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 3; PKM2, pyruvate kinase isoform M2; POSTN, periostin; α-SMA, Alpha smooth muscle actin; n = 3 in (A,B); n = 6 in (C); *P < 0.05; **P < 0.01; ns, no significance. Scale bar = 1000 μm.




Glycolysis Inhibition Alleviated Cardiac Fibrosis After MI

Next, we aimed to figure out whether cardiac fibrosis could be reversed when glycolysis was inhibited. We delivered a glycolysis inhibitor, 2-DG (100 mg/kg/d) or an equal volume of PBS into mice in the MI group by intraperitoneal injection immediately after the surgery and maintained the injection daily. We found that the mortality increased in MI mice with 2-DG injection than that with PBS injection (Log-rank test, P < 0.05, Figure 2A). The animal autopsy revealed that heart rupture was the leading cause of death. Considering the possibility that glycolysis was beneficial for the early repairment of the heart, we reduced the dosage of 2-DG to 50 mg/kg/d and delayed the start time to the 4th day after the surgery. In contrast, there was no difference in mortality between the two groups (Log-rank test, P = 0.98, Figure 2B). Echocardiography was taken and the hearts were harvested for further experiments on the 28th day after the surgery. As is shown in Figure 2C, there was no statistical difference of cardiac function between the two groups with or without 2-DG. To further explore the role of glycolysis in cardiac fibrosis after MI, we detected collagen deposition with masson staining. Results showed that collagen volume fraction was smaller in mice treated with 2-DG than PBS (2-DG vs. PBS: 26.68 ± 2.11% vs. 13.54 ± 1.14%, P < 0.05; Figures 2D,E). Thus, our findings demonstrated that glycolysis inhibition could alleviate cardiac fibrosis after MI.


[image: Figure 2]
FIGURE 2. Glycolysis inhibition alleviates cardiac fibrosis after MI. (A) Survival analysis of the mice undergoing MI or sham surgery when 2-DG was delivered immediately after the surgery at a dosage of 100 mg/kg/d. (B) Survival analysis of the mice undergoing MI or sham surgery when 2-DG treatment was started on the 4th day after the surgery at a dosage of 50 mg/kg/d. (C) The cardiac function of the MI mice with or without 2-DG treatment at a dosage of 50 mg/kg/d started on the 4th day after the surgery was measured by echocardiography. Representative images of the M-mode of the echocardiography results (left), and the related parameters (LVEF, LVFS, LVDd, LVSd) measurement (right) were displayed, respectively. (D,E) The hearts of the MI mice with or without 2-DG treatment at a dosage of 50 mg/kg/d started at the 4th day after the surgery were harvested on the 28th day after the surgery. Masson staining was performed. Representative image (D) and the statistical analysis (E) were shown, respectively. (F) Immunofluorescence of the hearts from the MI and sham mice with or without 2-DG treatment. The green fluorescence signal represented α-SMA, and the blue fluorescence signal represented DAPI. (G) Fluorescence signal statistics of the green α-SMA signals. LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; LVDd, left ventricular end diastolic dimension; LVSd, left ventricular end systolic diameter; MI, myocardial infarction; Sham, sham operation; n = 8; ns, no significance; **P < 0.01. The scale bar in (D) was 1000 μm. The scale bar in (F) was 100 μm.




Glycolysis Inhibition Could Reverse the Fibroblasts Activation in vivo and in vitro

CF activation was the main force for cardiac fibrosis after MI. Thus, we then detected the markers of CF activation (α-SMA) in the heart tissues of mice in sham, MI, and MI combined 2-DG groups. As is shown in Figures 2F,G, immunofluorescent staining showed a significant reduction of α-SMA in the 2-DG treated group (MI+PBS vs. MI+2-DG: 1.17 ± 0.09% vs. 0.26 ± 0.03%, P < 0.01). To further ensure that glycolysis inhibition could alleviate the CF activation in vivo, we isolated the AMCFs from the MI or sham mice with or without 2-DG treatments on the 28th day after the surgery. As is shown in Figure 3A, CF isolation was successful with abundant vimentin expressions and few troponin and CD31 expressions, which were markers of CF, cardiomyocyte and endothelial cells, respectively. We then measured the expressions of the key fibrotic and glycolytic proteins. As is shown in Figure 3B, fibrotic markers such as type I collagen (COLIA1), connective tissue growth factor (CTGF) and α-SMA were significantly up-regulated in AMCFs with MI surgery. However, when the mice were treated with 2-DG after MI, the fibrotic effect exerted by MI was alleviated (Figures 3B,C). To confirm the role of glycolysis in this process, we measured the glycolytic proteins, as well as the lactate and glucose concentration in the culture medium, which were vital glycolytic indicators. Compared with the sham group, lactic dehydrogenase A (LDHA), but not PFKFB3, HK2 or PKM2, was significantly up-regulated in the MI group. Interestingly, 2-DG could reduce the expressions of both PFKFB3 and LDHA rather than HK2 and PKM2 (Figures 3B,D). More importantly, 2-DG could reverse the increase of lactate concentration and the decrease of glucose concentration in the culture medium in the MI plus 2-DG group, compared with the MI group (Figures 3E,F). Besides, we also performed an in vitro test to make sure whether 2-DG could inhibit CF activation directly. We used TGF-β1 to induce human cardiac fibroblast activation. In Figure 4A, 2-DG not only inhibited TGF-β1 induced CF activation, but also alleviated the CF spontaneous activation during the cultivation. We made the same conclusion with NMCFs (Figure 4B). To eliminate the off-target effects of 2-DG, we conducted the same experiments with siRNA against HK2 (si-HK2) in NMCFs. As a result, si-HK2 could also reverse the pro-fibrotic effect exerted by TGF-β1. Although si-HK2 did not influence the expression of α-SMA, it significantly decreased the expressions of COLIA1 and CTGF (Figure 4B). To better confirm the function of glycolysis in this process, we also detect the lactate and glucose concentration in the cell culture medium. As a result, the lactate concentration decreased, and the glucose concentration increased, which could be reversed with si-HK2 or 2-DG treatments (Figure 4C).


[image: Figure 3]
FIGURE 3. Glycolysis inhibition could reverse the fibroblasts activation in vivo. (A) Cell identification of CF isolated from the adult mice. Green represented Vimentin. Red represented cTnT or CD31. Blue represented DAPI. (B) Western blot of the expressions of glycolytic and CF activation markers from cells isolated from the sham, MI and MI with 2-DG treatment mice. (C,D) Gray value statistics of the western blot of (B). (E,F) Lactate (E) and glucose measurement (F) in the culture medium from cells isolated from the sham, MI and MI with 2-DG treatment mice. COLIA1, type I collagen; α-SMA, alpha smooth muscle actin; CTGF, connective tissue growth factor; PFKFB3, 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 3; PKM2, pyruvate kinase isoform M2; HK2, hexokinase 2; TUBA, α-tubulin; LDHA, lactic dehydrogenase A; cTnT, troponin T; n = 3, each sample was composed of CFs from two mice hearts; *P < 0.05; **P < 0.01; ns, no significance. Scale bar = 100 μm.



[image: Figure 4]
FIGURE 4. Glycolysis inhibition could reverse the fibroblasts activation in vitro. (A) Western blot of 2-DG effect on TGF-β1-induced human CF activation. (B) Western blot of 2-DG effect on TGF-β1-induced mouse CF activation. (C) Lactate and glucose measurement in the culture medium from cells. The representative image and the statistical analysis were shown, respectively. COLIA1, type I collagen; α-SMA, alpha smooth muscle actin; CTGF, connective tissue growth factor; TUBA, α-tubulin; 2-DG, 2- deoxy-D-glucose; TGF-β1, transforming growth factor-β1; NC, negative control; si-HK2, siRNA against HK2; n = 3, *P < 0.05; **P < 0.01; ns, no significance. Scale bar = 100 μm.


Consequently, our results demonstrated that glycolysis inhibition could reverse the fibroblast activation in vivo and in vitro.



Glycolysis Was Increased in Human Fibrotic Heart Tissues Compared With the Non-fibrotic Heart Tissues

To acquire the clinical evidence, we further detected the fibrotic and glycolytic markers in human fibrotic and non-fibrotic heart tissues. The clinical information of enrolled patients was shown in Supplementary Table 2. Masson staining showed that obvious collagen deposited in the human fibrotic heart tissues (collagen volume fraction (%): non-fibrotic heart tissues vs. fibrotic heart tissues: 17.48 ± 1.84 vs. 82.45 ± 10.45, P < 0.05; Figure 5A). Immunofluorescence staining showed the increased expression of α-SMA in the fibrotic hearts than the non-fibrotic hearts (α-SMA fluorescence percentage (%): non-fibrotic heart tissues vs. fibrotic heart tissues: 0.38 ± 0.11 vs. 2.48 ± 0.74, P < 0.05; Figure 5B). Consistent with the aforementioned animal experiments, fibrotic markers were increased in the human fibrotic heart tissues, which is accompanied by the increase of glycolytic markers (Figure 5C).


[image: Figure 5]
FIGURE 5. Glycolysis increased in human fibrotic heart tissues compared with the non-fibrotic heart tissues. (A) Masson staining of the human fibrotic and non-fibrotic heart tissues. The representative image (left) and the statistical analysis (right) were shown. (B) Immunofluorescence of the human fibrotic and non-fibrotic heart tissues. The green fluorescence signal represented α-SMA, and the blue fluorescence signal represented DAPI. (C) Western blot of the expressions of glycolytic and CF activation markers of the human fibrotic and non-fibrotic heart tissues. The representative image (left) and the statistical analysis (right) were shown, respectively. N = 3; *P < 0.05; **P < 0.01; ns, no significance. Scale bar = 100 μm.





DISCUSSION

Although treatments for heart failure have made great progress, it is still a global refractory disease with high mortality and rehospitalization rate (22). Regardless of the various etiologies of heart failure, cardiac fibrosis is the common physiopathologic progress. New strategies targeting cardiac fibrosis may serve as an alternative way to improve the prognosis of heart failure.

In our study, glycolysis inhibition could alleviate the CF activation and cardiac fibrosis after MI, just as the previous reports in other fibrotic diseases (14, 23, 24). Nevertheless, in contrast to our results, Donthi et al. uncovered that the inhibition of cardiac glycolysis by overexpressing kinase-deficient PFK-2 exacerbated myocardial hypertrophy and cardiac fibrosis (25). However, when they overexpressed kinase-deficient PFK-2 with a cardiomyocyte-specific promotor, α-myosin heavy chain, glycolysis in cardiomyocyte was inhibited, which might contribute to changes in the fibrotic process indirectly (26). In another study, Hu et al. demonstrated that paroxysmal atrial fibrillation could induce glycolysis in the canine atrium, and glycolysis inhibition could completely reverse myocardial fibrosis remodeling, the results of which were consistent with our present study (27). Our findings further supported the view that glycolysis contributed to cardiac fibrosis, and glycolysis inhibition at a proper time and extent could effectively alleviate the excessive fibrosis after MI.

In our study, 2-DG delivery from the day of MI surgery at a dosage of 100 mg/kg/day increased the mortality of mice. After we lowered the dosage of 2-DG to 50 mg/kg/day and delayed the time of initial drug administration to the 4th day after the surgery, the mortality of the mice decreased, and the fibrosis area of the heart lessened. To our knowledge, fibrosis is an important event and a dynamic process after MI (28). In the first 3 days, inflammation activates along with the apoptosis of cardiomyocytes while fibroblast presents as an inflammatory phenotype by secreting plentiful inflammatory factors during this stage. From the 4th day, fibroblast tends to trans-differentiate into myofibroblasts, which drives a vast production of the extracellular matrix. In this stage, inflammation fades, and the scar arises (28). During the process of fibrosis development after MI, modest fibrosis will help the heart to complete the repairment of the heart while inadequate fibrosis may result in the increased risk of heart rupture due to the insufficient repairment. On the contrary, excessive fibrosis contributes to the stiffness of the heart, with resultant impaired systolic and diastolic functions. In our experiments, sufficient 2-DG delivery might block both the cardiomyocyte survival and the fibroblast activation, which did harm to the heart repair, thus accelerating the rupture of the heart. When the dosage of 2-DG was decreased and the delivery time was delayed, the side effect alleviates, and 2-DG can effectively inhibit the cardiac fibroblast activation, thus contributing to the improvement of the cardiac fibrosis. Anyway, the side effect of 2-DG on the cardiomyocyte exist, which may explain the little improvement in the cardiac function. Thus, cell-specific reagent invention was in need in the future studies. Searching the downstream of the 2-DG might be another alternative way to reduce the side effect of 2-DG. More works need to be done in the future to promote the application of glycolysis inhibitors in the cardiac fibrosis treatment.

In our study, we did not explore the further mechanism of the anti-fibrotic effect of 2-DG. 2-DG might contribute to CF activation in several ways. As several critical metabolites in glycolysis were responsible for CF activation, like glycine and triphosadenine (15), 2-DG might inhibit CF activation by reducing the production of these pro-fibrotic intermediate metabolites. Besides, glycolysis also produced abundant lactate, which was essential for the activity of proline hydroxylase, TGF-β1, and the hydroxylation of collagen (16). Interestingly, 2-DG could cut down the secretion of lactate significantly. As proline, collagen and TGF-β1 were important molecular for CF activation, 2-DG might exert the anti-fibrotic effects by restricting the production of lactate. What's more, glycolysis could also enhance the expression of the fibrotic proteins by epigenetic modification, which could be another intervention target for the anti-fibrotic effect of 2-DG (29). Last but not the least, hypoxia was an important change after MI, and hypoxia was a key inducer of glycolysis. In the kidney fibrosis investigation, it was reported that TEPP-46-induced PKM2 tetramer formation and pyruvate kinase activity resulted in the suppression of HIF-1α and lactate accumulation, thus contributing to kidney fibrosis (30). In another study of diabetic kidney disease, sodium-glucose cotransporter 2 inhibition could suppress HIF-1α-mediated metabolic switch from lipid oxidation to glycolysis and exert a kidney protective effect (31). It was fascinating that hypoxic signaling post MI (such as HIF1α activation) might drive this presumed glycolytic shift. More works are needed in the future study to illustrate the inner mechanism.

Some other limitations should be acknowledged in our study. Firstly, we delivered 2-DG by intraperitoneal injection, which may exert a systemic effect. Though we have demonstrated the role of glycolysis on CF activation in vivo and in vitro, we cannot eliminate the possible confounding contribution by other cardiac cells. Secondly, we explored the role of glycolysis in cardiac fibrosis and CF activation after MI. We did not further explore the role of tricarboxylic acid cycle and oxidative phosphorylation. Thirdly, as human tissues were hard to acquire, especially normal heart tissues and tissues from remote sections of the human MI heart, we had to use papillary muscles tissues as candidates of non-fibrotic heart tissues.

In conclusion, our study demonstrates that glycolysis inhibition can alleviate CF activation and cardiac fibrosis after MI. Glycolysis may be a new target for the treatment of cardiac fibrosis.
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Although metabolic remodeling during cardiovascular diseases has been well-recognized for decades, the recent development of analytical platforms and mathematical tools has driven the emergence of assessing cardiac metabolism using tracers. Metabolism is a critical component of cellular functions and adaptation to stress. The pathogenesis of cardiovascular disease involves metabolic adaptation to maintain cardiac contractile function even in advanced disease stages. Stable-isotope tracer measurements are a powerful tool for measuring flux distributions at the whole organism level and assessing metabolic changes at a systems level in vivo. The goal of this review is to summarize techniques and concepts for in vivo or ex vivo stable isotope labeling in cardiovascular research, to highlight mathematical concepts and their limitations, to describe analytical methods at the tissue and single-cell level, and to discuss opportunities to leverage metabolic models to address important mechanistic questions relevant to all patients with cardiovascular disease.
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INTRODUCTION

Measuring the dynamic range of cardiac metabolism has been a corner stone of cardiovascular research. Understanding how altered metabolism supports cardiac adaptation during stress and diseases requires a systems-wide approach. Translational models that recapitulate cardiac pathophysiology are critical to advance our understanding of cardiovascular diseases (CVDs) and to utilize metabolic vulnerabilities as biomarkers or for the development of therapeutics. Targeted or untargeted measurements of metabolites allow to assess the metabolic state in an organism in vivo. Measurements of metabolic changes in a variety of biological samples are feasible due to advances in chromatographic separation (e.g., hydrophilic interaction chromatography, HILIC; poroshell columns) and improved detection like nuclear magnetic resonance (NMR) and mass spectrometry (MS). However, the interpretation of complex disease models or patient derived samples can be challenging with large scale metabolomics and when a systems-wide understanding of specific pathways is required. Measuring changes in metabolite concentration do not allow to draw any conclusions on metabolic rates or the direction of a flux. Changes in metabolite levels can either result from differential production or utilization of a given intermediate due to increased flux from synthesizing reactions, decreased flux toward consuming reactions, or alterations in transporter activities. For example, during ischemia-reperfusion injury, glycolytic intermediates accumulate despite a reduction in glucose uptake (1–3). Therefore, accurate determination of metabolic flux is necessary for understanding cellular physiology and the pathophysiology of diseases. Steady states in cellular systems are defined by constant values of flux and metabolite concentrations (4). In experimental settings, steady states can be achieved in controlled cell cultures or ex vivo perfusions. However, commonly experiments are performed at pseudo-steady state, where changes in flux or metabolite concentrations are minimal over the observed time frame.

What is metabolic flux? Generally, flux describes the movement of particles across a given area in a specified time. It is important to distinguish between reaction rates and metabolic fluxes. A reaction rate describes the velocity of a given biochemical reaction in response to a substrate and enzyme in isolation, while metabolic fluxes describe the same reaction in the context of a biological system and pathway. Measuring metabolic flux is challenging and cannot be done directly, thus metabolic fluxes are estimations from measurable quantities. Tracer-based approaches provide an apparent straight-forward way of quantitatively assessing dynamic changes in cardiac metabolism. Especially, stable-isotope tracers allow to administer probes to a biological system (e.g., animal cells) in cost-efficient and safe way. At the same time metabolic conversions of labeled nutrients or small molecules allow to track the incorporation of isotopic label (e.g., carbon, nitrogen, or hydrogen) into downstream products and pathways. The detection of specific metabolic products then allows to assess total metabolite changes alongside enzyme activities, flux rates, and overall contribution of specific pathways to the metabolic profile. Tracer studies in isolated perfused murine hearts are commonly used to evaluate metabolic changes in model systems that resemble in vivo conditions as closely as possible (5). In vitro models using cultured cardiomyocytes have also shown to provide valuable information albeit with a limited scope. The selection of a specific method largely depends on the biological question and inherent limitations of models. Radioactive probes are a stable of both clinical cardiology and basic cardiovascular research (e.g., 18F, 3H, 14C) and are used to study in vivo or ex vivo metabolic changes in the heart. There are several clinically relevant radiopharmaceuticals such as 99mtechnetium-sestamibi (99mTC-MIBI, or CardioLite) (6) or [18F]-Fluorodeoxyglucose ([18F]-FDG) (7) for interrogating metabolic parameters such as nutrient uptake rates. These probes allow safe, non-invasive tracing of metabolic changes in vivo. However, readouts of these measurements are serving as surrogates for multiple metabolic pathways. The desire to measure more in-depth metabolic changes in the heart have led to increased application of stable-isotope tracers in clinical studies (8–10). Stable isotope probes (e.g., 2H, 13C, 15N) are less sensitive than radioactive probes, but in a single experiments stable isotope labeling approaches allow to assess multiple pathways simultaneously over longer experimental time periods. Like radiopharmaceuticals, stable-isotope tracers allow flux assessments, but at the same time these probes provide more in-depth analysis of metabolism both using targeted and untargeted discovery oriented analytical approaches. Increased availability and advancements in analytical techniques for metabolomics have made stable isotope tracers increasingly popular in studying cardiac metabolism in vivo and ex vivo. In this review, we describe recent advances in applying stable isotope tracers in cardiovascular research and discuss important aspects to consider during data analysis allowing accurate assessments of metabolic changes (Figure 1).


[image: Figure 1]
FIGURE 1. Steps in stable-isotope metabolomics analysis. Stable-isotope tracers to study cardiac metabolism are administered to the model organism or patient using different delivery approaches including, infusion, injections, diet, or ex vivo perfusion. Heart tissue or biofluids are collected and metabolites are extracted based on downstream analytical methods. For examples, tissue sample for total metabolite extraction are freeze-clamped in liquid nitrogen and tissue is quenched during extraction using organic solvents. To assess spatial metabolite abundances, tissue slides need to be prepared. Incorporation of isotopic label into metabolites is determined using analytical techniques such as NMR or MS. The isotopic enrichment profile of different metabolites is assessed after normalization and correction for natural abundances. GC, gas chromatography; i.v., intravenous; LC, liquid chromatography, MS, mass spectrometry; NMR, Nuclear magnetic resonance. Figure was created with BioRender.com.




STABLE-ISOTOPE TRACER METHODS FOR MEASURING CARDIAC METABOLISM IN VIVO AND EX VIVO

Multiple techniques are available for the in vivo or ex vivo delivery of stable-isotope tracers including oral administration via diets, gavage or drinking water, direct intravenous infusion, injection, or perfusion of the heart (Figure 1). Each experimental method has its limitation thus the choice for the specific delivery needs to be driven by the biological question. In ex vivo heart perfusions, tracers are delivered via the perfusion buffer. The perfusion technique itself determines how close to physiologic conditions flux rates and metabolic changes can be measured. Two ex vivo perfusion techniques for studying cardiac metabolism and muscle physiology are the method of choice: (1) the Langendorff method and (2) the working heart preparation. The aortic perfusion of Langendorff remains a standard preparation and is popular to this date due to its simpler technical requirements and perfusion apparatus (11–14). However, hearts in this preparation do little or no external work and may require external stimulation which can obfuscate metabolic measurements. The more advanced working heart preparation allows arterial perfusion of the heart. This preparation maintains the physiologic contractile function of the heart and prevents periods of anoxia that may occur during Langendorff preparations (15). Several recent studies applied perfusion techniques in a diverse range of disease models to assess cardiac metabolism (Table 1). Regardless of the perfusion technique, tracers are applied through the chemically defined perfusion buffer and allow collection of samples in small time intervals which facilitates dynamic measurements of cardiac metabolism (Table 1).


Table 1. Overview of recent in vivo and ex vivo stable-isotope tracer studies in cardiovascular research, including administration methods, analytical platform, and chromatographic modes.
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Infusion techniques are likely the most advanced method for the delivery of tracers. Stable isotope tracers are introduced intravenously into the systemic circulation of an animal (e.g., mouse, rat) or human participant. Blood or tissue samples are collected before and after tracer infusion, and isotopic enrichment is then analyzed. Another important factor during stable-tracer experiments is the dynamics of tracers and the determination of metabolite pool sizes (e.g., extracellular vs. intracellular), as well as turnover (or half-life) of metabolites (37). For example, the circulatory system or tubing in heart perfusions can be considered as a single pool. Tracers can be administered (1) continuously or (2) in a bolus. Constant infusion of tracer allows to start sample collections once an isotopic equilibrium is reached, while bolus injection results in an initial increase over time followed by an exponential decrease (37). In either case, pool sizes and compartmentalization of metabolites need to be considered for the estimation of intracellular fluxes (37). Recent studies have shown that pool sizes for metabolites need to be treated as parameters and measured as accurately as possible to improve quality of flux estimations from non-stationary fluxes (38). In metabolomics studies, control and monitoring of the nutrient environment is important. For in vivo, special attention needs to be paid to feeding, fasting, diet composition and number of animals per cage. For ex vivo studies, special care for the composition of perfusion buffers and reagent purities needs to be taken. For both in vivo and ex vivo studies it is important to assess if any anesthetic agents may obfuscate metabolic measurements through alterations of plasma metabolite concentrations. The duration of labeling depends on the pathway of interest and whether steady-state data needs to be achieved. In ex vivo heart perfusions, steady-state labeling can be reached within 10 to 20 min for key metabolic pathways (39), whereas in vivo labeling may require longer timeframes depending on the pathways of interest and tracer (10).

Selecting the right tracer depends on the scope of the study and ultimately which metabolic readout is required for a given biological question. The substrate class (e.g., carbohydrate, amino acid, fatty acid), type of atoms (e.g., 13C, 15N), number of labeled atoms (e.g., uniform vs. single) and position of labeled atoms will determine which products and pathways will incorporate the label. Any of these options increase the complexity of the experimental design and subsequent data analysis. Selecting the right combination of tracers allows delivering multiple probes and interrogation of multiple pathways simultaneously. Parallel tracing experiments are limited to few applications, but recent advances in high resolution mass spectrometry and development of new probes show promise. For a comprehensive overview of stable-isotope tracers and their readouts, readers are referred to Table 2 in (78). In uniformly labeled tracers, all atoms of interest are substituted with a stable isotope, while single or select position labeled tracers only carry isotopes at specific atoms. The advantage of uniform labeling is better coverage of a variety of different pathways while select position labeling allows to target specific reaction.


Table 2. Resources for network reconstruction, simulation and visualization of metabolic flux analysis using stable-isotope tracers.
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Considering the diversity and versatility of stable isotope tracers, which criteria can we apply to select the optimal probe for a given experiment? The chemical properties, including kinetics, specificity, and turnover, are critical components of tracer selection. Tracer kinetics must be almost identical to unlabeled compounds and probes should not accumulate in tissue. Non-specific binding to other proteins and lipids is generally a concern when using radionucleotides but similar demands need to be met by stable isotope tracers. Lastly, turnover time and tissue concentration of tracers should follow the range of non-labelled metabolites to avoid mass effects and optimal signal-to-noise ratios. Selection of tracers can also be based on metabolic read-outs and targeted toward a pathway of interest. Uniformly labeled tracers of common nutrients (e.g., glucose, fatty acids, or amino acids) can be used to determine how these nutrients are utilized in multiple pathways. Combination with single labeled tracers in parallel experiments then allows to detect specific metabolic fluxes. Different labeling strategies are best described using glucose because of its high abundance, commercial availability, and ease of use in experimental settings. For example, [1-13C]glucose can be used to measure the decarboxylation of 6-phosphogluconate to ribulose 5-phosphate in the oxidative branch of the pentose phosphate pathway and the decarboxylation of pyruvate to acetyl-CoA by pyruvate dehydrogenase in the Krebs cycle (Figure 2A). Pentoses produced via the oxidative pentose phosphate pathway can reenter glycolysis via the non-oxidative pentose phosphate pathway branch. Resolution of both glycolysis and pentose phosphate pathway fluxes can be achieved using [1,2-13C]glucose tracer (Figure 2B). When glucose is converted through glycolysis, unlabeled (m + 0) and twice labeled (m + 2) pyruvate is produced. Conversion of glucose through glycolysis and the oxidative pentose phosphate pathway produces unlabeled (m + 0), single (m + 1) and twice labeled (m + 2) pyruvate. These flux alterations can occur in the background of increased pentose production via the non-oxidative pentose phosphate pathway which will make it difficult to detect changes in pyruvate labeling (79, 80). Parallel labeling using [1-13C], [1,2-13C], and [U-13C]glucose can improve detection of subtle, aberrant changes in metabolic flux (Figure 2B) (81). Alternatively, [3-2H]glucose can also be used to determine redox changes in central carbon metabolism by gaining insight into the de novo NADPH synthesis in the oxidative pentose phosphate pathway (Figure 2C) (82). Likewise [2-13C] and [3-13C]glucose can be used to evaluate the decarboxylation of isocitrate to α-ketoglutarate by isocitrate dehydrogenase and α-ketoglutarate to succinyl-CoA by α-ketoglutarate dehydrogenase (Figure 2A), respectively. Additionally, [2-13C] and [3-13C] glucose enable determining acetyl-CoA and fatty acid synthesis in the mitochondria and cytosol. The measurement of transporter activities can be achieved by using chemical analogs as tracers. Chemical analogs are compounds that have chemical structures like natural substrates, but with modifications at key positions. These modifications limit how these molecules can be metabolized and lead to accumulation of substrates in tissues. For example, the analog 2-deoxyglucose is transported across the cell membrane and phosphorylated by hexokinase in the same manner as glucose, but because the second carbon has been replaced by a hydrogen it cannot undergo further reactions. As such, 2-deoxyglucose competitively inhibits phosphoglucose isomerase and limits glycolysis. Using analogs 2-deoxyglucose or methyl-D-glucose allows determining uptake flux of glucose. In combination with other tracers it is possible to determine the overall utilization (uptake and metabolization) of glucose. To gain insight into the systems-wide response during disease development, it is also necessary to assess how metabolic alterations are linked to protein dynamics and posttranslation modifications (83, 84). Stable isotope tracers enable measuring posttranslational modifications of proteins. Protein methylation and acetylation can be determined by combining 13C-glucose with 15N or 13C-alpha ketoacids and 11C acetate, respectively. The methionine analog, azidohomoalanine, is enables labeling newly synthesized proteins during a short pulse-labeling period (85). The advantage of amino acid analogs compared to 13C or 15N-labeled amino acids is high sensitivity even at early time points when protein alterations are difficult to identify and often obscured by higher abundant proteins (e.g., structural proteins).


[image: Figure 2]
FIGURE 2. 13C and 2H distribution from labeled glucose in glycolysis and Krebs cycle. (A,B) 13C-glucose is decarboxylated at different steps in the Krebs cycle and oxidative pentose phosphate pathway. Colored circles indicate 13C label for selected metabolic intermediates. [2-13C]glucose and [3-13C]glucose are associated with pyruvate dehydrogenase (PDH) activity producing m+2 and m+3 acetyl-CoA, respectively. Using [1,2-13C]glucose allows to distinguish between glycolysis and oxidative pentose phosphate pathway (PPP) flux. (C) [3-2H]glucose enters the PPP via glucose 6-phosphate (G6P) and decarboxylated to ribulose 5-phosphate (R5P), which generates 2H-NADPH. DHAP, dihydroxyacetone phosphate; G6P, glucose 6-phosphate; G3P, glyceraldehyde 3-phosphate; IDH, isocitrate dehydrogenase; α-KG, α-ketoglutarate; α-KGDH, α-Ketoglutarate dehydrogenase; PDH, pyruvate dehydrogenase; PPP, pentose phosphate pathway; 6PG, 6-phosphogluconate; 2PG, 2-Phosphoglycerate; PEP, phosphoenolpyruvate; R5P, ribulose 5-phosphate.


A prerequisite for accurate metabolic measurements is the sample collection and preparation. Metabolites have different turnover rates and differences in their abundance can easily lead to obfuscation of experimental data. For example, rapid degradation of NADPH and CoA derivatives during sample preparation have been well-documented (86, 87). Developing methods and additives to preserve metabolites remains an area of active research. For tissue specimens, freeze clamping using the Wollenberger technique allows rapid freezing of tissue in liquid-nitrogen (88–90). In contrast to flash freezing, this technique has been shown to be superior in homogenously freezing tissue sample and preserving metabolic data. Tissue specimen can then be stored at −80°C for further processing. Similar, metabolite extractions using organic solvents (e.g., methanol:water, 80:20 w/w) quench metabolic profiles and help to reduce enzymatic activities. Measuring more instable metabolites such as NADPH or AMP, a mixture of acetonitrile:methanol:water (40:40:20, w/w) with 0.1 M formic acid can effectively capture and preserve readouts (86, 91). Additionally, adding internal standards during sample extraction can help tracking sample loss and allows correction between batches (87). Independent of the model system or delivery technique, special attention needs to be paid toward standardization of experimental conditions, and sample collection and preparation to ensure rigor and reproducibility of metabolic tracer experiments (76).



MATHEMATICAL MODELING OF METABOLIC FLUX DISTRIBUTIONS

Mathematical modeling and computer simulations can help to understand the complex dynamics and interactions of biological processes. A network of biochemical reactions within an organism can be represented by mathematical equations based on established knowledge or extrapolation from other systems. Metabolic models or networks can help to conceptualize and test biological hypothesis in silico. In the context of stable-isotope tracer analysis, models are required to estimate flux distributions and explain labeling states for specific metabolites. These modeling approaches can describe the metabolic state of a biological system, but they cannot predict or explain it by identifying regulatory enzymes or principles (e.g., feedback interactions) (4).

Tracer studies can be analyzed using different approaches and level of depth. Most studies determine the relative incorporation of tracer into metabolites and assess qualitative changes in pathway activities. Isotopomers are defined as isomers of a given metabolite that differ only in the mass shift of their individual atoms, for example, 13C vs. 12C and 2H vs. 1H in carbon- and hydrogen-labeling studies, respectively. Stable-isotopomer measurements are interpreted by defining mass-distribution vectors (MDVs) that reflect the incorporation of label from a tracer into downstream metabolites (Figure 3A) (57, 92). MDVs are defined as follows:
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Where each component Xj (with j = 0, 1,…, n) represents the fraction of a metabolite's pool that corresponds to the jth labeled isotopolog and n is the maximum number of labeled atoms that a metabolite can incorporate. The fractional isotope enrichments, Xj, and their sum equal 1 or 100%. In stable isotope labeling, incorporation of j labeled atoms causes a mass shift of j atomic units nominal to the mass M of the unlabeled metabolite. Therefore, the MDV is often denoted as follows:

[image: image]

Where IC denotes the isotopolog count for a given metabolite j and TC denotes the sum of all isotopolog counts. For example, the MDV for 13C-labeled glucose can be determined as:

[image: image]

with n = 6, because a glucose molecule has six carbon atoms where 13C-label can be incorporated. Xm0 represents the fraction of unlabeled glucose within the total metabolite pool, and Xm2 = 0.1 would indicate that 10% of the total glucose pool carries two 13C-labeled carbons. Based on the MDV it is not possible to assess where the incorporation of label occurred.


[image: Figure 3]
FIGURE 3. Isotope tracing to measure metabolic fluxes. (A,B) Example of isotopomer distribution analysis using mass spectrometry (MS) for 13C-lactate. Ion counts for different isotopologues (IC) are determined by measuring the area under the curve (AUC). Mass distribution vectors (MDVs) for lactate (Xm) are determined by dividing each IC by the total counts (TC). Measured MDVs are then corrected for naturally occurring isotopes (B). Actual MDVs for lactate can now be used for further data analysis such as metabolic flux analysis. (C) Flux balance analysis allows estimating flux distributions at steady state. Optimization functions are defined based on biological questions and applied to a network. Constraints for each flux vector are defined as lower bonds (LB) and upper bonds (UB) which allow to define flux solution spaces. (D) Schematic of carbon atom distribution in a simplified model of glycolysis using [U-13C]-glucose infusion. Network reactions can be further reduced to a define a final reduced EMU model. Flux distributions are estimated by minimizing the sum of least-squared residuals (SSR) between the measured rates and model predicted rates subject to stoichiometric constrain.


When using stable isotope labeling it is important to correct for natural occurrence of stable isotopes of all atoms within a metabolite. This correction is particularly important when derivatization agents are used during sample preparation (e.g., GC-MS requires derivatization using TBDMS), highly abundant metabolites (e.g., glucose), or single labeled tracers (n = 1) are being used. For instance, carbon appears in the form for two stable isotopes, 12C and 13C, with a natural occurrence of ~98.9 and 1.1%, respectively. When using 13C-tracers, measurements need to be corrected for this natural occurrence. Several tools have been developed (see Table 2) (53–56) that allow automatic correction of labeled isotopologues of a given metabolite by solving a linear equation as follows:
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where [image: image] and [image: image] depict the measured MDV and actual MDVs for a metabolite, respectively. The jth row of the matrix [image: image] contains the theoretically predicted MDV for the jth labeled isotopolog. Determining the actual MDVs for each metabolite is a critical step prior to further data analysis and flux interpretation (Figure 3B). To achieve quantitative information about metabolic conversion rates or flux rates different mathematical approaches need to be applied depending on the scope of the study and data type. Techniques in mathematical modeling can be broadly divided into ordinary differential equation and constrained based modeling. For a comprehensive compilation of different modeling techniques and applications, the reader is further referred to Klipp et al. (93).

Flux balance analysis (FBA) is a constrained-based modeling technique that relies on balancing fluxes around metabolites within a network stoichiometry (Figure 3C). Flux distributions in FBA are estimated based on (1) the steady-state assumption, (2) constraints derived from the metabolic environment (e.g., nutrient supply, oxygen consumption), and (3) an objective function such as biomass synthesis, energy provision or another cellular function that is critical for the organ system. Several groups have successfully applied this algorithm and integrated metabolomics data to study cardiac metabolism (35, 36, 40, 94). One limitation of FBA is the requirement for stationary flux patterns without any integration of thermodynamic feasibility. Several methods have been developed to allow inclusion of thermodynamic constraints and even dynamic optimization (95, 96).

13C-Metabolic flux analysis (13C-MFA) is most widely used in assessing flux in stable-isotope tracer experiments (92). In 13C-MFA, isotopomer distributions from labeled substrates (e.g., 13C-glucose) are incorporated into a mathematical model of atom transfers and combined with measurements of nutrient uptakes and secretions, and biomass function. The distribution of fluxes throughout a cellular metabolism is mathematically estimated by iteratively solving a least-square regression problem of isotope labeling measurements and extracellular exchanges rates. The models applied to data regression comprise mass balances and isotopomer balances on all network components, thus often encompasses hundreds of equations. The sum of squared residuals (SSR) is defined as follows:
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Stationary fluxes (v) are estimated by the assumption of a steady state (equation 7) and minimizing SSRs between simulated (x) and experimentally derived (r) MDVs for a given metabolite S. The stoichiometry matrix of a given metabolic network is represented by N. Uncertainties, σ, can be estimated based on the root-mean square error of unenriched control samples and the standard error of measurement of technical MS replicates. For a metabolite S, steady state implies that the total rate at which it is supplied is equal to the total rate at which it is removed (see Figure 3). If the whole system is in a steady state these reaction rates are identical to the corresponding fluxes. Therefore, reaction rates and flux are often used interchangeably (97). In studies using direct infusion or ex vivo perfusion techniques, relative fluxes can be converted to absolute fluxes using known infusion rates or flow rates for specific tracers. A prerequisite for applying the above given mathematical concept is that measurements were conducted after reaching isotopic steady state.

A given metabolite comprising n atoms may exist in either labeled or unlabeled states with 2n isotopomers. For example, glucose (C6H12O6) consists of 64 carbon atom isotopomers (n = 6, 26), 4,096 hydrogen atom isotopomers (n = 12, 212), and combined 2.6 × 105 (26 × 212) carbon and hydrogen isotopomers. Therefore, additional methods have been developed to allow the integration of multiple isotopic tracer systems (98). Without these methods, mathematical analysis of tracer studies is often limited to single isotopic tracers to allow efficient simulation of flux distributions. In the elementary metabolite units (EMU) framework labeling information is broken down into multiple individual sub-problems consisting of many coupled non-linear equations (98). The method uses a decomposition algorithm that identifies the minimum amount of information needed to simulate isotopic labeling within a given metabolic network. This approach is different from isotopomer methods, where the model includes all possible isotopomers resulting in an exponentially larger number of variables. The EMU framework requires fewer variables, thus allows the analysis of labeling by multiple isotopic tracers (Figure 3D). For a metabolite comprising n atoms, (2n – 1) EMUs are possible. The algorithm allows to identify a minimal set of EMUs to be considered in the simulation model, which reduces the overall number of variables and makes the computational analysis feasible even for multiple-tracer experiments and larger scale models (98). A given metabolic network is decomposed into different blocks of EMUs (98–100), which are expressed as follows:
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where matrices Ai and Bi are strictly linear functions of fluxes. In case 13C labeling has not reached a steady state, isotopically non-stationary MFA (INST-MFA) methods can be used (62). INST-MFA describes the isotopomer balances using ordinary differential equations (ODEs) rather than linear regression models (92). The advantage of 13C-MFA is a higher flux precision and enhanced confidence in the accuracy of estimated fluxes. A typical tracer experiment using [U-13C]-glucose can result in 50 to 100 isotopic labeling measurements which are used to estimate just 20 to 30 independent metabolic flux parameters. This leads to redundancy in flux information and ultimately increases confidence.

Several publicly and commercially available software packages have been developed in recent years to facilitate network reconstructions and computational analysis of metabolic network using 13C-MFA and INST-MFA methods (62). Table 2 provides an overview of selected resources and repositories, which can be used to analyze stable-isotope tracer studies and may serve as a starting point for readers who are less familiar with including mathematical modeling into their data interpretation. Each of the listed resources serve a different purpose during the metabolomics workflow and in some instances can help with experimental design and selection of tracer probes or analytical platforms (Figure 1). For example, genome-scale reconstructions of cardiac metabolism allow to assess during the study design which metabolic reactions may be involved in the phenotype generation (35, 36, 39). In silico simulations can also determine which tracers are required or which metabolites need to be measured for the correct assessment of cardiac metabolic changes. MFA platforms like INCA and SumoFlux allow simulating tracer kinetics, which can be useful to determine when a given tracer may reach steady state under the experimental conditions (59, 63). Here, mathematical modeling can help narrowing done tracer options and provide unbiased analysis prior to experiments. EMU approaches can be used to select tracers for a given network and metabolic pathway by providing one optimal tracer or a reduced list of feasible tracers depending on the probe sensitivity, labeling pattern, and complexity of the metabolic network. Careful consideration of tracer type and labeling pattern prior to an experiment can help reducing potential computational burden of data analysis and improve overall data interpretation by providing clear isotope patterns.



PLATFORMS FOR METABOLOMICS AND SINGLE-CELL ANALYSIS

The goal of metabolomics is to comprehensively measure the metabolic composition of a sample in a single analysis. Different analytical platforms combine unbiased, rapid, reproducible, and stable analysis of complex samples in a single run. Each technology has its advantages and disadvantages in terms of sensitivity, throughput, reproducibility, robustness, quantitation, and suitability for specific chemical classes of metabolites. These analytical chemistry techniques range from high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry (LC-MS), gas chromatography combustion isotope ratio mass spectrometry (GC-C-IRMS), capillary electrophoresis-mass spectrometry (CE-MS), Fourier transform-ion cyclotron-mass spectrometry (FT-ICR-MS), and nuclear magnetic resonance (NMR). Broadly, analytical chemistry techniques can be divided into (i) separation, (ii) identification, and (iii) quantification of metabolites from a complex sample (e.g., tissue, blood). The separation of metabolites is accomplished using chromatography (GC, HPLC) or CE. Sample detection is then achieved using fluorescence, ion conductivity, or spectrometry (MS, NMR, light absorption). MS and NMR are different types of spectrometers that measure physical characteristics over a given spectrum. MS measures masses within a chemical sample through their mass-to-charge ratio (m/z), while NMR measures the variation of nuclear resonant frequencies. Both detection techniques can be combined with a different separation method allowing customized application methods for a specific type of sample and compound. MS and NMR are widely used in metabolomics to detect and analyze stable isotope tracer studies, such as 1H, 13C, 14N, and 31P. A MS instrument consists of three main components: an ion source, a mass analyzer, and a detector. The ion source ionizes the sample, producing ions and fragment ions, then accelerated through the mass analyzer. Perpendicular magnetic fields deflect ions traveling through the mass analyzer according to their mass allowing to sort and detect ions based on their mass-to-charge ratio (m/z). The output is presented as a mass spectrum where each peak represents a different ion with a specific m/z, and the peak length corresponds with a relative abundance. Combining MS with separation techniques like GC or LC enables analysis of complex samples based on separation times (or retention times) and m/z ratios. The variable ionization of compounds, ion suppression, and instrument cycling times inherently limit the number and type of metabolites that can be distinguished in a single run. Different ionization techniques have been developed including electron ionization (EI) and chemical ionization (CI) for compounds in gas-phase, as well as electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) which are suitable for thermally labile and non-volatile analytes (101). After ionization, the mass analyzer sorts the ions by their m/z ratio using magnetic or electrical fields. Common analyzers use time of flight (TOF), quadrupole mass filter, quadrupole ion trap, Fourier transform-ion cyclotron or orbitrap. Each separated ion induces a specific charge which is finally measured in the detector. The advantage of MS over NMR is higher throughput, sensitivity, analysis speed, and a broader range of applications. Continuous improvements in instrumentation design and reduced running costs have led to increased accessibility and implementation of MS in research studies. The sensitivity and resolution of NMR instruments depend on the magnetic field strength, which has been improved in the past decade. 1H NMR spectra have a small chemical shift range, which leads to overlapping peaks in complex samples, limiting detection, and lowering sensitivity. Combination of one-dimensional with two-dimensional NMR spectrometry has improved signal dispersion and compound identifications (102). Implementation of cryo-or microprobes further reduced scanning times needed to record a spectrum and greatly improved the sensitivity. Another advantage of NMR spectrometry is the quantitation and more uniform detection system, which can be directly used to identify and quantify metabolites both ex vivo and in vivo. In addition, the non-destructive nature of NMR methods leads to simplified sample preparation or even enables direct measurement of samples from body fluids (e.g., urine). Another advantage over MS is quantifying multiple compounds without the need for calibration curves for each compound. MS and NMR spectrometry have evolved as the most common techniques in stable isotope tracer and metabolomics studies. However, there is no single analytical platform that can achieve a complete quantification and identification of all molecules within a sample. Therefore, more than one method must be employed for comprehensive metabolic profiling. When deciding on an analytical avenue, the choice primarily depends on the focus of the research study and the nature of the samples, and instrument and know-how accessibility.

Single-cell analysis is a powerful tool to interrogate cellular heterogeneity within the same tissue, allowing for refined assessment of phenotypes and biomarker discovery. Metabolomics at the single-cell level holds the promise to obtain precise spatial and temporal information allowing to assess cell differentiation and division, cell-cell interactions, metabolic cooperation between cell populations and a detailed stress response analysis. In comparison to other omics technology, single-cell metabolomics faces several challenges because of the chemical diversity of metabolites, wide range of concentrations, sample stability, and lack of amplification (103). Recent studies have tried to circumvent challenges in single-cell metabolomics by using co-immunoprecipitation of proteins followed by MS to capture metabolic features (104). These strategies raise the question how much of metabolic regulation is dependent on protein abundance changes. The relationship between enzyme function and metabolites is multifactorial and dynamic, which explains poor correlation between individual proteins and metabolites (105, 106). Integration of proteomics and transcriptomics data with mathematical modeling and machine learning algorithms may improve the predictive value of these methods (107). Metabolomics at the single-cell level includes several pre-processing and sample conditioning steps, including desalting, to decomplexify the sample. These additional steps increase robustness but can also lead to sample loss. The limiting factor in stable-isotope labeling for single-cell analysis is sensitivity and isotopic resolution of a given analytical platform. Detection of metabolites in small sample volumes has been achieved with both NMR and MS (108). However, the sample volume for NMR application is larger than the single-cell level, thus NMR is commonly used with tissue samples or body fluids (e.g., plasma, urine). In recent years, progress has been made to facilitate mass spectrometry-based single-cell metabolomics through increased instrument sensitivities and enhanced technologies. Mass spectrometry Imaging (MSI)-based methods are currently the most sensitive, thus preferred analytical platforms for single-cell metabolomics (103). MSI is a logic progression of laser microdissection technology and combines high-resolution microscopy with MS, which can be applied to thin tissue section or dispersed cell population attached to a grid. MALDI-MSI and ESI-MSI are the two conventional platforms applied for single-cell metabolomics. Both techniques allow spatial resolution of very small sample amounts (μl to pL range), analysis in the attomole ranges, and integration with automation. Recent studies demonstrate that these MS technologies can be applied to identify metabolic alterations in endothelial cell migration (109), tumor cell metastasis (110), and even to the single organelle level (111). The complementary nature of single-cell approaches enables spatial characterization of different cell types, reproducible measurement of metabolic states and organelle analysis when combined with other electrophysiological (e.g., patch clamping) techniques. However, single organelle analysis remains challenging due to limitations in reproducibility, low analyte abundances, limited sample volumes, and interference from sample impurities (103). Single-cell metabolomics is feasible across different platforms due to recent advance in MS technology, which enables enough resolution for monoisotopic detection. For studies that do not require a spatial resolution but molecular characterization at the single-cell level, separation-based methods like capillary electrophoresis (CE), LC, or GC combined with MS or fluorescent tagging approaches can provide sufficient sensitivity for certain applications (112). Analytical platforms like CE-ESI-MS allow qualitative and quantitative analyses of single cells and subcellular compartments with high resolving power and low sample input (<1 μl). CE is a powerful platform and can be coupled with optical, electrochemical, or MS-based detection expanding its applications (112). Compared to other application, one limitation of CE is its low throughput (113). Separations using CE can last up to 1 h, which limits the number of cells that can be assayed from one population (114). Therefore, recent methods have been introduced that directly inject cells into the capillary for lysis and separation reducing the time between cell rupture and analysis. Further advances in MSI and separation-based MS for single-cell metabolomics will offer unique approaches to classify cell types and identify subpopulation thus enhance our understanding of metabolic remodeling during cardiovascular diseases.



CONCLUDING REMARKS AND FUTURE CHALLENGES

Understanding how reprogrammed metabolism supports cardiac adaptation during stress and diseases requires a systems-wide approach. Translational models that recapitulate cardiac pathophysiology are critical to advance our understanding of CVDs and to utilize metabolic vulnerabilities through the development of novel therapeutics or biomarker identification. Stable-isotope labeling and mathematical modeling require multidisciplinary collaborations to bridging animal models into patients. Likewise, clinical studies should inform animal models for mechanistic hypothesis-driven testing. Challenges persist in accurate estimations of fluxes from stable-isotope tracers and integration into clinical trials. Evidence indicates that metabolic phenotypes are a key determinate of disease development and progression. Advancements in analytical methods to quantify metabolic phenotypes in vivo will be critical to identify metabolic vulnerabilities. Ultimately, these efforts may help clinicians to tailor therapeutic interventions based on the metabolic profile of the intact heart.
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Forkhead box O3 (FOXO3) has been proposed as a homeostasis regulator, capable of integrating multiple upstream signaling pathways that are sensitive to environmental changes and counteracting their adverse effects due to external changes, such as oxidative stress, metabolic stress and growth factor deprivation. FOXO3 polymorphisms are associated with extreme human longevity. Intriguingly, longevity-associated single nucleotide polymorphisms (SNPs) in human FOXO3 correlate with lower-than-average morbidity from cardiovascular diseases in long-lived people. Emerging evidence indicates that FOXO3 plays a critical role in vascular aging. FOXO3 inactivation is implicated in several aging-related vascular diseases. In experimental studies, FOXO3-engineered human ESC-derived vascular cells improve vascular homeostasis and delay vascular aging. The purpose of this review is to explore how FOXO3 regulates vascular aging and its crucial role in aging-related vascular diseases.
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BACKGROUND

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in individuals aged 65 years and above (1). Vascular aging has been implicated as a driver of a number of aging-related vascular disorders (2). A large clinical study identified two specific age-related arterial phenotypes, endothelial dysfunction, and increased arterial stiffness as independent predictors for future diagnosis of CVD (3). At the macro level, aging vessels exhibit luminal expansion, diffused stiffness, wall thickening, and blunted angiogenesis (4, 5). Microscopically, aging vessels undergo vascular cell senescence and loss of vascular homeostasis, resulting in inflammation, oxidative stress, and calcification of blood vessels (4). The pace of vascular aging differs in individuals due to differences in their genetics and environment background.

The insulin/IFG-1 signaling (IIS) pathway is one of the major pathways involved in the regulation of aging rate, which negatively influences the activity of forkhead box O3 (FOXO3) (6). The first identified FOXO member, DAF-16/FOXO3, has been shown to prolong lifespan in C. elegans by regulating insulin-like metabolic signaling (7, 8). Additionally, studies have demonstrated that the IIS pathway is associated with an extended lifespan in a variety of species including worms, yeasts, flies, and mice (9). To assess the genetic contributions of genes associated with IIS signaling to human longevity, researchers performed a nested case-control study on 5 prospective longevity genes and found that FOXO3 variation was strongly correlated with human longevity (10). Subsequently, this finding was quickly duplicated in a variety of populations around the world (11–13). Five FOXO3 single nucleotide polymorphisms (SNPs) were shown to have a significant correlation with longevity in a meta-analysis of 11 independent studies (14). FOXO3 has been identified as the second most replicated gene associated with extreme human longevity (15). While FOXO3 is a convincing longevity gene, the mechanism by which FOXO3 determines longevity remains unknown. Interestingly, long-lived individuals demonstrated some phenotypes associated with healthy aging, including a lower prevalence of CVD and cancer (10). Additionally, the longevity-associated FOXO3 SNPs correlate with lower-than-average CVD morbidity in long-lived individuals (10, 16). Another study found that longevity-associated FOXO3 genetic variants prolong lifespan only in individuals with cardiometabolic disease (CMD), but not in all individuals (17). These findings show that FOXO3 may maintain cardiovascular homeostasis, hence promoting longevity. A single-cell transcriptomic analysis of coronary arteries and aortas of young and elderly cynomolgus monkeys found that FOXO3 expression was downregulated in six subtypes of vascular cells in older monkeys compared to young monkeys (18). Although the underlying mechanisms are unknown, FOXO3 is require for maintaining vascular homeostasis under stressful conditions and preventing vascular aging. In this review, we will summarize the most recent findings on FOXO3 functions and mainly focus on its role in aging-related vascular diseases.



OVERVIEW OF FOXO3

FOXO proteins are ubiquitously expressed transcription factors that activate gene transcription when they recognize promoters containing the sequence 5′-TTGTTTAC-3′ (19). By integrating multiple upstream signaling pathways, FOXOs help maintain tissue homeostasis and counteract adverse effects of environmental changes such as oxidative stress, metabolic stress, and growth factor deprivation (20). The transcriptional targets of FOXOs include genes involved in cell cycle arrest (21), oxidative resistance (22), apoptosis (23), autophagy (24), DNA damage repair (25), and energy metabolism (26). The biological role of FOXOs is primarily to respond to stress conditions, rather than as an essential agent of normal physiology. In humans, the FOXO family comprises FOXO1, FOXO3, FOXO4, and FOXO6. FOXO3 has been associated with a number of age-related diseases, including cancer (27), CVD (28), intervertebral disc (IVD) degeneration (29), and neurodegenerative diseases (30). Particularly, the role of FOXO3 in CVD appears attractive.



REGULATION OF FOXO3

Numerous upstream factors regulate FOXO3 via post-transcriptional or post-translational modifications. The exquisite regulatory network formed by diverse upstream regulators and downstream effectors of FOXO3 contributes to its responsiveness to environmental changes and plays an important role in maintaining homeostasis (20).


MicroRNAs Contribute to Post-transcriptional Regulation of FOXO3

MicroRNAs (miRNAs) act as post-transcriptional regulators of gene expression (31). Numerous miRNAs, including miR-155, miR-132, miR-212, miR-223, miR-27a, miR-96, miR-30d, miR-182, miR-592, miR-1307 and miR-29a, bind to FOXO3 3′-UTR and inhibit its expression (27). Other miRNAs have an indirect effect on FOXO3, for example, by targeting upstream factors of FOXO3 to modulate its activity (32). Long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) are also known to regulate FOXO3 (33, 34). A comprehensive exploration of the relationship between non-coding RNAs and FOXO3 will help in the development of more effective chemotherapy.



Post-translational Modifications of FOXO3

FOXO3 activity is mainly regulated by post-translational modifications (PTMs), including phosphorylation, acetylation, methylation, ubiquitination, glycosylation, prenylation, and sulphation. Most of these PTMs change the subcellular localization of FOXO3 and its DNA binding affinity (27). The subcellular localization of FOXO3 is essential for its activity and function (35).


Phosphorylation and Dephosphorylation

The primary regulator of FOXO3 activity is its translocation between the nucleus and cytoplasm. Phosphorylation is a critical PTM that regulates FOXO3 activity. Numerous kinases recognize specific sites on FOXO3 and may exert opposing effects on its activity (36). FOXO3 is inactive under normal conditions, due to negative regulation by IIS-PI3K-Akt signaling. Akt phosphorylates FOXO3 at three highly conserved residues, T32, S253, and S315, establishing docking sites for the chaperone 14-3-3, preventing FOXO3 from re-entering the nucleus (37). PTEN antagonizes the effect of PI3K and induces FOXO3 activation. When cells are stressed, such as when reactive oxygen species (ROS) levels are elevated, FOXO3 translocates into the nucleus and exhibits increased transcriptional activity (20).

The majority of phosphorylases, including extracellular signal-regulated kinase (ERK), IκB kinase isoform β (IKKβ), serum-and glucocorticoid-inducible kinases (SGK), and inhibitor of nuclear factor kappa-B kinase subunit epsilon (IKBKE) suppress FOXO3 activity (38). In comparison, FOXO3 is activated upon phosphorylation by c-Jun N-terminal kinase (JNK), mammalian sterile 20-like kinase 1 (MST1), and AMP-activated protein kinase (AMPK) (39–41). AMPK-mediated phosphorylation impacts FOXO3's interaction with cofactors but does not affect does not affect its subcellular localization (42). JNK inhibits insulin signal transduction on multiple levels by reducing the activity of insulin receptor substrate (IRS) and inducing the release of FOXO3 from 14-3-3, hence surpassing growth factor-induced FOXO3 inhibition (19).



Acetylation and Deacetylation

Nuclear FOXO3 is acetylated by p300 and CBP and deacetylated by deacetylases such as SIRT1 and SIRT2. The effect on acetylation and deacetylation on FOXO3's affinity for DNA is controversial (43, 44). Notably, the effects of SIRT1 on FOXO3 activity are not fixed rigidly, for instance, SIRT1 promotes the expression of target genes associated with antioxidant stress but suppresses the expression of proapoptotic genes (45).

Ubiquitination and methylation also act as regulators of FOXO3, with multiubiquitination resulting in FOXO3 degradation. Different PTMs may occur on the same lysine residues on FOXO3, for example, lysine residues deacetylated by SIRT1 might be ubiquitinated, thereby degrading FOXO3 (46). Alterations in PTMs associated with aging may contribute to the onset of some age-associated diseases.





ROLE OF FOXO3 IN VASCULAR AGING

Aging-associated mechanisms, including deregulated nutrient sensing, oxidative stress, and epigenetic changes in the vascular system may contribute to the pathogenesis of vascular aging. FOXO3 acts as an integrator of multiple signaling pathways involved in the maintenance of vascular homeostasis, and its dysregulation is implicated in a variety of vascular disorders (Figure 1).
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FIGURE 1. FOXO3 is an integrator of multiple signaling pathways to maintain vascular homeostasis. Under normal conditions, FOXO3 is inactive due to the negative regulation by IIS-PI3K-Akt pathway. Akt phosphorylates FOXO3 at three highly conserved residues T32, S253, and S315, thereby establishing docking sites for the chaperone protein 14-3-3 and preventing it from re-entering the nucleus. PTEN antagonizes the effect of PI3K and induces FOXO3 activation. When cells are exposed to stress, including growth factor deprivation, metabolic stress, and oxidative stress, FOXO3 translocates into the nucleus and exhibits increased transcriptional activity. FOXO3 regulates a number of cellular processes, including apoptosis, autophagy, oxidative resistance, and metabolism, all of which are involved in the pathological process of vascular aging.



FOXO3 and Oxidative Stress

Oxidative stress is a major driving force for vascular aging. Age-related increases in reactive oxygen species (ROS) result in endothelial dysfunction and arterial stiffness (47, 48). Endothelium-derived nitric oxide (NO) possesses anti-inflammatory, anti-thrombotic, and anti-leukocyte adhesion properties. Under pathological condition, ROS inactivates NO, which may contribute to the development of atherosclerosis (49). Exercise can restore endothelium-dependent dilation in aged mice by increasing NO bioavailability and reducing oxidative stress (50).

FOXO3 deletion results in an increase in ROS in mouse hematopoietic stem cells (51). FOXO3 is indispensable for the antioxidant-mediated protection in cardiovascular system. FOXO3 protects vascular endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) against oxidative stress injury by up-regulating the expression of antioxidant enzymes such as catalase and manganese-superoxide dismutase (MnSOD) (52, 53).



FOXO3 and Dysregulated Nutrient-Sensing Pathways


AMPK and mTOR

AMPK and mTOR are key regulators of energy homeostasis. AMPK promotes ATP synthesis in response to an energy deficit caused by glucose deprivation or exercise (54). Activated AMPK regulates cell growth and metabolism at low energy levels by phosphorylating a range of substrates (55). In VECs, AMPK activates endothelial nitric oxide synthase (eNOS), phosphorylating it directly and so promoting NO production (56). Second, AMPK activation inhibits the generation of inflammatory chemokines in VECs by attenuating nuclear factor-kappaB (NF-κB) signal transduction (54). Two more studies demonstrate that AMPK signaling in ECs is required for angiogenesis in response to hypoxic stress and differentiation of endothelial progenitor cells (57, 58). However, AMPK activity is reduced in the aorta and cerebral arteries of old rodents (50, 59).

mTOR is a key regulator of anabolic processes and its activity decreases in response to nutrient deprivation. Decreased mTOR activity influences aging and longevity in invertebrates and mice (60). Numerous studies have demonstrated that inhibiting mTOR delays EC senescence (61, 62). Additionally, mTOR inhibition mediates the phenotypic transition of VSMCs by blocking the PDGF-induced contractile VSMC reduction (63). Rapamycin, an mTOR inhibitor, suppresses oxidative stress and vascular stiffness, revering the effects of age-related arterial dysfunction (64).

Between AMPK and mTOR, there are intricate and precise regulatory mechanisms that efficiently regulate energy metabolism. Akt, a positive regulator of energy metabolism, inhibits AMPK and promotes mTOR complex 1 (mTORC1) activation (65). AMPK is activated in response to energy stress, whereas mTORC1 is inactivated (66). Activated AMPK phosphorylates FOXO3 (42), which is an effector of AMPK-mediated apoptosis (67) and hypoxia-induced autophagy (68). Additionally, FOXO3 may suppress mTORC1 activity by inhibiting the regulatory associated protein of mTOR (Raptor) (69). AMPK promotes FOXO3 activation and inhibits mTOR, which seems to be protective in response to hypoxia, ROS, and starvation (70).



SIRTs

SIRTs are also activated in cells with inadequate nutritional status to increase their resistance to stress. The activated SIRT family members have anti-inflammatory, anti-oxidative stress and anti-senescence effects in the vasculature (71–74). SIRT1 acts as an anti-atherosclerotic factor in mice by preventing DNA damage (75). However, endogenous SIRT1 expression decreases with age (76). Decreased SIRT1 levels also contribute to vascular endothelial dysfunction associated with aging through its modulation of eNOS acetylation (77). Similarly, SIRT6 protects against DNA damage, telomere dysfunction, senescence, and atherosclerosis in vascular cells (78, 79).

Chronic hyperglycemia induces accelerated vascular aging. SIRT1-mediated deacetylation of FOXO3 is important for VECs survival under high-glucose conditions (80, 81). High glucose levels suppress the expression of SIRT1 and FOXO3 in VECs. SIRT1 overexpression protects VECs from high glucose-induced apoptosis (81). Additionally, the AMPK/SIRT1/FOXO3 signaling pathway affects the phenotypic switching of VSMCs (82). Moreover, the role of SIRT1 in ameliorating oxidative stress is associated with FOXO3 activation (22). SIRT1 enhances catalase activity and induces MnSOD expression by deacetylating FOXO3 to control intracellular ROS levels (83).

Although caloric restriction (CR) slows the aging process and decreases diabetes and CVD mortality, the underlying mechanisms are unknown (84). Numerous studies have highlighted the importance of nutrient-sensitive protein pathways such as AMPK, mTOR, SIRTs, and the insulin pathway (41). FOXO3 mediates cellular response to CR. By serving as a downstream effector for the insulin, AMPK and SIRTs pathways, FOXO3 stimulates the expression of stress genes in response to nutritional deficiency (85).




FOXO3 and Apoptosis

Apoptosis is evident in ECs and VSMCs in atherosclerotic plaques (86–88). FOXO3 up-regulates the expression of numerous apoptosis-related genes, including FasL, Bim, Puma, TRAIL, and Noxa (89). Bim is a proapoptotic member of the Bcl-2 family, and its expression is suppressed by Akt activation in VSMCs expressing wild-type FOXO3, but not in FOXO3 mutant cells (90). Apoptosis is an essential process by which unwanted or abnormal cells are removed during development. Apoptosis, however, may result in microvascular rarefaction and aneurysm in the vasculature. VSMCs apoptosis may even cause atherosclerotic plaque instability and rupture (91).



FOXO3 and Autophagy

Autophagy maintains homeostasis by removing damaged organelles and misfolded proteins (92). Autophagy has been shown to decrease with aging in animal models (93). Overexpression of autophagy-related gene 5 (ATG5) induces autophagy and prolongs life span in mice (94). In the vascular system, autophagy is associated with diverse physiological and pathophysiological processes, including angiogenesis, vascular calcification, and atherosclerosis (95). Reduced autophagy markers in senescent ECs may impair arterial endothelium-dependent dilatation (96). Autophagy is also reported to preserve arterial endothelial function by increasing NO bioavailability and reducing inflammation and oxidative stress (96). Additionally, spermidine-induced autophagy improves NO bioavailability and reduces arterial stiffness in aged mice (97).

Numerous autophagy-related genes, including ATG12, BNIP3, ATG8, and GABARAPL1 are targets of FOXO3 (24, 98). FOXO3 is an important pro-autophagic factor in cardiomyocytes (99). In cardiac microvascular endothelial cells (CMECs), hypoxia suppresses phosphorylation of FOXO3 which induces autophagy formation (100). FOXO3 accumulation and nuclear translocation also elevate ATG protein levels in renal tubular epithelial cells, thus complementing the core component of autophagy (101).



FOXO3 and Epigenetics

Aging is a complex process driven by genetic and environmental factors. Epigenetics, an important interface between genetic and environmental factors influences aging as well as the occurrence and progression of aging-related disorders (102). Epigenetics, including DNA methylation patterns, histone modifications, and non-coding RNA regulation, play a crucial role in vascular aging (103).

MiRNA expression in VECs and VSMCs may correlate with vascular aging (104). Various miRNAs that directly influence FOXO3 expression, including miR-27a, miR-155, miR-233, and miR-29a affect vascular pathological processes. MiR-155 inhibits EC proliferation and migration, which eventually disrupts endothelial barriers (105). MiR-148a-3p upregulation in atherosclerotic patients suppresses FOXO3 expression and impairs EC proliferation and migration, ultimately aggravating atherosclerosis (106). Upregulation of a disintegrin and metalloproteinase with thrombospondin motifs-7 (ADAMTS-7) by miR-29a repression attenuates VSMC calcification (107). MiR-34a, upregulated in atherosclerotic plaques (108), targets SIRT1 3′ UTR to suppress SIRT1 expression (109). The role of SIRT1 in reducing oxidative stress depends on FOXO3 activation. Notably, the reversibility of epigenetic changes is a promising approach for developing epigenome-influencing interventions against cardiovascular disorders.



FOXO3 and ECM Remodeling

Aging alters extracellular matrix (ECM) synthesis and cell-ECM interactions (110). Decreased elastin synthesis with age reduces the elasticity and resilience of the vascular wall, impairing its ability to cope with mechanical damage and sudden changes in pulsatile pressure waves (111). Increased collagen synthesis in arterial walls linked with aging contributes to vascular fibrosis and arteriosclerosis (111). Aging also affects the secretion phenotype of VECs and VSMCs and affects matrix metalloproteinase (MMP) secretion (112). Elevated MMP activation by high ROS levels impairs the structural integrity of the vascular system and promotes pathological remodeling, contributing to the possibility of aneurysm formation and vascular rupture (112). Aging-related ECM remodeling also obstructs microvascular barrier function (113).

Studies on the effect of FOXO3 on MMPs have yielded inconsistent results. MMP13, MMP2 and MMP3 are considered FOXO3 targets. Activated FOXO3 induced ECM breakdown via MMP13 activation (28). Apelin, an adipocytokine, induces VSMC migration which is a critical event in atherosclerosis progression. Apelin promotes Akt-mediated phosphorylation of FOXO3, which enhances FOXO3 translocation from the nucleus to the cytoplasm and increases MMP2 levels (114). Additionally, FOXO3 phosphorylation has been shown to inhibit MMP3 promoter activity (115). ECMs are important in EC survival. Constitutively active FOXO3 enhances MMP3 expression and leads to EC apoptosis, which can be reversed by an MMP inhibitor, suggesting a novel mechanism of FOXO3-mediated EC apoptosis (116).




FOXO3 IN AGING-RELATED VASCULAR DISEASES

FOXO3 influences the progression of aging-related vascular diseases by regulating the expression of genes involved in oxidative stress, apoptosis, autophagy, and metabolic stress (Figure 2). In the following section, we will discuss the role of FOXO3 in diseases such as atherosclerosis, vascular calcification, hypertension, and vascular aging-related heart diseases, kidney diseases, and cerebrovascular diseases (Table 1).
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FIGURE 2. Effects of FOXO3 on vascular aging-related diseases. FOXO3 participates in various cellular processes implicated in the progression of vascular aging, including oxidative resistance, apoptosis, autophagy, energy metabolism, and ECM remodeling processes by targeting the expression of effector genes. FOXO3 is a key protective factor in maintaining vascular homeostasis. Dysregulation of FOXO3 has been shown to contribute to a variety of vascular aging-related diseases, including atherosclerosis, vascular calcification, hypertension, and vascular aging-related heart diseases, kidney diseases, and cerebrovascular diseases.



Table 1. FOXO3 cellular signaling in vascular aging-related diseases.
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The Role of FOXO3 in Atherosclerosis

FOXO3 genotypes are associated with the risk of death from coronary artery disease (CAD) in the elderly. The longevity-associated G allele of FOXO3 SNP rs2802292 is protective against CAD mortality (117). The plasma TNF-α levels of G allele carriers were lower than that of non-carriers, implying that FOXO3-mediated inflammation inhibition is a protective mediator of CAD death risk (117). LDL-cholesterol is an important risk factor for CVD. FOXO3 and SIRT6 regulate LDL cholesterol homeostasis by regulating the PCSK9 gene expression, which lowers LDL levels by inhibiting LDL receptor degradation (118).

Under normal growth conditions, FOXO3 is negatively regulated by IGF-1/PI3K/Akt signaling (20). Age-related decline of IGF-1R suppresses Akt/FOXO3 in VSMCs (119). Low levels of VSMC apoptosis occur in atherosclerotic plates. Compared with normal VSMCs, VSMCs in the atherosclerotic plate express lower IGF-1R levels and exhibit higher apoptosis. IGF-1R overexpression is reported to protect VSMCs from oxidative stress-induced apoptosis by up-regulating Akt-mediated phosphorylation of FOXO3 (90).

VSMC migration is a key event in the development of atherosclerosis. In human carotid atherosclerotic plaques, apelin induces FOXO3 phosphorylation in a dose-dependent manner, and mediates VSMC migration (114). Glucagon-like peptide-1 receptor (GLP-1R) is widely expressed in various cell types, such as VSMCs and cardiomyocytes (120). GLP-1R agonist exendin-4 not only inhibits angiotensin II-induced cell senescence but also inhibits PDGF-induced VSMC proliferation and migration (121). Exendin-4 has been shown to elevate the expression of VSMC contractile markers, Calponin and SM22α, by upregulating AMPK/SIRT1/FOXO3 signaling (82). Cysteine-rich angiogenic protein 61 (CYR61) has been implicated in restenosis after angioplasty. FOXO3, a CYR61 antagonist, inhibits VSMC proliferation and neointimal hyperplasia (122).

The inflammatory response mediated by the NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome is associated with atherosclerosis progression. MiR-30c-5p downregulates FOXO3 expression, inhibiting NLRP3-mediated EC pyroptosis in atherosclerosis (123). Melatonin has been demonstrated to ameliorate atherosclerosis by inhibiting NLRP3 inflammasome, which is regulated by SIRT3/FOXO3/Parkin signaling (124).



The Role of FOXO3 in Vascular Calcification

Vascular calcification refers to the ectopic deposition of calcium salts in blood vessels. It is associated with vascular aging, atherosclerosis, advanced nephropathy, and diabetes (125). Runt-related transcription factor 2 (Runx2), a key osteogenic regulator, regulates VSMC osteogenic differentiation and vascular calcification in atherosclerosis (126). Akt activation is reported to contribute to oxidative stress-induced VSMC calcification by upregulating Runx2 expression (127). Deficiency in PTEN, an Akt inhibitor, results in sustained Akt activity, which results in FOXO3 phosphorylation, Runx2 ubiquitination, and VSMC calcification (125). Other members of the FOXO family have also been implicated in the regulation of vascular calcification. For example, FOXO1 dysregulation contributes to peripheral arterial calcification (128).



The Role of FOXO3 in Vascular Aging Related-Heart Diseases

Left ventricular hypertrophy is a crucial feature of cardiac aging, leading to diastolic dysfunction, atrial fibrillation, and heart failure. Moreover, atherosclerotic diseases (e.g., coronary heart disease) might result in chronic myocardial insufficiency, ischemic heart disease, or even heart failure. FOXO3 plays important role in the maintenance of cardiac homeostasis. For example, FOXO3-null mice developed dilated cardiomyopathy within 12 weeks of age (129). Low expression of FOXO3 in senescent cardiac microvascular ECs suppressed the ability of cell proliferation and tube formation. Additionally, it has also been observed that FOXO3 overexpression slowed the senescence of cardiac microvascular ECs via modulating the antioxidant/ROS/p27 (kip1) pathway (130).

A previous study reported that compared with young people, persons above the age of 70 years had 30% fewer myocardial cells (131), which may be ascribed to apoptosis (132). The aged heart is more susceptible to ischemia-reperfusion injury. SIRT1 expression was significantly reduced in aged cardiomyocytes, while FOXO3-mediated antioxidant kinase decreased and apoptosis increased, aggravating myocardial ischemia-reperfusion injury (133).

Paraquat inhibits FOXO3 activation and induces cardiomyocyte senescence phenotype. FOXO3 silencing in the heart greatly accelerated the aging phenotypes induced by paraquat, including proliferation inhibition, apoptosis, and galactosidase activity. FOXO3 has also been shown to protect the heart against paraquat-induced aging phenotypes by upregulating the expression of antioxidant enzymes and inhibiting oxidative stress (134).

Cardiac fibroblasts (CFs) contribute to the maintenance of the ECM balance in the normal heart. Under normal conditions, CFs exist in a quiescent state and secrete only a small amount of ECM components. However, CFs differentiate into more active cardiac myofibroblasts (CMFs) under pathological conditions. This CMF conversion is a hallmark of cardiac fibrotic diseases such as heart failure and diabetic cardiomyopathy. TGF-β1 is a key protein that regulates CMF transformation. Previously, it was reported that TGF-β1 decreased FOXO3 expression in a concentration-dependent manner in CFs. Overexpression of FOXO3 inhibited whereas knockdown of FOXO3 enhanced TFGβ1-induced CMF transformation (135). Therefore, FOXO3 may act as a negative regulator of CMF conversion triggered by TGF-β1.



The Role of FOXO3 in Vascular Aging Related-Kidney Diseases

Vascular aging increases the risk of chronic kidney disease (CKD). A previous investigation established that arterial stiffness contributed to the decline in kidney function (136). Hypoxia inhibits the hydroxylation of FOXO3 prolyl, thereby reducing the degradation of FOXO3. FOXO3 upregulates the expression of Atg proteins, which promote autophagy in chronically hypoxic kidneys (101). Calorie restriction maintains renal SIRT1 expression, and elevates BNIP3 expression by deacetylating FOXO3, which promotes mitochondrial autophagy and delays the effects of aging on kidneys (137). Previously, it was demonstrated that tubular deletion of FOXO3 aggravated renal structural and functional damage, leading to a more severe CKD phenotype (138). FOXO3 was discovered to be activated in mice with unilateral ureteral obstruction. Moreover, hypoxic proximal tubules activates autophagy in response to urinary tract obstruction (139).

Tissue fibrosis is a common manifestation of aging-related diseases. Currently, there are limited therapeutic targets to prevent fibrogenesis. As previously indicated, FOXO3 inhibits fibroblast activation and ameliorates fibrosis levels in many organs, including the kidney, liver, heart, and lung (140). Renal fibrosis, including glomerulosclerosis and tubulointerstitial fibrosis, is the pathological hallmark of CKD. FOXO3 ameliorates oxidative stress, thereby suppressing renal fibrosis associated with diabetes and hypertension (141, 142). FOXO3 was found to be directly regulated by miR-132 in a mouse model experiment. Indeed, silencing miR-132 delayed the progression of renal fibrosis, implying that miR-132 could be a potential therapeutic target for fibrosis treatment (143).



The Role of FOXO3 in Vascular Aging Related-Cerebrovascular Diseases

During vascular aging, entry of high pulsating blood flow into small cerebral vessels may damage the cerebral microvessels, resulting in cerebrovascular diseases or cognitive impairment. Haplotype analyses of FOXO3 revealed that FOXO3 block-A haplotype 2 “GAGC” and haplotype 4 “AAAT” carriers had a higher risk of stroke (144). Mice subjected to transient middle cerebral artery occlusion (MCAO) developed severe cerebral infarction and long-term neurological deficit. FOXO3 overexpression was previously described in the cerebral cortical neurons of MCAO mice. Downregulation of miR-9 and miR-122 promoted neuronal death by up-regulating FOXO3 expression in the brain of MCAO mice (145, 146). Moreover, AMPK/FOXO3 and PTEN-Akt-FOXO3 pathways have been implicated in the regulation of neuronal apoptosis in response to hypoxia-ischemia during the developmental stages of rat brain (67, 147). In addition, the ischemia-reperfusion injury resulted in activation of FOXO3. Activated FOXO3 promotes autophagy, thereby reducing the injury caused by cerebral ischemia-reperfusion (148).



The Role of FOXO3 in Primary Hypertension

Clinical studies have shown that vascular aging is a predictor and risk factor for hypertension. Patients with hypertension, regardless of whether their blood pressure is normal or not, are at an increased risk of developing cardiovascular events. Researchers have found that patients receiving antihypertensive drugs still have a 50% residual risk of cardiovascular death (149). The longevity-related FOXO3 polymorphisms may be associated with lower blood pressure (BP) in Japanese women with hypertension (150).



FOXO3 as a Promising Therapeutic Target in Aging-Related Vascular Diseases

FOXO3 is an ideal target for a variety of aging-related diseases, including cancer, degenerative diseases, and vascular aging. As previously described, FOXO3 is a good biomarker for cancer initiation, progression, and drug efficacy, and resistance. FOXO3 reactivation may be an efficient antitumor strategy. Furthermore, conditional deletion of FOXO1/3/4 in mice triggered IVD degeneration, and therapeutic activation of FOXO could resist IVD degeneration by promoting stress resistance and autophagy (29). FOXO3 has a well-established function in the occurrence and pathogenesis of vascular aging-related diseases. The AMPK-FOXO3-Trx axis, which has been demonstrated to be a critical defensive mechanism against excessive generation of ROS induced by metabolic stress, may be a promising target in treating CVDs in metabolic syndrome (151). Akt inhibition activates FOXO3, which is also a good way to delay vascular aging (152). UCN-01, a drug currently used in clinical trials against cancer, inhibits Akt phosphorylation resulting in FOXO3 reactivation (153). UCN-01 was shown to be capable of reversing bleomycin- induced lung fibrosis in vivo by activating FOXO3 (153). Curcumin, a polyphenol, enhances FOXO3 function by inhibiting its phosphorylation, resulting in a two-fold increase in target gene expression (154). Further evidence confirmed that curcumin protects inflammatory cells in the vascular system against lipid and oxidant-induced damage by increasing FOXO3 activity, so lowering the risk for aging-related CVD (154). Additionally, human VECs, VSMCs, and MSCs expressing a constitutively active version of FOXO3 exhibited enhanced self-renewal capacity, greater regenerative capacity under ischemia conditions, and increased resistance to oxidative injury (155). The evidence presented above suggests that pharmacological reconstitution of FOXO3 may be a novel treatment option for aging-related vascular diseases.

Pharmaceutical regulation of the FOXO3 signaling pathway is a promising strategy to promote healthy longevity. It was found that FOXO3 longevity genotype mitigated the increased mortality risk in men with a cardiometabolic disease (CMD). Moreover, there was no association of FOXO3 longevity genotype with lifespan in men without a CMD (17). Therefore, CMD patients without the FOXO3 longevity genotype may benefit most from intervention targeting FOXO3. However, FOXO3 may not be a easily druggable target, because its activity is mediated by a complex network of interactions with other DNA, RNA, and proteins. Direct regulation of gene expression in a simple manner may not achieve the expected effect and cause redundant functions. FOXO3 activity is finely regulated by PTM modulators, which is a more feasible and acceptable therapy. Researchers have explored a number of agents identified as modulators of FOXO3 activity, including those that target nuclear export and import, drugs that target upstream regulatory targets, drugs that target FOXO3 protein interactions, and those that target DNA binding (156). FOXO3 exhibits variable affinity for target genes under different conditions (157). Consequently, the development of FOXO3-specific therapy based on multiple statuses is expected to improve efficacy and reduce the off-target effects. To improve the development of FOXO3-based treatment options, it is necessary to conduct additional studies on the regulatory networks, including upstream regulatory molecules and downstream pathways of FOXO3.




CONCLUSION

Healthy aging is critical for addressing the increasing severity of global population aging. The unique role of FOXO3 in the vasculature provides promising avenues for therapeutics against aging-related vascular diseases. PTMs that regulate FOXO3 activity may be potential therapeutic targets. It is expected that research into strategies for delaying the occurrence and development of vascular aging by targeting the FOXO3 will uncover novel perspectives for the development of new drugs. Despite advances in our understanding of FOXO3's function in retarding vascular senescence, the particular processes remain poorly known, and other issues remain unresolved. For instance, FOXO3 activation promotes VSMCs apoptosis, which may result in atherosclerotic plaque instability and rupture, causing myocardial infarction, and cerebral infarction. In some cases, FOXO3 promotes ECM degradation which may accelerate the progression of atherosclerosis. While therapies targeting FOXO3 seem appealing, we need to understand all the details to maximize its effectiveness. Despite these challenges, in-depth research into FOXO3 functions may pave the way for future therapeutic approaches.
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Background: Evidence suggests that an increased risk of major adverse cardiac events (MACE) and all-cause mortality is associated with obstructive sleep apnea (OSA), particularly in the elderly. Metabolic syndrome (MetS) increases cardiovascular risk in the general population; however, less is known about its influence in patients with OSA. We aimed to assess whether MetS affected the risk of MACE and all-cause mortality in elderly patients with OSA.

Methods: From January 2015 to October 2017, 1,157 patients with OSA, aged ≥60 years, no myocardial infarction (MI), and hospitalization for unstable angina or heart failure were enrolled at baseline and were followed up prospectively. OSA is defined as an apnea-hypopnea index of ≥5 events per hour, as recorded by polysomnography. Patients were classified on the basis of the presence of MetS, according to the definition of the National Cholesterol Education Program (NCEP). Incidence rates were expressed as cumulative incidence. Cox proportional hazards analysis was used to estimate the risk of all events. The primary outcomes were MACE, which included cardiovascular death, MI, and hospitalization for unstable angina or heart failure. Secondary outcomes were all-cause mortality, components of MACE, and a composite of all events.

Results: MetS was present in 703 out of 1,157 (60.8%) elderly patients with OSA. During the median follow-up of 42 months, 119 (10.3%) patients experienced MACE. MetS conferred a cumulative incidence of MACE in elderly patients with OSA (log-rank, P < 0.001). In addition, there was a trend for MACE incidence risk to gradually increase in individuals with ≥3 MetS components (P = 0.045). Multivariate analysis showed that MetS was associated with an incidence risk for MACE [adjusted hazard ratio (aHR), 1.86; 95% confidence interval (CI), 1.17–2.96; P = 0.009], a composite of all events (aHR, 1.54; 95% CI, 1.03–2.32; P = 0.036), and hospitalization for unstable angina (aHR, 2.01; 95% CI, 1.04–3.90; P = 0.039). No significant differences in the risk of all-cause mortality and other components of MACE between patients with and without MetS (P > 0.05). Subgroup analysis demonstrated that males (aHR, 2.23; 95% CI, 1.28–3.91, P = 0.05), individuals aged <70 years (aHR, 2.36; 95% CI, 1.27–4.39, P = 0.006), overweight and obese individuals (aHR, 2.32; 95% CI, 1.34–4.01, P = 0.003), and those with moderate-severe OSA (aHR, 1.81;95% CI: 1.05–3.12, P = 0.032) and concomitant MetS were at a higher risk for MACE.

Conclusion: MetS is common in elderly patients with OSA in the absence of MI, hospitalization for unstable angina or heart failure. Further, it confers an independent, increased risk of MACE, a composite of all events, and hospitalization for unstable angina. Overweight and obese males, aged <70 years with moderate-severe OSA combined with MetS presented a significantly higher MACE risk.

Keywords: obstructive sleep apnea, metabolic syndrome, elderly, major adverse cardiovascular events, mortality, cardiovascular disease


INTRODUCTION

Obstructive sleep apnea (OSA) is the most common form of sleep-related breathing disorders (1). It has become a leading health concern owing to its growing prevalence and strong association with all-cause mortality (2–4). In addition to a higher risk of acute coronary syndrome (5), recent data demonstrate that OSA confers an increased risk of composite cardiovascular endpoints, including myocardial infarction (MI), hospitalization for heart failure, and cardiovascular death. These risks have not been sufficiently addressed with current OSA treatment strategies (6).

Understanding the link between OSA, long-term cardiovascular risks, and all-cause mortality are imperative for devising effective preventive strategies. OSA is often associated with cardiovascular disease risk factors, such as MetS, diabetes, hypertension, and obesity (7–9); therefore, it is possible that a convergence of multiple risk factors could potentiate cardiovascular risks and all-cause mortality. This is exemplified by MetS, which is a highly prevalent, multifaceted disease. It is characterized by a series of abnormalities that include abdominal adiposity, hypertension, dyslipidemia, and elevated fasting plasma glucose (10).

The growing burden of obesity, sedentary lifestyles, and dietary patterns has led to an increase in the prevalence of MetS. Further, it has been associated with a higher risk of MACE when compared with general population (11). Our group has previously shown a longitudinal association between type 2 diabetes and MACE, hospitalization for unstable angina, and a composite of all events in elderly patients with OSA (12). A recent study reported that prediabetes, the precursor stage of diabetes, is often accompanied with a manifestation of much broader underlying disorders, including MetS (13). However, the incidence and long-term risk of cardiovascular disease and all-cause mortality related to MetS in elderly patients with OSA have not been established. Furthermore, questions remain as to whether MetS confers an incremental risk of MACE or all-cause mortality, beyond the cumulative incidence tendency that is contributed by OSA itself. Resolving these issues is important before considering MetS as part of the preventive strategies in patients with OSA, especially in the elderly population.

We hypothesized that MetS confers a higher risk of long-term cardiovascular disease (CVD) and all-cause mortality in elderly patients with OSA. Hence, the primary aim of the present study was to assess the prognostic implication of MetS for incident MACE (cardiovascular death, MI, and hospitalization for unstable angina or heart failure) in a cohort of patients with OSA in the absence of MI, hospitalization for unstable angina, or heart failure at baseline. Secondary outcomes included the individual components of MACE, a composite of all events, and all-cause mortality.



METHODS


Study Design and Participants

This study was designed as an multi-center, prospective, observational cohort study that recruited elderly (age ≥ 60 years) patients with OSA free of MI, hospitalization for unstable angina, or heart failure at baseline. This was diagnosed at the departments or sleep medicine centers of six hospitals, including Chinese PLA General Hospital, Peking University International Hospital, Peking University People's Hospital, Beijing Chaoyang Hospital, 960th Hospital of PLA, and the affiliated Hospital of Gansu University of Chinese Medicine between January 2015 to October 2017. OSA was defined as an apnea-hypopnea index (AHI) of ≥5 events per hour. The AHI was calculated as the number of apnea and hypopnea events per hour of sleep. Taken together, we consecutively enrolled 1,290 patients with a first diagnosis of OSA who underwent an overnight sleep study after clinical stabilization during hospitalization at the sleep center (within 1 week after admission) of six hospitals. The study flowchart is presented in Figure 1. Inclusion criteria were (1) aged ≥60 years and (2) a diagnosis of OSA. Exclusion criteria were (1) a diagnosis of MI, hospitalization for unstable angina, or heart failure; (2) history of malignant tumors; (3) mental disorders; (4) systemic diseases; and (5) previous OSA diagnosis or continuous positive air pressure (CPAP) treatment. Furthermore, we excluded those lost during follow-up. The final study population was 1,157 elderly patients with OSA.


[image: Figure 1]
FIGURE 1. Study flowchart. MteS, metabolic sydrome; CPAP indicates continuous positive airway pressure; MI, myocardial infarction.


This study conformed to the Strengthening the Reporting of Observational studies in Epidemiology (STROBE) guidelines. It was performed in accordance with the Declaration of Helsinki. The study was approved by the Ethics Committee of Chinese PLA General Hospital (S2019-352-01) and all participants provided a written informed consent.



Overnight Sleep Study

All patients underwent an overnight sleep study within 1 week after admission at a sleep center (from 21:00 to 07:00 the next day). The sleep study was performed using a portable laboratory-based polysomnography (PSG) instrument (Compumedics, Melbourne, Australia), as described previously (12). Patients abstained from caffeine, hypnotic drugs, or sedatives for 1 day before their sleep study. OSA diagnosis and sleep tests were first scored according to the Guideline of the American Academy of Sleep Medicine (2012) (14). Standard PSG parameters were measured, including continuous polygraphic recordings from surface leads for electroencephalography, electrooculography, electrocardiography, nasal and oral airflow, thoracic and abdominal impedance belts for respiratory effort, pulse oximetry for oxyhemoglobin concentration, tracheal microphone for snoring, and a sensor for sleep position. Data were subjected to automatic computer analysis followed by manual correction by two sleep technologists and a senior physician. OSA was defined as AHI ≥5 events/hour. AHI was calculated as the total number of apnea and hypopnea events divided by the sleep duration (in hours). OSA was classified as mild (AHI = 5–14.9), moderate (AHI = 15–30), or severe (AHI >30) (14, 15).



Covariates

Participant baseline characteristics were designated as regular laboratory test data from the 2nd day after the overnight study. These included demographic data [age, sex, body mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure (DBP), waist-hip ratio, neck circumference, waist circumference, and self-reported smoking and alcohol use]; laboratory data [fasting plasma glucose (FPG), triglyceride (TG), high-density lipoprotein (HDL)]; comorbidities [diabetes, hypertension, hyperlipidemia, atrial fibrillation (AF), chronic obstructive pulmonary disease (COPD), carotid atherosclerosis, hyperlipidemia, coronary heart disease (CHD)]; and sleep parameters [oxygen desaturation index (ODI), mean pulse oxygen saturation (MSpO2), lowest pulse oxygen saturation (LSpO2), duration of time with SaO2 <90% (TSA90), percentage of times SaO2 <90% during the total monitoring time of overnight sleep (T90), and apnea time]. These data were collected by two experienced physicians who were blinded to the clinical outcomes and sleep patterns of the patients using pre-established case report forms. Disagreements were resolved by consensus. The categories of covariates were listed in Supplementary Table S1.

BMI was expressed in kg/m2. Smoking was defined as at least one cigarette per day currently or within the past 2 years. Drinking was defined as drinking once per week for at least half a year. SBP and DBP were measured three times. Hypertension was recorded if the mean of at least two consecutive measurements of SBP/DBP was ≥140/90 mmHg or the use of antihypertension medication (16). Dyslipidemia was defined using the Chinese Guidelines for the management of hyperlipidemia in adults. This was defined as 1) serum cholesterol concentration ≥4.7 mmol/L; 2) TG concentration ≥2.3 mmol/L; or 3) low-density lipoprotein concentration ≥4.1 mmol/L. Patients who met one of these three criteria were defined as having hyperlipidemia (17). AF was defined based on the ESC 2016 guidelines (18). Type 2 diabetes was defined as existing diabetes treatment or fasting blood glucose ≥7.0 mmol/L and 1) 2-h oral glucose tolerance test ≥11.1 mmol/L or 2) hemoglobin A1C ≥6.5% (19). Carotid atherosclerosis, CHD, and COPD were determined using the records of relevant diagnostic clinical (Read) codes indicating the presence of the condition (20).



MetS Assessment

MetS was defined according to the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) criteria (with the modified waist circumference criteria for Asians) as the presence of at least three of the following five clinical features: (1) waist circumference ≥80 cm in women, and ≥90 cm in men; (2) elevated plasma TG (≥1.7 mmol/L), or treatment for high TG; (3) low-plasma HDL (<1.3 mmol/L for women and <1.03 mmol/L for men); (4) high FPG (≥5.6 mmol/L) or currently taking anti-diabetic medication; and (5) SBP ≥130 or DBP ≥85 mmHg or current treatment for hypertension (21, 22).



Procedures, Follow-Up, and Outcomes

Each patient was closely managed in the sleep centers of the six study hospitals according to the American Academy of Sleep Medicine guidelines on OSA (2012) (14). All patients underwent PSG within 7 days of admission and regular laboratory tests on the 2nd day after the overnight study. Patients with OSA (AHI ≥15 events/hour), particularly those with excessive daytime sleepiness, were referred to the sleep center for further evaluation.

Patients were prospectively followed-up for approximately 4 years after their diagnosis and PSG assessment. All follow-ups were completed by December 2020. Follow-ups ended at the first MACE or all-cause mortality. Patients or their proxies were contacted by telephone by two investigators who were blinded to patients' PSG results at 1 month, 3 months, 6 months, 1 year, and then every 6 months thereafter (at least 3 months and up to 1 years). Participant follow-up outcomes were further verified by a clinic visit and medical chart review, which lasted until end of the study. The cause of death was ascertained from hospital discharge letters or death certificates provided by patients' family members. In difficult cases, three senior investigators, blinded to MetS, status adjudicated study outcomes by a consensus of opinion. All clinical events were confirmed by source documentation and were adjudicated by the clinical event committee.

The primary endpoint of our study was MACE, defined as MI, cardiovascular death, and hospitalization for unstable angina or heart failure. Secondary outcomes were all-cause mortality, a composite of all events, and individual components of MACE.



Statistical Analysis

Continuous variables are shown as mean ± SD or median (interquartile range). Categorical variables are shown as counts and proportions (%). The quantitative variables were not normally distributed; therefore, the Mann-Whitney U test was used for further analyses. The relationship between MetS and time-to-event End Points were summarized using Kaplan-Meier curves and compared using the log-rank test. Crude and adjusted hazard ratios (aHR), and their corresponding 95% confidence intervals (CI), were calculated for the association between MetS and incidence risk of all events using Cox proportional hazards regression models. Two Cox proportional hazards regression models were conducted to examine the association between OSA with MetS and long-term MACE risks, and all-cause mortality in elderly patients. Model 1 was unadjusted; Model 2 was adjusted for potential risk factors, including age, sex, BMI, alcohol use, SBP, DBP, waist circumference, WHR, neck circumference, FPG, TG, HDL, comorbidities of CHD, hyperlipidemia, hypertension, carotid atherosclerosis, diabetes, and sleep parameters of AHI, ODI, T90, TSA90, and LSpO2. A 2-sided P <0.05 was considered statistically significant. All analyses were conducted using the SPSS (version 25.0, SPSS Inc., Chicago, Illinois, USA).




RESULTS


Baseline Characteristics

After excluding patients with MI, hospitalization for unstable angina, or heart failure at screening, 1,245 eligible patients were identified. Of these, 71 had previously received CPAP treatment. Therefore, 1,174 patients were enrolled. Follow-up status was unavailable for 17 (1.4%) patients. Finally, 1,157 patients with OSA were included in the analyses (Figure 1). Patient baseline characteristics (median age, 66.0 years, 60.8% male) are presented in Table 1. Among the 1,157 patients, 454 (39.2%) had no MetS (median age, 65 years, male/female = 263/191) and 703 (60.8%) had MetS (median age, 66 years, male/female = 441/262), with AHI values of 28.6 and 25.6, respectively (P = 0.004).


Table 1. General characteristics of study subjects according to MetS.

[image: Table 1]

Patients with MetS had a significantly higher proportion of comorbidities, such as hypertension (98.4 vs. 10.4%), CHD (28.9 vs. 13.7%), hyperlipidemia (33.4 vs. 19.8%), carotid atherosclerosis (29.3 vs. 19.8%), diabetes (33.0 vs. 11.9%) (all P <0.001). Additionally, their median age (66 vs. 65 years), BMI (27.2 vs. 25.1 kg/m2), waist-hip ratio (93 vs. 85%), SBP (140 vs. 124 mmHg), DBP (78 vs. 73 mmHg), neck circumference (38.0 vs. 37.5 mm) waist circumference (94.0 vs. 87.5 mm), FPG (5.9 vs. 5.4 mmol/L), TG (1.6 vs. 1.3 mmol/L), ODI (23.5 vs. 19.5 times/h), TSA90 (16.45 vs. 10.44 min), T90 (4 vs. 3%) were significantly higher (all P < 0.001). By contrast, patients without MetS were more likely to have a higher median HDL (1.2 vs. 1.0 mmol/L) and LSpO2 (81 vs. 80%) (all P < 0.001). Conversely, there were no differences with respect to sex, drinking status, smoking status, AF, COPD, and other sleep parameters (all P > 0.05) between patients with and without MetS.



Primary Outcomes: MACE

Patients were prospectively followed for 42 months or until MACE, providing 1,157 patient observations. MACE occurred in 119 (10.3%) patients at a median follow-up period of 42 months (range, 1–72 months); 90 (12.8%) of those patients had MetS and 29 (6.4%) had no MetS. To further elucidate the relationship between MetS and MACE in elderly OSA patients, we analyzed the incidence risk of MACE (HR 95% CI) according to the number of MetS components in individual patients. There was a trend for MACE incidence risk to gradually increase in individuals with ≥3 MetS components (P = 0.045) (Figure 2). Additionally, the Kaplan-Meier curve that associated MetS status with the cumulative incidence of MACE demonstrated a significantly higher cumulative event-rate of MACE in patients with MetS when compared with patients without MetS (Log-rank test, P = 0.000; Figure 3).


[image: Figure 2]
FIGURE 2. Incidence risk of MACE (HR 95% CI) by the number of the MetS components present in patients, P for trend = 0.045. MACE, major adverse cardiovascular event; MetS, metabolic syndrome. *P < 0.05.



[image: Figure 3]
FIGURE 3. Kaplan-Meier estimates of cumulative incidence (%) for MACE (Primary end points). Log-rank test, P = 0.000. MACE, major adverse cardiovascular event.


The unadjusted Cox proportional hazard model showed that MetS was associated with a HR of 2.13 (95% CI, 1.36–3.34; P = 0.001) for MACE. After adjustment for age, sex, BMI, alcohol use, WHR, comorbidities of CHD, hyperlipidemia, hypertension, carotid atherosclerosis and diabetes, sleep parameters of AHI, ODI, T90, TSA90 and LSpO2, and MetS components, the HR for MACE was moderately attenuated; however, it remained statistically significant (aHR, 1.86; 95% CI, 1.17–2.96; P = 0.009; Table 2). In the subgroup analysis, the aHR for MACE by MetS were higher in overweight and obese individuals (aHR, 2.32; 95% CI, 1.34–4.01, P = 0.003), males (aHR, 2.23; 95% CI, 1.28–3.91, P = 0.005), those aged <70 years (aHR, 2.36; 95% CI, 1.27–4.39, P = 0.006), and patients with moderate-severe OSA (aHR, 1.81; 95% CI, 1.05–3.02, P = 0.032; Table 3).


Table 2. Association between MetS and incidence of all events.

[image: Table 2]


Table 3. Subgroup analysis of the associations between MetS and MACE.
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Secondary Outcomes: All-Cause Mortality, Components of MACE, and a Composite of All Events

The crude values for the secondary end points events are shown in Table 4. Fifty-four patients died during the follow-up period. The proportions of MetS vs. non-MetS patients was 5.5 vs. 3.3%. Kaplan-Meier analysis revealed significant differences in the incidence of all-cause mortality (Log-rank test, P = 0.038; Supplementary Figure S1). Similarly, univariate analysis showed that MetS was associated with a higher (approximately 4-year) risk of all-cause mortality in elderly OSA patients (HR, 1.86; 95% CI, 1.02–3.04, P = 0.042). However, the aHR for all-cause mortality fell short of statistical significance (aHR, 1.56; 95% CI, 0.84–2.83, P = 0.162; Table 2).


Table 4. Crude number of adverse events during follow-up.

[image: Table 4]

Of the 119 MACE events, 38 (3.3%) patients had MI and 75 (6.5%) patients were hospitalized for heart disease (64 and 11 cases of hospitalization for unstable angina and heart failure, respectively). In addition, 25 (2.2%) patients died of a cardiovascular event during the follow-up period (Table 4). Kaplan-Meier analysis showed no significant differences in the incidence of cardiovascular death and hospitalization for heart failure, except for a higher rate of hospitalization for unstable angina, composite of all events, and MI in the MetS group than in the non-MetS group (log-rank test, P = 0.001, P = 0.000, P = 0.024, respectively, Figures 4, 5, Supplementary Figure S2). Multivariate analysis showed a higher risk of hospitalization for unstable angina in patients with MetS when compared with those without MetS (aHR, 2.01; 95% CI, 1.04–3.90; P = 0.039; Table 2). Moreover, the incidence of a composite of all events was significantly higher in the MetS group than in the non-MetS group in the adjusted Cox regression analysis (aHR, 1.54; 95% CI, 1.03–2.32; P = 0.036; Table 2).


[image: Figure 4]
FIGURE 4. Kaplan-Meier estimates of cumulative incidence (%) for composite of all events. Log-rank test, P = 0.000.



[image: Figure 5]
FIGURE 5. Kaplan-Meier estimates of cumulative incidence (%) for hospitalization for unstable anginaI. Log-rank test, P = 0.001.





DISCUSSION

This was a multi-center, prospective, observational study of 1,157 elderly patients with OSA in the absence of MI, hospitalization for unstable angina, or heart failure at baseline. First, we found that MetS, as defined by the NCEP ATP III criteria, was highly prevalent in our study population; it affected more than two thirds of the elderly patients with OSA. Second, patients with MetS had a higher incidence risk of MACE during the median 42-month follow-up when compared with patients without MetS. Moreover, the trend of MACE risk gradually increased in patients with ≥3 MetS components. Third, MetS conferred an approximately 2.0-fold higher risk for MACE, 1.54-fold risk for a composite of all events, and independently increased the risk of hospitalization for unstable angina. Finally, the risk of MACE was more strongly correlated with MetS in obese and overweight males aged <70 years and in patients with moderate-severe OSA.

Approximately 17% of the total population is affected by OSA; however, its prevalence varies widely according to age, ethnicity, and sex of the population studied (23). MetS is strongly associated with long-term cardiovascular risks, such as MI, hospitalization for heart failure or unstable angina, and cardiovascular death (24); therefore, this study is important to address the public health care burden of OSA-related complications. A cross-sectional study investigated the association between MetS and the attenuation of heart rate recovery after maximal exercise (ΔHRR) by grouping all participants into two categories (AHI ≥ 15 events/h or AHI <15 events/h) in the Brazilian population. They findings indicated that ΔHRR is impaired to a greater degree where OSA patients with MetS (25). Roche et al. used data from a population-based sample of older adult participants in South Africa and founded that the components of MetS (such as waist circumference, HDL, and TG, et al.) was associated with a increased risk of cardiometabolic risk (CMR) in elderly OSA patients (26). Moreover, another study demonstrated that OSA increases sympathetic peripheral and central chemoreflex response in young to middle-aged patients with MetS from the Unit of Cardiac Rehabilitation and Exercise Physiology of the Heart Institute (InCor), which seems to explain the increase in sympathetic nerve activity and consequent may cause a increased risk of CVD (27). Also, previous one epidemiological study among 1,727 Asian OSA patients (aged 30–54) in Shanghai showed that cardiometabolic disorders (including the biomarkers of MetS) in OSA may potentiate their unfavorable effects on CVD, which is in concordance with our results, but the study was a cross-sectional study and excluded a geriatric population (10). Our study population had a median age at mid-sixties, which emphasizes the awareness of the elderly at risk of MACE and early initiation of prevention strategies. Moreover, we found that individuals who exhibited three or more components of MetS had a gradual increase in the risk of MACE, indicating that more complex MetS phenotypes may lead to worsened prognoses. Therefore, it is crucial to minimize the Mets-related cardiovascular risk in patients with OSA.

Most MACE in our study presented as hospitalization for unstable angina (5.5%), which confirms observations that there was a higher risk for unstable angina than other individual components of MACE in patients with MetS during the median 42-month follow-up. OSA involves complex mechanisms, including mechanical, chemical, neural, hemodynamic, and inflammatory processes, that may interact to increase the risk of MACE (28, 29). OSA patients have a higher risk of MACE and all-cause mortality (4). A recent population-based cohort study has shown that OSA and OSA-induced hypoxia may correlate with the severity of MI, increase the incidence of heart rhythm disorders in elderly patients with subacute MI, and worsen their short-term poor outcomes (30). A growing amount of evidence has reported the risk factors for MetS, including obesity, poor diet, sedentary behavior, and genetics. These share considerable overlap with OSA risk factors; therefore, the severity of OSA may be related to MetS. The co-existence of MetS and OSA may aggravate the severity of carotid intima-media thickness and atherosclerosis. Additionally, it potentiates other underlying mechanisms of CVD, which may explain the increased incidence risk for MACE (30–32). Thus, our study further investigated the impact of concomitant MetS on the long-term risk of MACE in elderly patients with OSA. Notably, our findings as a multicenter OSA population-based study that adjusted for potential confounders confirmed the significance for MACE between patients with OSA with and without MetS.

MetS predisposes individuals to OSA development; epidemiological studies have reported that MetS is 6–9 times more likely to be present in individuals with OSA when compared with the general population (7). In our study, patients with MetS demonstrated risk factor clustering and a higher burden of comorbidities (e.g., carotid atherosclerosis, hypertension, and hyperlipidemia) pertinent to long-term prognosis. Of note, patients with MetS experienced MACE approximately 2-times more often when compared with patients without MetS. As a result, the median 42-month crude number of cardiovascular deaths, MI, hospitalization for unstable angina, and hospitalization for heart failure in patients with MetS (2.7, 4.0, 7.1, and 1.3%, respectively) was considerably higher than in patients free of MetS (1.3, 2.2, 3.1, and 0.4%, respectively). Several potential mechanisms the association between MetS and risks of MACE in elderly OSA patients. Firstly, this association may be related to metabolic changes that transpire during sleep in OSA. OSA recurrence increases plasma free fatty acids (FFAs) and glucose during sleep, associated with sympathetic and adrenocortical activation. Recurring exposure to these metabolic changes may foster CVD risks (33). Secondly, the increased expression of mineralocorticoid receptor (MR) in the elderly, which may provided a further explanation for enhanced cardiovascular risk in the elderly. MR activation contributes to increase blood pressure with aging by vascular oxidative stress that are important mechanisms of CVD risk in OSA and MetS. In the elderly, dysregulation of MR signaling is associated with increased cardiovascular risk in OSA patients combined MetS (34, 35). Thirdly, preclinical and clinical trials have demonstrated that GLP-1 receptors are abundantly present in the heart (36). GLP-1 receptor agonists (GLP-1RAs), a group of widely used anti-hyperglycaemic agents, which work on the incretin axis and improve insulin secretion, has resulted in improved cardiovascular outcomes along with improved metabolic control and significant weight reduction (37).

To the best of our knowledge, this is the first study to report MetS as a multivariable predictor of MACE in elderly patients with OSA. A previous study has shown that the prevalence of MetS declines in older age and that the cardiometabolic comorbidities associated with OSA diminish in parallel (38). Additional studies have demonstrated that the incidence of stroke, but not coronary heart disease, is increased in elderly patients with severe OSA (39). Our data further demonstrated that MetS diagnosed in patients aged <70 years with moderate-severe OSA have a higher risk (approximately 4-year) of MACE. This may be explained by the fact that the prevalence of OSA peaks at <70 years of age. Furthermore, moderate intermittent hypoxia can protect the myocardium from ischemic injury in elderly patients with mild OSA (40).

There are higher risk-adjusted odds of survival in obese and overweight patients with heart failure (41), which is consistent with the “obesity paradox”. However, recent evidence has shown a shift in the obesity paradox with aging; there are diminished cardiac benefits with overweight and obesity in elderly patients (42). Obesity is a common pathogenic factor of OSA and MetS. Our datas revealed that MetS was associated with a higher incidence risk of MACE in overweight and obese elderly patients with OSA. Nonetheless, further research is needed to clarify the underlying mechanisms and to define the optimal incidence risk for MACE to reduce CVD complications in obese and overweight OSApatients combined MetS.

OSA and MetS lead to CVD (4). The prevalence of MetS and OSA are different in males and females. A cross sectional study has shown that women with OSA have higher chances of having MetS than men (43). Our findings revealed that male elderly patients with OSA and MetS had a higher risk of MACE. This may be due to metabolic differences, which are more prevalent in women following hormonal changes like menopause. This may explain the delay in OSA or MetS peak prevalence when compared with men. In addition, our study showed that patients with MetS were associated an increased incidence of all-cause mortality; however, this was not significant. This may be because the patients with OSA and Mets in our study were under guideline-based therapy and in a stable condition with no target organ damage. Nonetheless, the complex pathophysiology of MetS in elderly patients with OSA and the potential impact on all-cause mortality and MACE cannot be ignored in clinical risk assessment, diagnosis, and treatment.



STUDY LIMITATIONS

First, a major limitation to the present study is the homogenous Asian study population. This means that the study's findings are not representative of the global population and should be evaluated in other ethnicities. Second, MetS status and its components are variable; they can change dynamically over time. This could have biased the results. Third, the incidence of MACE and all-cause mortality are complex processes and correlated with multiple factors. We adjusted for as many CVD-related risk factors as possible; however, there may be other unmeasured confounders. Nevertheless, these limitations do not fundamentally affect the value of our study.



CONCLUSION

In our Asian population-based multicenter cohort study, MetS was a complex risk factor that independently increased the risk for MACE, hospitalization for unstable angina, and a composite of all events in elderly patients with OSA in the absence of MI, hospitalization for unstable angina, or heart failure. In the subgroup analysis, overweight and obese males, aged <70 years, with moderate-severe OSA concomitant MetS presented a higher risk for MACE. Our findings reinforce the clinical utility of MetS for CVD risk assessment in elderly patients with OSA. Furthermore, we suggest that MetS is considered as a modifiable risk factor in cardiovascular prevention in patients with OSA. This possibility requires further confirmation in future large-scale, multi-racial, multicenter, prospective cohort studies.
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MCC950, a Selective NLRP3 Inhibitor, Attenuates Adverse Cardiac Remodeling Following Heart Failure Through Improving the Cardiometabolic Dysfunction in Obese Mice

Menglong Wang1,2,3†, Mengmeng Zhao1,2,3†, Junping Yu1,2,3†, Yao Xu1,2,3, Jishou Zhang1,2,3, Jianfang Liu1,2,3, Zihui Zheng1,2,3, Jing Ye1,2,3, Zhen Wang1,2,3, Di Ye1,2,3, Yongqi Feng1,2,3, Shuwan Xu1,2,3, Wei Pan1,2,3, Cheng Wei1,2,3 and Jun Wan1,2,3*

1Department of Cardiology, Renmin Hospital of Wuhan University, Wuhan, China

2Cardiovascular Research Institute, Wuhan University, Wuhan, China

3Hubei Key Laboratory of Cardiology, Wuhan, China

Edited by:
Zhong Wang, University of Michigan, United States

Reviewed by:
John Reyes Ussher, University of Alberta, Canada
Goro Katsuumi, Juntendo University, Japan

*Correspondence: Jun Wan, wanjun@whu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Cardiovascular Metabolism, a section of the journal Frontiers in Cardiovascular Medicine

Received: 18 June 2021
Accepted: 28 March 2022
Published: 12 May 2022

Citation: Wang M, Zhao M, Yu J, Xu Y, Zhang J, Liu J, Zheng Z, Ye J, Wang Z, Ye D, Feng Y, Xu S, Pan W, Wei C and Wan J (2022) MCC950, a Selective NLRP3 Inhibitor, Attenuates Adverse Cardiac Remodeling Following Heart Failure Through Improving the Cardiometabolic Dysfunction in Obese Mice. Front. Cardiovasc. Med. 9:727474. doi: 10.3389/fcvm.2022.727474

Obesity is often accompanied by hypertension. Although a large number of studies have confirmed that NLRP3 inhibitors can improve cardiac remodeling in mice with a normal diet, it is still unclear whether NLRP3 inhibitors can improve heart failure (HF) induced by pressure overload in obese mice. The purpose of this study was to explore the role of MCC950, a selective NLRP3 inhibitor, on HF in obese mice and its metabolic mechanism. Obese mice induced with a 10-week high-fat diet (HFD) were used in this study. After 4 weeks of HFD, transverse aortic constriction (TAC) surgery was performed to induce a HF model. MCC950 (10 mg/kg, once/day) was injected intraperitoneally from 2 weeks after TAC and continued for 4 weeks. After echocardiography examination, we harvested left ventricle tissues and performed molecular experiments. The results suggest that in obese mice, MCC950 can significantly improve cardiac hypertrophy and fibrosis caused by pressure overload. MCC950 ameliorated cardiac inflammation after TAC surgery and promoted M2 macrophage infiltration in the cardiac tissue. MCC950 not only restored fatty acid uptake and utilization by regulating the expression of CD36 and CPT1β but also reduced glucose uptake and oxidation via regulating the expression of GLUT4 and p-PDH. In addition, MCC950 affected the phosphorylation of AKT and AMPK in obese mice with HF. In summary, MCC950 can alleviate HF induced by pressure overload in obese mice via improving cardiac metabolism, providing a basis for the clinical application of NLRP3 inhibitors in obese patients with HF.

Keywords: metabolic remodeling, MCC950, inflammasome, pressure overload, cardiac hypertrophy, heart failure


INTRODUCTION

Heart failure (HF) is a very common progressive disease today, with high morbidity and mortality. Most patients require hospitalization, which puts continuous pressure on the clinical and public health systems. The main risk factors for HF include coronary heart disease, hypertension, diabetes, and obesity (1). Studies have shown that obese patients with a higher body mass index (BMI) have a higher risk of HF (2, 3). A higher BMI is associated with a higher risk of hospitalization and death with HF (4). In addition, visceral fat accumulation is significantly associated with poor cardiac remodeling (5). The metabolic derangements caused by obesity are believed to be closely related to the development of HF. As shown in animal experiments, obesity induced by a high-fat diet (HFD) can aggravate cardiac remodeling (6, 7). And attenuating the metabolic disorder induced by obesity can effectively reduce cardiac remodeling (8). These studies suggest that reducing obesity-induced metabolic disorders may be one of the effective strategies for the treatment of HF. At present, many drugs have been reported to play the role of attenuating cardiac remodeling and HF in mice with a normal diet. However, it is still unclear whether the same cardioprotective effect is available in obese mice.

It has been reported that changes in cardiac metabolism precede the occurrence of HF (9). Damage to cardiac metabolism increases cardiomyocyte death and exacerbates pathological cardiac remodeling. Insufficient ATP production directly changes contractile function and leads to HF. The fatty acid (FA) sources of ATP decrease, while glycolysis and other forms of metabolism source of ATP increase in a failed heart (10). This process is called metabolic reprogramming and is accompanied by changes in genes encoding proteins related to mitochondrial function (11). Moreover, cardiometabolic reprogramming is considered to be the direct cause of pathological hypertrophy (12). Relieving mitochondrial dysfunction and metabolic remodeling have been reported to attenuate the development of pathological hypertrophy and cardiac systolic dysfunction (13, 14). These findings provide new ideas for the treatment of cardiac remodeling and HF.

Nod-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome is a multi-protein complex composed of NLRP3, speck-like protein (ASC), and pro-caspase-1. NLRP3 inflammasome is mainly activated by pathogen-related molecular patterns and danger-related molecular patterns, and further activates caspase-1, thereby promoting the maturation of proinflammatory cytokines IL-1β and IL-18 (15). NLRP3 inflammasome plays an important role in the occurrence and prognosis of HF. A clinical trial involving 54 HF patients reported that compared with the control group, the ASC methylation in the exercise group increased, and the plasma IL-1β and ASC mRNA levels decreased, suggesting that exercise can improve the prognosis of HF through epigenetic regulation of ASC (16). In addition, NLRP3 inflammasome is involved in pathological processes leading to HF, such as cardiac hypertrophy and fibrosis. In the pressure overload model, NLRP3 inflammasome is activated, and inhibiting the expression or activation of NLRP3 can effectively alleviate cardiac remodeling caused by pressure overload (17, 18). In addition, many previous studies have shown that there is a close interaction between NLRP3 and metabolism (19, 20). β-Hydroxybutyrate (BHB), a kind of ketone body, inhibits the activation of NLRP3 inflammasome by preventing K+ efflux and reducing ASC oligomerization and speck formation (21). In vivo, BHB or ketogenic diet attenuated caspase-1 activation and IL-1β secretion in the mouse models of NLRP3-mediated disease. Increasing the BHB levels attenuates NLRP3 inflammasome formation and antagonizes proinflammatory cytokine-induced mitochondrial dysfunction and fibrosis, thereby improving HF (22). This suggests that NLRP3 may be involved in cardiometabolic reprogramming. However, there is currently a lack of relevant evidence to prove the role of NLRP3 in cardiac metabolic reprogramming in obese mice. Therefore, we used MCC950, a selective inhibitor of NLRP3, to explore the effect of NLRP3 on cardiometabolic reprogramming during HF in obese mice.



MATERIALS AND METHODS


Reagents

MCC950 and wheat germ agglutinin (WGA, 1:200 dilution) was purchased from Sigma-Aldrich (St. Louis, MO, United States). GAPDH (1:2,500 dilution), α-smooth muscle actin (α-SMA, 1:500 dilution), CD68 (1:200 dilution), CD206 (1:200 dilution), CD36 (1:500 dilution), glucose transporter 4 (GLUT4, 1:500 dilution) were purchased from Abcam (Cambridge, MA, United States). Collagen 1 (COL1, 1:1,000 dilution), COL3 (1:1,000 dilution), carnitine palmitoyl transferase 1β (CPT1β, 1:1,000 dilution), total acetyl-CoA carboxylase (t-ACC, 1:1,000 dilution), phosphorylated-ACC (Ser79) (p-ACC, 1:1,000 dilution), malonyl-CoA decarboxylase (MCD, 1:1,000 dilution), GLUT1 (1:1,000 dilution), total pyruvate dehydrogenase (t-PDH, 1:1,000 dilution), phosphorylated-PDH (Ser232) (p-PDH, 1:1,000 dilution), pyruvate dehydrogenase kinase 4 (PDK4, 1:1,000 dilution) were purchased from Proteintech (Wuhan, China). Caspase-1 (1:500 dilution) and interleukin 1β (IL1β; 1:500 dilution) were purchased from Santa Cruz (United States). Total protein kinase B (t-AKT, 1:1,000 dilution), phosphorylated-AKT (Ser473) (p-AKT, 1:1,000 dilution), total AMP-activated protein kinase α (t-AMPKα, 1:1,000 dilution), and phosphorylated-AMPKα (Thr172) (p-AMPKα,1:1,000 dilution) were purchased from Cell Signaling Technology (United States). Secondary antibodies were obtained from LI-COR Biosciences (Lincoln, NE, United States). All other chemicals were of analytical grade. The catalog numbers are provided in Supplementary Table 1.



Animal Models

C57BL/6J mice (6 weeks, males, Gempharmatech Co., Ltd.) in this study were raised in a specific pathogen-free mouse room in the Renmin Hospital of Wuhan University. The room provided the mice with stable temperature (20–22°C), humidity (50 ± 5%), plenty of water, and food for free drinking and eating. We performed mouse experiments and took care following the Guidelines for the Care and Use of Laboratory Animals published by the National Institutes of Health. The Animal Care and Use Committee of Renmin Hospital of Wuhan University (Wuhan, China) has reviewed and approved this research.

At 8 weeks of age, the mice were initiated with a HFD, containing 60% fat by kcal content (product D12492, Research Diets, New Brunswick, NJ, United States) to produce obese models (23). We divided these mice into four groups based on the treatment given: sham + vehicle, sham + MCC950, TAC + vehicle, TAC + MCC950 (n = 10, per group). The mice had ad libitum access to food and water during the whole experiments. And 4 weeks after HFD, the transverse aortic constriction (TAC) or sham surgery was performed. Briefly, the mice were anesthetized with 2% isoflurane inhalation. The mice were then placed in the supine position and orally intubated with a 20-gauge tube and ventilated (Harvard Apparatus Rodent Ventilator, Model 845) at 120 breaths per minute (0.1 ml tidal volume). The thoracic cavity was exposed by incising the proximal portion of the sternum. After isolating the aortic arch between the innominate and left common carotid arteries, the transverse aortic arch was ligated with a covered 26-gauge needle. Then the needle was removed, leaving a discrete area of stenosis. The sham-operated mice underwent the same surgical procedure, including isolation of the aorta, but no sutures were placed. Normal saline was intraperitoneally injected as a vehicle. MCC950 or vehicle (10 mg/kg of body weight, once/day) was intraperitoneally injected into the mice 2 weeks after the TAC or sham surgery (24, 25). HFD was maintained after surgery for 6 weeks for heart mass, cardiac function, and other analyses. And the left ventricle (LV) tissue was harvested for further experiments. The design of this study is shown in Supplementary Figure 1.



Echocardiography

Mylab 30CV ultrasound (Biosound Esaote) equipped with a 10-MHz linear array ultrasound transducer was used to perform echocardiography in the anesthetized (1.5–2% isoflurane) mice. The LV dimensions were assessed at the parasternal short axis at the level of the papillary muscles. The LV end-systolic diameter (LVEDs), LV end-diastolic diameter (LVEDd), interventricular septal thickness at end-diastole (IVSd), interventricular septal thickness at end-systole (IVSs), LV posterior wall thickness at end-diastole (LVPWd), LV posterior wall thickness at end-systole (LVPWs), LV ejection fraction (EF), and fractional shortening (FS) were measured.



Histological Analysis

There were five samples per group for histological analysis. We took four images of each sample for quantification. Hematoxylin-eosin (H&E) and WGA staining were performed to examine the size of cardiomyocytes. Masson staining was used to observe collagen deposition in the perivascular space and interstitium of the four groups of mice. We determined the cross-sectional area of cardiomyocytes with WGA staining and the fibrotic areas with Masson staining by using a digital image analysis system (Image-Pro Plus 6.0, Media Cybernetics, Bethesda, MD, United States). In WGA staining, we selected seven cardiomyocytes in each image to measure the cardiomyocyte size. In Masson staining, we examined the ratio of collagen fibers to the cross-sectional area of the ventricle. Immunohistochemistry and immunofluorescence staining were performed to examine the macrophage infiltration as per the protocols mentioned in a previous study (26). We examined the percentage of positive cells in immunohistochemical staining for aSMA, CD68, and immunofluorescence staining for CD206 using Image J 2.1.0.



Quantitative Polymerase Chain Reaction

The RNA was extracted from the LV tissue using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, United States), and cDNA was synthesized using 2 μg RNA of each treatment group with oligo (dT) primers and a Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). Quantitative analysis was performed using a Light Cycler 480 and SYBR Green Master Mix (Roche). Details of the primer sequences are shown in Supplementary Table 2.



Measurement of Blood Parameters

After a 12-h fast, blood was collected from the retro-orbital plexus to measure the serum levels of blood glucose, triglyceride (TG), non-esterified fatty acids (NEFAs), and BHB following the instructions. All the detection kits were purchased from Nanjing Jiancheng Bioengineering Institute, China.



Measurement of Triglyceride, Glycogen, and Pyruvate Dehydrogenase Activity in Hearts

The ventricles were immediately snap-frozen in liquid nitrogen and pulverized with a mortar and pestle in liquid nitrogen. TG and glycogen concentrations in the heart, as well as PDH activity, were then determined according to the manufacturer’s instructions. All the detection kits were purchased from Nanjing Jiancheng Bioengineering Institute, China.



Western Blotting

We extracted proteins from the cardiac tissue using radioimmunoprecipitation assay (RIPA) buffer and measured protein concentration using the BCA protein assay kit. The proteins (50 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred to Immobilon-P membranes (Millipore, Beijing, China) by a gel transfer apparatus (Invitrogen). The membranes were incubate with different primary antibodies over night at 4°C. After washing, the membranes were incubated with secondary antibodies for 1h at room temperature. The blots were scanned by a two-color infrared imaging system (Odyssey; LI-COR) to quantify the protein expression. The protein expression levels were normalized to the corresponding GAPDH levels.



Statistical Analysis

The results were presented as mean ± standard deviation (SD). Statistical differences between two groups were compared using Student’s t-tests, and the differences between multiple groups were compared by two-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test. All the data were analyzed using SPSS 26.0 software, and a p-value < 0.05 was considered statistically significant and was the threshold used to reject the null hypothesis.




RESULTS


MCC950 Alleviated Cardiac Dysfunction Induced by Transverse Aortic Constriction Surgery in Obese Mice

The ratio of heart weight (HW)/body weight (BW) increased after the TAC surgery, which revealed the compensatory cardiac weight gain (Figure 1A). MCC950 reversed these increases significantly. Six weeks after the TAC surgery, the cardiac function of the obese mice was significantly impaired, as shown by the decreased LVEF and LVFS and increased LVEDd and LVEDs (Figures 1B–F and Supplementary Table 3). MCC950 treatment increased LVEF and FS and reduced LVEDd and LVEDs after TAC. There was no difference in the heart rate (HR) between the four groups (Figure 1G). Taken together, MCC950 alleviated cardiac dysfunction induced by TAC surgery.
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FIGURE 1. MCC950 reversed the cardiac dysfunction post-TAC. (A) The ratio of heart weight (HW)/body weight (BW) in different groups, n = 6. (B) Representative images of echocardiography. (C–G) Echocardiography measurements of LVEDd, LVEDs, LVEF, LVFS, and HR, respectively, n = 6. LVEF, left ventricle ejection fraction; LVFS, left ventricle fractional shortening; LVEDs, LV end-systolic diameter; LVEDd, LV end-diastolic diameter; HR, heart rate. *p < 0.05, **p < 0.01, ***p < 0.001.




MCC950 Attenuated the Cardiac Hypertrophy Induced by Transverse Aortic Constriction Surgery in Obese Mice

Cardiac hypertrophy was induced by TAC surgery as shown by the gross morphology and coronal sections of the heart (Figure 2A). The size of cardiomyocytes increased significantly after TAC surgery as shown by the H&E and WGA staining (Figures 2A,B). The MCC950 treatment reversed the increased size of heart and cardiomyocytes induced by pressure overload (Figures 2A,B). In addition, MCC950 reduced the TAC-induced increased mRNA expression level of the genes related to cardiac hypertrophy, including atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and β-myosin heavy chain (β-MHC) (Figures 2C–E). These results revealed that MCC950 attenuated the pressure-overload-induced cardiac hypertrophy in obese mice.
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FIGURE 2. MCC950 alleviated pressure overload-induced cardiac hypertrophy. (A) Representative photographs presenting morphology of the hearts, representative images of hematoxylin-eosin (H&E), and WGA staining for the determination of cardiomyocyte cell size, n = 5. (B) Cardiac hypertrophy was quantified by measuring the cross-sectional cell-surface area of cardiomyocyte from WGA staining, n = 5. (C–E) Q-PCR to measure mRNA expression of ANP, BNP, and β-MHC, respectively; n = 6. H&E, hematoxylin-eosin; WGA, wheat germ agglutinin; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; β-MHC, β-myosin heavy chain. *p < 0.05, **p < 0.01, ***p < 0.001.




MCC950 Ameliorated the Cardiac Fibrosis Induced by Pressure Overload in Obese Mice

To validate the cardiac fibrosis induced by pressure overload, masson staining was conducted. Cardiac fibrosis was found around the peripheral blood vessels and in the myocardial interstitium, which was attenuated by the MCC950 treatment (Figures 3A,B). MCC950 also reduced the expression of α-SMA after TAC surgery (Figures 3A,C). Besides, the mRNA expression of COL1 and COL3 increased significantly after TAC surgery. MCC950 reversed this increase (Figures 3D,E). In addition, MCC950 attenuated the increased expression level of matrix metalloproteinase 2 (MMP-2) and MMP-9 induced by pressure overload (Figures 3F,G). MCC950 also reduced the protein levels of COL1 and COL3 after TAC surgery (Figures 3H–J). Together, these data indicated that MCC950 ameliorated the cardiac fibrosis induced by pressure overload in obese mice.
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FIGURE 3. MCC950 ameliorates pressure overload-induced cardiac fibrosis. (A) Representative images of Masson’s trichrome and αSMA immunohistochemistry staining, n = 5. (B) Statistical results for the fibrotic areas in the indicated groups, n = 5. (C) Statistical results for the αSMA positive cells in the indicated groups, n = 5. (D) Relative mRNA expression of COL1, (E) COL3, (F) MMP-2, (G) MMP-9, n = 6. (H–J) Representative Western blot and quantitative analysis showing the expression levels of COL1 and COL3. αSMA, α-smooth muscle actin; COL, collagen; MMP, matrix metalloproteinase. *p < 0.05, **p < 0.01, ***p < 0.001.




MCC950 Attenuated the Cardiac Inflammation Induced by Transverse Aortic Constriction Surgery in Obese Mice

The mRNA expression level of proinflammatory cytokines including IL1β and IL18 increased significantly after TAC surgery (Figures 4A,B). MCC950 reversed these increases. Interestingly, MCC950 also reduced the increased expression of anti-inflammatory cytokine IL10 induced by pressure overload (Figure 4C). In addition, MCC950 reduced the infiltration of macrophages induced by TAC surgery as shown by CD86 immunohistochemical staining (Figures 4D,E). We next examined the polarization of macrophages in the cardiac tissues. The immunofluorescence results showed that MCC950 treatment can significantly increase the expression of CD206, a marker of M2 macrophage (Figures 4F,G). And we also tested the mRNA expression levels of other markers of macrophage polarization. After TAC surgery, the expression of arginase 1 (ARG1, a marker of M2 macrophage) was significantly reduced, and the expressions of CD80 and CD86 (M1 macrophage markers) were significantly increased (Figures 4H–J). MCC950 treatment increased the expression of ARG1 and inhibited the expressions of CD80 and CD86. These results indicate that MCC950 treatment can induce M2 polarization of macrophages. Taken together, MCC950 attenuated the cardiac inflammation induced by pressure overload in obese mice.
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FIGURE 4. MCC950 attenuates pressure overload-induced cardiac inflammation. Relative mRNA expression of (A) IL1β, (B) IL18, and (C) IL10, n = 6. (D,E) Immunohistochemical analysis of CD68, n = 3. (F,G) immunofluorescence analysis of CD206, n = 3. (H–J) Relative mRNA expression of Arg1, CD80, and CD86, n = 6. IL, interleukin; Arg1, arginase 1. *p < 0.05, **p < 0.01, ***p < 0.001.




MCC950 Reduced the Metabolic Reliance on Glucose in Failed Hearts

We next examined the levels of metabolism related biochemical parameters in the serum and heart after TAC surgery. MCC950 did not affect TG and NEFA in the serum of mice after TAC surgery (Figures 5A,B). After TAC surgery, the accumulation of TG, a storage form of FA, in the heart is significantly reduced, suggesting that the uptake of FA by myocardial tissue is reduced (Figure 5C). However, the MCC950 treatment can significantly increase the level of accumulated TG in the heart. The circulating levels of BHB decreased significantly after TAC surgery (Figure 5D). However, the MCC950 treatment did not affect the circulating levels of BHB. We also tested the circulating level of glucose and found that there was no significant change in the serum glucose levels either in TAC surgery or the MCC950 treatment group (Figure 5E). Glycogen, a storage form of glucose, increased significantly in the heart after TAC surgery, indicating that the cardiac tissue heavily relies on glucose after TAC. MCC950 can significantly reduce the accumulation of glycogen in the heart (Figure 5F). These results indicate that MCC950 treatment can reduce the dependence of cardiac tissue on glucose after HF, and at the same time restore the use of FA.
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FIGURE 5. MCC950 reduced the metabolic reliance on glucose in TAC hearts. Serum levels of TG (A) and NEFA (B), n = 4. (C) Level of TG in the cardiac, n = 4. Serum levels of BHB (D) and glucose (E), n = 4. (F) glycogen levels in the cardiac, n = 4. TG, triglyceride; NEFA, non-esterified fatty acids; BHB, β-hydroxybutyrate. *p < 0.05, ** p < 0.01, *** p < 0.001.




MCC950 Increased the Gene Expression for Fatty Acid Use in Obese Mice After Transverse Aortic Constriction Surgery

We first examined the mRNA expression of the genes relevant to FA uptake and oxidation, including peroxisome proliferator-activated receptor α (PPARα) and its co-activators PPARγ-coactivator-1(PGC1) α and β. MCC950 did not change the expression of these three genes in the mice after TAC surgery (Figures 6A–C). Consistent with these findings, MCC950 did not change the expression of the genes regulated by the PPARα/PGC1 complex, including carnitine palmitoyltransferase (CPT) 2, medium-chain acyl-CoA dehydrogenase (MCAD), short-chain acyl-CoA dehydrogenase (SCAD), and uncoupling protein 2 (UCP2) (Figures 6D–G). However, the MCC950 treatment significantly increased the mRNA expression of CPT1β, which plays an important role in the oxidation of FA, after TAC surgery (Figure 6H). We also tested the expression of genes involved in FA uptake, including fatty acid transport protein 1(FATP1) and thrombospondin receptor (CD36) (Figures 6I,J). Compared with the sham group, the mRNA expression of CD36 in the heart of the TAC group was significantly reduced. The MCC950 treatment can alleviate this reduction. This suggests that MCC950 can promote the intake of FA in the heart. In addition, we also tested the expression level of FA binding proteins (FABP) involved in the intracellular transport of FA (Figures 6K,L). MCC950 increased the expression of FABP4 and FABP5 in the hearts of mice in the TAC group, suggesting that it promoted the transport and oxidation of intracellular FA.
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FIGURE 6. MCC950 increased the gene expression for FA use in obese mice after TAC surgery. Relative mRNA expression of (A) PPARα, (B) PGC1α, (C) PGC1β, (D) CPT2, (E) MCAD, (F) SCAD, (G) UCP2, (H) CPT1β, (I) FATP1, (J) CD36, (K) FABP4, (L) FABP5, n = 6. (M–Q) Representative blots and quantitative analysis showing the expression levels of CPT1β, CD36, p-ACC, t-ACC, and MCD, n = 4. PPAR, peroxisome proliferator-activated receptor; PGC1, PPARγ-coactivator-1; CPT, carnitine palmitoyl transferase; MCAD, medium-chain acyl-CoA dehydrogenase; SCAD, short-chain acyl-CoA dehydrogenase; UCP2, uncoupling protein 2; FATP, FA transport protein; FABP, FA binding protein. ACC, acetyl-CoA carboxylase; MCD, malonyl-CoA decarboxylase. *p < 0.05, **p < 0.01, ***p < 0.001.


We further tested the protein expression levels of CPT1β and CD36 (Figures 6M–O). Compared with the sham group, the expression levels of CPT1β and CD36 in the heart of the TAC group were significantly reduced, and MCC950 significantly reversed this reduction. The key site regulating FA oxidation is the inhibition of CPT1β by malonyl-COA. The synthesis of malonyl-COA is regulated by ACC and the degradation is controlled by MCD. We tested the protein levels of ACC and MCD (Figures 6P,Q). After TAC surgery, p-ACC in the mouse heart was significantly reduced, suggesting an increase in ACC activity. Compared with mice in the sham group, the expression of MCD in the heart of the TAC group was reduced. The MCC950 treatment can significantly increase the phosphorylation level of ACC and increase the protein level of MCD. These results indicate that MCC950 can restore the uptake and oxidation of FA in the cardiac tissue after HF in obese mice.



MCC950 Regulated the Gene Expression Relevant to Glucose Metabolism in Obese Mice After Transverse Aortic Constriction Surgery

We then examined the mRNA expression of the gene relevant to glucose metabolism. In the heart, the most abundant GLUTs are GLUT1 and GLUT4, which are of great significance for the uptake and transport of glucose. The mRNA expression of GLUT1 increased, while the expression of GLUT4 decreased after TAC surgery (Figures 7A,B). Interestingly, MCC950 reversed the increase of GLUT1 induced by pressure overload. Consistently, the total protein expression levels of GLUT1 increased, while GLUT4 decreased after TAC surgery (Figures 7E–G). MCC950 reduced the level of GLUT1 and increased the level of GLUT4. Glycolysis increases the supply of pyruvate for mitochondrial glucose oxidation through the PDH complex, the rate-limiting enzyme for glucose oxidation. The activity of PDH in the cardiac tissue increased significantly after TAC surgery and recovered after the MCC950 treatment (Figure 7C). The activity of PDH is mainly regulated by its phosphorylation state and is active when it is dephosphorylated. Consistently, the ratio of p-PDH to t-PDH is significantly reduced after TAC surgery, and the MCC950 treatment can promote PDH phosphorylation (Figure 7H). The PDH complex can be phosphorylated and inhibited by pyruvate dehydrogenase kinase (PDK). Our results suggest that the mRNA expression level and protein expression level of PDK4 are significantly reduced after TAC surgery, and MCC950 can effectively promote the expression of PDK4 (Figures 7D,I). These results suggest that MCC950 can regulate the expression of genes related to glucose metabolism after HF in obese mice.
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FIGURE 7. MCC950 regulated the gene expression relevant to glucose metabolism in obese mice after TAC surgery. Relative mRNA expression of (A) GLUT1 and (B) GLUT4, n = 6. (C) PDH activity in the cardiac tissue, n = 4. (D) Relative mRNA expression of PDK4, n = 6. (E–I) Representative blots and quantitative analysis showing the expression levels of GLUT1, GLUT4, p-PDH, t-PDH, and PDK4, n = 4. GLUT, glucose transporter; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase. *p < 0.05, **p < 0.01, ***p < 0.001.




MCC950 Attenuated Cardiometabolic Disorder via the Protein Kinase B/AMP-Activated Protein Kinase α Pathway

We first examined the inhibitory effect on the activation of NLRP3 of MCC950. The expression level of c-caspase-1 and IL-1β increased after pressure overload, suggesting that the NLRP3 inflammasome was activated. The selective inhibitor of NLRP3, MCC950, significantly reversed these increases (Figures 8A–E). AMPK acts as an energy sensor to regulate multiple physiological processes in the cardiovascular system. Previous studies have shown that AMPK can improve HF by restoring energy supply and mitochondrial function (27). We detected the level of t-AMPKα and p-AMPKα. The level of p-AMPKα decreased after TAC surgery and increased with MCC950 treatment (Figure 8F). In addition, we also examined the phosphorylation level of AKT, an upstream regulator of AMPKα. The ratio of p-AKT to t-AKT increased after TAC surgery while it decreased with the MCC950 treatment (Figure 8G). Taken together, these results suggested that MCC950 attenuated cardiac metabolic disorder via AKT/AMPKα pathway (Figure 9).
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FIGURE 8. MCC950 attenuated cardiometabolic disorder via AKT/AMPK pathway. (A) Representative Western blot and quantitative analysis showing the expression levels of (B) pro-caspase-1, (C) c-caspase-1, (D) the ratio of c-caspase-1/pro-caspase-1, (E) IL-1β, (F) p-AMPKα, and (G) p-AKT in different groups, n = 4. IL, interleukin; AKT, phospho-protein kinase B; AMPKα, AMP-activated protein kinase α. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 9. Diagram depicting the mechanism by which MCC950 regulates cardiometabolism in obese mice with heart failure.





DISCUSSION

In the present study, MCC950 significantly ameliorated the cardiac dysfunction, hypertrophy, and fibrosis induced by pressure overload in obese mice. The increased inflammation after TAC surgery was attenuated by the MCC950 treatment. Besides, MCC950 reversed the cardiac metabolic disorder via AKT/AMPK pathway as shown by the regulation of glucose and FA uptake and oxidation. Taken together, these results suggested the treatment effect of MCC950 in obese mice with HF.


MCC950 Protected Left Ventricle Function and Structure in Obese Mice With Pressure Overload

Many reports indicated that NLRP3 inflammasome may be a new promising effective therapeutic target to slow down the disease progression of HF (28). Our previous study found that MCC950 can reverse HF induced by pressure overload in mice (29). This study further indicated that MCC950 can also effectively improve LV function in obese mice, as shown by improved LVEF and FS. The improvement of cardiac function may be related to the alleviated cardiac remodeling by the MCC950 treatment. MCC950 can significantly inhibit heart enlargement and cardiac hypertrophy. In addition, the MCC950 treatment ameliorated cardiac fibrosis induced by pressure overload, as shown by the alleviated expression of COL1, COL3, and a-SMA. In short, MCC950 protected LV function and structure in obese mice with pressure overload.



MCC950 Ameliorated Cardiac Inflammation After Transverse Aortic Constriction Surgery in Obese Mice

Inflammatory responses play an important role in the development of HF. IL1β is one of the most important proinflammatory cytokines involved in HF. The link between IL1β and HF is supported by the elevated level of IL1β in patients with worsening HF symptoms and outcomes (30). Direct reduction of IL1β levels or blocking of the downstream signal of IL1β contribute to helpful cardiac remodeling and improvements of HF phenotype induced by ischemia/infarction, pressure overload, or anthracycline toxicity (31). As the maturation of IL1β is regulated via the activation of the NLRP3 inflammasome, NLRP3 is considered a potential therapeutics target for HF. The cardiac beneficial effects of some molecules are reported to be relevant to the inhibition of the NLRP3 inflammasome (32, 33). Treatments inhibiting the activation of NLRP3 contributed to improved cardiac function and remodeling in the mice with myocardial infarction and cardiac hypertrophy (18, 34). Corresponding with these reports, MCC950 significantly inhibited the activation of NLRP3, preserved cardiac function, and alleviated the inflammation post pressure overload in obese mice. The expression levels of IL1β and other cytokines were significantly reduced, which may contribute to the improvement of HF phenotype and cardiac remodeling. In addition, the MCC950 treatment induced M2 polarization as shown by the increased expression of CD206 and ARG1. The NLRP3 inflammasome was reported to induce M1 polarization in the previous studies (19). In our study, we did not discuss the mechanism by which MCC950 induced M2 polarization. Studies have shown that macrophage polarization is closely related to cell metabolism (35). Therefore, we speculate that in addition to inhibiting the IL1β expression, MCC950 may also induce M2 polarization by affecting the cell metabolism, which needs further exploration.



MCC950 Treatment Alleviated the Glucose Dependence of Cardiometabolism in Obese Mice With Heart Failure

Fatty acid is the primary fuel for cardiomyocytes to produce energy in normal adults. But in the development of pathological hypertrophy and HF, cardiomyocytes reduce FA-derived energy and increase glycolysis, anaplerosis, and other forms of metabolism, such as the use of lactate, branched-chain amino acids, and ketone bodies, remodeling ATP production mechanism. This shift in the energy production machinery is known as metabolic reprogramming and is accompanied by the downregulation of genes involved in mitochondrial energy transduction and respiratory pathways (12). In our study, we did not observe the changes in TG, glucose, and NEFA in the serum of obese mice after HF. Only the serum levels of BHB were significantly decreased after HF, suggesting that cardiac utilization of BHB was increased after HF. MCC950 treatment had no apparent effect on the levels of these markers in the serum of obese mice, which may be related to the HFD diet during the experiment. However, we observed decreased TG accumulation and increased glycogen levels in the LV of obese mice after HF, suggesting that mouse cardiometabolism relies more on glucose after HF. Furthermore, the MCC950 treatment increased TG accumulation and decreased glycogen levels in the heart. In a word, MCC950 treatment alleviated the glucose dependence of cardiometabolism and restored FA uptake and utilization.



MCC950 May Promote Cardiac Fatty Acid Metabolism in Obese Mice With Pressure Overload

In our study, MCC950 did not significantly alter the expression of some genes related to FA metabolism, such as PPARα, PGC1α, and β, CPT2, MCAD, SCAD, and UCP2, which may be related to the HFD in the experiment. HFD has been reported to affect the progression of HF and may also affect the expression of metabolism-related genes (36). However, we observed a marked decrease in the expression of CD36 and CPT1β after HF. CD36 plays an important role in FA uptake in the cardiac. The CD36 knockout mice showed reduced rates of FA transport and oxidation, and significantly increased glucose use in the heart, ultimately exacerbating stress overload-induced HF (37). CPT1β is the rate-limiting step in mitochondrial β-oxidation by controlling mitochondrial uptake of long-chain acyl-CoA. It has been reported that the CPT1β deficiency exacerbates pressure overload-induced cardiac hypertrophy (38). The current findings suggest that MCC950 promoted the expression of CD36 and CPT1β after TAC surgery, implying that MCC950 can promote FA transport and oxidation in the hearts of obese mice with HF. Furthermore, CPT1β is inhibited by malonyl-CoA, the carboxylation product of acetyl-CoA, which is produced by the action of ACC and decarboxylated by MCD (39). In this study, MCC950 increased the phosphorylation level of ACC and increased the expression of MCD, thereby reducing the production of malonyl-CoA and promoting its degradation, ultimately increasing the level of CPT1β.

Modulation of cardiometabolic substrates is one of the strategies for the treatment of HF. However, FA is often discarded due to its high oxygen consumption and potential lipotoxicity (40). Considering that FA produces approximately three times as much ATP per molecule as glucose, it is impossible to rely on glucose alone to provide energy for cardiometabolism. Enhancing FA metabolic preference may be another strategy to restore cardiac energy and function. In our study, MCC950 not only increased the expression of CD36 but also promoted the expression of CPT1β. This means that MCC950 promotes the uptake and oxidation of FA in the heart, which may alleviate the lipotoxicity caused by the accumulation of FA. Taken together, the effect of MCC950 on CD36 and CPT-1β suggests that it may have a benign regulatory effect on cardiac FA metabolism, although it requires further exploration.



MCC950 Reduced Cardiac Glucose Uptake and Utilization in Obese Mice With Heart Failure

The first step in carbohydrate metabolism involves the uptake of glucose by cardiomyocytes through the action of GLUTs. Glucose transport by these proteins is one of the rate-limiting steps in substrate utilization in the myocardium (41). GLUT4 is insulin-sensitive and is the major isoform in adult myocardium. GLUT1 is insulin-independent and mainly expressed in the fetal heart (39). The GLUT4/GLUT1 ratio has been reported to be reduced in patients with LV hypertrophy (42). Similar observations were made in animal models of pathological cardiac hypertrophy. The pressure overload increased GLUT1 expression but decreased GLUT4 expression, and these changes were associated with increased distribution of both transporters to the plasma membrane (43). Changes from GLUT4 to GLUT1 have been found in failed myocardium, but the mechanism remains unknown (44). Insulin resistance may be one of the reasons why GLUT4 expression is suppressed during HF (45). Therefore, GLUT1 expression may be increased to compensate. In this study, MCC950 significantly downregulated the expression of GLUT1 and restored the content of GLUT4, which may be related to the improvement of insulin resistance after HF by MCC950. The activation of NLRP3 is closely related to insulin resistance in many metabolic diseases (19). In a word, MCC950 promotes glucose uptake in failed hearts in a GLUT4-dependent manner.

Glucose is metabolized by oxidative metabolism under aerobic conditions, or by anaerobic glycolysis in the presence of hypoxia. The pyruvate derived from glucose is converted by PDH to acetyl-CoA for aerobic respiration and is inhibited when phosphorylated by PDH kinase (46). In the mice with HF, the source of cardiac energy changed from FA-dominated to glucose-oxidized-dominant. Consistent with the previous studies, the activity of PDH was significantly increased after TAC surgery. The p-PDH expression and p-PDH/t-PDH ratio were significantly decreased after TAC surgery. The PDK4 expression was significantly reduced in failed hearts. The MCC950 treatment reversed PDH activity and increased PDK4 expression, promoting PDH phosphorylation. These results suggest that the MCC950 treatment reduces glucose oxidation, which may be associated with the restoration of FA metabolism.



MCC950 Attenuated Cardiometabolic Disorder via Protein Kinase B/AMP-Activated Protein Kinase α Pathway in Obese Mice

The changes in AKT activity are an alteration in pathological cardiac hypertrophy. AKT activation not only stimulates protein synthesis and growth but also integrates intracellular signaling into nutrient metabolism by promoting cell membrane translocation of GLUT4 and gene expression of glucokinase and FA synthase. In the absence of AKT, the expression levels of the genes responsible for glucose utilization and lipid synthesis were significantly reduced (47). AMPK, one of the downstream signals of AKT, acts as an energy sensor that regulates multiple physiological processes in the cardiovascular system and maybe a potential therapeutic target for HF. AMPK can similarly mediate the translocation of GLUT4, thereby increasing glucose uptake as a cardioprotective and adaptive response of the failed heart (48). AMPK also inhibits glycogen synthesis and promotes glucose oxidation (49). In addition, AMPK promotes the absorption and oxidation of FA. It increases the translocation of CD36 to the membrane and promotes FA uptake by cardiomyocytes. The Activated AMPK increases the CPT-1β activity by reducing malonyl-CoA production by inhibiting the ACC activity. Therefore, AMPK can increase FA oxidation (50). All of these effects ultimately increase ATP production to improve the imbalance between energy supply and energy demand in the failed heart. Moreover, previous studies reported that MCC950 exerts a protective effect by inducing autophagy through an AMPK-dependent mechanism (51). Consistent with previous reports, AKT activation was increased while AMPKα activation was inhibited after TAC surgery. The MCC950 treatment inhibited AKT activation and increased the phosphorylation levels of AMPKα. The effect of MCC950 on the AKT/AMPKα pathway may explain the changes in cardiometabolism, which needs further research.

This study has several limitations. We only explored the effect of MCC950 on metabolism after HF in vivo. Studies in vitro may help to explore the mechanism of the protective role of MCC950. In addition, the effects of MCC950 on HFD-induced metabolism dysfunction need further exploration.




CONCLUSION

In conclusion, the most important finding is the protective role of MCC950 in alleviating HF induced by pressure overload in obese mice, and its mechanism is related to the improvement of cardiac metabolism. Our study provides a basis for the clinical application of NLRP3 inhibitors in obese patients with HF.
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Total (n = 1,157) Non-MteS (1 = 454) MteS (n = 703) P-value

Demographics

Age,y 66.0(62.0,71.0) 65.0 (62.0,69.0) 66.0(63.0, 72.0) <0001
Male, n (%) 704 (60.8) 263 (67.9) 441 (62.7) 0.102
BMI, kg/m? 26.4(24.0,29.0) 25.1(22.8,27.9) 27.2(24.7,29.7) <0001
NG, mm 38.0(35.0, 40.0) 375 (35.0,40.0) 38.0(35.5, 41.0) 0.043
waist-hip ratio, % 90 (79, 102) 85 (75, 96) 93 (83, 105) <0001
Drinking, n (%) 116 (10.0) 36(7.9) 80(11.4) 0055
Smoking, n (%) 256 (22.1) 97 (21.4) 159 (22.6) 0608
SBP, mmHg 133.0(124.0, 144.0) 124.0 (120.0, 128.0) 140.0 (133.0, 150.0) <0.001
DBP, mmHg 76.0(70.0,81.0) 730 (70.0,80.0) 78.0(70.0, 85.0) <0001
WC, mm 91.0(80.0, 100.0) 87.5(78.0, 96.0) 94.0(86.0, 102.0) <0.001
FPG, mmol/L 57(5.1,66) 54(50,6.1) 59(63,68) <0001
TG, mmol/L 15(1.0,1.9) 13(1.0,1.7) 1.6(1.1,2.0) <0.001
HDL, mmolL 1.1(09,1.4) 12(1.0,15) 1.0(09,13) <0001
Sleep parameters

AHI, events/h 27.2(14.95, 45.40) 25.6(13.9,39.3) 28.6(15.6, 48.4) 0.004
ST h 7.05 (6.14,7.47) 7.06 (6.10,7.45) 7.04 (6.17,7.47) 0632
oD, eventsth 22.1(10.3.40.5) 19.5 (10.1,34.7) 235(11.0,43.2) 0.002
TSAS0, min 14.00 (2.28, 60.52) 10.44 (1.82, 46.45) 16.45 (2.90, 69.25) 0.003
90, % 30, 15) 3(0,12) 4(1,17) 0.003
MSpO,, % 93.0(91.7,.95.0) 9.7 (92.0,95.0) 93.0(91.0,95.0) 0009
LSpOz, % 80.0(72.0,85.0) 810 (74.0,85.0) 80.0(71.0,85.0) 0033
Average heart Rate, events/min 63.0(57.6,68.4) 630 (58.0,68.6) 63.5(57.4,68.3) 0833
Average apnea time, s 22.4(19.5,25.4) 223 (19.1,25.7) 22.4(196,25.9) 0999
Maximum apnea time, s 51.0(329, 75.0) 490 (32.0,742) 517 (33.0,75.0) 0966
Medical history, n (%)

Severity of OSA 0.035
Mild OSA 289 (25.0) 123 27.1) 166 (23.6)

Moderate OSA 347 (30.0) 148 (32.6) 199 (28.9)

Severe OSA 521 (45.0) 183 (40.3) 338 (48.1)

Hypertension 739 (63.9) 47(10.4) 692 (98.4) <0001
cHD 265 (22.9) 62(137) 203 (28.9) <0.001
Hyperipidemia 325 (28.1) 90(19.8) 235 (33.4) <0001
AF 97 8.4) 4088) 578.1) 0664
Carotid atherosclerosis 296 (25.6) 90(19.8) 206 (29.3) <0001
Diabetes 286 (24.7) 54(11.9) 232 (33.0) <0.001
COPD 80(6.9) 34(7.5) 46(6.5) 0536

BMI, body mess index; NC, neck circumference; WC, weist circumference; WHR, weisthio ratio; SBR. systolic blood pressure; DBR diastolic blood pressure; AH), the apnea-hypopnea
index; FPG, fasting plasmaglucose; TG, trigiyceride; HDL, high-density lipoprotein; ODI, the oxygen desaturation index; MSpOs, the mean pulse oxygen saturation; LSpOz, the lowest
puise oxygen saturation; TSA90, the duration of time with SaOz < 90%; T90, percentage of the fimes for SaO; < 90% in total monitoring time during overnight sleep; LAT, the longest
apnea time; MAT, the mean apnea time; OSA, obstructive sleep apnea; CHD, coronary heart disease; AF, atrial fibrillation; COPD, chronic obstructive pulmonary disease.
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MACE
Cardiovascular
death

v

Hospitalization for
unstable angina

Hospitalization for
heart failure

Al-cause mortality

Composite of all
events

Unadjusted analysis

HR (95% CI)

2.13(1.36,3.34)
2.32(0.92,5.82)

2.02(1.07,457)
2.58(1.43, 4.67)

3.11(0.67, 14.34)

1.86 (1.023.40)
2.04 (1.41,2.95)

P-Value

0.001
0.074

0.031
0.002

0.147

0.042
0.000

Adjusted analysis

HR (95% CI)

1.86 (1.17, 2.96)
2.01(0.74, 5.39)

1.66 (0.73, 3.79)
2,01 (1.04,3.90)

5.087 (0.59, 4.25)

1.56 (0.84, 2.88)
154 (1.08, 2.32)

MACE, major adverse cardiovascular event; MI, myocardial infarction.

P-Value

0.009
0.173

0.227
0.039

0.141

0.162
0.036
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Age
<70

>70

Severity of OSA
Mild
Moderate-severe
Gender

Male

Female

BMI

Normal (18.5-22.9)

Unadjusted analysis

HR (95%Cl)  P-Value

2.66 (1.53,4.62)
1.62 (085, 3.10)

2.66(1.13,6.24)
2.23(1.37,3.61)

2.40(1.40,4.13)
2.14(1.10,4.18)

1.14(0.43,3.01)

Overweight and obese ~ 2.84 (1.72,4.68)

(=29

0.001
0.143

0.025
0.001

0.002
0.026

0.785
0.000

BMI, body mass index; OSA, obstructive sleep apnea.

Adjusted analysis

HR (95%Cl)

2.36(1.27, 4.39)
1.48(0.71,3.08)

1.92(0.73,5.04)
1.81(1.05,8.12)

2.23(1.28,391)
1.7 3(0.86, 3.49)

068(0.22,2.12)
2.32(1.34,4.01)

P-Value

0.006
0.291

0.188
0.082

0.006
0.125

0.501
0.003
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Follow-up outcomes

MAGE, n (%)
Cardiovascular death, n
(%)

M, (%)
Hospitalization for
unstable angina, n (%)
Hospitalization for heart
failure, n (%)

All-cause mortaiity, n
(%)

Composite of all
events, n (%)

Total
(n=1,157)

119(10.9)
25(2.2)

38(3.3)
64(5.5)

11(1.0)

54(4.7)

145 (12.5)

Mtes
(n=1703)

90 (12.8)
192.7)

28(4.0)
50(7.1)

9(13
39(5.5)

106 (15.1)

Non-MteS
(n =454

29(6.4)
6(1.3)

1022)
14@3.1)

2(0.4)

15(33)

39(8.6)
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Clinical concerns

Demographics

Cardiac risk factors

Prior cardiovascular disease
Serum biomarkers

Biochemical items

Variables

Male

Age (years)
Hypertension
Diabetes
Tobacco use
TC (mmolrL)
TG (mmolL)
LDL-C (mmolrL)
HDL-C (mmol/L)
LPa (mg/l)

2

GTT (ng/mi)
CK-MB (U/L)
Mb (ng/mi)
ALT (UAL)
AST (ULL)
LDH (U

CK (UL)
HBDH (UL)
TP ()

GLU (mmoliL)
Ca (mmol)

Controls
(n=84)

56

50.25+ 1.76
32

8

8
4.93+0.15
143£0.12
3.15+0.11
1.31£0.04
349.35 + 51.45
12

27.15+2.48
26.31 £1.45
169.30 £ 3.85
11930 £ 11.27
107.80 £ 3.87
70.80 £ 0.47
5.77£0.13
2.36+£0.02

Chest pain cases

Non-MI (n = 61)

32

60,18+ 2.42
32

8

8

3.69£0.12
1.26 £0.09
2.40 £0.09
0.96 + 0.03
334.55 + 47.64
10

756.13 & 242.59
24.98 + 6.08
59.30 + 23.79
3217 £4.59
29.12+291
213.05 £ 10.22
86.83 + 12.99
13279 £ 6.71
61.95+0.71
5.49 +£0.22
220 £0.02

Mi (0 =85)

67

65.08 + 1.60
51

28

35

4.28+0.15
1.65£0.11
286+ 0.11
0.94 £ 0.03
341.96 + 33.82
024

1,559.30 + 276.64
3210 +£ 5.89
66.99 + 16.32
43.14 £ 3.65
102.99 + 14.10
497.43 + 45.36
690.51 + 113.49
384.89 + 40.81
60.68 + 0.62
6.28 £ 0.32
216 £ 0.02

Statistics

p-values

0.00
0.12
0.28
0.01
0.00
0.01
0.02
0.01
0.70
0.56

0.56
0.68
0.46
0.04
0.00
0.00
0.00
0.00
0.18
0.06
0.11

Values are presented as mean = SE. The Mann-Whitney U-test was applied to produce p-value between Mi and non-Mi chest pain cases. Bold values are abnormal findings of the

test results.
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Differential metabolites Controls (1=84)  Micases (n=85)  Non-MI cases (n = 61) Mivs. non-MI Non-Mi vs. Con

Mean SE Mean SE Mean SE FC t-test FC t-test
Deoxyuridine 26212 9533 1,025278 150,576 16,840 556 60.885 0.642 /
Adenosine phosphosulfate 51,723 4,141 99,104 8542 42213 3,793 2.348 0816 /
Deoxyadenosine monophosphate 310,296 7,783 102,462 13,401 311,066 7,624 0.329 b 1.002 /
Guanosine diphosphate 7,379 469 27,614 4,153 6,648 530 4.154 e 0.901 /
Inosine 2'-phosphate 14,875 683 37,785 4,687 14,988 809 2521 - 1.008 /
Adenosine monophosphate 20,124 1,044 25,648 1,689 19,902 1,016 1.289 . 0.989 /
Hypoxanthine 705,034 24,192 373,454 29,693 734,901 52,065 0.508 - 1.042 /
Glycolate 8,319 247 9,121 331 7,620 306 1.197 - 0916 /
Methionine 113,239 2,830 335,994 27,792 109,192 2,631 3.077 kil 0.964 /
Arginine 810,028 22,688 169,566 34,842 731,561 31,282 0.232 . 0.903 /
Valine 2,334,562 53,682 3,710,196 209,295 2,425,637 63,465 1.530 - 1.039 /
Citrulline 422244 11,079 298302 13,267 469,763 20,870 0.631 bl 1.113 /
Shikimate 14,871 796 8,837 491 16,072 782 0.586 - 1.014 /
Ornithine 747,344 19,685 522218 23,919 805,398 34,957 0.648 - 1.078 /
Alanine 402,892 10,006 663,687 37,026 446,350 16,079 1.487 - 1.108 /
Glycine 145,111 2,764 266,201 15,108 150,041 3,152 1.708 1.034 /
Homocysteine 7517 382 20,169 2,293 7,693 504 2622 - 1.023 /
Aspartate 155,030 10,889 194,713 12,674 123,523 10,287 1.576 - 0.797 /
Ribose 223,498 12,602 340299 15,678 254,617 23,072 1.337 - 1.139 /
1-Monopalmitin 30,633 1,705 33,208 1616 25,699 1,904 1.292 - 0.842 /
Glycerate 126,449 4,077 54,424 3,823 127,894 10,153 0.426 - 1.019 /
Citrate 6,687,162 203,004 1,395,841 280,056 6,186,805 304,233 0.226 b 0.925 /
NAD+ 11,766 301 25,536 3,262 11,479 330 2225 - 0976 '
NADPH 5,344 269 35,996 7,862 4,157 192 8.659 - 0.778 #H#
Uracil 146,594 7,319 60,619 9,826 319,956 18,480 0.189 - 2183 i
Xanthine 161,018 5,234 99,621 11,423 234,923 11,566 0.424 b 1.459 it
Adenosine 33,452 2,133 31,326 3,112 18,676 1,948 1.677 - 0.568 i
IDP 3,112,679 73,422 1,512,965 153,666 3,597,655 92953 0421 1.156 i
Adenine 15,026 2519 13,002 2,292 5,643 393 2.362 bt 0.369 i
Succinate 88,650 1,816 36,686 3,233 79,439 2,388 0.462 e 0.897 ##
Malate 61,898 2,263 35918 4,209 78,778 4,163 0.456 - 1273 it
2-Ketoglutarate 33,628 1,314 21,806 2,264 78,634 4,864 0277 b 2.338 i
Acetoacetate 132,245 2,671 285,115 13,087 160,911 7415 1.461 - 1217 #H#
Carbamoylphosphate 20,690 1819 23,083 2,179 36,316 1,532 0.635 1.223 #i#
Dihydroorotate 33,819 1,008 31,876 2,619 22,310 579 1.429 kil 0.660 #H
Pantothenate 54,720 3,022 38,266 4,405 83,814 4,827 0.457 il 1.532 #H#
Phenylpyruvate 51,177 965 63,363 2,279 66,637 1514 1.121 . 1.106 ##
Cysteine 106041 3333 68660 3,639 150,632 7856 0.456 1.421 ##
Isoleucine 1,694,252 47,827 4,794,207 400,231 2,264,556 106,767 2117 e 1.337 it
Serine 187,997 4,449 345414 14,192 211,966 5374 1.630 1127 i
Proline 806,696 27,760 1,281,948 56,175 912,165 3,390 1.405 - 1.182 #
Threonine 661,526 23,707 1,415,808 70,560 574,241 19,440 2.466 0.868 #
Phenylalanine 1,051,007 31,497 1,757,945 133,629 2,349,797 58,409 0.748 - 2236 i
Glutamine 6299813 30,803 6,265,669 37,518 6,115,270 38,706 1.026 - 0971 #
Histidine 3,766,407 54,216 2,876,183 73,183 3,370,631 66,123 0.853 i 0.897 H#H
Taurine 851,621 35791 1,382,464 89,177 727,822 36,862 1.899 0.855 #
Lysine 1,733,874 38,073 505,537 102,029 2,002,743 56,294 0.262 - 1.186 i
N-acetylornithine 329,453 18,159 68,946 14,885 265,119 11,352 0.260 - 0.805 ##
Cytosine 7,058 102 5,624 163 6,609 136 0.851 bead 0.936 ##
3-Phospho-serine 11,045 654 17,870 1,469 8,893 284 2.009 0.805 ##
Homoserine 661,526 23,707 1,415,808 70,560 574,241 19,440 2466 0.868 #
1-Monostearin 17,548 o1 19,128 896 13,626 841 1.404 0.777 #h
2-Dehydro-D-gluconate 47,777 2,930 21,494 3,999 90,849 4,764 0.237 beicd 1.902 it
Oxalate 44,511 2,459 48,639 3,025 27,020 2,378 1.800 i 0.607 i
Tryptophan 647,430 23,608 1,366,119 100,129 1,684,205 58,633 0.862 / 2.447 it
Glutamate 253,004 9,911 384958 35,729 384,612 16,588 1.001 / 1520 i
Hydroxyproline 26,782 1,974 17,148 1,951 17,583 2,030 0975 / 0.657 i
Salicylic acid 4,870 1,788 72,167 12,248 67,320 7,508 1.269 i+ 1n.7n i
Pyruvate 121,954 5,245 183553 22,838 184,240 7,253 0.996 4 1511 i
Homocysterate 11,982 344 14,822 1,109 13,267 310 1117 / 1112 i
Cystathionine 10,857 625 13,618 1,322 17,869 1,568 0.762 / 1.646 i
2-Hydroxybutyrate 279219 12,481 421962 23,064 405,608 28,986 1.040 / 1.453 i
3-Hydroxybutyrate 52,649 3,208 79377 10,282 86,769 13,390 0.926 / 1.629 #
Gluconic acid 105169 4,261 289949 39,667 203,681 84215 1424 / 1.937 #
Indole-3-propanate 56,659 16,898 8,531 1,748 5,464 801 1.561 / 0.098 #H
Glycerol 400975 13,803 290,401 11,659 303,966 15,733 0.955 / 0.758 i
Cholesterol 822,261 17,789 690,461 14,851 684,080 16,272 1.0090 / 0.832 it
Alpha-tocopherol 116918 2949 93,627 2218 94,284 2,954 0.993 / 0.806 i
Deoxyadenosine 23,123 1,541 17,568 2,255 13,041 1,288 1.347 / 0.564 i
Thymine 544,496 17,903 518803 20,345 457,002 25215 1.135 } 0.839 ##
Inosine 65,657 2,868 28,268 3,939 35,665 2,829 0.793 / 0.543 i
NADP+ 24,365 1,088 23,264 1,803 19,968 712 1.165 / 0.820 i

The data were not logarized and expressed as mean  SE. Fold change (FC) was calculated by the originel, non-logarized data directly. Stetisticel signiicance was evaluated by using
two-tailed t-test with equal variance, after ANOVA assessment of the variance. ™, ", ": p < 0.001, 0.01, 0.05, respectively, between Ml and non-MI chest pain cases; ###, ##, #:p <
0.001, 0.01, 0.05, respectively, between non-MI chest pain cases and controls. /" represents the statistical significance of p-values more than 0.05,
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Logarization transformation of the data was applied to the data before the calculation.
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CHD1 (n = 193) CHD2 (n = 204)

Age (y. SD) 60393 62087
Men, n (%) 156 (80.8) 157 (77.0)
BMI (kg/m?, SD) 24585 24930
Hypertension, n (%) 141 (73.1) 152 (74.5)
Current smoking, n (%) 110 (67.0) 103 (50.5)
DM, n (%) 51 (26.4) 67(32.8)
Taking statins, n (%)

Statins 21m 0 204 (100)"

Statins <1m 109 (66.5) o

No statins 84(43.5) o
Vascular disease, n (%)

Single vessel disease 43(22.3) 36(17.6)

Multiple vessel disease 132 (68.4) 146 (71.6)

Without CAG 18(9.9) 22(108)
CHD subtype, n (%)

STEMI 14(7.3) 420y

NSTEMI 32(16.6) 13 (6.4)°

UA 102 (52.8) 114(85.9)

SAP 31(16.1) 42(20.6)

Schemic cardiomyopathy 4@.1) 16(7.8)

Others 10(52) 15.(7.4)
TC (mmolL, SD) 4324091 3.9341.08"
LDL-C (mmol/L, SD) 2724079 2.43+0.90"
Non-HDL-C (mmol/L, SD) 3.20 + 0.96 2.92+098"
HDL-C (mmol/L, SD) 142027 101025
TG (mmol/L, SD) 174111 184+1.29

CHD? group: CHD patients taking statins <1m and without statins treatment before
admission. CHD2 group: CHD patients taking statins 1 m before admission. BMI, body
mass index; DM, diabetes melitus; SAP, stable angina pectoris; Others in CHD subtype:
Including coronary microangiopathy, etc. TG, triglyceride; TC, total cholesterol; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density fjpoprotein. Continuous variable
values were reported as mean + SD, and categorical data were reported as numbers and
percentages. P < 0.05 when compared with CHD1 group.
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TG (mmol/L, SD) 2.09+1.93 234+188 263+2.19
TC (mmol/L, SD) 4.02 £1.07 3.72 £0.96" 3.71 £0.96"
HDL-C (mmol/L, SD) 1.03 £ 022 1.01 021 1.03+0.28"
LDL-C (mmol/L, SD) 2.51+£095 211£071% 207 £0.74"
Non-HDL-C (mmol/L, SD) 299+ 1.10 2.71+£089" 269+ 097"
Albumin (g/L, SD) 383+285 38.3+£3.07 38.5 £ 3.00

TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein. GHD patients including patients in CHD1 group and CHD2 group.
Data are mean + SD. "P < 0.05 when compared with fasting state.
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Diseases

Atherosclerosis

Vascular calcification

Vascular aging related-heart
diseases

Vascular aging
related-kidney diseases

Vascular aging
related-cerebrovascular
diseases

Primary hypertension

Biological effects of FOX03

The longevity-associated G alele of FOXO8 SNP rs2802292 is protective against CAD mortality
Phosphorylated FOXO3 is increased in human carotid atherosclerotic plaques

FOXO3 phosphorylated by Akt protects VSMGs from oxidative stress-induced apoptosis
FOXO3 phosphorylation promotes VSMC migration

Up-regulated AMPK/SIRT1/FOXO3 signaling increases the protein levels of the VSMG
contractile markers

FOXO3 suppresses VSMC proliferation and neointimal hyperplasia by downregulating CYR6
Decreased FOXO3 inhibits NLRP3-mediated EC pyroptosis

Melatonin ameliorates atherosclerosis by regulating SIRT3/FOXO3/Parkin signaling

FOXO8 phosphorylated by Akt promotes VSMC calcification

FOXO8-null mice developed diated cardiomyopathy within 12 weeks of age

Reduced FOXO3 in senescent cardiac microvascular ECs leads to inhibition of proliferation and
tube formation

FOXO3 overexpression suppressed the aging of cardiac microvascular ECs by regulating the
antioxidant/ROS/p27 (Kip') pathway

Downstream proapoptotic genes mediiated by FOXOS are activated in aging cardiomyocytes
FOXOS deficiency in the heart enhances paraquat-induced aging phenotypes

FOXO3 activation and expression are reduced in cardiac fibroblasts. Overexpression of FOXO3

inhibited while knockdown of FOXO3 enhanced TFGB1-induced cardiac myofibroblasts
transformation

FOXO3 promotes the expression of Atg proteins to sustain autophagy in the chronically
hypoxic kidney

FOXO3 deacetylated by SIRT1 induces the expression of BNIP3, and ulimately promotes
mitochondrial autophagy, and protect aging kidneys

Tubular deletion of FOXOB aggravates renal structural and functional damage

Activated FOXOS in mice with unilateral ureteral obstruction contributes to high levels of
autophagy

FOXO8 ameliorates oxidative stress, suppressing renal fibrosis induced by diabetes and
hypertension

Increased risks of stroke are observed for FOXO3 block-A haplotype 2 “GAGC” and haplotype
4 “AAAT” carriers

Overexpressed FOXO in the cerebral cortex of MCAO mice promotes neuronal death
AMPK/FOXO3 and PTEN-Akt-FOXOB pathways regulate neuronal apoptosis after
hypoxia-ischemia in the developing rat brain

Increased FOXOB activation has a protective effect on cerebral ischeria-reperfusion injury by
promoting autophagy

Longevity related FOXO3 variants may contribute to low risk for essential hypertension in
Japanese women
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210 years of age

Control BV
No. subjects 22 5
Male (%) 9(59%) 2 (40%)
Mean age (years) © 29414 258+8.79
Caucasian 4 (80%)
African American 1(20%)
Mean BMI (kg/m?) 26.2+6.06
Age of Fontan NA
Mean Fontan Years NA
SpO§ 988084
NYHA Class* 16+£055
Systemic ventricle
Dominant RV
Dominant LV

@Mean age (years): =10 years old, Control vs. SV HF, p = 0.0008.

$8p0y: BV vs. SV-HF 210 years old, p = 0.014; BV vs. SV non-HF <1-year old, p < 0.0001.

SV non-HF

4
4(100%)
23.75 £ 105
4(100%)

0
25.7 809
275405
21+ 104
9M15£7.14
12505

3(75%)
1(25%)

#NYHA (26) Functional Classification was used to classify patients’ heart faiure.

“NYHA: BV vs. SV non-HF =10 years old, p = 0.36; BY vs. SV HF, =10 years old, p = 0.014; SV non-HF vs. SV HF, =10 years old, p = 0.005.

SV HF

4
3(75%)
1734492
2(50%)
2(50%)
2094256
55+8.11
11.8+4.99
9@+46
27505

4(100%)
0

BV

1
8(73%)
028034
8(72.7%)
3(27.3%)
139+236
NA
NA
98227
16309

=<1 year of age

SV non-HF

11
4(36.3%)
038+ 0.31
8(72.7%)
3(27.3%)
15.3 +8.82
NA
NA
8254+6
218+ 0.87

8(72.7%)
3(27.3%)

BMI, body mass index; BV, biventricular; HF, heart failure; LV, left ventricle; NYHA, New York Heart Association; RV, right ventricle; SV, single ventricle.

SV HF

1
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Assessing pentose

phosphate pathway flux

Hexosamine biosynthesis
pathway

Mitochondrial pyruvate
carrier

Fatty acids
Type Il Diabetes

Absorption of dietary lipids
during infancy and
adulthood

Doxycyline mediated
cardiac dysfunction

Perinatal myocarciel
glucose metabolism

Nutrient utilization

Glucose/fatty acids
Primary carnitine deficiency

Influence of dietary fats

Propionate-mediated
pertubance of cardiac
metabolism

Hexokinase Il function

Amino acids

Insulin-resistance

Type ll Diabetes

Multiple tracer
Hypertrophy

Ischemia reperfusion injury

Oxidative stress

Nutrient utilization

Modeling of perfused
working hearts.

Absorption of dietary lipids
during infancy and
adulthood

Myocardial Sodium
elevation

Organism  System

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Rat

Sheep

Rat

Human

Human

Rat

Mouse

Mouse

Rat

Rat

Mouse

Rat

Mouse

Rat

Rat

Mouse

Mouse

Mouse

Cardiac progenitor
cells

Heart, Liver

Heart

Heart

Heart

Multiple internal
organs

Hoc2

Heart

neontal
cardiomyocytes

whole body
assessment

Plasma/breath

Plasma

Plasma/breath

Heart, Liver

Heart

Multiple internal
organs

cardiomyocytes

Adult
Cardiomyocytes

Heart

Adult
Cardiomyocytes
Heart

Neontal
cardiomyocytes

Heart

Heart

Multiple internal
organs

Heart

Tracer

[U-13C] glucose
[2:3-3C}-glucose

(u-3c)-
glucosamine

[U-13C] glucose
[U-"%Cl-glucose

[U-13¢] glucose
[U-13C] palmitate

[U-12CJ-trolein

[U-2H]-oleate

[1,23,4-°CJ-
stearate

[U-13C)-palmitate
[U-13C] glucose

[U-15C] glucose

[U-13C] glucose

[U-13C)-palmitate

[2-?Hl-glucose

[2-2H)-palmitate

2H,0

[U-3CJpalmitate

[U-3C] glucose

[1-13C)-palmitate
[1-¥CJ-octanoate
[U-13C}-propionate
[U-'3C] glucose

[U-3C) palmitate

[U-C-BCAA

[U-"*Cl-eucine

[U-"3C]-FA mix

[U-13C] glucose

[U-"5NJ-aspartate
[U-"3CJ-aspartate

[U-"3C)-glucose
v

3G/ Njglutamine
[U-13C] glucose

[U-3CJglutamine
[U-13C}-glucose

[U-9C}-TAG mix
[U-"*Cl-tacate

[U-CJ-pyruvate
[U-CJ-glucose
[U-"*Cl-oleate
[U-"*Cl-trolein

[U-2H]-oleate

[1,2,34-1°C)-
stearate

[U-13C)-palmitate

[U-*CJglucose;
[1-H)

Administration method

Replacement of glucose in
cell culture medium
Adminstration during ex vivo
Langendorff perfusion
Administration during ex
vivo working heart and
Langendorff perfusion

Administration during ex
vivo Lagendorff perfusion

Administration during ex
vivo Lagendorff perfusion

Intragastric administration of
lipid bolus

Replacement of glucose in
cellculture medium

Infusion through fetal tiial
artery/inferior vena cava and
fetal brachial artery/coronary
sinus

Replacement of glucose in
cell culture medium

continuous intra venous
infusion into cubital vein

Bolus intra venous infusion
into cubital vein

Continuous intra venous
infusion into antecubital vein

Drinking water

Administration during ex
vivo Langendorff and liver
perfusion

Administration during ex
vivo Lagendorff perfusion

18C-BCAA infusion at
~20% of rate of appearance

Replacement of leucine in
cell culture medium

replacement of nutrients in
cell culture medium

13C6-glucose injection after
shamV/TAC surgery,
replacement of nutrients in
cell culture medium
replacement of nutrients in
cell culture medium
Administration during ex
vivo heart perfusion

Replacement of glucose
and glutamine in cell culture
medium

Administration during ex
vivo Langendorf perfusion

Administration during
working heart perfusion

Intragastric administration of
lipic bolus:

Administration during ex
vivo Langendorff perfusion

Analysis

FT-ICR MS

NMR

LC-MS

LC-MS

GC-MS

LC-MS

GC-MS

LC-MS

NMR

FT-ICR MS

GC-MS

GC-MS

GC-MS

GC-MS

LC-Ms8

GC-MS

GC-MS

LC-MS8

LC-MS

LC-M8

GC-MS

LC-MS8

GC-MS

GC-MS

NMR

Chromatographic Mathematical

Mode

N/A

N/A
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HILIC

GC

HILIC

GC

HILIC

N/A

N/A

GC

GC

GC

GC

Amide Column

GC

GC

HILC

Amide Column

reversed phase

GC

C18 reversed
phase

GC

GC

N/A

Model

Modeling of tissue
and organ
oxidation flux

Prediiction model
of isotopomer
distribution and
experimental
validation

13C-Metabolic flux
analysis

Flux balance
analysis using
CardioNet

Measurement

Incorporation of 13C into
different metabolites
Incorporation of carbons
into glutamine intermediates

Incorporation of carbons
into different metabolites

Incorporation of carbons
into different metabolites

Incorporation of 13C into
different metabolites

Incorporation of carbons
and hydrogen into fatty
acids

Incorporation of carbons
into different metabolites
Determination of
Av-differences in the
incorporation of carbons
into different metabolites

Incorporation of carbons
into different metabolites

Measurement of *CO; to
determine total fatty acid
and palmitate oxidation
rates

Incorporation of hydrogen
into NEFA, TAG and
lipoprotein-TAG fractions
Incorporation of hydrogen
into VLDL-TAG palmitate
Measurement of *CO2 to
determine palmitate
oxidation rates;
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into NEFA, TAG, and
lipoprotein-TAG fraction
Incorporation of carbons.
into different metabolites.
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into lactate, pyruvate, and
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into tissues and proteins
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Enrichment of different
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cardiomyocytes or tissue
sample and determination
of pathway activities

Enrichment of different
metabolites

Incorporation of 13C into
different metabolites

Incorporation of 3C into
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Incorporation of carbons.
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and hydrogen into fatty
acids

Incorporation of carbons.
and hydrogen into
metabolic intermediates
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Details Resource link References
Metabolic networks of cardiac metabolism
CardioNet Genome-scale metabolic network of mammalian/human cardiac  https:/Karlstaedilab.github.io/cardionet/ (35,36)
metabolism cardionet
CardioGlyco Kinetic model of myocardial glycolysis and oxidative https://karistaeditlab github.io/cardionet/ @9
phosphorylation resources;
https://www.ebi.ac.uk/biomodels/
MODEL1910170001
iCardio Metabolic network of cardiac metabolism based on proteomics https//github.comv/csbliCardio (40)
information from the human protein atlas and existing human
metabolic network reconstructions
Reactome Comprehensive open-source pathway database that allows https:/reactome.org (@1)
visualization, data integration and interpretation across different
data types and organisms
Recon3D Genome-scale network reconstruction of human metabolic http://bigg.ucsd.edw/models/Recon3D; “2)
functions; network captures information across organ systems https://wwwvmhlife/
TSEM Tissue-Specific Encyclopedia of Metabolism (TSEM) using the https://hood-price isbscience org/research/ “3)
metabolic Context-specificity Assessed by Deterministic Reaction  tsem/
Evaluation (nCADRE)
Databases
Uniprot Database for protein sequence and functional information https://www.uniprot.org/ (@4)
Human Comprehensive resource and coverage of the human metabolome  https://hmdb.ca/ (5)
metabolome with bioflid or tissue concentration data, annotation of
compounds to reference spectra, chemical structure visualization,
chemical taxonomy, and interactive pathway maps
Brenda Enzyme information database including classffication, https://www.brenda-enzymes.org/ (46-48)
nomenclature, reaction and specificity, structures, and
organism-related information
KEGG Kyoto Encyclopedia of Genes and Genomes; database resource  https:/www.genome jo/kegg/ (49-52)
for understanding biological systems
Tools for correction of naturally occurring isotopes
MiDcor Tool for the correction of raw MS spectra for naturally occurring https://github.com/seliv55/mid_correct 63)
isotopes and overlapping peaks; Requires R
IsoCorrectoR R-base tool comprising several correction functions http://bioconductor.org/packages/release/ (54)
bioo/html/ IsoCorrectoR html
IsoCor Open-source tool for the correction of MS data for naturally https//isocor.readthedocs.io/en/latest/#; (65, 56)
occurting isotopes https/github.com/MetaSys- LISBP/IsoCor/
Software for metabolic flux analysis
13CFLUX2 Simulation of 3C-MFA; allows network modeling, isotope labeling  https://www.13cflux.net/13cfiux2/ (67,58)
states, parameter estimation and statistical analysis;
implementation of cumomer and EMU simulation algorithms
SumoFiux Tool integrates modeling and machine learning algorithms to https/gitiab.ethz.chvz/sumoflux (59
estimate flux ratios from measurable '*C-data
OpenFLUX MATLAB-base modeling software for 13C-MFA; includes EMU https://github.com/lakeeeq/OpenFLUX (60)
simulation algorithm
Influx_s Open-source tool for metabolic flux estimation and metabolite https://metasys.insa-toulouse.fr/software/ ©1)
concentrations from stationary and instationary labeling (MFA and ~ influx/
INST-MFA)
INCA-MFA Isotopormer Network Compartmental Analysis (INCA) MFA stite is  https/mfa.vueinnovations.com/ (62, 69)
2 MATLAB-based package for isotopomer network modeling and
metabolic flux analysis; INGA-MFA allows INST-MFA and
constrained based analysis of stable-isotope data
SpaceM SpaceM is an open-source method for in situ single-cell https//github.comvalexandrovteam/SpaceM ©4)
metabolomics that integrates microscopy with MALDI-imaging
mass spectrometry.
COBRA Toolbox Constraint-based reconstruction analysis (COBRA) allows the https:/github.com/opencobra/cobratoolbox/  (65)
reconstruction, modeling, topological analysis, strain and
experimental design, network analysis, and network integration of
chemoinformatic, metabolomic, proteomic, and thermochemical
data; integration with MATLAB, Gurobi or python
MATLAB Matlab is a commercial programming and numeric computing https://www.mathworks.com (66)
platform; Optimization Tooloox™ provides functions for
optimization problems including solvers for linear programming,
mixec-integrer linear programming, and constrained linear least
squares
Solvers
Gurobi Optimizer  Commercial optimization solver for linear programming, quadratic  https:/www.gurobi.com (67)
programming, and mixed integer quadratic programming
optimization problems
IBM-ILOG CPLEX ~ Commercial optimization studio to solve complex optimization https:/www.iom.com/analytics/cplex- (68)
models optimizer
Programming languages
R R is a programming language for statistical computing and hitps:/www.r-project.org/ (69)
graphics
Perl 5 Perlis a family of high-level, general-purpose, interpreted, dynamic  https://www.perl.org/ (70)
programming languages
Python Python is a high-level, general-purpose, interpreted, dynamic 1)
programming languages
Network visualization and data integration
Cytoscape Open source platform for the visualization of complex networks https://cytoscape.org/ (72)
and multi-omics data analysis
Metaboverse Interactive desktop tool for visualization and multi-omics data https:/github.com/Metaboverse/
integration across different species; reactome database integration
Other useful resources for data analysis and sharing of metabolomics data
ChemRich Tool to analyze metabolomics data based on chemical similrty. https://chemrich.idsl.me/; (73)
ChemRich utilizes chemical ontologies and structural similarity to https://chemrich.fiehnlab.ucdavis.edu/
group metabolites
Chemical Tool for single or batch conversion of metabolite; alows http://cts.fiehnlab.ucdavis.edu/ (74)
Translation Service  annotation between over 200 databases
PubChem Tool for single or batch conversion of metabolite within the https:/pubchem.ncbi.nim.nih.gov/ (75)
Identifier PubChem database idexchange/idexchange.cgi
Exchange Service
Metabolomics International open-access curated repasitory for metabolomics hitp://www.metabolomicsworkbench.org/ (76)
Workbench metadata and experimental data across various species and
experimental platiorms, metabolite standards, metabolite
structures, protocols, tutorials, and educational resources
MetaboLights Open-access curated repository for metabolomics studies, their hitp://www.ebi.ac.uk/metabolights 77)

repository raw experimental data and associated metadata





OPS/images/fcvm-08-734364/inline_1.gif





OPS/images/fcvm-08-734364/crossmark.jpg
©

2

i

|





OPS/images/fcvm-08-734364/fcvm-08-734364-g001.gif
1 Tracer administration

Y i
4 fusion
o injection
oavgesol gt
Soter

‘pertusionsuter

2) Sample collection/ Metabolite extraction
S
./—259' 2

e

Awds

&) Data analysis and nterpretation

pesigeticaion
il coion
orectonfornaturlabundance.

“modelmegration

(3) Metabote detecton

<sampe voume






OPS/images/fcvm-08-734364/fcvm-08-734364-g002.gif
< o' em

A ovc @c Boco
®00000 (1-"Clgucose  @@OOC0 12" "Clgiucose g
080000 [2"Clgucose 1 ] o800
("Clghcose
Goeco0 b oo?ooo & ooBooo s o
e o
S8 ryrste & o
00O | @C0COR®| g oW ool lll

WK. 8{38 m‘:.::.am» 00 o8

o.wemw P8 co,

/\‘ e W Kee
10K {"OC0: o
( e ((mite B

o 00000 45

M 3:4iG3P

SuccinylCon OC0:





OPS/images/fcvm-08-734364/fcvm-08-734364-g003.gif





OPS/images/fcvm-08-701745/fcvm-08-701745-g003.gif





OPS/images/fcvm-08-701745/fcvm-08-701745-g004.gif





OPS/images/fcvm-08-701745/fcvm-08-701745-g005.gif





OPS/images/fcvm-08-675608/fcvm-08-675608-g002.gif
Adeaceins Diphosshate Adenosine Triphosphate
[ ™

O B

[
¥
Grettne PRosghats






OPS/images/fcvm-08-675608/fcvm-08-675608-g003.gif





OPS/images/fcvm-08-647366/fcvm-08-647366-t004.jpg
Parameter Low (n=80)  Intermediate
(n=80)

Hospital Stay/day ~ 259+02  2.33%0.1

Arrhythmia 12 (15%) 17 21.3%)
LVF 9(11.3%) 6(7.5%)
Pulmonary Edema  0(0%) 0(0%)
Cardiogenic Shock 3 (3.8%) 0(0%)
Re-Infarction 0(0%) 2(2.5%)
Stent Thrombosis ~ 1(1.3%) 3(3.8%)

Post pPCI EF% 53.12+86 50.91 +£8.7

High (1 = 80)

264+£0.1
10 (12.5%)
14 (17.5%)
3(3.8%)
1(1.3%)
2(2.5%)
2(2.5%)
493396

*ANOVA test was used to compare the mean difference between groups.
‘Chi-square test was used to compare proportions between groups.
“Monte-Carlo Exact test to compare proportions between groups.

P-value

=0.200"
=0.303"
=0.146"
=0.013***
=0.094""
=0.208""
=0.623""
=0.031*

LVF, left ventriculer faiure; EF, ejection fraction; pPCl, primary percutaneous

coronary intervention.
Bold values mean statistically significant.
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Variable Univariate Multivariate

OR (95% Cl) P-value HR (95% CI) P-value
Agelyears 1.029 (1.005-1.053) 1.083 (0.976-1.093) =0261
Sex (Male) 1.253 (1.036-3.683) 1.164 (0.477-3.812) 153
Smoker 1.309 (1.099-4.024)

BMI (Obess) 0894 (0.629-1.270)

Pain-Balloon Time/h 1.086 (1.004-1.174)

Previous CAD 3119 (1.224-7.946) 2,813 (1.195-5.001)

Hypertensive 1.941 (1.013-3.718) 3.274 (1.043-10.274)

AWl 1.114 (0.663-1.875)

Killp > 1 11.789 (2.738-50.766)

AT 1.012 (1.001-1.024)

AST 1.004 (1.001-1.006) 0.011

S. Creatinine 2582 (1.104-7.102) =0.016

Hospital Stay/days 1.197 (0.903-1.585) =0211

WF 11.270 (2.613-48.606) =0.001 5.157 (1.957-51.134) =0.024
GP lIb/lla Inhibitor 5.644 (3.041-10.475) <0.001 4.905 (1.649-14.586)

Multi-vessel Affection 2199 (1.253-3.860) =0.006 2.602 (1.001-6.770) =0.049
Baseline TIMI 0.666 (0.461-0.964) =0.031

Use of Stent 0360 (0.116-1.121) =0078

Stent Length 1.049 (1.015-1.085) 0.005 1.066 (1.009-1.127) =0.023
Post PCI TFC % 1.229 (1.162-1.300) <0.001 1.328 (1.216-1.451) <0.001
Post PCI LVEF% 0.931 (0.899-0.963) <0.001 0.946 (0.840-0.979) =0.002
Unchanged ST Resolution 2143 (1.517-3.028) <0.001

CK-MB 1.003 (1.001-1.005) =0.001 1.009 (1.002-1.084)

One-month LVEF% 0.885 (0.851-0.920) <0.001

HOMA_IR 1.202 (1.079-1.339) =0.001 1.156 (1.009-2.039) =001

ZOR = odds ratio; Cl, confidence interval.

BMI, body mass index; CAD, coronary artery disease; AWI, anterior wall infarction; ALT, alanine transaminase; AST, aspartate transaminase; LVF, left ventricular failure; TIMI, the
thrombolysis in myocardialinfarction; TFC TIMI, frame count; LVEF, left ventricle ejection fraction; ST, st segment; CK-MB, creatine kinase MB; HOMA-IR, homeostatic model assessment
of insulin resistance.

Bold values mean statistically significant.
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Parameter Low Intermediate High P-value

(n =80) (n=80) (n =80)

Age/years 5198+ 102 5295+125 5276+123 =0.855"
Sex (Male) 70(875% ~ 63(78.8%)  63(78.8%) =0256"
Smoker 51(63.8%) 48 (80%) 52(65%)  =0.793"
Obesity 36 (45%) 40 (50%) 45 (56.3%)

Hypertensive 12 (15%) 23 (28.8%) 20(25%)  =0.093"
Killp class > 1 9(11.3%) 7 (8.8%) 14(17.5%)  =0.044™
GP lib/llla Inhibitor 29 (36.3%) 32 (40%) 33(41.3%) =0.518"
Pain-BaloonTime 42403 57906 419404 =0.035*

FBG 985166  9933+85 10119+ 113 =0028"

Insulin Level 1238+£05  2308+31  3447+75 <0001

LDL 10514282 108.11:£221 10447189 =0642"
HDL 4685+72  4953+75  49.6+£91 =0087"
6D 12246191 133.11£21.8 18476+239 =0.129"
Total Cholesterol ~ 168.74 & 185 170.55 +25.1 168.39+£216 =0.898"
ALT 52.63+4.9 637147 49.56+24 =0.468"
AST 12935152 14060 £165 12810+ 185 =0.808"

8. Creatinine 0.85+0.03 0.86 + 0.03 087+004 =0.901"

CK-MB 21300+ 179 24723195 270.73+23.1 =0031*

*ANOVA test was used to compare the mean difference between groups.

‘Chi-square test was used to compare proportions between groups.

FBG, fasting blood glucose; LDL, low density lipoprotein; HDL, high density lipoprotein;
TGD, trighycerides; ALT, alanine transaminase; AST, aspartate transaminase, Creatinine
serum creatinine; CK-MB, Creatine kinase. Bold values mean statistically significant.
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Parameter

AW
Baseline TIMI
.0
o1
"2
.3

Multi-vessel Dis.

Use of Stent
Type of Stent
* BMS
 DES
Stent Length
Stent Diameter

Low

(n =80)

44(55%)

66 (82.5%)
3(3.8%)
9(11.3%)
2(2.5%)
27 (33.8%)
75 (93.8%)

58 (77.3%)
17 (22.7%)
2675 +8.1
32803

Intermediate High
(n=80) (n=80)
40 (50%) 52 (65%)

67(838%)  70(87.4%)
5(6.3%) 8 (10%)
3(3.8% 1(1.3%)
5(6.3%) 1(1.3%)

31 (38.8%) 28 (35%)

74.(92.5%) 72 (90%)

58(784%) 54 (76.1%)

16(21.6%) 17 (28.9%)

29.55£9.3 20.93+9.4
321+£03 329403

P-value

=0.150"

=0.790"
=0.670"
=0858"

=0.045***
=0.393""

*Chi-square test was used to compare proportions between groups.

"Monte-Carlo Exact test was used to compare proportions between groups.
"ANOVA test was used to compare the mean difference between groups.

AW, anterior wall infarction; TIMI, thrombolysis in myocardial infarction score; BMS, bare
‘metal stent; DES, drug eluted stent Dis disease.
Bold values mean statistically significant.
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Parameter Low Intermediate High P-value*
(n=80) (n=80) (n=80)
MBG < 0.001*
.0 4(4.9%) 2(25%) 22(27.4%)
o1 20(363%) 87 (46.3%) 48 (60%)
.2 45(563%)  30(37.5%) 20 (25%)
.3 2(2.5%) 1(13%) 0(0%)
Post-TIMI =010
.0 1(1.3%) 0(0%) 2 (2.5%)
o1 1(1.8%) 1(13%) 3(3.8%)
.2 5(6.3%) 2 (2.5%) 14 (17.5%)
.3 73(913%)  61(67.2%)  77(96:3%)
ST Resolution =0.035*
o Improved  63(78.7%)  50(625%)  46(57.5%)
* Normalized 5 (6.3%) 6(7.5%) 6(7.5%)
o Unchanged 12 (15%) 24 (30%) 28 (35%)
Post- TFC% 2448+64  2664:71  3179:84 <0001

“Chi-square test was used to compare proportions between groups.

‘Monte-Carlo Exact test used to compare between groups.

*ANOVA test was used to compare the mean difference between groups.

MBG, myocardial blush grade; post-TIM, post interventional TIMI; S-T ST, segment;
Post-TFC, post interventional TIMI frame count.

Bold values mean statisticaly significant.
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Metabolic pathway Enzymes Effect on enzyme activity References

Fatty acid oxidation ~ LCAD e (63, 83, 145)
p-HAD t (63,83)
MCAD + (146)
MCD + 73)
Glucose oxidation ~ PDH 1 (63,83, 147)
MPG i (148)
Glycolysis HK i (100)
PGM 4 (100)
GLUT4 1 (149)
Insuiin signaling Akt v (147, 150)
TCAcycle ICDH Le (151)
SDH 1 @1
ACON t (152)
ETC Complex | . (24,159)
Complex Il i (©24)
Complex V 4 (24,159)

GLUTA, glucose transporter isoform 4; PDH, pyruvate dehycrogenase; LCAD, long-chain
acyl CoA dehydrogenase; -HAD, -hydroxyacyl CoA dehydrogenase; ICDH, iso-citrate
dehydrogenase; MGAD, mecium-chain acyl CoA-dehydrogenase; MCD, malonyl CoA
decarboxylese; MPC, mitochoncrial pyruvate cartier; SDH, succinate dehyciogenase;
ETC, electron transport chein; Akt, protein kinase B; PGM, phosphoglucomutase; ACON,
aconitase; HK, hexokinase; TCA, tricarboxylic acid; 1, increased activity; |, decreased
activity; <, no change in the activity of the enzyme.
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None
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ATP, adenosine triphosphate; CrP, creatine phosphate/.
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Indications

+ Cardiac metabolic
abnormalities during
myocardial ischemia.

+ Cardioprotection during
heart surgery.

Contraindications and
relative contraindication

Side effects

* Chronic renal failure (i~ Allergic reactions.
high doses, for example, # Lowering of arterial
daily dose of 5-10g). pressure.

* Hypersensitivity to drug
components.

* Pregnancy.

CrP, creatine phosphate; IHD, ischemic heart disease.

Instructions of administration and dosage

* Cardiac metabolic abnormalties during myocardial ischemia: 0-24 h—
intravenous bystry infusion of 2-4g of CrP divorced in water for injections of
50mi with the subsequent intravenous infusion for 2h 8-16 in 250 ml of 5%
of solution of glucose; during second day 2 times a day intravenously kapelno
(infusion duration of 30 min) enter 2-4 g of the drug divorced in 50m of water
for injections; during third day the drug is administered according to the same
scheme in a dose 2 (f necessary treatment is continued for 6 days).

« Gardioprotection during heart surgery: intravenously kapelno (infusion duration
of 30min) 24 of the drug divorced in 50 ml of water for injections with
frequency rate of introduction 2 times a day. The course is begun in -5 days
prior to surgical intervention and continued 1-2 more days after its carrying
out. During operation it is necessary to add to composition of usual
cardioplegic solution in concentration 10 mmol just before introduction.
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