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Background: Elevated remnant cholesterol (RC) is associated with a higher risk of various cardiac diseases. Heart failure (HF) usually occurs at the end stage of various cardiac diseases. However, there is limited research on the association between RC and the risk of HF. Therefore, we aimed to provide relevant evidence by determining whether a high RC level also influences the risk of HF.

Materials and methods: In this secondary analysis of the Atherosclerosis Risk in Communities (ARIC) study, we included 12,595 participants without coronary heart disease. We determined the association of the RC level as a continuous or categorical variable with the risk of HF using the multivariable-adjusted Cox proportional hazards models and restricted cubic spline curve.

Results: During a median follow-up of 22.5 years, 2,029 (16.1%) cases of HF occurred in all included participants. Compared with participants in the RC < 0.50 mmol/L group, the adjusted hazard ratio (HR) for HF increased progressively in participants with the RC level of 0.50 to 0.99 mmol/L, 1.00 to 1.49 mmol/L, and ≥1.50 mmol/L, from 1.17 (95% confidence interval [CI]: 1.05–1.30) to 1.27(95% CI: 1.08–1.49) and to 1.50 (95% CI: 1.14–1.97) (P for trend < 0.001). Cubic spline curves also revealed that the risk of HF increased with the RC level.

Conclusion: In the general population without coronary heart disease, a higher level of RC was significantly associated with a higher risk of HF, indicating that a higher RC level might be a potential risk factor for HF. Therefore, the management of blood cholesterol to reduce the risks of HF should focus not only on the traditional blood lipid parameters but also on the RC level.
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Introduction

The worldwide prevalence of heart failure (HF) is increasing as the treatment of myocardial infarction and ischemic heart disease has improved and as diabetes mellitus and obesity have increased in prevalence (1, 2). HF is a complicated syndrome that usually occurs at the end stage of various cardiac diseases and has high morbidity and mortality with no curable treatment for most patients at present time (1, 2). Therefore, it is especially critical to reduce the risk of HF by identifying the potential risk factors and managing them.

Previous studies have shown that decreased high-density lipoprotein cholesterol (HDL-c) and elevated non-HDL-cholesterol were associated with an increased risk of future HF (3, 4). Furthermore, in the primary- and secondary-prevention trials, statins therapy reduced low-density lipoprotein cholesterol (LDL-c) and the risks of HF in patients with or without myocardial infarction (5). However, there are still a great number of patients who have received statins therapy, suffering from HF events (5). Thus, the traditional blood lipid parameters might fail to represent the full spectrum of lipid-related HF risk. Recently, a growing body of research focused on the adverse effects of remnant cholesterol (RC) (6). RC was cholesterol-rich in triglyceride lipoprotein, which consists of chylomicron remnants in the non-fasting state, and intermediate-density lipoproteins and very-low-density lipoproteins in the fasting state (7). Several studies have shown that the elevated level of RC in serum was associated with the increased risks of cardiovascular disease, aortic valve stenosis, and diabetes (8–11). However, the effects of RC on subsequent HF events remain unknown, which impedes the development of an optimum approach for the management of blood lipid.

Therefore, our study aimed to identify the association of RC with the risks of HF using data from the Atherosclerosis Risk in Communities (ARIC) study (12).



Materials and methods


Study design and study population

The ARIC study is a prospective cohort study designed to assess the risk factors for cardiovascular disease. A total of 15,792 participants aged 45–64 were recruited from four US population centers between 1987 and 1989: Forsyth County, North Carolina; Jackson, Mississippi; Washington County, Maryland; and Northwestern suburbs of Minneapolis, Minnesota. Participants were examined initially every 3 years for the three subsequent visits, with the second examination in 1990–1992 (visit 2), the third in 1993–1995 (visit 3), and the fourth in 1996–1998 (visit 4). The fifth visit took place between 2011 and 2013 after fifteen years. Details of the study design have been published elsewhere (12).

In this study, 12,595 participants were included in the final analyses. We excluded those missing data in the public access data sets (n = 809), those missing information on covariates (n = 706), those with coronary heart disease at baseline (n = 547), and those missing information on HF events (n = 1,135) (Supplementary Figure 1). The ARIC study program was approved by institutional review boards at all four centers, and informed consent was obtained from all participants.



Measurement of remnant cholesterol

Observational analyses were conducted with RC as exposure. RC was calculated as total cholesterol minus LDL-c minus HDL-c, as done previously (13).



Covariate measurement

Recorders obtained information on characteristics that could influence our outcome, including age, sex, race and education level (self-reported), smoking status (Current indicates a participant report of current cigarette use; Former indicates any report of cigarette use at a previous study visit or of past cigarette use; Never), drinking status (Current indicates any alcohol consumption within the last 6 months; Former indicates any previous alcohol consumption if none was consumed within the last 6 months; Never). Height (m) and weight (kg) were measured with the participant wearing light clothes by trained staff, and body mass index (BMI) was calculated as weight divided by squared height (kg/m2). Total cholesterol, triglycerides, and HDL-c were measured with enzymatic assays. The estimated glomerular filtration rate (eGFR) was based on the creatinine-based Chronic Kidney Disease Epidemiology Collaboration Equation (14). Systolic blood pressure (SBP), diastolic blood pressure (DBP), and fasting glucose were also recorded. Hypertension was defined as SBP ≥ 140 mmHg and/or DBP ≥ 90 mmHg, or blood pressure medication use in the past 2 weeks. Diabetes mellitus was defined as fasting blood glucose ≥ 126 mg/dL or non-fasting blood glucose ≥ 200 mg/dL, use of antidiabetic medicines, or self-reported physician diagnosis of diabetes mellitus. Medication histories (aspirin, cholesterol-lowering medication, antihypertensive medication) were adjudicated when the participants were reported to have taken these medications within the last 2 weeks or taking these medications.



Heart failure ascertainment

The primary outcome of interest was incident HF, defined as an HF-associated hospitalization or HF-associated death occurring after the baseline examination (visit 1). Prior to 2005, the ARIC study did not collect record material other than discharge codes for incident HF hospitalizations. Thus, it was defined by diagnostic code [International Classification of Diseases, Ninth Revision (ICD-9) code 428] from hospital discharges until 2004 (15). After 2005, ARIC staff members abstracted a broad range of hospital records for potential HF events to ascertain HF hospitalization (16).



Statistical analyses

Baseline characteristics are presented as the mean (standard deviation [SD]) for continuous variables or number (%) for categorical variables. All included participants were classified into four groups according to the RC level at baseline (<0.50 mmol/L, 0.50–0.99 mmol/L, 1.00–1.49 mmol/L, and ≥1.50 mmol/L). We constructed Kaplan–Meier graphs and used the log-rank test to assess differences in the cumulative incidence of HF among four groups. The multivariable-adjusted Cox proportional hazards models were used to estimate the hazard ratio (HR) (95% confidence intervals [CIs]) for HF associated with the RC level, including the following covariates: model 1: age, sex, race; model 2: variables in model 1 plus education level, BMI, smoking status, drinking status, SBP, DBP, eGFR, prevalent hypertension, diabetes mellitus, and medication histories of aspirin and antihypertensive drugs; and model 3: variables in model 2 plus total cholesterol, LDL-C, cholesterol-lowering medication. The continuous association between RC and the risks of HF was also assessed by using multivariable-adjusted Cox proportional hazards models and the restricted cubic spline models with three knots.

Subgroup analyses of key variables (age, sex, race, total cholesterol, LDL-c, hypertension, diabetes, and smoking status) were also used to assess the effect stratified by prespecified risk factors and the potential interaction effect. An interaction term between key variable and RC was individually added to the adjusted Cox model 3, and the P-values and HR (CIs) for these associations were estimated. To avoid the impact of cholesterol-lowering medication on the association of RC with the risk of HF, we also conducted a sensitivity analysis in participants without using cholesterol-lowering medication (n = 12,290). All the tests were two-sided with P < 0.05 considered significant. Statistical analyses were conducted using the SPSS 20.0 (IBM Inc., Armonk, NY, USA) and the Stata Version 14 (StataCorp, College Station, TX, USA).




Results


Baseline characteristics of participants

The baseline characteristics of participants are shown in Table 1. Among the 12,595 participants with an average of 54.4 years from the ARIC study, 44.7% were male, and 24.1% were black. The long-term changes of serum cholesterol (total cholesterol, LDL-c, HDL-c, and RC) from visit 1 to 5 are shown in Supplementary Figure 2. Serum cholesterol levels are nearly constant during visit 1 to 5, especially the RC level. Compared with lower RC level groups (<0.50 mmol/L and 0.50–0.99 mmol/L), participants with RC ≥ 1.5 mmol/L were more likely to be men and White, to have a higher BMI level, a higher SBP and DBP level, a higher total cholesterol level, a higher triglyceride level, a higher fasting glucose level, and comorbidity (hypertension, diabetes), and to use aspirin, antihypertensive medication, and cholesterol-lowering medication.


TABLE 1    Baseline characteristics of each group categorized by remnant cholesterol (mmol/L).
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Association of remnant cholesterol with the risk of heart failure

During a median follow-up period of 22.5 years, 2,029 (16.1%) cases of HF occurred in all included participants, including 633 (12.0%) in the RC < 0.50 mmol/L group, 1,019 (17.9%) in the RC of 0.50 to 0.99 mmol/L group, 295 (22.9%) in the RC of 1.00 to 1.49 mmol/L group, and 82 (23.5%) in the RC ≥ 1.50 mmol/L group. The Kaplan-Meier survival function curves showed higher risk of incident HF in individuals with the RC of 0.50 to 0.99 mmol/L, 1.00 to 1.49 mmol/L, and ≥1.50 mmol/L compared with individuals with the RC < 0.50 mmol/L (P-value for log-rank test < 0.001) (Figure 1).
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FIGURE 1
Cumulative incidence estimates (Kaplan–Meier) for heart failure in four groups categorized by the level of remnant cholesterol.


In the multivariable-adjusted Cox model, compared with the participants with RC < 0.50 mmol/L, the HR (CIs) for incident HF in the participants with RC of 0.50 to 0.99 mmol/L, 1.00 to 1.49 mmol/L, and ≥1.50 mmol/L were 1.16 (95% CI: 1.05–1.29), 1.26 (95% CI: 1.08–1.48), and 1.49 (95% CI: 1.14–1.94), respectively (P for trend < 0.001) (Table 2). We further assessed the continuous association between RC and the risks of HF, and found that an increase of 0.33 mmol/L in RC (corresponding to 1-SD) was also associated with a 10% higher risk of HF (HR, 1.10; 95% CI, 1.04–1.15) (Supplementary Table 1). Cubic spline curves between the RC level and the HR of incident HF are presented in Figure 2 and reveal that the risk of HF increased with the RC level.


TABLE 2    Association of remnant cholesterol with the risk of heart failure.
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FIGURE 2
Adjusted hazard ratios (95% confidence interval) for the association of the remnant cholesterol level with the risk of heart failure. Hazard ratios (indicated by a dark-red solid line) and 95% confidence intervals (dark-red dotted lines) are derived from the multivariable-adjusted Cox regression model, adjusted for age, sex, race, education level, body mass index, smoking status, drinking status, systolic blood pressure, diastolic blood pressure, estimated glomerular filtration rate, prevalent hypertension, prevalent diabetes mellitus, use of aspirin and antihypertensive drugs, total cholesterol, low-density lipoprotein cholesterol, use of cholesterol-lowering medication. The remnant cholesterol level was centered at 0.5 mmol/L and modeled using a restricted cubic spline with knots at the 5th, 50th, and 95th percentiles. The black dotted line is the reference line as hazard ratio = 1. Histograms represent the frequency distribution of remnant cholesterol.


In addition, we combined the participants with RC of 0.50 to 0.99 mmol/L, 1.00 to 1.49 mmol/L, and ≥1.50 mmol/L into one group to conduct the subgroup analyses due to the higher HF risk for them compared with the participants with RC < 0.50 mmol/L. In subgroup analyses of key variables (age, sex, race, total cholesterol, LDL-c, hypertension, diabetes, and smoking status), although the different risks of HF in the subgroups of age, race, total cholesterol, hypertension, diabetes, and smoking status, interaction testing revealed no heterogeneity (all P > 0.05) (Figure 3).
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FIGURE 3
Association of the remnant cholesterol level ≥ 0.50 mmol/L group compared with the remnant cholesterol level < 0.50 mmol/L group for the risks of heart failure in key subgroups. Hazard ratios (95% confidence intervals) were obtained after individually removing the original variable from the multivariable-adjusted Cox model, adjusted for age, sex, race, education level, body mass index, smoking status, drinking status, systolic blood pressure, diastolic blood pressure, estimated glomerular filtration rate, prevalent hypertension, prevalent diabetes mellitus, use of aspirin and antihypertensive drugs, total cholesterol, low-density lipoprotein cholesterol, use of cholesterol-lowering medication.




Sensitivity analysis

Considering the probable effect of using cholesterol-lowering medication on the association between RC and the risks of HF, we performed a sensitivity analysis to determine this association after excluding the participants who took the cholesterol-lowering medication (n = 305). In the multivariable-adjusted Cox model, the HR (CIs) for incident HF comparing the RC level of 0.50 to 0.99 mmol/L, 1.00 to 1.49 mmol/L, and ≥1.50 mmol/L with the RC < 0.50 mmol/L were 1.17 (95% CI: 1.05–1.30), 1.27(95% CI: 1.08–1.49), and 1.50 (95% CI: 1.14–1.97), respectively (P for trend < 0.001) (Supplementary Table 2). Furthermore, consistent with the analysis using the cubic spline curves, the risk of HF increased in participants with higher RC levels (Supplementary Figure 3). Therefore, the robustness of the association between RC and the risks of HF was supported by the consistency of results between the sensitivity analysis and the primary analysis.




Discussion

In the present study, by conducting a secondary analysis of the ARIC study, we found that a higher level of RC was significantly associated with a higher risk of HF in the general population without coronary heart disease independent of traditional cardiovascular risk factors after a median follow-up of 22.5 years. This association was robust in the analysis of cubic spline curve and sensitivity analysis, indicating that a higher RC level might be a potential risk factor for HF events. Therefore, the management of blood cholesterol to reduce the risks of HF should focus not only on the traditional blood lipid parameters (LDL-c, non-HDL-c, or HDL-c) but also on the RC level.

Previous studies have demonstrated the detrimental effect of elevated RC on cardiovascular outcomes. Castañer et al. analyzed the association between the baseline lipid profile and major adverse cardiovascular events in the high-risk primary prevention PREDIMED (Prevención con Dieta Mediterránea) trial population. They found that the level of estimated RC, but not LDL-c or HDL-c, were independently associated with cardiovascular outcomes and suggested that RC should be considered a preferential treatment target (17). Similarly, Langsted and his colleagues included 2,973 individuals with myocardial infarction or ischemic stroke from the Copenhagen General Population Study and found that a lower RC level was estimated to reduce recurrent major adverse cardiovascular events in the secondary prevention and indicated an unmet medical need for secondary prevention in patients with high RC levels (18). In addition, Wadström and his colleagues studied 106,937 individuals from the Copenhagen General Population Study and 13,974 individuals from the Copenhagen City Heart Study and found that elevated RC was associated with an approximately 5-fold increased risk of peripheral artery disease, 3-fold increased risk of ischemic heart disease and 2-fold increased risk of ischemic stroke (9). Other investigations also demonstrated the relationship between elevated RC and a higher risk of aortic valve stenosis, cardiac allograft vasculopathy, non-alcoholic fatty liver disease, diabetic nephropathy and chronic kidney disease (10, 19–22). To the best of our knowledge, we are the first to report the association between elevated RC and the higher risk of HF in the general population. It adds to evidence that the higher RC level might be a potential risk factor for HF. It might be informative, therefore, to restrain the RC level for optimal blood cholesterol management in the prevention of long-term HF risks.

The increased risk of HF associated with the higher level of RC might be attributed to biological pathophysiological mechanisms, including atherosclerotic plaque formation and inflammation (6). As mentioned above, RC was the cholesterol content of the triglyceride-rich lipoproteins composed of very-low-density lipoproteins and intermediate-density lipoproteins in the fasting state and of these two lipoproteins together with chylomicron remnants in the non-fasting state (7). It was reported that RC was able to enter the arterial intima and might easier get trapped in the intima and taken up by macrophages compared to LDL due to the relatively larger size, making it more difficult for RC to diffuse back into the vessels because of the steep blood pressure gradient from the arterial lumen to the adventitia (23, 24). In addition, the higher level of RC might be capable of stimulating an inflammatory response and induce pro-inflammatory cytokines including tumor necrosis factor-α (TNF-α) and interleukins, which further contribute to the progression of intravascular plaque rupture thereafter HF event (25). Inflammation also contributes to the pathogenesis and progression of HF through diverse mechanistic pathways, including proinflammatory cytokines, components of the innate and humoral immune response, etc (26). The proinflammatory cytokines interleukin-1 and TNF-α both induce systolic and diastolic dysfunction; the latter also promotes adverse cardiac remodeling (27, 28). Therefore, the higher level of RC might also have a direct impact on the cardiac structure and function. Recently, several therapeutic strategies aiming to lower triglycerides and RC have been promoted, which include high-intensity statin, fibrates, PCSK9 inhibitors, et al. (29–31). However, whether these therapeutic approaches indeed bring clinical benefits to patients, namely, an independent reduction in the incidence of HF, or the improvement in long-term survival, needs further investigations in prospective and randomized analyses. Taken together, these data suggest that RC might be considered both a pragmatic prognostic predictor of HF and a potential therapeutic target for future intervention.

We should note that our study had several limitations. First, although multivariable-adjusted regression analyses were conducted, and our results remained robust in the sensitivity analyses, the observational nature of our study may potentially lead to residual confounding and therefore does not enable conclusions about the causal relationship between RC and the risks of HF. Second, the calculation of the RC was not as precise as directly measured RC, and we could not acquire the specific components of RC, such as very-low-density lipoproteins. However, the calculation of the RC from the baseline lipid profiles is easy to perform and could be conveniently applied in routine clinical practice at no extra expense. Third, although the participants with coronary heart disease were excluded in this study, we cannot evaluate the impacts of ischemic heart disease on the association between RC and the risks of HF. Thus, further research is warranted to determine if ischemic heart disease mediates this association. Finally, our study was based only on the general population that came from the ARIC study; thus, our findings need further external validation before being generalized to other populations. Our findings should be considered explorative, but it provides a depiction of the relationship between a higher level of RC and the long-term risk of HF in the general population. In addition, our findings could provide mechanistic insights into how the RC might affect the prognosis of patients, which helps in clinical decision making and could be considered as a springboard for future investigations focused on the RC.



Conclusion

In conclusion, our study found that elevated RC was associated with a higher risk of HF in the general population. The RC level could be considered as a pragmatic predictor of HF and a potential therapeutic target. Therefore, the management of blood cholesterol to reduce the risks of HF should focus not only on the traditional blood lipid parameters (LDL-c, non-HDL-c, or HDL-c) but also on the RC level.
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