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Purpose: This study aims to investigate the association between serum carotenoids and hyperuricemia.

Methods: Data were sourced from the National Health and Nutrition Examination Survey (NHANES) between 2001 and 2006. Hyperuricemia was defined as serum uric acid (UA) levels of ≥7 mg/dL for males and ≥ 6 mg/dL for females. Serum carotenoid levels were measured using high-performance liquid chromatography. Multivariate linear regression was used to analyze the correlation between serum carotenoids and UA levels. Multivariate logistic regression and restricted cubic spline (RCS) analyses were performed to explore the potential association between serum carotenoids and hyperuricemia. Additionally, subgroup and interaction analyses were conducted to determine variations across different population groups.

Result: This cross-sectional study included 13,561 participants. Multivariate linear regression analysis revealed that higher levels of serum carotenoids were correlated with lower UA levels. Specifically, the beta coefficients (β) and 95% confidence intervals (CIs) were as follows: α-carotene (−0.23 [−0.31, −0.15]), β-carotene (−0.30 [−0.38, −0.21]), β-cryptoxanthin (−0.17 [−0.25, −0.09]), lutein/zeaxanthin (−0.12 [−0.20, −0.04]), and total serum carotenoids (−0.25 [−0.33,-0.16]). However, lycopene showed no significant correlation with UA (−0.01 [−0.09, 0.08]). Multivariate logistic regression analysis indicates a significant inverse association between serum carotenoids and the risk of hyperuricemia. The odds ratios (ORs) and 95%CIs were as follows: α-carotene (0.61 [0.49, 0.77]), β-carotene (0.67 [0.51, 0.86]), β-cryptoxanthin (0.69 [0.51, 0.88]), lutein/zeaxanthin (0.72 [0.56, 0.97]), lycopene (0.82 [0.67, 1.00]) and total serum carotenoids (0.73 [0.57, 0.92]). RCS analysis indicated a potential nonlinear relationship between lycopene and hyperuricemia, with an inflection point at 33.45 μg/dL. Subgroup and interaction analyses demonstrated that the inverse association remained consistent across various demographic groups.

Conclusion: This study found that higher serum carotenoid levels are associated with lower UA levels and reduced risk of hyperuricemia. Notably, while lycopene was associated with reduced hyperuricemia risk, its effect showed some heterogeneity.
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1 Introduction

Hyperuricemia is a metabolic disorder characterized by elevated serum uric acid (UA) levels resulting from purine metabolism disturbances (1). UA is a byproduct produced from the breakdown of purines, and it is typically excreted through the kidneys. However, when UA production is excessive or excretion is impaired, it can lead to hyperuricemia (2). According to the 2020 epidemiological survey, the prevalence of hyperuricemia among different populations worldwide ranges from 2.6 to 36% (3). A study based on the National Health and Nutrition Examination Survey (NHANES) reported the latest prevalence of hyperuricemia in the U.S. for 2015–2016, with the prevalence in men being 20.2% and in women 20.0% (4). Hyperuricemia is associated with multiple risk factors, including a high-purine diet, alcohol consumption, medication use, and obesity (5–8). Moreover, it is considered a precursor to gout and a risk factor for various chronic diseases, including chronic kidney disease (CKD), cardiovascular diseases (CVD), metabolic syndrome, hypertension, and type 2 diabetes (4, 9, 10). Given the changes in lifestyle and dietary patterns in recent years, the incidence of hyperuricemia may continue to rise.

Dietary habits play a crucial role in the development of hyperuricemia, not only by promoting inflammation and oxidative stress but also through the direct effects of certain nutrients, such as high-protein, high-purine, fructose, and fat-rich diets, which contribute to elevated UA levels (11, 12). Given the known dietary influences on UA levels, attention has turned to specific nutrients, such as carotenoids, which may have a beneficial role. Carotenoids, a group of lipid-soluble pigments responsible for the orange, yellow, and red colors in various fruits and vegetables, are known for their potent antioxidant and anti-inflammatory properties (13). These compounds, commonly found in foods such as lettuce, carrots, tomatoes, and oranges (14, 15), include α-carotene, β-carotene, β-cryptoxanthin, lutein/zeaxanthin, and lycopene, which together account for over 95% of the carotenoids present in the bloodstream (16). Due to their bioactive properties, carotenoids may play a role in mitigating hyperuricemia by reducing oxidative stress and inflammation, but the specific relationship between serum carotenoids and UA levels remains underexplored (13, 17). This study aims to investigate this association in the general U.S. adult population using the NHANES data.



2 Materials and methods


2.1 Study population

The NHANES, a comprehensive cross-sectional study conducted by the National Center for Health Statistics (NCHS), was approved by the NCHS research ethics review board, with written informed consent obtained from all participants (18, 19). The NHANES dataset, which employs a multistage, stratified sampling design to produce a sample representative of the non-institutionalized U.S. population, is publicly available and can be accessed at http://www.cdc.gov/nchs/nhanes.htm. This study exclusively utilized data from the NHANES database.

This study utilized NHANES data from 2001 to 2006, covering three biennial cycles and initially including 31,509 participants. These years were selected because they provided the most comprehensive and consistent measurements of both serum carotenoids and UA levels, ensuring reliable data for analysis. The exclusion criteria were: (1) participants with missing demographic and UA data (n = 10,871), (2) participants with missing data for the six primary serum carotenoids (n = 3,199), (3) participants under 18 years old (n = 1,908), (4) pregnant individuals (n = 584), and (5) participants with missing estimated glomerular filtration rate (eGFR) data or eGFR values below 60 mL/min/1.73 m2 (n = 1,386). Ultimately, 13,561 participants were included in this study, as shown in Figure 1.
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FIGURE 1
 Flowchart of study participants.




2.2 Exposure variable and outcomes

The main variables in this study were the concentrations of UA and six primary serum carotenoids, including α-carotene, β-carotene, β-cryptoxanthin, lutein/zeaxanthin, and lycopene. Hyperuricemia was defined as UA levels ≥7 mg/dL for males and ≥ 6 mg/dL for females (3). UA levels were measured using either Beckman Synchron LX20 or a Beckman UniCel® DxC800 Synchron, following the oxidation of UA to allantoin and hydrogen peroxide by uricase.

In NHANES 2001–2002 and 2005–2006, serum carotenoids were measured using high-performance liquid chromatography (HPLC). In NHANES 2002–2003, using a similar HPLC method with multiwavelength photodiode-array absorbance detection at 450 nm to analyzed serum carotenoids. Data from NHANES 2003–2004 were adjusted using a regression method to match the carotenoid measurements from the HPLC method. Total serum carotenoid (TSC) levels were calculated by summing the six primary serum carotenoids.



2.3 Covariates

Demographic data were collected through questionnaire interviews and included age, sex (male, female), race (Non-Hispanic White, Non-Hispanic Black, Mexican American, other Hispanic, other race), and education status (below high school, high school, above high school). The family poverty income ratio (PIR) was used to categorize participants into different income levels (20, 21). We categorized participants into three groups: low income (PIR <1.0), moderate income (PIR 1.0–3.0), and high income (PIR >3.0). BMI was calculated by dividing weight (in kilograms) by height (in meters squared) and categorized as <25, 25–29, and > 29 kg/m2. Alcohol status was classified as >10 drinks/month, 5–10 drinks/month, 1–5 drinks/month, and no drinks. Smoking status was divided into never (<100 cigarettes in lifetime), current (≥100 cigarettes and currently smoking), and former (≥100 cigarettes but not currently smoking). Diabetes was diagnosed based on fasting glucose level (≥7.0 mmol/L), glycohemoglobin (≥6.5%), the use of anti-diabetic medications or insulin, or a prior physician diagnosis of diabetes. Hypertension was diagnosed based on systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, a prior diagnosis, or a history of anti-hypertensive medication use. Blood pressure was measured using a clinically validated automated monitor following the NHANES standardized protocol. After 5 min of seated rest, three consecutive readings were taken, with a fourth attempt if needed. The final blood pressure value was the average of the last two valid readings. CVD was self-reported doctor-diagnosed conditions, such as coronary heart disease, heart failure, heart attack, stroke, and angina pectoris. Laboratory covariates included serum creatinine, glucose, eGFR, blood urea nitrogen (BUN), serum total cholesterol (STC), and serum triglycerides (STG). Participants’ medication histories were collected, including the use of urate-lowering therapies (e.g., allopurinol, febuxostat), antihypertensive medications such as thiazide diuretics or angiotensin receptor blockers (ARBs), and loop diuretics used for heart failure treatment.



2.4 Statistical analysis

For all statistical analyses, NHANES sampling weights were applied in R 4.3.3 to account for the stratification and complexity of the survey design. The participants in this study were weighted to represent a population of 192,694,927. The categorical variables were displayed as unweighted counts (percentages), and the continuous variables were presented as weighted medians (interquartile range). A two-sided p < 0.05 was set as the threshold for statistical significance.

Multivariate linear regression was utilized to estimate beta coefficients (β) and 95% confidence intervals (CIs) to explore the associations between serum carotenoids and UA. Serum carotenoids were categorized into four quartiles, with the lowest quartile serving as the reference group. Trend tests (p-trend) across quartiles were conducted using the median serum carotenoid levels in each quartile as a linear variable. Additionally, natural ln-transformed serum carotenoids were analyzed as continuous variables in the linear regression. In Model 1, each serum carotenoid was the sole independent variable. Model 2 included adjustments for sex, race, age, poverty status, smoking status, alcohol status, education, and BMI. Model 3 built on Model 2 by further adjusting for diabetes, hypertension, medication history, CVD and serum creatinine.

Multivariate logistic regression was used to estimate prevalence odds ratios (ORs) and 95%CIs to examine the associations between serum carotenoids and hyperuricemia. Serum carotenoid quartiles were treated as categorical variables, while ln-transformed serum carotenoids were used as continuous variables. Additionally, restricted cubic splines (RCS) were applied to investigate potential non-linear relationships. Wald tests for the RCS coefficients were used to calculate p-values for non-linear trends. Subgroup heterogeneity was assessed through interaction analyses.




3 Results


3.1 Baseline characteristics

Table 1 presents the weighted baseline characteristics for participants with and without hyperuricemia. The study included 13,561 participants from the NHANES 2001–2006 survey, comprising 6,519 (48.07%) males and 7,042 (51.93%) females, with an average age of 46.17 ± 16.83 years. Among them, 2,614 (19.28%) were diagnosed with hyperuricemia. The majority of participants were Non-Hispanic White (52.29%), 16.89% lived in poverty, and 70.94% had a high school diploma or higher. Additionally, 51.21% had never smoked, and 29.16% had never consumed alcohol. Diabetes was diagnosed in 13.21% of the participants, hypertension in 31.84% and CVD in 11.57%. The median (interquartile range) serum concentrations were 2.7 (1.4, 5.1) μg/dL for α-carotene, 13 (7, 23) μg/dL for β-carotene, 9 (5, 11) μg/dL for β-cryptoxanthin, 14 (10, 20) μg/dL for lutein/zeaxanthin, 22 (15, 30) μg/dL for lycopene, and 64 (47, 86) μg/dL for TSC. Participants with hyperuricemia exhibited lower levels of the six primary serum carotenoids and eGFR, alongside elevated concentrations of creatinine, blood glucose, BUN, STC, STG, as well as higher systolic and diastolic blood pressure, compared to those without hyperuricemia.



TABLE 1 Baseline characteristics of study participants stratified by hyperuricemia status.
[image: Table1]

The study participants were divided into four groups based on TSC quartiles, as shown in Table 2. Significant differences were observed across all TSC quartiles for age, race, sex, smoking status, poverty status, education, diabetes, hypertension, glucose, BMI, STC, STG, BUN, eGFR, blood pressure, and serum carotenoids concentrations. However, no significant differences were found for alcohol status, medication histories and creatinine levels (p > 0.05).



TABLE 2 Baseline characteristics of study participants stratified by TSC.
[image: Table2]



3.2 Association between serum carotenoids and UA levels

Table 3 shows the results of examining the associations between serum carotenoids and UA levels. In all three models, the highest quartiles of serum carotenoids concentrations were significantly negatively associated with UA levels compared to their respective lowest quartiles. After adjusting for all covariates, the inverse associations remained robust for α-carotene (−0.23 [−0.31, −0.15]), β-carotene (−0.30 [−0.38, −0.21]), β-cryptoxanthin (−0.17 [−0.25, −0.09]), lutein/zeaxanthin (−0.12 [−0.20, −0.04]), and TSC (−0.25 [−0.33, −0.16]). These findings suggest that higher carotenoid levels in the blood may be clinically beneficial by helping to maintain lower UA levels, which could reduce the risk of developing hyperuricemia. However, lycopene showed no significant correlation with UA after adjusting for all covariates, the β and 95%CI was −0.01 [−0.09, 0.08], indicating variability in the effects of different carotenoids. When serum carotenoids were included in the linear regression model as continuous variables, similar results were found: there was a negative correlation between serum carotenoids and UA, while lycopene showed no significant correlation with UA level (Table 4).



TABLE 3 Associations between serum carotenoid levels by quartiles and serum uric acid levels.
[image: Table3]



TABLE 4 Associations between serum carotenoid levels as continuous variables and serum uric acid levels.
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3.3 Association between serum carotenoids and the risk of hyperuricemia

Table 5 presents the findings of examining the association between serum carotenoid levels and hyperuricemia risk. In all three models, the highest quartiles of all serum carotenoids were significantly negatively associated with the risk of hyperuricemia compared to their respective lowest quartiles. After adjusting for all covariates, the inverse associations remained robust for α-carotene (0.61 [0.49, 0.77]), β-carotene (0.67 [0.51, 0.86]), β-cryptoxanthin (0.69 [0.51, 0.88]), lutein/zeaxanthin (0.72 [0.56, 0.97]), lycopene (0.82 [0.67, 1.00]) and total serum carotenoids (0.73 [0.57, 0.92]). These results underscore the potential clinical value of maintaining adequate serum carotenoid levels, which may help lower the risk of hyperuricemia, likely due to the antioxidant and anti-inflammatory properties of carotenoids. When serum carotenoids were analyzed as continuous variables in the multivariate logistic regression model, a similar conclusion was reached: there was a negative correlation between serum carotenoid levels and the risk of hyperuricemia. This further supports the robustness of the inverse association across different analytical approaches (Table 6).



TABLE 5 Associations between serum carotenoid levels by quartiles and hyperuricemia.
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TABLE 6 Associations between serum carotenoid levels as continuous variables and hyperuricemia.
[image: Table6]

Figure 2 shows no significant nonlinear association between serum carotenoid, excluding lycopene, and hyperuricemia based on the RCS analysis. The corresponding OR = 1 values and serum concentrations were α-carotene (1.00, 2.71 μg/dL), β-carotene (2.58, 13.20 μg/dL), β-cryptoxanthin (2.07, 7.92 μg/dL), lutein/zeaxanthin (2.69, 14.73 μg/dL), and TSC (4.17, 64.72 μg/dL). Conversely, lycopene exhibited a statistically significant non-linear association with the likelihood of hyperuricemia (p-value for nonlinearity: <0.01), with an inflection point at 3.51 and a corresponding serum lycopene concentration of 33.45 μg/dL.

[image: Figure 2]

FIGURE 2
 RCS analysis of serum carotenoid with hyperuricemia.




3.4 Stratified assessment

Table 7 evaluated how confounding factors and specific populations affect the relationship between serum carotenoids and hyperuricemia risk, while Table 8 focused on their impact on serum carotenoids and UA levels. The results showed that serum carotenoids were significantly associated with hyperuricemia in most population groups, except among Other Hispanic, Other Race, and individuals with a PIR of 1.0–3.0 (p > 0.05). Additionally, we examined how various patient characteristics might influence the observed associations. The analysis found significant interactions with age, race, education, alcohol status, PIR, BMI, hypertension, CVD, and diabetes (P for interaction<0.05), suggesting that these factors may modify the relationship between serum carotenoid and hyperuricemia.



TABLE 7 Subgroup analyses of the relationship between TSC and hyperuricemia.
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TABLE 8 Subgroup analyses of the relationship between TSC and SUA levels.
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4 Discussion

This population-based study found that higher serum levels of carotenoids, including α-carotene, β-carotene, β-cryptoxanthin, lutein/zeaxanthin, and TSC, are associated with lower UA levels. However, lycopene showed no significant correlation with UA levels. Higher serum carotenoid levels were significantly associated with a decreased incidence of hyperuricemia. RCS analysis indicates no significant nonlinear association between α-carotene, β-carotene, β-cryptoxanthin, lutein/zeaxanthin, or TSC and hyperuricemia. In contrast, a potential nonlinear relationship was observed between lycopene and hyperuricemia, with an inflection point at 33.45 μg/dL. Subgroup analyses and interaction tests suggest that this positive correlation is consistent across different demographic groups.

Our findings are consistent with previous studies. An analysis of data from 10,893 adults in a national survey conducted from 2001 to 2006 in the United States found that β-carotene concentrations were inversely associated with UA levels (22). Another study using data from 14,349 participants in the third NHANES (1988–1994) found that β-carotene intake may help protect against hyperuricemia (23). However, our study is more comprehensive than previous research, as it examines the relationships between six major serum carotenoids and UA levels as well as hyperuricemia.

Oxidative stress, defined as an imbalance between reactive oxygen species (ROS) and the body’s antioxidant defenses, plays a key role in many chronic diseases, including hyperuricemia (24). Prolonged oxidative stress can damage critical tissues and cells, particularly in organs involved in UA metabolism, such as the liver and kidneys (25, 26). Carotenoids, a diverse group of phytochemicals synthesized by plants and microorganisms, exhibit strong singlet molecular oxygen quenching and free radical-scavenging activities, thereby protecting biological systems from oxidative damage (27, 28). It has been reported that lycopene can directly react with free radicals to form more stable products, interrupting the chain reaction of free radicals, preventing the initiation of lipid peroxidation, reducing oxidative damage to cell membranes, and protecting proteins and DNA from oxidative stress (29). Additionally, carotenoids inhibit xanthine oxidase, a key enzyme in UA production, thus reducing UA levels (30, 31).

Moreover, carotenoids possess significant anti-inflammatory properties. By inhibiting key inflammatory mediators, such as NF-κB and cytokines like TNF-α and IL-6, carotenoids can reduce systemic inflammation, which may indirectly contribute to lowering UA levels (32–34). Chronic inflammation has been linked to hyperuricemia, as demonstrated by cross-sectional studies showing a strong correlation between dietary inflammation and elevated UA levels (5).

Another key mechanism involves carotenoids’ role in modulating renal UA transport proteins. Carotenoids may influence the expression and function of urate transporters, such as URAT1, GLUT9, and OAT4, which are essential for UA reabsorption and excretion in the kidneys (35). By promoting the excretion of UA through these pathways, carotenoids can help maintain lower UA levels. Lutein and zeaxanthin also contribute to renal protection by preserving renal function, crucial for UA clearance (36, 37). Their combined antioxidant and anti-inflammatory actions protect renal tissues from damage, particularly in individuals with chronic kidney disease or impaired renal function, both of which are strongly associated with hyperuricemia (38).

Beyond these mechanisms, individual carotenoids may also impact metabolic pathways associated with hyperuricemia. For instance, β-carotene and lutein have been shown to improve insulin sensitivity, a key factor in enhancing UA excretion, as insulin resistance is known to impair this process (39, 40). Carotenoids may promote weight loss, lower blood glucose levels, and reduce blood lipid levels (41–43). These combined effects improve overall metabolic health, thereby reducing the risk of developing hyperuricemia. Additionally, emerging research suggests that β-carotene and α-carotene could influence gut microbiota composition, reducing intestinal absorption of purines and enhancing microbial degradation of UA, further contributing to the reduction of UA levels (33).

Most carotenoids, such as β-carotene and lutein/zeaxanthin, show a linear negative correlation with hyperuricemia. However, lycopene exhibits a different trend, with RCS analysis revealing a more complex, non-linear relationship between lycopene and hyperuricemia. This may be related to the unique bioactivity and metabolic characteristics of lycopene. Lycopene has a very strong antioxidant capacity, especially in quenching singlet oxygen. However, its unique structure (11 conjugated double bonds) makes its reactivity different from other carotenoids (44). Lycopene tends to accumulate in adipose tissue and the liver, which may affect its specific role in UA metabolism (45). In contrast, β-carotene, lutein, and other carotenoids are more widely distributed in different tissues and reduce serum UA levels through various mechanisms, including stronger anti-inflammatory effects and renal protection. Therefore, while lycopene is highly effective as an antioxidant, its ability to inhibit UA production and promote excretion may not be as consistent as other carotenoids. Future research should further explore the effects of lycopene and other carotenoids on UA metabolism under different doses and conditions.

Subgroup analysis further revealed that factors such as age, gender, and race modulate the relationship between carotenoids and UA or hyperuricemia. For example, the negative correlation between TSC and hyperuricemia is more pronounced in participants under 60 years old than in older individuals, suggesting that younger people may gain more protective effects from carotenoids. Regarding gender, the negative correlation between carotenoid levels and hyperuricemia is slightly stronger in women than in men, which may be related to women’s stronger carotenoid metabolism and antioxidant capacity (46). Race is also an important moderating factor. Subgroup analysis shows that the negative correlation between TSC and hyperuricemia is most significant among Mexican Americans, possibly due to their diet being richer in carotenoid-containing foods. Table 2 also indicates that participants with higher TSC levels tend to have higher education and income levels. These socioeconomic factors may promote an increase in carotenoid levels through healthier lifestyles, such as higher fruit and vegetable intake and reduced smoking and alcohol consumption. Subgroup analysis supports this view, as the negative correlation between TSC and hyperuricemia is more significant among individuals with higher education and income levels. Smoking appears to weaken the protective effects of carotenoids, as the negative correlation between TSC and hyperuricemia is less pronounced in smokers, likely due to increased oxidative stress that reduces carotenoids’ antioxidant capacity. In contrast, the relationship between TSC and hyperuricemia is stronger in drinkers, particularly heavy drinkers. This unexpected finding could be explained by the higher baseline prevalence of hyperuricemia in drinkers, as alcohol metabolism increases lactate levels, which compete with UA for excretion, leading to elevated serum UA levels. This higher UA level may provide more opportunity for carotenoids to exert their protective effects. The antioxidant and anti-inflammatory properties of carotenoids may help mitigate the oxidative stress and inflammation caused by alcohol, resulting in a stronger protective effect in this group. These findings highlight the complex interactions between carotenoids and lifestyle factors like smoking and alcohol consumption, warranting further research to understand how alcohol intake influences the health benefits of carotenoids, particularly in populations at risk for hyperuricemia.

The major strengths of this study are as follows. First, it is the first study to use a nationally representative sample to examine the association between serum carotenoids, UA, and hyperuricemia. Second, we adjusted for a broad range of potential confounding variables. Third, the accuracy and reliability of the data were enhanced by using trained staff who followed standardized protocols to assess the main information and conduct interviews with study participants. Our study also has some limitations. First, as a cross-sectional study, this study cannot establish causal relationships. Therefore, further prospective longitudinal studies are needed to confirm these findings. Second, due to limitations in data collection, we were unable to include other dietary factors related to UA levels, such as seafood and beer, in the adjustment model. Third, measuring serum carotenoids at a single point in time may not accurately reflect the effects of continuous exposure.



5 Conclusion

This study revealed a significant inverse relationship between serum carotenoids, except lycopene, and UA levels. Higher levels of serum carotenoids were significantly associated with a decreased incidence of hyperuricemia. For the general population, increased serum carotenoid levels may lower the risk of hyperuricemia, which could be valuable in developing preventive strategies.
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€GER, mL/min/1.73 m(IQR) 90.24(73.23, 106.47) 92,65 (77.32,109.27) 7539 (55.26,93.16) <0.001
Systolic blood pressure, mmHg(IQR) 120 (110, 134) 118 (110,132) 126 (114, 138) <0.001
Diastolic blood pressure, mmHg(IQR) 70(62,78) 70(62,78) 72(62,80) <0.001

Normally distributed continuous variables are described as means £ SEs, and continuous variables without a normal distribution are described as medians (interquarile ranges). Categorical
variables are presented as numbers (percentages). All estimates accounted for complex survey designs.
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Age (years)
Gender, n (%)
Female
Male
Race, n (%)
Non-Hispanic White
Non-Hispanic Black
Mexican American
Other Hispanic
Other Race/MultiRacial
Education, 1 (%)
Below high school
High school
Above high school
Alcohol consumption, 1 (%)
1-5 drinks/mouths
5-10 drinks/mouths
>10 drinks/mouths
Non drinks
Smoke, 1 (%)
Never
Current
Former
Poverty-income ratio, n (%)
<10
11-30
530
BMI, kg/m2 (IQR)
Diabetes, n (%)
Hypertension, (%)
CVD, n (%)
Medication histories, n (%)

Mean serum carotenoids, ug/
dLOQR)

Total serum carotenoids, ug/dL.
(IQR)

«carotene, ug/dL. (IQR)
p-carotene, ug/dL. (IQR)
p-cryptoxanthin, ug/dL (IQR)
Lutein and zeaxanthin, ug/dL
(IQR)

Lycopene, ug/dL (IQR)
Cholesterol, mg/dL (IQR)
Triglycerides, mg/dL (IQR)
Creatinine, mg/dL (IQR)

Blood urea nitrogen, mg/
dLOQR)

Glucose, mg/dL(IQR)
eGFR, mL/min/1.73 m*(IQR)

Systolic blood pressure,
mmHg(IQR)

astolic blood pressure,
mmHg(IQR)

Normally distributed continuous variables are described as means + SEs, and continuous variables without a normal distribution are described as medians (interquartile ranges). Categorical

Overall, N =13,561

4617 (16.83)

7,042 (51.93)

6519 (48.07)

7,091 (52.29)

2,683 (19.78)

2,796 (20.62)
475 (3.50)
516 (3.81)

3,941 (29.06)
3,263 (24.06)

6,357 (46.88)

8724 (6433)
295 (2.18)
587 (4.33)

3,955 (29.16)

6,944 (51.21)
3,035 (22.38)

3,582 (26.41)

2,290 (16.89)
6,114 (45.08)
5,157 (38.03)
28(24,31)
1,791 (1321)
4,320 (31.84)
1,569 (1157)

811 (5.98)

106(78,14.4)

64.(47,86)

27(14,5.1)
13(7,23)
9(5,11)

14(10,20)

22(15,30)
197 (173, 226)

114(77,175)

0.90 (0.80, 1.00)

12(9,16)

5.38(5.00,5.91)

90.24 (73.23,106.47)

120 (110, 134)

70 (62,78)

Q1, N =3,294

(<47 pg/dL)

45.76 (16.84)

1,564 (47.48)

1,730 (5252)

1,855 (56.31)
697 (21.16)
541(16.42)
102 (3.10)
99 (3.00)

1,124(34.13)
914/(27.75)

1,256 (38.12)

2,146 (65.15)
76 (231)
161 (4.89)

911 (27.65)

1,273 (38.64)
1,186 (36.00)

835(25.35)

674(20.46)
1,670 (50.70)
950 (28.84)
30 (25,34)
607 (18.43)
1,244 (37.77)
548 (16.67)

202(6.13)

6.1(50,7.0)

37(30,42)

12(0.7,1.8)
6(4,8)
4(3,5)

9(7,11)

14(9,18)
181 (157, 206)
124 (81, 182)

0.90 (0.80,1.00)

12(9,15)

5.50(5.07,6.22)
8931 (7177, 104.25)

122(112,136)

70 (62, 80)

variables are presented as numbers (percentages). All estimates accounted for complex survey designs.

Q2, N =3,269 (47—
64 pg/dL)

44.73 (16.94)

1,649 (50.45)

1,620 (49.55)

1,723 (52.7)
684(2093)
626 (19.15)

122(3.73)

114 (3.49)

961 (29.40)
836/(25.57)

1,472 (45.04)

2,110 (64.55)
66 (2.02)
147 (4.5)

946 (28.93)

1,567 (47.94)
859 (25.80)
843 (26.26)

589 (18.02)
1,501 (45.91)
1,179 (36.08)

29(24,33)
452(13.83)
1,040 (31.82)

397 (12.14)

208 (6.36)

92(85,9.9)

55(51,59)

20(13,33)
10(7,14)
7(5,8)

13 (10, 16)

22(16,27)
194 (170, 220)
118(78,179)

0.90 (0.80,1.00)
12(9,15)

538(5.00,5.95)
90.58 (74.12, 106.47)

120 (110, 134)

70(62, 78)

Q3, N =3,356 (64-
86g/dL)

4473 (16.94)

1712 (51.01)

1,644 (48.99)

1,693 (50.44)
654 (19.49)
754 (22.46)
123(3.67)

132(3.93)

925 (27.56)
807 (24.05)

1,624 (48.39)

2,190 (65.26)
79(235)
114 (3.40)

973 (28.99)

1,835 (54.68)
644 (19.19)

877 (26.13)

539 (16.06)
1478 (44.04)
1,339 (39.89)
28(24,31)
362 (10.79)
979 (29.18)
333 (9.92)
198 (5.90)

123(114,133)

74 (68, 80)

34(21,5.0)
16(11,22)
10(6,12)

16 (13, 20)

26(20,33)
201179, 231)
112(77,174)
0.90 (0.80, 1.00)
12(10, 16)

5.34(4.98,5.80)
9251 (75.78, 108.89)

110(118,132)

70 (62,78)

Q4, N =3,642
(>86 ug/dL)

4920 (16.53)

2,117 (58.13)

1525 (41.87)

1,820 (49.98)
648 (17.79)
875 (24.03)

128 (3.51)

171(4.69)

931 (25.56)
706 (19.38)

2,005 (55.06)

2,278 (62.55)
74(203)
165 (4.53)

1,125 (30.89)

2,269 (62.29)
346 (9.50)

1,027 (47.21)

488 (13.40)
1,465 (40.22)
1,689 (46.38)

26(23,29)
370 (10. 16)
1,057 (29.02)

291(7.99)

203 (557)

18.1(159,222)

108 (95, 133)

69(43,11.3)
33(23,50)
16(9,20)

22(18,29)

29(22,38)
215(190,242)
104 (71, 163)
0.90 (070, 1.00)

13(10, 16)

5.30(4.89,5.77)
88.53 (7134, 107.21)

120 (110, 132)

70 (62, 78)
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0

061 (050,0.73)
0.73 (059, 0.89)

0.6 (0.5, 0.80)

0.60 (0.48, 0.74)

0.62(052,0.74)

0.64(052,078)

0.61(0.42,0.87)

049 (0.27,0.88)

0.71 (046, 1.10)

0.61 (046, 0.80)

070 (0.54,091)
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0.69 (050, 095)
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0.84 (0,52, 1.09)
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0.67(0.55,082)

054 (0.41,0.70)

073 (0.53,1.00)

062 (0.48,0.81)

050 (0.36,0.69)

056 (0.44,0.72)

0.60 (0.45,0.79)

0.42(0.24,0.74)

0.54(0.24,1.24)

066 (0.32,1.36)
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065 (0.44,0.96)

0.42(0.31,0.56)

069 (0.44,0.98)
070 (0.50,0.99)
0.48(0.35,0.65)

0.60 (0.40,0.85)

0.44(0.34,0.56)

049 (0.28,0.86)

0.37(0.25,0.54)

0.48(0.37,0.63)
0381 (0.60,1.09)
0.44(0.32,0.60)

036 (0.22,0.59)
057 (0.46,0.70)
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056 (0.35,0.89)

061 (0.49,0.76)
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Carotenoids Range Model 1 Model 2 Model 3

a-Carotene

Q1 <14 1 1 1

Q 14-27 0.80(0.71,0.91) 0.86 (0.73, 1.00) 0.82(0.67, 1.00)
Q3 27-5.1 0.72(0.62, 0.84) 0.78 (0.65,0.94) 0.70 (0.57, 0.85)
Q >5.1 0.42(0.36, 0.49) 0.56 (0.48, 0.67) 0.61 (0.49,0.77)
P for trend <0.01 <0.01 <0.01

p-carotene

Q1 <7.29 J 1 1

Q 7.29-12.50 0.68 (0.59,0.79) 0.70 (0.59, 0.83) 0.68 (0.53,0.86)
Q3 12.50-22.85 0.58 (0.50, 0.67) 0.61(0.52,0.71) 0.59 (0.50,0.71)
Q4 >22.85 0.44(0.37,0.51) 0.53 (0.4, 0.64) 0.67 (0.51, 0.86)
P for trend <0.01 <0.01 0.02

p-cryptoxanthin

Q1 <458 1 1 1

Q 4.58-7.10 0.82(0.70, 0.96) 0.93(0.78, 1. 10) 0.96 (0.78, 1.17)
@ 7.10-1138 0.73(063,036) 091 (0.77,1.09) 095 (0.73,1.20)
Q >11.38 0.45 (038, 0.53) 0.60 (0.50, 0.72) 0.69 (0.51,0.88)
P for trend <001 <001 <001

Lutein and zeaxanthin

Q1 <10.10 1 1 1

Q 10.10-14.09 0.76 (0.66, 0.89) 0.80 (0.67, 0.96) 0.75(0.54,0.93)

@ 14.09-19.60 0,69 (0.60,030) 074 (063,087) 074 (0.61,090)

Q >19.60 0.61(051,0.73) 0.70 (0.57, 0.86) 0.72(0.56,0.97)

P for trend <001 <001 015
Lycopene

Q1 <15.10 1 1 v

Q 15.10-22.00 0.77 (0.67, 0.89) 0.87 (0.74, 1.02) 0.86 (0.66, 1.12)

@ 22.00-29.68 076 (067,087) 04 (0.72,098) 092(073,1.19)

Q >29.68 0.68 (0.60,0.78) 0.75 (0.63, 0.89) 0.82(0.67, 1.00)

P for trend <001 <001 021
Total Carotenoids

Q1 <47.20 1 1 1

Q 47.20-64.08 0.78 (0.70, 0.86) 0.81(0.73,0.90) 0.83 (0.68,0.98)

@ 64.08-85.86 0.62(054,072) 070 (061, 0.80) 0.69(0.55,087)

Q4 >85.86 0.45(0.38,0.52) 0.56 (0.47, 0.67) 0.73(0.57,0.92)

P for trend <001 <001 003

The serum carotenoids was categorized into four quartiles and tests for trend (p-trend) based on variable containing the median value for each quartiles. In-transformed serum carotenoids
also was utilized as continuous variables and p-value was used totest significance. Model 1 was a crude model with no adjusted covariates; Model 2 was adjusted for sex, age, race, poverty
atus, education, smoking status, alcohol status, and BMI; Model 3 was further adjusted for diabetes, hypertension, CVD, medication history, and serum creatinine based on Model 2.
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Carotenoids Model 1 Model 2 Model 3

«-Carotene 0.73(069,0.77), p <0.01 079 (0.74,084), p <0.01 0.80(0.73,0.87), p <0.01
p-carotene 0.67(0.63,072), p<0.01 0.71(066,0.77), p <0.01 0.75(0.68, 0.84), p <0.01
p-cryptoxanthin 0.68 (0.63,0.74), p <0.01 077 (0.70,085), p <0.01 0.82(0.73,093), p <0.01
Lutein and zeaxanthin 0.68 (061, 0.76), p<0.01 074 (0.65,085), p <0.01 0.77(0.65,091), p <0.01
Lycopene 0.79.(074,085), p <0.05 083 (0.76,091), p <0.05 0.84(073,097), p <005
Total Carotenoids 0,54 (049, 0.59), p <001 0.63(056,071), p <0.01 0.68(0.57,081), p <0.01

In-transformed serum carotenoids also was utlized as continuous variables and p-value was used to testsignificance. Model 1is  crude model without any adjusted covariates; Model 2is
adjusted for sex,age, race, poverty status, education, smoking status, alcohol consumption, and BMI; Model 3 further adjusts for diabetes, hypertension, CVD, medication history, and serum
ine, based on adjustments in Model 2.
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Remaining Participants
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