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Background: Hyperuricemia and dyslipidemia are associated with left ventricular hypertrophy (LVH), while the effect of ApoE gene polymorphism on the correlation between serum uric acid (UA) level and severity of LVH in patients with coronary heart disease (CHD) has not been clarified.

Methods: This was a retrospective observational study of patients with CHD. Patients were divided into groups of ε4 carriers and non-ε4 carriers based on sanger sequencing. The association of ApoE ε4 gene polymorphism, serum UA level, and LVH, determined by cardiac color Doppler ultrasound, was evaluated by multivariate analysis.

Results: A total of 989 CHD patients who underwent ApoE genotyping were enrolled and analyzed. Among them, the frequency of the ApoE ε4 genotype was 17.9% (15.7% for E3/4, 1.1% for E4/4, and 1.1% for E2/4). There were 159 patients with LVH, 262 with end-diastolic LV internal diameter (LVEDD) enlargement, 160 with left ventricular ejection fraction (LVEF) reduction, and 154 with heart failure. Multivariate analysis showed that for every increase of 10 μmol/L in serum UA level, the risk of LVH decreased in ε4 carriers (odds ratio (OR) = 0.94, 95% confidence interval (CI): 0.890–0.992, P = 0.025) and increased in non-ε4 carriers (OR = 1.03, 95% CI: 1.005–1.049, P = 0.016). The risk of LVEDD enlargement tended to decrease in ε4 carriers (OR = 0.98, 95% CI: 0.943-1.023, P = 0.391) and increased in non-ε4 carriers (OR = 1.03, 95% CI: 1.009–1.048, P = 0.003). The risk of LVEF reduction was reduced in ε4 carriers (OR = 0.996, 95% CI: 0.949–1.046, P = 0.872) and increased in non-ε4 carriers (OR = 1.02, 95% CI: 0.994–1.037, P = 0.17). The risk of LVEDD enlargement decreased in ε4 carriers (OR = 0.98, 95% CI: 0.931–1.036, P = 0.508) and increased in non-ε4 carriers (OR = 1.02, 95% CI: 0.998–1.042, P = 0.07).

Conclusion: High serum UA levels decreased the risk of LVH in ApoE ε4 carriers with CHD, while increased the risk of LVH in non-ε4 carriers.
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Introduction

Heart failure (HF) is one of the leading causes of hospitalization and death worldwide, and progressive left ventricular remodeling plays an important role in the pathophysiology of HF. Left ventricular remodeling is characterized by left ventricular hypertrophy (LVH), atrioventricular dilation, interstitial fibrosis, and worsening of cardiac dysfunction (1, 2). LVH, as one of the important phenotypes of left ventricular remodeling, is not only the main adverse myocardial reaction for long-term overloaded pressure load (3), but also is an early clinical marker of cardiovascular disease (CVD), and it is an important predictor of cardiovascular morbidity and mortality evaluated by echocardiography (4). Meanwhile, LVH is also one of the independent risk factors, influencing the prognosis of coronary heart disease (CHD). A series of symptoms, such as myocardial ischemia caused by coronary artery stenosis, elevated pulse pressure, and reduced cardiac diastolic function, cause hemodynamic abnormalities in patients with coronary disease. Long-term effects can lead to the increase of left ventricular pressure and volume, LVH, and left ventricular enlargement, which can progress to the left ventricular dysfunction and HF, resulting in the poor prognosis and decreased quality of life, and increase the economic burden on the healthcare systems. The aim of LVH management is to control the etiology of LVH (5, 6). Therefore, early detection of LVH and control of risk factors are of great significance to both patients and society.

LVH is not only mediated by the mechanical stress of pressure overload, but also by various neurohormonal factors (7), including neuro-humoral factors, and involvement of paracrine/autocrine cardiovascular factors and insulin resistance, which may stimulate the production of cytokines and growth factors that induce cardiac protein synthesis and hypertrophy. Hyperuricemia and lipid abnormalities are both important risk factors for LVH through metabolic abnormalities (8, 9), and serum uric acid (UA) levels can be used as a predictor of echocardiographic parameters in the long-term process from a normal left ventricular mass index (LVMI) to LVH (10, 11), while the underlying mechanism has not been completely clarified. Previous studies have shown that apolipoprotein E (ApoE) gene polymorphism plays a role in the development of gout, primary hyperuricemia, and hypertriglyceridemia. The most widely-studied gene variant in relation to CVD is the apoE e(ε2, ε3, ε4) polymorphism. The three alleles would result in 6 genotypes, namely e3/e3, e3/e4, e2/e3, e2/e4, e4/e4, and 2/e2. While ε2 and ε4 have opposite effects on APOE concentrations, so it was excluded from the APOE allele grouping in the main analysis (12). In particular, the ε4 allele can significantly increase the concentration of total cholesterol in healthy individuals (13, 14), thus, it may cause atherosclerosis, and accelerate progression of CHD to HF (15). ApoE gene polymorphism is associated with the risk of hyperuricemia in various populations (16, 17). With the continuous in-depth studies on ApoE gene polymorphism and the popularization of clinical investigations, it was found that patients with different ApoE gene polymorphisms have different left ventricular remodeling progressions to hyperuricemia. However, the effect of ApoE gene polymorphism on the correlation between serum UA level and LVH has still remained elusive. Therefore, the present study aimed to: (1) investigate the association between serum UA level and LVH; (2) examine the effect of ApoE polymorphism on the association between serum UA level and LVH in CHD.



Methods


Study population

This retrospective observational study included patients with CHD who were admitted to the Beijing Chaoyang Hospital (Beijing, China) between January 2015 and December 2016. The inclusion criteria were as follows: (1) patients who aged >18 years old; (2) patients who were angiographically diagnosed with CHD; (3) patients who underwent echocardiography; (4) patients with available ApoE polymorphism status. The exclusion criteria were as follows: (1) severe organ failure and malignant diseases; (2) patients with the ε4/2 genotype [in previous studies, patients with e4/2 genotype were excluded from subsequent analyses because the ε2/4 alleles are proposed to have opposite effects on CHD risk (12)]; or (3) patients with missing covariates. Patients were grouped according to their ApoE genotype: ε4 carriers, and non-ε4 carriers. The present study was approved by the Clinical Research Ethic Committee of Beijing Chaoyang Hospital, the ethics approval number is 2020 - KE - 509.



Laboratory tests

Genomic DNA extracted from whole-blood specimens was analyzed for ApoE polymorphisms using polymerase chain reaction-reverse hybridization (18). Plasma ApoE levels were measured by nephelometry. Serum UA, creatinine, total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), N-terminal pro-B-type natriuretic peptide (NT-BNP), glucose, and hemoglobin A1c (HbA1c) levels were determined by standard clinical techniques, following 9-12-ing plasma glucose (FPG) ≥7 mmol/L, HbA1c ≥6.5%, and/or taking oral hypoglycemic agents or receiving insulin injection that were considered to be diabetic (19). Subjects with dyslipidemia were those with LDL ≥2.6 mmol/L, TG ≥1.7 mmol/L, HDL <1 mmol/L, and/or those taking lipid-lowering drugs (20, 21).



Outcomes

LVH was defined as LVMI ≥125 g/m2 (males) or LVMI ≥110 g/m2 (females) using the 2007 Guidelines for the Management of Arterial Hypertension presented by the European Society of Hypertension (ESH) and of the European Society of Cardiology (22). LVEDD enlargement was defined as LVEDD ≥50 mm (the 75th percentile of LVEDD, which was calculated from 989 participants). Left ventricular ejection fraction (LVEF) reduction was defined as LVEF <60% (the 20th percentile of LVEDD, which was calculated from 989 participants). Diagnosis of heart failure was based on criteria according to the 2016 ESC heart failure guideline. Briefingly, patients with reduced LVEF (<50%) would be diagnosed with HF if she or he presented with typical symptoms (like orthopnea) or chest radiograph signs of pulmonary edema, or elevated BNP. In the present study, 160 patients were found to have reduced LVEF, while six of them did not meet the HF diagnosis criteria without other diagnosis signs (23).



Statistical analysis

Normally distributed continuous variables were expressed as the mean ± standard deviation (SD), and were analyzed using the Student's t-test (normality was tested using the Kolmogorov-Smirnov test); abnormally distributed, continuous variables were expressed as median (interquartile range) or tertile, and were analyzed using a non-parametric test (Wilcoxon test or Mann-Whitney U test, as appropriate). Categorical variables were expressed as percentage and number, and were analyzed using the Chi-square test. Logistic regression analysis of associations of serum UA level with LVH, LVEDD enlargement, LVEF reduction, and HF was performed using univariable and multivariable models. The interaction terms between serum UA level and ApoE genotype groups for all outcomes were evaluated. The statistical analysis was performed using SPSS 21.0 software (IBM, Armonk, NY, USA). A two-sided P < 0.05 was considered statistically significant.




Results


Patients' characteristics

A total of 1,493 patients with CHD were included in the study, of whom 17 patients with the E4/2 genotype were excluded, and 487 patients with missing covariates were ruled out. The data of 989 participants were analyzed (Figure 1). Among all patients, the frequencies of the ApoE genotypes were 15.7% for E3/4, 1.1% for E4/4, 1.1% for E2/4, 0.5% for E2/2, 13.3% for E2/3, and 68.3% for E3/3. There were no significant genotype-based differences between males and females. The subgroups were divided by ApoE genotypes, ε4 carriers, and non-ε4 carriers, respectively.


[image: Figure 1]
FIGURE 1
 Study design of the present work.


Participants' demographic and biochemical characteristics are summarized in Table 1. In males, no significant differences were found between the ε4 carriers and the non-ε4 carriers. In females, compared with the non-ε4 carriers, the ε4 carriers were younger (63.8 ± 10.4 vs. 67.1 ± 11.9 years old, P = 0.043) and had a higher LDL-C level (2.8 ± 1.1 vs. 2.5 ± 0.8 mmol/L, P = 0.032), a lower HbA1c level (6.3 ± 3.3% vs. 6.8 ± 1.7%, P = 0.047), a higher maximum diastolic blood pressure (DBP) (103 ± 20 vs. 95 ± 14 mmHg, P = 0.006), and a lower current systolic blood pressure (SBP) (129 ± 19 vs. 136 ± 19 mmHg, P = 0.009).


TABLE 1 Characteristics of the study population.
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Cardiac indicators

The comparison of outcomes grouped by gender and ApoE genotype is shown in Table 2. In both genders, there were no significant differences in LVMI, LVEDD, LVEF values, frequencies of LVH, LVEDD enlargement, LVEF reduction, and HF between the ε4 carriers and non-ε4 carriers.


TABLE 2 Comparison of cardiac indicators.
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Serum UA level and LVH

There were 159 patients with LVH and 262 patients with LVEDD enlargement among the 989 patients. In both univariable and multivariable models, a high serum UA level increased the risk of LVH and LVEDD enlargement (Table 3). After adjusting for gender, age, heart rate, hypertension, diabetes, dyslipidemia, estimated glomerular filtration rate (eGFR), history of receiving angiotensin converting enzyme inhibitors (ACEIs)/angiotensin receptor blockers (ARBs)/β-blockers/statins, and smoking status, the risk of LVH and LVEDD enlargement was escalated by 2 and 4%, respectively, for every increase of 10 μmol/L in serum UA level (Table 3).


TABLE 3 Univariate and multivariate regression analyses of the effect of serum UA level on left ventricular remodeling and cardiac function.

[image: Table 3]

Multivariate analysis of ApoE genotype showed that after adjusting for age, gender, heart rate, dyslipidemia, hypertension, diabetes, eGFR, history of receiving ACEIs/ARBs/β-blockers/statins, and smoking status, the risk of LVH decreased in the ε4 carriers [odds ratio (OR) = 0.94, 95% confidence interval (CI): 0.890–0.992, P = 0.025] and increased in the non-ε4 carriers (OR = 1.03, 95% CI: 1.005–1.049, P = 0.016) as serum UA level increased (for every increase of 10 μmol/L). The interaction effect for LVH between serum UA level and ApoE genotype groups was significant (P (for interaction) = 0.013). The risk of LVEDD enlargement tended to decrease in the ε4 carriers (OR = 0.98, 95% CI: 0.943–1.023, P = 0.391) and significantly increased in the non-ε4 carriers (OR = 1.03, 95% CI: 1.009–1.048, P = 0.003) (Table 3).



Serum UA level and cardiac function

There were 160 patients with LVEF reduction and 154 patients with HF among the 989 patients. In both univariable and multivariable models, a higher serum UA level increased the risk of LVEF reduction and HF. After adjusting for gender, age, heart rate, hypertension, diabetes, dyslipidemia, eGFR, history of receiving ACEIs/ARBs/β-blockers/statins, and smoking status, the risk of LVEF reduction and HF was escalated by 2 and 2%, respectively, for every increase of 10 μmol/L in serum UA level (Table 3).




Discussion

Hyperuricemia, hypercholesterolemia, and ApoE gene polymorphism are all important risk factors, affecting left ventricular remodeling. Data analysis in our study showed that hyperuricemia increased the risk of LVH, LVEDD enlargement, LVEF reduction, and HF in patients with CHD, which is consistent with results of a previous research (9). Serum UA level may be the mechanism of LVH promotion in UA activation to produce a large number of oxygen free radicals within the cell, hydrogen peroxide, such as reactive oxygen species (ROS), which leads to endothelial injury, increases the oxidative stress, and promotes the oxidized low-density lipoprotein and lipid peroxidation. High levels of serum UA can be associated with the activation of renin-angiotensin system, promoting the angiotensin II. It can also inhibit the release of nitric oxide from vascular endothelium (24) and promote the increase of endothelin in blood circulation (25), resulting in changes in vascular endothelial function and the increase of peripheral resistance to vascular contraction. However, results of some studies showed that the correlation between a high serum UA level and LVH was controversial (26, 27), indicating that there may be other factors, influencing the two parameters. Hence, a high serum UA level may induce LVH, rather than in all the patients.

The human apolipoprotein E gene, which has been widely studied in CVD, has three major isomers, E2, E3, and E4. Apolipoprotein plays a key role in cholesterol and triglyceride metabolism. Apolipoprotein E is a major component of very LDL (VLDL), which helps remove excess cholesterol from the blood, and transports it to the liver for metabolism. ApoE also helps remove chylomicrons and VLDL from the blood and binds to liver receptors, including LDL receptors, LDL receptor-associated proteins, and VLDL receptors as a ligand. The affinity of ApoE2 and hepatic lipoprotein receptor is poor, resulting in a reduction in the metabolism of lipoprotein decomposition of the triglycerides. Partial removal of TG from chylomicrons or VLDL creates remnants, and the ApoE4 is associated with the increased removal of these lipoproteins, leading to the high levels of cholesterol and LDL (28). It increases the risk of LVH as a risk factor for CVD (29), and the lipid levels of ε2 and ε3 carriers are significantly lower than those of ε4 carriers. Previous studies have shown that ApoE gene polymorphism is correlated with dyslipidemia and hyperuricemia. For instance, Moriwaki et al. (30) reported that the frequency of ApoE4 in patients with gout and hypertriglyceridemia is higher than that in patients with hypertriglyceridemia alone. In addition, ApoE4 is not only associated with obesity and alcoholism, but also can increase the incidence of hypertriglyceridemia in patients with gout as a risk factor for atherosclerosis. However, there is no study on the direct and indirect correlations between hyperuricemia and LVH. The results of our research showed a decreased risk of LVH in ε4 CHD patients with higher serum uric acid levels, while an increased risk in non-ε 4 carriers was recorded. To explain the association between serum UA level and LVH in patients with ε4 CHD, we assessed several hypotheses related to the effect of elevated serum UA levels on ε4 CHD patients. In vitro and in vivo studies have shown that UA is an important antioxidant in plasma, accounting for about 60% of the total antioxidant capacity of human plasma, and it can neutralize several harmful pro-oxidants, such as peroxynitrite, hydroxyl, and iron-containing free radicals, eliminating the activated erythrocyte-mediated organ damage by generating free radicals (31). Superoxide dismutase (SOD) is an effective antioxidant that can prevent the destruction of ROS, while UA can maintain the structure and function of extracellular SOD by preventing the oxidative neutralization mediated by atherosclerosis (32, 33). Data from a variety of populations, including healthy subjects, smokers, patients with type 1 diabetes, and patients with CVD, suggested that a high UA level may be a compensatory mechanism for significantly improving total antioxidant capacity and preserving endothelial function (34, 35). Patients with ApoE4 phenotype are mainly accompanied with hypercholesterolemia. An elevated serum UA level partially offsets the oxidative damage to vascular endothelium caused by hyperlipidemia through antioxidant effect, which may reduce the risk of atherosclerosis progressing to LVH to some extent. Although a growing number of evidence highlighted the antioxidant properties of UA in circulation, once inside the cell, UA promotes the oxidation of lipids, proteins, DNA, and carbohydrates. The association of hyperuricemia with metabolic abnormalities and the risk of CVD has been shown to be correlated with the increased pro-inflammatory activity of macrophages (36). CD11c, a β-2 integrin, is highly expressed in monocytes and macrophages, and it has a significant pro-inflammatory function, while CD206, also known as mannose receptor, is a c-type lectin, and it is mainly expressed in mouse and human macrophages and has anti-inflammatory effects (37–39). It has been previously reported that uricase inhibition of UA synthesis can reduce the number of CD11c+ monocytes in mice (40), suggesting an association between UA level and CD11c production. It has also been reported that CD206 expression of macrophages in synovial fluid of patients with gout tends to decrease compared with macrophages in patients with rheumatoid arthritis (41). In conclusion, macrophages have a pro-inflammatory function and may lose their anti-inflammatory ability in the case of elevated UA level. Studies have shown that UA stimulates the production of tumor necrosis factor-α (TNF-α), one of the pro-inflammatory cytokines, depending on the Toll-like receptor 4 (TLR4) signaling pathway. TLR4 is a transmembrane protein capable of recognizing multiple damage-related molecular patterns (DAMPs) and pathogen-related molecular patterns (PAMPs), including free fatty acids and lipopolysaccharide (LPS) (42, 43). Activation of TLR4 can induce the downstream activation of nuclear factor-kappa B (NF-KB), ultimately leading to the production of TNF-α (44). Therefore, we speculated that UA can induce the production of TNF-α through TLR4 activation. Under the UA action, the production of TNF-α, TLR4, and CD11c presents a typical dose-response relationship, and a plateau occurs when the maximum effect is exceeded and a saturation effect can be observed (45). Dose-response relationships attributed to interactions between ligands and their receptors suggest that they may be involved in a molecule capable of transporting uric acid within macrophages, such as URAT1, a transmembrane protein reported only in endothelial cells, adipocytes, and chondrocytes (46). The expression level of URAT1 in macrophages decreased with the increase of UA level, which may partly explain the saturation point of TNF-α, TLR4, and CD11c, leading to a decrease in their protein levels. Although URAT1 is not the only urate transporter, we speculate that the possible mechanism of the pro-inflammatory effect of uric acid on human macrophages may be associated with the dose-dependent response mode of URAT1. Compared with other genotypes, patients with ε4 had higher serum UA levels, and we hypothesized that the mechanism may be that the possible effect exceeded the dose-related maximum of URAT1 and NF-KB to reach a plateau, thus, there was no increase in LVH as serum UA levels continued to rise. For non-ε4 carriers, Cardona et al. (47) conducted a study on the correlation between ApoE allele and urate renal excretion in 68 patients with gout and 50 healthy controls, and found that the levels of TG and VLDL were significantly escalated in ApoE2 patients, while renal urate excretion was reduced that could be mediated by high levels of VLDL and ApoE2. Excretion rate of urate in patients with hyperuricemia is negatively correlated with plasma VLDL levels, further aggravating hyperuricemia. It was observed that hyperuricemia significantly increased the risk of LVH in patients without ε4 CHD in this study. The trend of influence of serum UA level on LVH is consistent with previously reported results.

The main limitation of this study is the cross-sectional design, which may affect the confirmation of causality, and further prospective study needs to be conducted to determine the relationship between serum UA level, ApoE polymorphism, and LVH. UA can increase the phagocytotic activity of macrophages by increasing the production of TNF-α, TLR4, and CD11c, and reduce the expression levels of CD206, CX3CR1, and CCR2. As a metabolic ligand, its pro-inflammatory effect on human macrophages partly depends on URAT1, which needs to be further studied.

In conclusion, a high serum UA level reduces the risk of LVH in ApoEε4 genotype, while increases the risk of LVH in non-ε4 genotype in CHD patients.
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