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U-shaped association of serum uric acid with all-cause mortality in patients with hyperlipidemia in the United States: a cohort study
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Background: Serum uric acid (SUA) interferes with lipid metabolism and is considered an independent risk factor for atherosclerosis, a major complication in patients with hyperlipidemia. However, the effects of uric acid levels on mortality in hyperlipidemic patients has yet to be sufficiently determined. In this study, we aimed to assess the association between all-cause mortality and SUA in a hyperlipidemic population.



Methods: To determine mortality rates, we obtained data for 20,038 hyperlipidemia patients from the U.S. National Health and Nutrition Examination Surveys (NHANES) 2001–2018 and National Death Index. To examine the all-cause mortality effect of SUA, multivariable Cox regression models, restricted cubic spline models, and two pairwise Cox regression models were used.



Results: Over a median follow-up of 9.4 years, a total of 2079 deaths occurred. Mortality was examined according to SUA level quintiles: <4.2, 4.3–4.9, 5.0–5.7, 5.8–6.5, and >6.6 mg/dl. In multivariable analysis using 5.8–6.5 mg/dl SUA as a reference, the hazard ratios (95% confidence interval) of all-cause mortality across the five groups were 1.24 (1.06–1.45), 1.19 (1.03–1.38), 1.07 (0.94–1.23), 1.00 (reference), and 1.29 (1.13–1.48), respectively. According to a restricted cubic spline, we noted a U-shaped relationship between SUA and all-cause mortality. The inflection point was approximately 6.30 mg/dl, with hazard ratios of 0.91 (0.85–0.97) and 1.22 (1.10–1.35) to the left and right of the inflection point, respectively. In both sexes, SUA was characterized by a U-shaped association, with inflection points at 6.5 and 6.0 mg/dl for males and females, respectively.



Conclusion: Using nationally representative NHANES data, we identified a U-shaped association between SUA and all-cause mortality in participants with hyperlipidemia.
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Introduction

Hyperlipidemia is a disease characterized by abnormally high blood levels of lipids or lipoproteins attributable to abnormalities in lipid metabolism or function associated with eating disorders, obesity, genetic disorders such as hereditary hypercholesterolemia, or other conditions such as diabetes (1). In the United States and Europe, more than 3 million adults are currently diagnosed with hyperlipidemia, and the number of individual with this condition continues to escalate (2). Hyperlipidemia substantially reduces patient quality of life and contributes to a two- to three-fold increase in the risk of cardiovascular disease (CVD) (3). The increase in associated mortality has highlighted the urgent need to develop novel strategies that can be adopted to prevent the disease, to identify new risk factors that can contribute to reducing disease severity, and to gain a sufficient understanding of the measures that can be taken to eliminate these risk factors.

In humans, uric acid is the final enzymatic product of purine nucleoside and free base degradation. Elevated levels of serum uric acid (SUA) are widely recognized as a risk factor for macrovascular and microvascular complications, and as a high-risk factor for CVD, hyperuricemia is particularly common in patients with hyperlipidemia. It has been established that SUA levels are proportional to triglyceride (TG), total cholesterol (TC), and low-density lipoprotein (LDL) levels (4), and the findings of an in vitro study have indicated that SUA promotes the oxidation of LDL, which is considered to be a key event in atherosclerotic plaque formation (5). The findings of several epidemiological studies have thus provided evidence to indicate a clear independent association between elevated SUA levels and an increased incidence of atherosclerotic disease or mortality. Interestingly, however, numerous experimental studies have demonstrated that uric acid has numerous benefits related to its antioxidant properties (6, 7). Indeed, uric acid circulating at high concentrations is considered one of the main antioxidants in plasma, which protects cells from oxidative damage, and can thereby contribute to prolonging human life span and reducing the risk of carcinogenesis (8).

Given the dual antioxidant and pro-oxidant properties of SUA, there is currently a lack of consensus regarding the association between SUA levels and adverse outcomes, and studies conducted to date have detected U-shaped (9), linear (10), and no (11) relationships between SUA concentrations and cardiovascular disease and total mortality risk in different populations. Given the complex biological activity of uric acid, the pros and cons of stringent hypo-uric acid therapy in hyperlipidemic populations, and the target values for lowering uric acid, need to be closely assessed. At present, however, evidence regarding an association between SUA levels and all-cause mortality in hyperlipidemia patients remains inconclusive. Accordingly, identifying such an association could provide new insights into the management of uric acid levels in patients with hyperlipidemia, particularly intensive anti-uric acid therapy in patients with hyperlipidemia combined with hyperuricemia. Toward this end, we sought in this study to assess the association between SUA levels and all-cause mortality in a large, nationally representative sample of US adults with hyperlipidemia.



Materials and methods

The National Health and Nutrition Examination Survey (NHANES) is conducted by the National Center for Health Statistics (NCHS), a division of the U.S. Centers for Disease Control and Prevention (CDC). The purpose of this national survey is to assess the health status of the entire population of the United States. Data are collected annually on a 2-year cycle using a multi-stage probability sampling method to generate population-level estimates. We calculated the number of non-institutionalized civilians using NHANES data obtained for the period between 2001 and 2018 and a design variable. In addition, we retrieved and combined demographic data, disease details, laboratory data, and questionnaire data on disease classification, which were measured at enrollment. A total of 40,735 subjects with hyperlipidemia were enrolled in the NHANES study from 2001 to 2018. To exclude the effects of certain baseline factors on SUA levels, we excluded patients based on the following criteria: pregnancy at baseline (n = 925), the use of uric acid-lowering drugs and diuretics (n = 5,773), an estimated glomerular filtration rate (eGFR) value <30 ml/min/1.73 m2 (n = 3,517), age <20 years (n = 4,665), having cancer at baseline (n = 2,310), missing SUA data (n = 8), missing death status (n = 44), and missing covariates (n = 3,455). Having excluding these individuals, the remaining 20,038 participants were included for analysis (Figure 1). The Institutional Review Board of the CDC National Center for Health Statistics has authorized NHANES to make the research data available to the public on its home page (http://www.cdc.gov/nchs/nhanes.html). No ethical approval was required for conducting this study.
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FIGURE 1
Study flowchart.



Serum uric acid measurement

SUA measurements were performed using a Beckman Synchron LX20 analyzer in the 2001–2007 NHANES, a Beckman UniCel DxC800 Synchron analyzer in the 2008–2016 NHANES, and a Roche Cobas 6,000 analyzer in the 2017–2018 NHANES. The analysis of SUA in combination with multiple cycles of NHANES has been reported previously (12). The study groups with hyperlipidemia were classified into five groups based on their SUA quintiles. The cut-off values for grouping were as follows: Quintile 1 (<4.2 mg/dl), Quintile 2 (4.3–4.9 mg/dl), Quintile 3 (5.0–5.7 mg/dl), Quintile 4 (5.8–6.5 mg/dl), and Quintile 5 (>6.6 mg/dl).

All laboratory variables were assessed using validated protocols and procedures. Details can be found at https://www.cdc.gov/nchs/nhanes.



Definition of hyperlipidemia

Hyperlipidemia was defined as triglyceride (TG) levels ≥150 mg/dl (1.7 mmol/L) or total cholesterol (TC) ≥200 mg/dl (5.18 mmol/L), low-density lipoprotein (LDL) ≥130 mg/dl (3.37 mmol/L), or high-density lipoprotein (HDL) <40 mg/dl (1.04 mmol/L) in men and <50 mg/dl (1.30 mmol/L) in women (13). Additionally, participants who reported the use of cholesterol-lowering medications were also categorized as having hyperlipidemia.



Covariates

For each of the enrolled participants, we analyzed age, gender, race/ethnicity, body mass index (BMI), education level, poverty income ratio, smoking status, diabetes, cardiovascular disease (CVD), hypertension, stroke, hypolipidemic medications, healthy eating index, physical activity, alcohol intake, estimated glomerular filtration rate (eGFR), TC, TG, high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C). Age was classified at baseline and used in table classifications (<65 and ≥65) and as a continuous variable in regression analysis. Race/ethnicity was defined as Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, or other (including multi-racial). Education level was categorized into three levels: <9 years, 9–13 years, and ≥13 years. For the income-to-poverty ratio ($ income/threshold), the ratio of household income to poverty threshold was based on the number of persons in a household or unrelated individuals, and household income was divided by poverty guidelines based on the size of the household, the appropriate year, and the state in which it was calculated. On the basis of their responses to a series of questions, subjects were classified as current smokers, former smokers, or never a smoker. Current or former smokers, were those individuals who have smoked at least 100 cigarettes during his or her lifetime. Hypertension was defined as systolic and diastolic blood pressures ≥140 and ≥90 mm Hg, respectively, self-reported hypertension subsequently diagnosed by a physician, or elevated blood pressure requiring antihypertensive medication. Recorded systolic and diastolic blood pressures were the average of up to three blood pressure measurements. Diabetes was defined as being diagnosed by a physician as diabetic or taking insulin or glucose-lowering medication, or having a glycosylated hemoglobin level ≥6.5% or a fasting blood glucose level ≥126 mg/dl. CVD was defined as a self-reported diagnosis of congestive heart failure, angina, heart attack, or coronary heart disease by the participants (14). Data on a physician-diagnosed history of cancer, and stroke were self-reported. Hypolipidemic medication (within the past 30 days) was defined as no (no medication was used), other (use of medications other than lipid-lowering medications), and yes (use of lipid-lowering medications). In the category of lipid-lowering drugs, statins represented 89.6%, followed by gemfibrozil at 3.2%, fenofibrate at 2.5%, and other drugs at 4.7%. Healthy eating index values were calculated according to the HEI-2015 guidelines, with higher scores indicating a better quality of diet. The eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation. In terms of physical activity, those participating in moderate or vigorous exercise, fitness programs, or recreational activities for more than 10 min per week were defined as physically active. Participants were considered inactive if they did not exercise for more than 10 min per week (15). The amount of alcohol consumed was determined on the basis of the 24-h dietary recall of participants. Current alcohol intake was categorized as none (0 g/day), moderate drinking (0.1–27.9 g/day for men and 0.1–13.9 g/day for women), or heavy drinking (≥28 g/day for men and ≥14 g/day for women) (12).



Mortality

Using the National Mortality Index, we collected data on mortality status and follow-up information for all individuals as of December 31, 2019.



Statistical analysis

Descriptive statistical analysis was performed for data obtained from all patients. Categorical variables are expressed as numbers and percentages. For normally distributed data, continuous variables are expressed as the means and standard deviation (SD) or the medians and interquartile range. For categorical, normally distributed, and non-normally distributed continuous variables, we used the χ2 test, one-way ANOVA, and the Kruskal–Wallis test, respectively. We conducted an exploratory analysis and selected the group [Quintile 4 (5.8–6.5 mg/dl)] with the lowest risk of mortality as the reference group. Using Cox proportional hazards regression, we performed three multivariate models. Model I was based on age (continuous, years), and sex (male or female). In model II, outcomes were further assessed according to race (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, or other (including multi-racial), and education level (<9 years, 9–13 years, or ≥13 years), and poverty-to-income ratio (continuous), BMI (continuous), smoking status (never a smoker, former smoker, and current smoker), comorbidity (diabetes, hypertension, CVD, stroke), hypolipidemic medications (no, other, yes), physical activity (inactive, active), and alcohol intake (none, moderate, heavy) were further adjusted. In model III, the results were adjusted for healthy eating index (continuous), HDL-C (continuous), TC (continuous), and eGFR (continuous). In addition, a two-stage linear regression model with smoothed curves was used to investigate the non-linear relationship between SUA levels and all-cause mortality. Single-linear linear regression was compared with two-slice linear regression using likelihood ratio tests. To determine the threshold value, we selected the point with the highest likelihood among all possible values. A similar approach was applied to assess the association between SUA levels and the risk of all-cause mortality stratified by sex.

We further stratified the analysis by age (<65 or ≥65 years), sex (male or female), race and ethnicity (non-white or other), BMI (<24.9, 25–29.9, ≥30 kg/m2), smoking status (never a smoker, former smoker, and current smoker), diabetes (yes or no), hypertension (yes or no), CVD (yes or no), stroke (yes or no), hypolipidemic medications (no, other, yes), physical activity (inactive, active), and alcohol intake (none, moderate, heavy). Interactions were evaluated using the P-values for the production terms between SUA and the stratified factors.

We also performed a series of sensitivity analyses. (1) To calculate missing data, we used multiple imputations based on five replications of the Markov-chain Monte Carlo method. (2) To minimize potential reverse causality bias, we excluded participants who died within 2 years of follow-up. (3) Serum TG levels were measured in subjects who were examined only in the morning and those required to fast for at least 8.5 h, but less than 24 h, and LDL-C was calculated based on measurements of total cholesterol (TC), TG, and HDL according to the Friedewald calculation: [LDL-C] = [TC] – [HDL-C] – [TG/5]. Consequently, there were a larger number of missing values for TG and LDL-C (55% and 53%, respectively), and thus to verify the robustness of the results, we further adjusted TG and LDL levels in the model.

All analyses were performed using the R package (version 4.1.3) and Free Statistics software version 1.7, and a two-sided P-value <0.05 was set as the threshold for statistical significance.




Results


Study participants and baseline characteristics

During a median follow-up of 9.4 years, a total of 2,079 deaths occurred. Among these deaths, the major causes were cardiac and cerebrovascular diseases, accounting for 30.4%, and malignant tumors, accounting for 22.7%. Baseline characteristics of the subjects presented as the quintiles or categories of SUA [Quintile 1 (<4.2 mg/dl), Quintile 2 (4.3–4.9 mg/dl), Quintile 3 (5.0–5.7 mg/dl), Quintile 4 (5.8–6.5 mg/dl), and Quintile 5 (>6.6 mg/dl)] are shown in Table 1. Of the 20,038 patients with hyperlipidemia, those who met the inclusion criteria were identified (Figure 1). As shown in Table 1, participants with a higher SUA level were more likely to be male, non-Hispanic black, and have a higher BMI, and higher rate of smoking, combined with hypertension and CVD, a lower healthy eating index, lower physically activity, higher alcohol intake, lower levels of HDL-C and eGFR, and higher levels of TG, TC, and LDL-C.


TABLE 1 Baseline characteristics of the study participants.
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Multivariate Cox proportional hazards regression analysis of serum uric acid levels and all-cause mortality in patients with hyperlipidemia

Multivariate Cox regression analysis using categorized SUA revealed a non-linear relationship between SUA and all-cause mortality in model III. Compared with group Quintile 4 (5.8–6.5 mg/dl), the HR of Quintile 1 (<4.2 mg/dl), Quintile 2 (4.3–4.9 mg/dl), Quintile 3 (5.0–5.7 mg/dl), and Quintile 5 (>6.6 mg/dl) were 1.24 (95% CI: 1.06–1.45), 1.19 (95% CI: 1.03–1.38), 1.07 (95% CI: 0.94–1.23), and 1.29 (95%CI: 1.13–1.48), respectively, after adjusting for all covariates in model III (Table 2).



Non-linear relationship between serum uric acid and all-cause mortality of hyperlipidemia

Using a multivariate Cox regression model and a smoothed curve fit, we observed a non-linear relationship between SUA levels and all-cause mortality in the entire study population, and in both male and female populations (Figure 2). A pairwise multivariate Cox regression model was fitted to the data to obtain two different slopes. We used a two-slice model to fit the association between SUA levels and mortality, where the P-value of the log-likelihood ratio test was <0.001 in both the entire population and the male or female population (Table 3). For the entire population, to the left side of the inflection point (6.3 mg/dl), the HR was 0.91 (95% CI: 0.85–0.97), and to right side of the inflection point, the HR was 1.22 (95% CI: 1.10–1.35). For women, the HR on the left side of the inflection point (6.0 mg/dl) was 0.91 (95% CI: 0.83–1.00), and that on the right side was 1.41 (95% CI: 1.16–1.73). Among men, the HR on the left side of the inflection point (6.5 mg/dl) was 0.92 (95% CI: 0.84–1.00), whereas that on the right side was 1.30 (95% CI: 1.14–1.48).
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FIGURE 2
Multivariable-adjusted hazard ratios for all-cause mortality by serum uric acid level: (A) all population, (B) male, and (C) female. Age, sex, race, education, BMI, poverty income ratio, smoking status, diabetes, hypertension, CVD, stroke, hypolipidemic medications, physical activity, alcohol intake, HDL-C, TC, eGFR, healthy eating index were adjusted. The black and dotted lines represent the estimated values and their corresponding 95% confidence intervals, respectively.



TABLE 2 Multivariate Cox regression for serum uric acid on all-cause mortality of hyperlipidemia.
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TABLE 3 Threshold effect analysis of serum uric acid on all-cause mortality by sex
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TABLE 4 Associations between serum uric acid with all-cause mortality in various subgroups among patients with hyperlipidemia.
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Stratified and sensitivity analyses

On the basis of stratified analysis, we found no evidence to indicate that the U-shaped relationship between SUA and all-cause mortality changed with age (<65 or ≥65 years), sex (male or female), race and ethnicity (non-white or other), BMI (<24.9, 25–29.9, ≥30 kg/m2), smoking status (never a smoker, former smoker, and current smoker), diabetes (yes or no), hypertension (yes or no), CVD (yes or no), stroke (yes or no), hypolipidemic medications (no, other, yes), physical activity (inactive, active), or alcohol intake (none, moderate, heavy) (Table 4). Moreover, we detected no significant interactions among any of the strata of variables.

Although we also performed multiple imputation sensitivity analysis, this did not significantly alter the aforementioned results. (Supplementary material Table S1). Having excluded those participants who had died within 2 years of follow-up, the results in our sensitivity analyses were generally robust (Supplementary material Table S2), and with further adjusting for TG and LDL-C (Supplementary material Table S3).




Discussion

In this study, we assessed the optimal levels of SUA in patients with hyperlipidemia recruited from a nationally representative US population dataset. In this cohort, SUA showed a U-shaped relationship with all-cause mortality in both males and females. Threshold effect analysis revealed that overall, an average SUA level of 6.3 mg/dl (6.5 mg/dl in males and 6.0 mg/dl in females) may be considered safe with respect to patient survival.

A recent review of studies conducted on populations with different health conditions (9), including healthy individuals (16, 17), patients with coronary heart disease (18), older patients (19), patients with hypertension (20), and patients with chronic kidney disease (21), summarized the U-shaped association between SUA and various adverse clinical outcomes, such as all-cause mortality and cardiovascular mortality. Our study confirmed the U-shaped relationship between SUA and all-cause mortality in patients with hyperlipidemia. It should be noted, however, that although these studies have confirmed a U-shaped relationship between SUA and all-cause mortality, the authors reported different optimal thresholds for SUA. For example, Weicheng et al. found that in an older population aged >65 years, both low (<4 mg/dl) and high (>8 mg/dl) SUA levels were independently associated with an increased risk of all-cause mortality (19), and similarly in a cohort study of a Chinese population with coronary artery disease, the authors identified a U-shaped association in which the risk of all-cause mortality increased at both low (≤5.05 mg/dl) and high (≥8.0 mg/dl) levels of SUA (18). In addition, a cohort study including 375,163 Korean general medical examination population found that both low uric acid group (<3.5 mg/dl in men; <2.5 mg/dl in women) and high uric acid group (>9.5 mg/dl in men; >8.5 mg/dl in women) increased all-cause mortality compared to the sex-specific reference group (22). Our analyses in the present study indicate that the optimal SUA level for hyperlipidemic patients is 6.5 mg/dl in males and 6.0 mg/dl in females, and that levels either above or below these thresholds are associated with an increased risk of all-cause mortality. We suspect that differences in the values reported by different studies may be partially attributable to differences in one or more of the following factors: subjects, clinical characteristics, sample size, grouping strategy, and adjustment for confounding factors. Furthermore, the findings of the Fremantle Diabetes Study indicated that SUA was not an independent predictor of cardiovascular disease-associated mortality or all-cause mortality in patients with type 2 diabetes (23), and consistently, the findings of two other large population-based observational studies conducted in Korea (24) and the United States (11) indicated no significant correlation between SUA and all-cause mortality or cardiovascular mortality. In this regard, it is, however, noteworthy that individuals who had taken uric acid-lowering drugs and diuretics that affect uric acid levels were not excluded from these aforementioned studies. Consequently, the inclusion of these patients may have obscured the actual association between uric acid and all-cause mortality. In contrast, in this study, we excluded those who were pregnant at baseline, had used uric acid-lowering drugs and diuretics within 1 month, had an eGFR values <30 ml/min/1.73 m2 at baseline, and had cancer, we also took into account the effect of using lipid-lowering drugs on uric acid levels, and stratified our analysis according to those who did and did not use these drugs. We accordingly detected a consistent U-shaped association between uric acid and all-cause mortality.

Although the pathophysiological role of uric acid has been studied and debated for decades with respect to a range of disease processes, we have yet to gain a complete understanding of its multiple effects (9). Hyper-uric acid levels have been used as an independent risk factor for adverse clinical outcomes, and it is well established that atherosclerosis is a major cause of death in patients with hyperlipidemia (25), High levels of uric acid are associated with and contribute to the atherosclerotic process, and studies have demonstrated that SUA maintains the atherosclerotic state by interfering with lipid metabolism, reducing endothelial cell nitric oxide synthesis, promoting the proliferation of vascular smooth muscle cells, and overcoming the inflammatory response process (26). Moreover, hyperuricemia is believed to be a mediator promoting pro-inflammatory endocrine imbalance in adipose tissues, which may be an important factor in the development of dyslipidemia and the inflammatory processes leading to the development of atherosclerosis (27). Consistently, in the present study, we found that higher uric acid levels were associated with higher levels of TG, TC, and LDL-C and lower HDL-C levels, and that hyper-uric acid is associated with an increase in the mortality of patients with hyperlipidemia, even after adjusting for common cardiovascular risk factors such as LDL-C, TG, and TC.

Although much of the previous research has focused on the pathophysiological effects of high levels of uric acid (hyperuricemia), more recently, the focus of research has extended to examining the effects of hypouricemia, with the findings of several studies indicating that abnormally low levels of SUA may have potentially severe effects. In this regard, it has been suggested that SUA may act as an important antioxidant molecule, accounting for 50% of the body's total antioxidant capacity (7), and it has been demonstrated that low SUA levels are associated with a loss of free radical scavenging capacity, which may in turn contribute to an increase in vascular endothelial cell damage and thus higher cardiovascular-associated mortality (18). Similarly, in a retrospective cohort study of hypertensive patients, low values of uric acid were found to be associated with an increase in cardiovascular mortality, and is potentially a causal factor for stroke and heart-specific mortality (20). Furthermore, the findings of a recent study have indicated that malnutrition is an important factor contributing to higher CVD-related mortality in older patients with low levels of uric acid (19), with older patients with more severe malnutrition showing higher levels of hyponatremia-related mortality. Consistently, it has been established that low serum uric acid concentrations (< 2.5 mg/dl in women and <3.5 mg/dl in men) are associated with a low BMI (<18.5 kg/m2) and higher rates of weight loss (28). Likewise, in the present study, we found that individuals with a lower body mass index were more likely to have low serum levels of uric acid, which may serve as a predictor of malnutrition. However, in our stratified analysis of BMI, we found that low uric acid was associated with higher all-cause mortality in each stratum, possibly indicating an independent effect of low uric acid levels on all-cause mortality. However, we did not further analyze the association between uric acid and cardiac-specific mortality to verify whether cardiac death was attributable to the increase in all-cause mortality associated with these low levels of uric acid. Consistently, a further study of a US population with low uric acid levels found that this condition was associated with all-cause mortality in men (29), and possibly contributed to an increase in diabetes-related mortality. In this context, hyperglycemia is assumed to enhances uric acid excretion and prolonged hyperglycemia can lead to uremia, resulting in hypouricemia in diabetics. In cases of severe diabetes, hyperglycemia may lead to extreme hypouricemia (analogous to reverse causality) (30). However, the U-shaped association between uric acid levels and all-cause mortality obtained in our stratified analysis was identified for both diabetic and non-diabetic populations, thereby providing possible evidence to indicate an independent association between low values of uric acid and all-cause mortality, which is not necessarily mediated exclusively via the aforementioned pathways.

Although the findings of this study provide important insights with regards to serum uric acid levels, several limitations of the study need to be considered when interpreting these findings. Firstly, this was retrospective cohort study, and thus we were unable to establish causal inferences. Secondly, although we excluded factors affecting uric acid as much as possible, it cannot be conclusively established that factors that might potentially influence uric acid levels were completely excluded. For example, certain antihypertensive drugs, such as angiotensin receptor blockers, may effect uric acid levels. Nevertheless, to minimize bias, we performed sensitivity analysis to further confirm that our results were consistent for individuals with and without hypertension. Thirdly, although we adjusted for multiple potential confounders, we have not been able to completely exclude the possibility of residual confounding effects attributable to unmeasured factors. Furthermore, SUA levels were measured at a single point in time, and consequently, were unable to establish any temporal associations between SUA levels and any of the assessed disease markers. However, despite these limitations, we believe that this study has certain strengths. Firstly, we used a nationally representative sample, which facilitated generalization of the findings to the U.S. population as a whole, with a long-term follow-up period of up to 9 years and a low incidence of mismatched records in the NHANES-associated mortality file. Secondly, given the benefit of the comprehensive data collected in NHANES, we were able to control for potential confounding effects associated with a range of demographic, socioeconomic, lifestyle, and dietary factors. Thirdly, in an effort to minimize the bias associated with missing data, we performed multiple interpolation, whereas in the sensitivity analysis, we further adjusted for LDL-C and TG, which were not included in the model owing to a large amount of missing data, and found that the results remained consistent.

In conclusion, we established that both low and high serum levels of uric acid were significantly associated with an increased risk of all-cause mortality, both in the overall US hyperlipidemic population and for the two sexes. These findings will contribute to establishing a target value for uric acid-lowering therapy in the treatment of hyperlipidemic patients.
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