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Abstract

:

Lead (Pb) exposure is a well-established risk factor for dyslipidemia, and people are exposed to it in multiple ways daily. Dietary fiber is presumed to improve lipid metabolism disorders, but it is still unknown whether it can relieve the detrimental impact of Pb on dyslipidemia. We used publicly accessible data from the 2011–2016 cycles of the National Health and Nutrition Examination Survey (NHANES). A total of 2128 US adults were enrolled for the subsequent analysis. Heavy metal concentrations in blood were measured using inductively coupled plasma mass spectrometry (ICP-MS). A weighted logistic regression was conducted to calculate odds ratios (ORs) and 95% confidence intervals (CIs). The dose–response relationship between blood heavy metals and dyslipidemia was explored using a weighted restricted cubic spline (RCS) analysis. After fully adjusting for potential confounding factors (age, gender, race, education level, ratio of family income to poverty, marital status, body mass index, physical activity, waist circumference, smoke, alcohol drinking and history of metabolic syndrome, hypertension, and diabetes), a positive association between blood Pb levels and dyslipidemia risk was revealed (OR = 1.20, 95% CI: 1.03–1.40). Dietary fiber intake may significantly modify the association between blood Pb levels and dyslipidemia (p-interaction = 0.049), with a stronger association (OR = 1.26, 95% CI: 1.05–1.52) being revealed in individuals with an inadequate intake of dietary fiber (<14 g/1000 kcal/day), but a null association (OR = 1.01, 95% CI: 0.72–1.42) being observed in those with an adequate intake of dietary fiber (≥14 g/1000 kcal/day). Moreover, the weighted RCS analysis showed that compared with the average blood Pb exposure level (4.24 µg/dL), a lower blood Pb exposure level (3.08 µg/dL) may contribute to the risk of dyslipidemia in the group with an inadequate dietary fiber intake. Our findings suggest that Pb exposure in blood may be a risk factor for dyslipidemia. However, an adequate dietary fiber intake may offset the risk of dyslipidemia caused by blood Pb exposure. Since avoiding Pb exposure in daily life is difficult, increasing dietary fiber intake in the future might be a promising approach to alleviate dyslipidemia caused by Pb exposure.
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1. Introduction


Dyslipidemia, the abnormal metabolism of lipids, is a leading risk and preventable factor for metabolic syndrome, insulin resistance, and cardiovascular disease [1,2,3]. The diagnostic indicators of dyslipidemia involve triglyceride (TG), total cholesterol (TC), LDL-cholesterol (LDL-C), and HDL-cholesterol (HDL-C), and the most common type of dyslipidemia is hypercholesterolemia [4]. The World Health Organization estimated that almost 39% of adults worldwide had elevated TC levels in 2008 [4]. Moreover, the levels of both TC and non-HDL-C declined globally between 1980 and 2018, particularly in high-income North American countries, including the United States [4]. Despite this, from 2015 to 2018, 27.8% of US adults had raised LDL-C levels, 17.2% had low HDL-C levels, and 21.1% had elevated TG levels [5,6]. Therefore, as a major public health problem, interventions to promote the prevention and control of dyslipidemia are of great importance.



Dyslipidemia is co-caused by genetic and environmental factors [1]. Recently, studies have reported the harmful influence of environmental elements on lipid metabolism, such as heavy metals, air pollutants, polycyclic aromatic hydrocarbons, etc. [7,8,9]. Furthermore, exposure to environmental factors, notably heavy metals, may contribute to dyslipidemia through oxidative stress and inflammation [10,11,12]. Concentrations of blood heavy metals were considered more reliable indicators, reflecting the actual exposure levels of the body. Moreover, epidemiological studies have consistently revealed that the level of blood Pb was positively associated with the risk of dyslipidemia, but for other heavy metals, there was no definitive conclusion [10,13,14,15,16]. However, even low levels of exposure can pose chronic health risks, as people are prone to exposure to heavy metals in their daily lives through various ways, including contaminated air or soil, drinking water, or food [17,18,19]. Hence, avoiding heavy metal exposure in daily life is extremely difficult. Since dietary factors are closely associated with dyslipidemia [1], improving dyslipidemia caused by blood heavy metals exposure through dietary intervention may be a new approach.



Dietary fiber refers to non-digestible forms of carbohydrates, and numerous experimental studies have shown that dietary fiber is associated with the regulation of body weight and lipid levels [20,21]. Observational epidemiological studies in adults have also shown that dietary fiber is inversely related to body weight and contributes to modifying abnormal blood lipid levels [22,23]. In addition, increasing dietary fiber intake is the first-line therapy for patients with dyslipidemia who may receive an effective improvement [5]. Regretfully, most US adults did not meet the recommendation of dietary fiber intake, and the average intake of dietary fiber for adults globally continues to be low (<20 g/day) [24,25]. For this, there is an urgent need to promote increased dietary fiber intake among US adults, which may not only improve the dyslipidemia caused by heavy metal exposure but also bring many other health benefits [24].



In conclusion, blood Pb and dietary fiber may independently and inversely affect blood lipid levels. However, it is still unclear whether they have interactive effects in regulating dyslipidemia. Therefore, we used the data from the 2011–2016 cycles of the NHANES database to examine the association between blood Pb levels and dyslipidemia risk among US adults and whether dietary fiber can relieve the risk of dyslipidemia caused by Pb exposure. It is difficult to avoid exposure to Pb in people’s daily lives. Therefore, it is crucial to explore alternative strategies that are both practical and efficient in mitigating the harmful impact of lead on blood lipids. The purpose of this study was to provide a scientific foundation for preventing dyslipidemia and promoting lipid health through dietary fiber under exposure to Pb.




2. Material and Methods


2.1. Study Population


Publicly accessible data from the NHANES (a nationwide cross-sectional survey) 2011–2016 cycles were used and are available at https://www.cdc.gov/nchs/nhanes/ (accessed on 11 August 2023). According to the screening criteria, we excluded those without data for blood heavy metals and diet and those with unreasonable energy intake (<600 kcal/day or >5000 kcal/day), age < 20 years, current pregnancy, and missing data on dyslipidemia diagnosis and selected covariates. Finally, we included 2128 participants for the subsequent analysis (Figure 1).




2.2. Measurements of Heavy Metals in Blood by ICP-MS


Inductively coupled plasma mass spectrometry (ICP-MS) was conducted to determine heavy metal concentrations (Pb, lead; Cd, cadmium; Mn, manganese; THg, total mercury) in whole blood samples. Detailed information about the NHANES laboratory processes has been described in previous studies [26,27]. All reported test results also conform to appropriate quality control and quality assurance standards [26,28]. The lower limit of detection (LLOD) for heavy metals was as follows: 2011–2012 cycle: Pb, 0.25 µg/dL; Cd, 0.16 µg/L; Mn, 1.06 µg/L; THg, 0.16 µg/L; and 2013–2016 cycles: Pb, 0.07 µg/dL; Cd, 0.10 µg/L; Mn, 0.99 µg/L; and THg, 0.28 µg/L. As for the results below the lower limit of detection, the specific value (LLOD/√2), was used to fill in missing values.




2.3. Definition of Dyslipidemia


Dyslipidemia was defined as the presence of one of the conditions below in the participants: (1) self-reported dyslipidemia, (2) currently using hypolipidemic drugs, (3) total cholesterol (TC) ≥ 200 mg/dL, (4) TG ≥ 150 mg/dL, (5) LDL-C ≥ 130 mg/dL, and (6) HDL-C < 50 mg/dL (female) or <40 mg/dL (male) [29].




2.4. Dietary Assessment


Dietary information from participants was collected through 24 h recall interviews conducted on two non-consecutive days. The first day’s data were collected face to face at the Mobile Examination Center (MEC), while the second day’s data were obtained via telephone 3 to 10 days later. The food items and drinks were translated into grams. Nutrient values were calculated through the US Department of Agriculture Nutrient Database and the Food Patterns Equivalents Database [29].



According to the previous study, the first day’s data were used following the National Cancer Institute’s analytic recommendations because it provided a reliable estimate of mean intake at the population level [30]. Furthermore, we utilized only the first day’s data rather than the average of the two days, thus preventing a loss of study power and sample size and avoiding the use of dietary data obtained in two different ways. An energy density approach was used, which calculated energy-adjusted total dietary fiber intake (g/1000 kcal/day). Based on the US Dietary Guidelines 2020–2025, a daily dietary fiber intake of 14 g/1000 kcal/day was considered an adequate intake [31].




2.5. Covariates Definition


Based on the previous studies, the following factors were chosen as potential confounders in this study [7,32,33]: First, demographic data, including age (continuous variable), gender (male, female), education level (below high school, equivalent to high school, or college or above), race (Mexican American, non-Hispanic White, non-Hispanic Black, or other races), PIR (<1.3, low-income; 1.3–3.5, middle-income; >3.5, high-income) [29], and marital status (never married, married/cohabiting, widowed/divorced/separated) [34].



Second, lifestyles, including smoke, alcohol drinking, and physical activity (continuous variable). Smoke was grouped as never smokers (smoked less than 100 cigarettes in their whole life), current smokers (smoked at least 100 cigarettes in their whole life, still smoking now), and former smokers (smoked at least 100 cigarettes in their whole life, quit smoking now) [35]. Alcohol drinking was grouped as non-drinkers (<12 drinks/year), light-to-moderate drinkers (female, <1 drink/day; male, <2 drinks/day), and heavy drinkers (female, ≥1 drink/day; male, ≥2 drinks/day) [35]. Metabolic equivalent (MET) values differ depending on the type of physical activity, and we estimated the value of physical activity (MET·hour/week) using the recommended MET values from the NHANES [32].



Finally, other selected covariates, including BMI (continuous variable), waist circumference (continuous variable), diabetes, hypertension, and MetS. Participants were defined as having diabetes by the presence of one of the following conditions: (1) self-reported diabetes, (2) currently using hypoglycemic drugs, (3) fasting plasma glucose ≥ 7.0 mmol/L, (4) OGTT 2 h plasma glucose ≥ 11.1 mmol/L, or (5) glycated hemoglobin A 1c ≥ 6.5% [29]. Participants were defined as having hypertension if they had an average of three systolic/diastolic blood pressure (SBP/DBP) measurements ≥140/90 mmHg, self-reported hypertension, or were currently using antihypertensive drugs [29]. Participants were defined as having MetS by the presence of three or more of the following conditions: (1) WC ≥ 102 cm (male) or ≥88 cm (female); (2) TG ≥ 150 mg/dL or currently using drugs to reduce TG levels; (3) HDL-C < 50 mg/dL (female) or <40 mg/dL (male), or currently using drugs to increase HDL-C levels; (4) SBP/DBP ≥ 130/85 mmHg or currently using antihypertensive drugs; (5) fasting plasma glucose ≥ 5.56 mmol/L or currently using hypoglycemic drugs [36].




2.6. Statistical Analyses


All statistical analyses considered the complex survey design of NHANES to ensure national representation. According to NHANES official recommendations, a rule of “the least common denominator” was applied to choose the appropriate sample weight, and the six-year sample weight was constructed for the subsequent analysis.



Weighted mean ± standard error (SE) or numbers (weighted proportions) were utilized to characterize continuous and categorical data, respectively. Differences between the two groups (dyslipidemia and non-dyslipidemia) were compared using the weighted t-test (continuous variables) and the weighted chi-squared test (categorical variables).



A weighted logistic regression was used to calculate odds ratios (ORs) and 95% confidence intervals (CIs). The crude model was unadjusted. Model 1 was adjusted for age (continuous), gender, race, education level, PIR, marital status, BMI (continuous), and PA (continuous). Model 2 was fully adjusted for potential confounders, which further adjusted for WC (continuous), smoke, alcohol drinking, MetS, hypertension, and diabetes based on Model 1. In addition, the multi-metal model was constructed to adjust other heavy metals based on Model 2. The dose–response relationship between blood heavy metals and dyslipidemia risk was explored using a weighted restricted cubic spline (RCS) analysis. The reference value was set at the 50th percentile, and the knots (n = 4) were set at the 5th, 35th, 65th, and 95th percentiles.



The interactive effect of blood Pb and dietary fiber was tested by constructing a cross-product term of blood Pb levels (continuous variable) and total dietary fiber intake (binary variable, <14 or ≥14 g/1000 kcal/day) in the fully adjusted model. In addition, the interactive effect of blood Pb and other variables was also tested through a similar method. We also performed subgroup analyses to test the robustness of the results and to identify high-risk populations. All statistical analyses were conducted using R (Version, 4.1.2). A two-tailed p-value < 0.05 was deemed to be statistically significant.





3. Results


3.1. Baseline Characteristics


As shown in Table 1, among the 2128 US adults, 1134 (51.9%) were males, and the weighted mean (SE) of age was 44.9 (0.6) years old. The participants with dyslipidemia tended to be older, non-Hispanic White, widowed/divorced/separated, and had a higher BMI, a lower physical activity level, a higher WC, and a higher prevalence of hypertension, diabetes, and MetS. Moreover, the participants with dyslipidemia also had a higher level of blood Pb.




3.2. The Association between Blood Heavy Metals and Dyslipidemia


As shown in Table 2, the level of blood Pb was positively associated with dyslipidemia risk in the crude model (OR = 1.44, 95% CI: 1.24–1.68). After adjusting for age (continuous), gender, race, education level, PIR, marital status, BMI (continuous), and PA (continuous) in Model 1, a significant association between blood Pb levels and dyslipidemia persisted (OR = 1.21, 95% CI: 1.04–1.40). Then, in Model 2, the association between blood Pb levels and dyslipidemia was still robust after fully adjusting for potential confounding factors (OR = 1.20, 95% CI: 1.03–1.40). Nevertheless, we did not find a significant association between the other three heavy metals and the risk of dyslipidemia.



The multi-metal model was constructed for a sensitive analysis, and the concentration of blood Pb was also positively associated with dyslipidemia after fully adjusting for covariates and other heavy metals (OR = 1.20, 95% CI: 1.03–1.40).



Figure 2 demonstrates the dose–response relationship between blood heavy metals and dyslipidemia risk from the weighted RCS analysis. After fully adjusting for potential confounders, we found that when the level of blood Pb was higher than 4.24 µg/dL, the risk of dyslipidemia increased with the increased level of blood Pb. However, no association was found between other heavy metals and dyslipidemia.




3.3. Regulation of Dietary Fiber on Dyslipidemia Caused by Blood Pb Exposure


As shown in Supplementary Table S1, taking the inadequate intake of dietary fiber group (<14 g/1000 kcal/day) as a reference, we found a null association between dietary fiber and dyslipidemia in the fully adjusted model (OR = 1.05, 95% CI: 0.64–1.71). However, blood Pb and dietary fiber interacted with the risk of dyslipidemia (Supplementary Table S2), and the risk of dyslipidemia increased with the level of blood Pb but decreased with dietary fiber (OR = 0.68, 95% CI: 0.46–1.00, p = 0.049).



As shown in Table 3, after fully adjusting for potential confounding factors, a stronger association between dyslipidemia and blood Pb levels was revealed in the group with an inadequate intake of dietary fiber (OR = 1.26, 95% CI: 1.05–1.52). There was no significant association between blood Pb levels and dyslipidemia in the adequate intake of dietary fiber group (OR = 1.01, 95% CI: 0.72–1.42).



From the weighted RCS analysis, Figure 3 presents the dose–response relationship between the level of blood Pb and dyslipidemia risk in the groups with or without an adequate dietary fiber intake. After fully adjusting for confounding factors, the association between blood Pb levels and the risk of dyslipidemia disappeared in the participants with an adequate intake of dietary fiber. Among those with an inadequate intake of dietary fiber, we discovered that when the level of blood Pb was only higher than 3.08 µg/dL, the risk of dyslipidemia increased with the increased level of blood Pb.




3.4. Subgroup Analysis


Figure 4 shows the results of the association between dyslipidemia and blood Pb levels in different subgroups. After adjusting for other confounding factors, participants (males, low-income level, never married, non-obesity, high level of physical activity, heavy drinkers, no history of diabetes, and MetS) were more likely to suffer from dyslipidemia under Pb exposure, but their interactions with blood Pb were not statistically significant.





4. Discussion


Using data from the NHANES 2011–2016 cycles, a positive association was revealed between blood Pb levels and dyslipidemia. Moreover, a stronger association between dyslipidemia and blood Pb concentrations was detected in the group with inadequate dietary fiber intake, but a null association was observed in those with an adequate dietary fiber intake. This finding may provide a new way to alleviate the harmful impact of heavy metals on blood lipid health.



Recently, epidemiological studies have consistently discovered the association between blood Pb exposure and dyslipidemia. After adjusting for age, sex, BMI, family income, smoking, alcohol drinking, and physical activity, Kim et al. found that the level of blood Pb was positively associated with dyslipidemia risk among Korean adults [10]. Similarly, after adjusting for confounders, Wan et al. found a positive association between blood Pb levels and the risk of dyslipidemia in Chinese adults [14]. Furthermore, another two studies also found a consistent positive correlation between blood Pb levels and dyslipidemia in their multivariate adjusted models [13,15]. Based on the data from the NHANES 2011–2016 cycles, we discovered a positive association between dyslipidemia and blood Pb levels in this study. Currently, lead exposure may primarily contribute to lipid metabolism disorders through oxidative stress (OS) and inflammation [12,37,38,39]. Specifically, lead induces OS by damaging the antioxidant system and producing excessive reactive oxygen species (ROS) [37]. In addition, an overproduction of ROS can also trigger inflammation by activating the NF-kappaB pathway, which in turn exacerbates OS [39,40,41]. Ultimately, OS and inflammation result in impaired lipid metabolism and an elevated risk of dyslipidemia [12,37,38].



Except for heavy metals, dietary factors are also important for blood lipid health. Studies have shown that increased dietary fiber intake promotes the production of short-chain fatty acids (SCFAs) through gut microbial fermentation to improve lipid parameters in individuals [42,43]. Moreover, SCFAs exert antioxidant stress functions by regulating oxidoreductase, enhancing nuclear factor erythroid 2-related factor 2 (Nrf2), and restraining ROS and reactive nitrogen species (RNS) [44]. SCFAs also act as an anti-inflammatory agent by modulating cytokine generation and the function of immune cells [44]. In combination with the interactive effect analysis, we found that blood Pb and dietary fiber interacted with the risk of dyslipidemia. Since Pb promotes the occurrence of dyslipidemia through oxidative stress and inflammation, the beneficial impact of dietary fiber may explain why it could alleviate dyslipidemia caused by blood Pb exposure.



The subgroup analysis showed that there were differences in the association between blood Pb levels and the risk of dyslipidemia in populations with different characteristics. Consistent with the previous study, a significant association between blood Pb levels and dyslipidemia was found in the males rather than in the females, which may be due to males being more prone to exposure to Pb-contaminated environments, resulting in higher blood Pb levels [14]. Moreover, there were variations in racial composition among the dyslipidemia patients compared to the control group, which may be related to disparities in obesity, body fat percentage, and lean mass in different racial populations [45]. However, no significant differences were observed in the association between blood Pb levels and the risk of dyslipidemia among various racial populations. We also found that people who were unmarried, non-obese, and heavy drinkers and had a low income, a high physical activity level, and no history of diabetes or MetS were more likely to suffer from dyslipidemia under Pb exposure. Although their interactions with blood Pb were not statistically significant, the prevention of dyslipidemia in these populations also needs to be focused on in the future.



Our study also had some limitations. First, the cross-sectional design of this study makes it difficult to infer causality in comparison with prospective studies. Second, the assessment of dietary fiber intake relied on 24 h recall interviews, which may not reflect long-term intake. Third, due to the lack of data on Pb exposure levels in the external environment, it is impossible to analyze the impact of external exposure to Pb on blood lipid health.




5. Conclusions


There was a positive association between blood Pb levels and the risk of dyslipidemia among US adults. However, this association disappeared in those with an adequate intake of dietary fiber (≥14 g/1000 kcal/day). Therefore, increasing dietary fiber intake in the future might be a promising way to relieve dyslipidemia caused by blood Pb exposure, particularly in populations or regions with higher exposure levels of Pb or inadequate dietary fiber intake.
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Figure 1. Flow chart of participants screening in this study. PIR, ratio of family income to poverty; WC, waist circumference; BMI, body mass index; PA, physical activity; MetS, metabolic syndrome. 
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Figure 2. The association between dyslipidemia and blood heavy metals by weighted RCS analysis, NHANES 2011–2016. Adjusted for age (continuous), gender, race, education level, PIR, marital status, BMI (continuous), PA (continuous), WC (continuous), smoke, alcohol drinking, MetS, hypertension, and diabetes. 
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Figure 3. The association between dyslipidemia and the level blood Pb by weighted RCS analysis in the groups with or without adequate dietary fiber intake (g/1000 kcal/day), NHANES 2011–2016. Adjusted for age (continuous), gender, race, education level, PIR, marital status, BMI (continuous), PA (continuous), WC (continuous), smoke, alcohol drinking, MetS, hypertension, and diabetes. 
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Figure 4. Forest plot of subgroup analysis of the association between dyslipidemia and blood Pb levels, NHANES 2011–2016. 
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Table 1. Baseline characteristics were described based on the two groups (dyslipidemia and non-dyslipidemia), NHANES 2011–2016.
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	Baseline Characteristics
	Total

(n = 2128)
	Dyslipidemia

(n = 1499)
	Non-Dyslipidemia

(n = 629)
	p





	Age, years
	44.9 (0.6)
	48.3 (0.6)
	37.5 (0.7)
	<0.001



	Gender, n (%)
	
	
	
	0.238



	 Male
	1134 (51.9)
	796 (50.9)
	338 (54.1)
	



	 Female
	994 (48.1)
	703 (49.1)
	291 (45.9)
	



	Race, n (%)
	
	
	
	0.034



	 Mexican American
	249 (7.2)
	179 (7.1)
	70 (7.3)
	



	 Non-Hispanic White
	917 (69.4)
	652 (70.8)
	265 (66.4)
	



	 Non-Hispanic Black
	436 (11.1)
	294 (9.9)
	142 (13.7)
	



	 Other races
	526 (12.3)
	374 (12.2)
	152 (12.6)
	



	Education level, n (%)
	
	
	
	0.278



	Below high school
	332 (11.2)
	250 (11.9)
	82 (9.6)
	



	Equivalent to high school
	450 (18.8)
	325 (19.0)
	125 (18.3)
	



	College or above
	1346 (70.0)
	924 (69.0)
	422 (72.0)
	



	PIR, n (%)
	
	
	
	0.079



	 <1.3
	615 (19.4)
	419 (17.8)
	196 (22.8)
	



	 1.3–3.5
	791 (37.1)
	564 (37.7)
	227 (35.6)
	



	 >3.5
	722 (43.6)
	516 (44.5)
	206 (41.6)
	



	Marital status, n (%)
	
	
	
	<0.001



	 Never married
	474 (21.6)
	257 (16.8)
	217 (32.3)
	



	 Married/Cohabiting
	1280 (63.5)
	946 (65.9)
	334 (58.1)
	



	 Widowed/Divorced/Separated
	374 (14.9)
	296 (17.3)
	78 (9.6)
	



	BMI, kg/m2
	28.7 (0.2)
	29.7 (0.2)
	26.3 (0.3)
	<0.001



	PA, MET·hour/week
	79.2 (3.9)
	73.4 (4.4)
	92.3 (6.5)
	0.010



	WC, centimeter
	98.5 (0.6)
	101.6 (0.6)
	91.6 (0.7)
	<0.001



	Smoke, n (%)
	
	
	
	0.523



	 Never smoker
	1240 (58.9)
	850 (58.0)
	390 (61.0)
	



	 Current smoker
	412 (18.1)
	296 (18.2)
	116 (17.8)
	



	 Former smoker
	476 (23.0)
	353 (23.8)
	123 (21.2)
	



	Alcohol drinking, n (%)
	
	
	
	0.341



	 Non-drinker
	548 (20.1)
	399 (21.1)
	149 (17.9)
	



	 Light-to-moderate drinker
	230 (10.8)
	163 (11.0)
	67 (10.4)
	



	 Heavy drinker
	1350 (69.1)
	937 (67.9)
	413 (71.8)
	



	Prevalent hypertension, n (%)
	789 (33.5)
	653 (39.9)
	136 (19.1)
	<0.001



	Prevalent diabetes, n (%)
	363 (11.9)
	317 (15.5)
	46 (3.8)
	<0.001



	Prevalent MetS, n (%)
	809 (35.1)
	755 (47.5)
	54 (7.5)
	<0.001



	Total dietary fiber intake, g/1000 kcal/day, n (%)
	
	
	
	0.946



	 Inadequate intake, <14
	1895 (89.9)
	1335 (89.8)
	560 (89.9)
	



	 Adequate intake, ≥14
	233 (10.1)
	164 (10.2)
	69 (10.1)
	



	Pb, µg/dL
	1.26 (0.05)
	1.36 (0.07)
	1.04 (0.03)
	<0.001



	Cd, µg/L
	0.43 (0.01)
	0.43 (0.02)
	0.43 (0.03)
	0.959



	Mn, µg/L
	9.80 (0.09)
	9.80 (0.11)
	9.86 (0.16)
	0.645



	THg, µg/L
	1.41 (0.09)
	1.44 (0.10)
	1.36 (0.11)
	0.397







PIR, ratio of family income to poverty; WC, waist circumference; BMI, body mass index; PA, physical activity; MET, metabolic equivalent; MetS, metabolic syndrome. Weighted mean ± standard error (SE) or numbers (weighted proportions) were utilized to characterize continuous and categorical data, respectively. Differences between the two groups (dyslipidemia and non-dyslipidemia) were compared using the weighted t-test (continuous variables) and the weighted chi-squared test (categorical variables).













 





Table 2. The association between dyslipidemia and blood heavy metals by weighted logistic regression, NHANES 2011–2016.
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	Heavy Metals
	Crude
	p
	Model 1
	p
	Model 2
	p





	Pb (µg/dL)
	1.44 (1.24–1.68)
	<0.001
	1.21 (1.04–1.40)
	0.014
	1.20 (1.03–1.40)
	0.020



	Cd (µg/L)
	1.01 (0.79–1.28)
	0.959
	1.07 (0.82–1.39)
	0.601
	0.87 (0.64–1.18)
	0.356



	Mn (µg/L)
	0.99 (0.96–1.02)
	0.639
	0.99 (0.96–1.03)
	0.689
	1.00 (0.96–1.04)
	0.991



	THg (µg/L)
	1.02 (0.97–1.08)
	0.424
	1.01 (0.96–1.07)
	0.629
	1.04 (0.97–1.10)
	0.271







Crude, unadjusted. Model 1, adjusted for age (continuous), gender, race, education level, PIR, marital status, BMI (continuous) and PA (continuous). Model 2, further adjusted for WC (continuous), smoke, alcohol drinking, MetS, hypertension, and diabetes based on Model 1.













 





Table 3. The association between dyslipidemia and the level blood Pb by weighted logistic regression in the groups with or without adequate dietary fiber intake (g/1000 kcal/day), NHANES 2011–2016.






Table 3. The association between dyslipidemia and the level blood Pb by weighted logistic regression in the groups with or without adequate dietary fiber intake (g/1000 kcal/day), NHANES 2011–2016.





	Total Dietary Fiber Intake
	Case/Participants
	%
	OR (95% CI)
	p





	Inadequate intake, <14
	1335/1895
	70.4
	1.26 (1.05–1.52)
	0.015



	Adequate intake, ≥14
	164/233
	70.4
	1.01 (0.72–1.42)
	0.946







Adjusted for age (continuous), gender, race, education level, PIR, marital status, BMI (continuous), PA (continuous), WC (continuous), smoke, alcohol drinking, MetS, hypertension, and diabetes.
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