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Background

Few studies have examined the role of iodine in extrathyroidal function. Recent research has shown an association between iodine and metabolic syndromes (MetS) in Chinese and Korean populations, but the link in the American participants remains unknown.



Purpose

This study aimed to examine the relationship between iodine status and metabolic disorders, including components associated with metabolic syndrome, hypertension, hyperglycemia, central obesity, triglyceride abnormalities, and low HDL.



Methods

The study included 11,545 adults aged ≥ 18 years from the US National Health and Nutrition Examination Survey (2007–2018). Participants were divided into four groups based on their iodine nutritional status(ug/L), as recommended by the World Health Organization: low UIC, < 100; normal UIC, 100-299; high UIC, 300-399; and very high, ≥ 400. The Odds ratio (OR) for MetS basing the UIC group was estimated using logistic regression models for our overall population and subgroups.



Results

Iodine status was positively associated with the prevalence of MetS in US adults. The risk of MetS was significantly higher in those with high UIC than in those with normal UIC [OR: 1.25; 95% confidence intervals (CI),1.016-1.539; p = 0.035). The risk of MetS was lower in the low UIC group (OR,0.82; 95% CI: 0.708-0.946; p = 0.007). There was a significant nonlinear trend between UIC and the risk of MetS, diabetes, and obesity in overall participants. Participants with high UIC had significantly increased TG elevation (OR, 1.24; 95% CI: 1.002-1.533; P = 0.048) and participants with very high UIC had significantly decreased risk of diabetes (OR, 0.83; 95% CI: 0.731-0.945, p = 0.005). Moreover, subgroup analysis revealed an interaction between UIC and MetS in participants aged < 60 years and ≥ 60 years, and no association between UIC and MetS in older participants aged ≥ 60 years.



Conclusion

Our study validated the relationship between UIC and MetS and their components in US adults. This association may provide further dietary control strategies for the management of patients with metabolic disorders.
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1 Introduction

The metabolic syndrome (MetS) (1) is a collection of metabolic abnormalities that include central obesity (Waist Circumference), triglycerides (TG), high-density lipoprotein cholesterol levels(HDL-C), hypertension, and glucose abnormalities. Its prevalence is increasing as society’s economic development and lifestyle change (2, 3). There is also a growing concern about the metabolic disease because it may increase the risk of not only all-cause mortality (4) but also increase cardiovascular disease, type 2 diabetes, and specific cancers (5, 6). Multiple interactions between environmental, metabolic, and genetic factors play a role in the pathogenesis of metabolic syndrome (7). Dietary changes are also thought to be a factor in the rising prevalence of metabolic disorders (8). Therefore, identifying relevant factors can help to prevent or reduce the occurrence of metabolic syndrome.

Iodine is an indispensable micronutrient for the human body. It regulates the growth and development of the body and tissue forms largely through the synthesis of thyroid hormones (9). Iodine is almost completely absorbed by the tiny intestine, while it is excreted mainly through the kidneys (10). The main sources of iodine in the diet are seafood (such as fish, crustaceans, and shellfish), eggs, milk, and products rich in iodine (11). The consumption of appropriate dietary iodine is essential for the maintenance of normal thyroid function. Iodine abnormalities (including iodine deficiency and iodine excess) are associated with goiters and abnormal thyroid function, which can increase the incidence of autoimmune thyroiditis and the risk of thyroid cancer (12, 13). Furthermore, iodine abnormalities can lead to developmental disorders, mental disorders, hearing loss, lower intelligence, and increased mortality in children (14, 15), as well as infertility, neurocognitive disorders, and narcolepsy in adults (16, 17).

Numerous studies have been conducted on iodine and thyroid-related diseases (18, 19). However, research on the effects of iodine on tissues and organs is limited. A few studies have shown that high or low levels of iodine in the body can directly or indirectly affect blood glucose, blood pressure, and lipid metabolism (20), but the results are not entirely consistent. Studies have confirmed that the prevalence of the metabolic syndrome is strongly related to regional economics and ethnicity, and varies by geographic location (21). The relationship between iodine and metabolic syndrome in American adults is currently unclear. The purpose of this study was to determine the impact of abnormal iodine consumption on metabolic syndrome in American adults. It will provide some reference to the effects of abnormal iodine on organs other than the thyroid gland.



2 Materials and methods



2.1 Study population

Data from six contiguous cycles of the National Health and Nutrition Examination Survey (NHANES) from 2007-2018. The data is publicly released on a two-year cycle and all of it used in the manuscript can be available on the website: https://wwwn.cdc.gov/nchs/nhanes/search/default.aspx. The NHANES is based on a stratified, multistage, and probability cluster designed and is mobilized by the National Center of Health Statistics of the Centers for Disease Control and Prevention to ensure sample representativeness (22). Participants were invited to stay at home or at a mobile examination center (MEC), where they were questioned about relevant demographic information, lifestyle, and diet and performed blood tests by professionally trained staff. The total sample size from 2007 to 2018 was 21,546 participants, of which 15,808 were 18 years and older. We excluded people with missing information on urinary iodine and metabolic syndrome as well as those with extreme values of iodine (> 99th percentile). Furthermore, we excluded data for missing demographics (1,211), relevant diet (376), lifestyle (1852), and related disease history (376), yielding a final sample of 11,545. Additional details about the study’s sampling and exclusion criteria are shown in Figure 1. The data was analyzed between November 2022 and January 2023. The study design strictly adheres to the guidelines of STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) (23). Furthermore, the National Center for Health Statistics Research Ethics Review Board approved this study, and participants provided written informed consent. And Continuation of Protocol #2005-06, Protocol #2011-17, Continuation of Protocol #2011-17, and Protocol #2018-01 are the ethics approval numbers.




Figure 1 | The Flow Chart of Inclusion and Exclusion in the study.





2.2 Diagnosis of metabolic syndrome

Metabolic syndrome (MetS) was defined according to the National Cholesterol Education Program/Adult Treatment Panel III criteria (NCEP-ATP III) (24), an update of the criteria proposed by the International Diabetes Federation and the World Health Organization, and was determined by meeting three to five of the following components (1): Central obesity: Waist Circumference (WC) ≥ 102 cm in men or ≥ 88 cm in women (2); hypertension: blood pressure ≥ 130/85 mmHg or hypertension history or treatment with antihypertensive medication (3); Diabetes: history of diabetes, glycosylated hemoglobin (HbA1c) > 6.5%, fasting glucose (mmol/L) ≥ 7.0, or medication used to treat diabetes (4); high TG: TG ≥ 150 mg/dL or pharmacological treatment of TG (5); low HDL-C: HDL-C < 40 mg/dL for men and < 50 mg/dL for women or using anti-lipid abnormalities. In NHANES, blood pressure was measured by a trained technician according to a standard protocol, using a manual mercury sphygmomanometer to measure the blood pressure of the participants, with every individual being measured three times (25). Since the first reading record was continuously higher than the second and third, while the latter two were closer. Therefore, if there are three measurements recorded, we would discard the first blood pressure reading and select the average of the second and third blood pressure readings for analysis. The average blood pressure was calculated by the following protocol (1): The diastolic reading with zero is not used to calculate the diastolic average (2); If all diastolic readings were zero, then the average would be zero (3); If only one blood pressure reading was obtained, that reading is average (4); If there is more than one blood pressure reading, the first reading is always excluded from the average.



2.3 Urinary iodine concentrations

Because almost all iodine ingested in the body is excreted in the urine (26), iodine is mostly present in the body as urine iodine. The World Health Organization (WHOs) also recommends that urine assessments be used to measure iodine levels in people (27). And Several studies have shown that urine iodine can be used as a proxy measure of dietary iodine content (28, 29). To sum up, urinary iodine concentration (UIC) was used indirectly as an indicator to estimate iodine consumption in the study, as there was a good correlation between iodine content in urine and intake. UIC as the most appropriate biochemical marker, which was determined by inductively coupled plasma dynamic reaction cell mass spectrometry (ICP-DRC-MS) (30). In NHANES, on-site urine samples were used to assess the nutritional status of iodine, while laboratory methods for the determination of UIC are publicly available (31). Urine iodine (µg/L) was divided into five groups from low to high according to the WHO guidelines: low UIC, < 100; normal UIC, 100-299; high UIC, 300-399; and very high, ≥ 400 (32).



2.4 Covariate assessments

Selecting covariates based on clinical experience, previous literature, and the statistical significance of reason. The questionnaire collected information on age, gender, race/ethnicity, education, income, alcohol consumption, smoking, physical activity, disease history, and medication history. Race/ethnicity was categorized as Mexican American, non-Hispanic white, non-Hispanic black, or other. Education levels were classified as below high school; high school grad/GED (General education development diploma) or Equivalent (33); above high school. Two categories of the annual family income were considered: “above $20000”, and “below $20000”. Participants were categorized as “mild”, “moderate”, “heavy”, and “no” based on the number of drinks per day he/she had drunk in 1 year. Participants who are “mild” were considered to be drinking alcohol ≤ 1 drink in women in 1 year or ≤ 2 drinks in men in 1 year; Participants who are “moderate” were considered to be drinking alcohol ≤ 2 drinks in women in 1 year or ≤ 3drinks in men in 1 year; Participants who are “heavy” were considered to be drinking alcohol ≥ 3 drinks of women in 1 year or ≥ 4drinks of man in 1 year; Participants who drank before last year but don’t drink now and those who never drank before are defined as “no” (34). Smoking status was defined as the numbers and timeline of cigarettes in life: “never” (smoked less than 100 cigarettes); “former” (smoked more than 100 cigarettes in life and smoke not at all now); “now” (smoked more than 100 cigarettes in life and smoke some days or every day now). Physical activity was measured based on the scores of the Metabolic Equivalent Task (MET) (35). Weekly as well as monthly exercise was converted to daily activity. The MET scores for vigorous-intensity work and vigorous recreational activities were calculated by multiplying by eight. You can get their MET score by multiplying cycling or walking, moderate-intensity activity, and moderate recreational activity by four. Cancer disease history was defined by a doctor’s diagnosis of cancer. The diagnosis of thyroid disease includes the use of thyroid medications and patients who have been diagnosed with thyroid disease by a physician. Other corresponding biochemical data such as Uric acid (umol/L), Triglyceride (mmol/L), HbA1c (%), HDL-C (mmol/L), LDL-C (mmol/L), Total cholesterol (mmol/L), and fasting glucose (mmol/L) were obtained from the blood Hemal Biochemistry file. Glomerular filtration rate (eGFR) (36) was calculated using the Chronic Kidney Disease Epidemiology Collaborative (CKD-EPI) formula,1:eGFR (mL/minute/1.73 m2) = 141*min(SCr/κ, 1) α*max(SCr/κ, 1)-1.209*0.993 age *1. 018 if female*1.159 If non-Hispanic black, where SCr is serum creatinine, κ is 0.7 for females and 0.9 for males, α is -0.329 for females and -0.411 for males, min indicates the minimum value of SCr/κ or 1, and max indicates the maximum value of SCr/κ or 1. Fasting glucose (37) tests were performed in the morning after a 9-hour fast, and after the initial venipuncture, participants were asked to drink a calibrated dose of TrutolTM (usually containing 75 g of glucose) and to perform a second venipuncture for 2 hours (plus or minus 15 minutes) after drinking TrutolTM for the OGTT. FT4 and TSH comes from the thyroid Profile, and the detailed instructions for specimen collection and handling are well documented in the NHANES Laboratory/Medical Technician Procedure Manual (38). For example, the TSH was obtained by Access HYPERsensitive human thyroid-stimulating hormone (hTSH) assay, which is a 3rd generation, two-site immunoenzymatic (“sandwich”) assay.



2.5 Statistical analysis

We considered complex sampling designs and sample sizes during data analysis according to NHANES analysis guidelines (39). And the present data can represent a sample population of 67,771,194. Continuous variables were expressed as weighted means with standard deviation, whereas categorical variables are presented as cases (n) and percentage (%) categorical variables compared using Rao Scott’s χ2 test. One-way ANOVA was used to compare differences between groups. A multivariate logistic regression model was used to calculate the Odds ratio (OR) and 95% CI for the relationship between UIC and the prevalence of MetS, and the categorical normal group of UIC (≥ 100µg/L and < 300µg/L) was used as a reference. The crude model was not adjusted. Model 1 was adjusted for age and gender. Model 2 was adjusted for age, gender, education levels, race/ethnicity, smoking status, alcohol consumption, and physical activity. Model 3 was adjusted for Uric acid, eGFR, salt intake, energy intake, fish and shellfish intake, cancer, thyroid disorders, and the covariates of Model 2 besides. We investigated the continuous relationship between UIC (log10) and MetS by fitting a restricted cubic spline model at the 5th, 35th, 65th, and 95th percentiles of UIC (log10) (22). In addition, we further analyzed the relationship between UIC and the components of MetS. All analyzes were performed using the statistical software package R (http://www.r-project.org; version 4.2.2, The R Foundation) and Free Statistics software versions Statistics 1.7. And a two-sided p-value of less than 0.05 indicates a denoted statistically significant difference.




3 Results



3.1 Participant characteristics according to UIC

In this study, we selected nine continuous NHANES cycles (2007–2018) and focused on 11,545 adults with the completed interview, MEC examination, and laboratory examination in the US (≥18 years). Among the all participants in the study 5,740 (49.7%) females and 5,805 (50.3%) males were recruited, and a total of 3,200 participants had MetS. Based on the weighted analyzes, the mean UIC of total participants was 187.86 µg/L (IQR,184.58-191.14), which includes the recommended range by the WHO (IQR: 100-299µg/L), and those with education above high school accounted for 51.1%, and most of the participants were non-Hispanic white (44.5%). Participants with very high UIC whose value of glucose, triglyceride, and glucose of OGTT was higher and participants with low UIC were more likely to be female, non-Hispanic white, with higher annual household income, obesity, non-hypertensive, mild drinkers, nonsmokers, individuals who consume more fish or shellfish and with lower HbA1c (%). Hypertension, physical activity, systolic pressure, Sodium intake, and total cholesterol had no significant differences between the groups by UIC (p > 0.05). The baseline characteristics of the participants are summarized in Table 1.


Table 1 | Baseline characteristics of participants with respect to urinary iodine.





3.2 Prevalence of MetS and its components in different UIC groups

Table 2 showed the prevalence of MetS was associated with UIC, and this relationship was found in both females and males. The overall prevalence of MetS was 27.7%. High waist circumference is the most common component of MetS, followed by hypertension, high TG levels, low HDL-C levels, and elevated glucose levels. When stratified by UIC, the prevalence of metabolic syndrome was 22.2%, 27.0%, 32.6 and 29.4% in the low-iodine, normal-iodine, and high-iodine, and very high-iodine groups, respectively. The prevalence of metabolic syndrome was significantly different among different UIC groups (p < 0.001). When analyzing the prevalence of each component of MetS in different UIC subgroups, we found that only hypertension was not statistically different from the UIC group (p = 0.99), while all other components were statistically different from the UIC subgroup (all p values < 0.05). In the gender subgroup, glucose abnormalities were statistically significant in different UIC groups in men (p = 0.006), however, this association was not seen in women (p = 0.125). Meanwhile, all other four groups were statistically different in the gender subgroup from the different UIC subgroups (p < 0.05).


Table 2 | Prevalence of metabolic syndrome and its components in US adults with different urinary iodine concentration.





3.3 The relationship between UIC and the risk of MetS and components

The OR and corresponding 95% CI of the risk for MetS according to UIC (log10) and four UIC groups are summarized in Table 3. When UIC was a continuous value, a multivariate regression model was used to adjust for other possible confounding factors, including demographic factors, chronic illness, lifestyle habits, dietary factors, and thyroid hormones. We found that with each log-unit increase in UIC level, there was a corresponding 50% increase in the probability of developing MetS (OR, 1.50; 95% CI, 1.275-1.756; p < 0.001). The same trend was observed in the category of low UIC group (< 100µg/L) has a protective effect on MetS (OR, 0.82; 95%CI, 0.708-0.946; p = 0.007) and high UIC group (300-399µg/L) has an adverse effect on MetS (OR, 1.25; 95%CI, 1.016-1.539; p = 0.035) compared to the normal group of UIC, adjusting for all relevant covariates in Table 3. The relationship between the risk of other MetS components and UIC was similarly validated. Furthermore, restricted cubic splines showed the relationship between UIC and MetS and components of MetS in Figure 2. And a p-value less than 0.05 shows non-linearity, while a p-value greater than 0.05 represents a linear relationship.


Table 3 | Multiple logistic regression between UIC and MetS and its components.






Figure 2 | Restricted cubic spline plot of the association between UIC and MetS and components in participants of American adults (age ≥ 18). (A) Prevalence of metabolic syndrome (MetS); (B) Prevalence of diabetes mellitus (Diabetes); (C) Prevalence of obesity; (D) Prevalence of hypertension; (E) Prevalence of low High-density lipoprotein (low-HDL-C); (F) Prevalence of triglycerides (TG). Adjusted for age, sex, race/ethnicity, education, annual family income, smoking status, alcohol intake, physical activity, thyroid problems, cancer, energy intake, fish or shellfish intake, sodium intake, eGFR (Glomerular filtration rate), TSH, and FT4.



The association between blood glucose abnormalities and UIC (log10) showed an inverted u-shaped curve with a maximum point of 2.14 µg/L and a non-linear p < 0.001 (Figure 2). Figure 2 demonstrated an approximately inverted U-shaped relationship between obesity and UIC (log10) (non-linear p < 0.001). Table 3 showed that the very high UIC group (≥ 400 µg/L) was associated with a lower occurrence of glucose abnormalities compared to the normal group UIC (OR, 0.68; 95%CI, 0.542-0.855; p = 0.001), but the incidence of reducing obesity was associated with lower UIC (OR, 0.83; 95%CI, 0.731-0.945; p = 0.005). In addition, we further analyzed the relationship between BMI and UIC in Table S1. We found a positive correlation between urinary iodine and BMI (Coefficient,1.97; 95% CI: 1.591 2.355; p < 0.001). And BMI was lower in participants with low UIC compared to those with the normal UIC group (Coefficient, -1.29; 95% CI: -1.644 to -0.936; p < 0.001). Because there is co-linearity between BMI and waist circumference (40), we did not adjust BMI in the process of data analysis. The results in Table S1 once again verify the accuracy of the relationship between obesity and UIC, which is the component of MetS in Table 3. At the same time, Lower UIC favored lower HDL-C (OR, 0.81; 95%CI, 0.732-0.894; p < 0.001), whereas higher UIC (300-399ug/L) increased the incidence of HDL-C (OR, 1.30; 95%CI, 1.043-1.630; p = 0.020), although the 95% CI in the very high UIC group spanned 1. Furthermore, Low UIC (< 100µg/L) was associated with lower TG levels but the incidence of TG levels was higher when UIC was ≥ 300µg/L. However, the occurrence of hypertension was not associated with UIC both higher and lower UIC compared to normal UIC. There was a linear relationship between hypertension, HDL, TG, and UIC (log10) with their p of non-linear were 0.112,0.869, and 0.663 in Figure 2, respectively.

We performed further sensitivity analysis. After excluding 10.5% of patients with thyroid disease, we also analyzed the relationship between different UIC levels and the metabolic syndrome and its components, as shown in Table S2. We found that low UIC (<100ug/L) was associated with a higher incidence of hypertension, and there was no statistical difference between UIC (<100ug/L) and metabolic syndrome. Additional results were consistent with those already analyzed in patients without thyroid exclusion in Table 3. In addition, the results of the subgroup analysis of age, sex, race, and thyroid disease are presented in Figure 3. After adjusting for education, annual family income, smoking status, alcohol intake, physical activity, cancer, energy intake, fish or shellfish intake, sodium intake, eGFR, TSH, and FT4, we found an interaction in the age stratification (p = 0.003), with a positive association between UIC (log10) (continuous variable) and MetS when the age was less than 60, while there was no statistically significant association in the participants with age ≥ 60. However, there was no interaction between UIC and MetS in the other subgroups as shown in Table S3.




Figure 3 | Association Between UIC (log10) and metabolic syndrome (MetS). Each stratification was adjusted for age, sex, race/ethnicity, education, annual family income, smoking status, alcohol intake, physical activity, thyroid problems, cancer, energy intake, fish or shellfish intake, sodium intake, eGFR (Glomerular filtration rate), TSH, and FT4.






4 Discussion

This study evaluated a nationally representative sample of American adults and discovered a positive correlation between UIC and the risk of MetS, though after controlling for potentially significant confounders. We also discovered a non-linear relationship between UIC and MetS in the fully adjusted model (non-linear p = 0.017). We investigated the prevalence of MetS and its components in participants aged ≥ 18 years in this cross-sectional study based on US NHANES data, as well as the relationship between iodine status and MetS and their components. We not only demonstrated the relationship between UIC (log10) and MetS and their components, but we also looked into it in different UIC strata. We found that UIC of < 100µg/L was significantly associated with obesity and, low HDL-C, MetS, and TG. There is also a significant correlation between UIC and MetS, low HDL-C, and TG when UIC is between 300 and 399 ug/L. And the UIC of ≥ 400µg/L was linked to fewer glucose abnormalities. However, after adjusting for confounders, there was no significant association between each UIC group and hypertension compared to the normal group.

In the sensitivity analysis, we found that low urinary iodine (UIC<100ug/L) was associated with a higher incidence of hypertension, and there was no statistical difference between urinary iodine (UIC<100ug/L) and metabolic syndrome. Other results were consistent with those already analyzed in patients without thyroid exclusion. According to the data presented above, high UIC may be potentially protective against the development of blood glucose abnormalities and have a positive correlation with low HDL-C levels, TG, and MetS. However, low iodine UIC is potentially protective against low HDL-C levels, TG, and obesity. As a result, the detection of iodine has a crucial role in metabolic disorders.

To our knowledge, studies have investigated the relationship between iodine and metabolism-related diseases and support our results. A study of the relationship between iodine and MetS in Central American children and parents confirmed that high iodine concentration increases the incidence of MetS in adults (41). In the study, we also found that lower UIC was associated with a lower incidence of metabolic syndrome, whereas this association was not found after excluding participants with thyroid disease. A cross-sectional study of epidemiology in China indicated that the association between UIC and MetS was not present in iodine deficiency (<100µg/L) in non-thyroid disease populations (42). Similarly, Kim et al. found no association between iodine intake and MetS risk in male Korean adults ≥ 19 years of participants with normal thyroid function (43). In the present study, UIC was negatively associated with the prevalence of diabetes, TG levels, and low HDL levels at ≥ 400 µg/L, ≥ 300µg/L, and < 100 µg/L, respectively. A nationwide cross-sectional epidemiological study from China discovered a link between UIC ≥ 300μg/L and dyslipidemia, which also supports our results (42). Following that, a randomized controlled trial of iodine supplementation in overweight women reported that iodine supplementation reduced the incidence of hypercholesterolemia (44). One study reported that mild iodine deficiency (100-150μg/L) was associated with an increased risk of gestational diabetes (45). Larsson et al. observed that adequate iodide levels improved insulin secretory function in isolated pancreatic islets during glucose-stimulated insulin secretion (46). we also found that low urinary iodine (UIC<100ug/L) was associated with a higher incidence of hypertension in participants without thyroid disorders exclusion, but there was no significant correlation between each UIC group and hypertension compared to the normal group in all participants without excluding those who were thyroid disease. Next, an Indian cross-sectional study (47) showed that iodine levels were negatively correlated with age and SBP (42). A study (31) of US adults from 2010 found that current hypertension or a history of hypertension was also not significantly associated with iodine deficiency or high iodine status in men and women compared to those who did not have hypertension. Furthermore, a cross-sectional study (42) from TIDE data showed that UIC <100 μg/L was associated with hypertension (OR, 1.097;95%CI:1.035-1.162) in participants without thyroid disorder. Moreover, our study shows that UIC is positively associated with obesity and BMI. Pablo and his colleague’s study of 10 public elementary schools in 50 cities in the Mexican state of Queretaro showed the same positive relationship between the median UIC and the median body mass index (BMI) in each school (48). And Farebrother et al. recently studied the iodine nutritional status of multiracial obese pregnant women from inner-city areas in the United Kingdom and found that lower iodine status was associated with lower birth weight (49).

However, some studies contradict our findings. Several clinical trials have reported a negative association between high UIC and dyslipidemia and MetS. According to the Riyadh Cohort Study (50) found that UIC was significantly lower in type 2 diabetic patients than in healthy controls. The survey, which Lee and his colleagues completed in 2016, confirmed that individuals in the lowest UIC 10th percentile had a higher probability of dyslipidemia than adults above the 10th percentile and that UIC was protective against low HDL-C in the United States (51). In a Chinese study on iodine and dyslipidemia in drinking water, HDL-C was found to be negatively correlated with iodine in water in the excess iodine group (52). Subsequently, the TIDE study (42) confirmed that a slightly higher UIC (300-399µg/L) had a protective effect on reducing MetS, which is inconsistent with our results. In our nationally representative epidemiological cross-sectional survey, we discovered that slightly higher UIC (≥ 300µg/L and < 400µg/L) was associated with higher levels of TG and a higher prevalence of MetS when compared to normal UIC. An animal test discovered that TG levels in male mice and TG levels in female mice in the excess iodine group were much lower than in the normal iodine group (53). A study (20) from Shanxi verified that excessive iodine intake may result in elevated blood glucose and blood pressure. Moreover, a Korean multi-rural community cohort study (47) found no significant relationship between dietary iodine, seaweed consumption, and waist circumference in postmenopausal women. In contrast, a review (54) reported that low UIC increased the prevalence of obesity. These differences can be explained by a variety of reasons. First, it is possible that the iodine was collected in different ways, for example, some studies used on-site urine samples, others conducted 24-hour collections, and still, others used aqueous iodine concentrations; in addition, there were also subtle differences in the definitions of the studies’ outcomes. Furthermore, differences in ethnicity, age, and national populations, as well as differences in salt intake, may also account for the disparities.

The physiopathological mechanisms and explanations of iodine and metabolic disorders are currently unclear and rare, but the following points may help to explain them. First, the potential effect of excess iodine on MetS and components may be due to the interaction of nutrients with thyroid hormones (55). Although iodine intake and status are not directly related to thyroid hormone levels, both severe iodine deficiency and severe iodine excess can lead to hypothyroidism (56). TSH has been found to be positively correlated with triglycerides (57) and the balance of insulin resistance (58). Second, chronic inflammatory states and oxidative stress appear to be central to the pathophysiology of MetS. Excess iodine puts cells in a state of high oxidative stress, which predisposes them to organ damage and is detrimental to disease recovery (59). Moreover, iodine functions as both a pro-oxidant and an antioxidant (60, 61), and it can balance oxidative homeostasis at the physiological and molecular levels of the cell (62). For example, iodine acts as a free radical and can prevent the reaction of iodinated tyrosine, histidine, and some polyunsaturated fatty acids from reacting with oxygen radical double bonds (63). As a result, thyroid function is limited when iodine is insufficient, thus reducing the rate of metabolism in order to reduce the risk of MetS and dyslipidemia. Similarly, when iodine is higher, thyroid hormones are produced more, leading to increased metabolism to further increase the risk of MetS and dyslipidemia. The association between excess UIC and reduced incidence of diabetes could be explained by the anti-inflammatory and antioxidant effects of iodine, as well as the decreased rate of liver glycogen synthesis due to excess iodine-induced hypothyroidism. Low urinary iodine may lead to decreased thyroid hormone levels, which in turn affect the function of the cardiovascular system and increase the incidence of hypertension. In addition, low urinary iodine may also affect kidney function, resulting in an imbalance of water and sodium balance in the body, which may also indirectly lead to the occurrence of high blood pressure. Thus, low UIC is associated with an increased risk of hypertension in participants with normal thyroid function. When iodine is deficient, insufficient thyroid hormone production reduces the body’s demand for energy, which may influence participants’ behavior, such as reducing energy intake, resulting in decreased fat synthesis, and thus reducing the incidence of obesity.

This study has several advantages. Firstly, this study includes data accumulated in the NHANES database, which covers states across the United States, visiting 15 of these counties each year. Therefore, the sample size was adequate. Secondly, we adjusted for diet, lifestyle habits, demographic information, thyroid medications, and thyroid disease in the full model. However, there are also some limitations in this study. Firstly, this is a cross-sectional survey, and the causal relationship between UIC and MetS and their components cannot be established. Secondly, we adjusted for as many potential confounders as possible, but it is still possible that some factors were not included. For example, seaweeds and sea vegetables are important sources of iodine. And iodine content is also reported to vary widely among seaweed species (64), which are rarely eaten in the United States, making estimates using NHANES data impractical. Therefore, we cannot exclude the effect of seaweed and seaweed on UIC. Thirdly, we excluded adolescents under the age of 18 and thus cannot represent the entire US population, but only US adults. We will further investigate this association in the future.



5 Conclusions

In conclusion, excess iodine is associated with lowered hyperglycemia. A slightly higher UIC is associated with increased MetS and TG. However, low iodine may be associated with a reduced prevalence of metabolic disorders and their associated diseases, including MetS, low HDL-C, TG, and central obesity. While our study adds to the existing evidence on UIC and metabolic syndrome and its components, there has been little research on this relationship, which warrants further investigation by related studies.
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Crude model Model 1 Model 2 Model 3

Variables
OR (95%Cl) OR (95%Cl) p OR (95%Cl) p OR (95%Cl)

MetS

UIC (log10) 1.69(1.441,1.982) <0.001* 1.54(1.301,1.816) <0.001% 1.50(1.272,1.757) <0.001% 1.50(1.275,1.756) <0.001*

Classified UIC

normal UIC 1627(48.23) ref ref ref ref

low UIC 962(31.68) 0.77(0.665,0.891) <0.001* 0.81(0.699,0.941) ‘ 0.006* 0.82(0.706,0.949) 0.009* » 0.82(0.708,0.946) » 0.007*

high UIC 262(9.48) 1.31(1.069,1.600) 0.01* 1.26(1.018,1.547) | 0.033* v 1.26(1.020,1.555) 0.033* v 1.25(1.016,1.539) 0.035*

very high UIC 349(10.61) 1.13(0.933,1.358) 0.213 ‘ 1.08(0.888,1.314) 0.435 1.04(0.858,1.263) 0.681 1.05(0.862,1.270) 0.644

p for trend 0.222 0.39 0.531 0515
‘ MetS.Diabetes

normal UIC 1831(49.24) ref ‘ ref ref ‘ ‘ ref

low UIC 1129(33.61) 0.80(0.704,0.916) o001 | 0.90(0.791,1.026) 0.114 0.91(0.798,1.032) o1 | 0.90(0.791,1.022) 0.103

high UIC 285(8.86) 1.16(0.909,1.470) 0.234 1.06(0.814,1.382) 0.659 1.08(0.828,1.407) ‘ 057 : 1.08(0.830,1.407) 0.560

very high UIC 305(8.28) . 0.78(0.622,0.972) 0.027* 0.70(0.555,0.869) 0.002* 0.69(0.549,0.860) 0.001* 0.68(0.542,0.855) 0.001*

p for trend 0.063 0.009* ‘ 0.01* 0.008*

MetS.obesity

normal UIC 326547.12) ref | ref ref ref

low UIC 2189(34.93) 0.84(0.749,0.946) 0.004* 0.84(0.742,0.947) 0.005* 0.85(0.749,0.954) 0.007% 0.83(0.731,0.945) 0.005*

high UIC 502(8.03) 1.12(0.919,1.357) 0.262 1.08(0.881,1.329) 0.448 1.09(0.879,1.356) 0.422 1.11(0.885,1.390) 0.364

very high UIC 691(9.92) 1.11(0.933,1.309) 0.246 1.08(0.910,1.281) 0.376 1.05(0.879,1.252) 0.592 1.01(0.837,1.204) 0970

p for trend 0454 ‘ 0.693 0.852 » 0.856

MetS.hypertension

normal UIC 964(46.18) ref I ref ref [ ref

low UIC 707(37.13) ‘ 1.01(0.857,1.180) 0.947 1.12(0.952,1.319) 0.169 1.12(0.948,1.322) 0.181 1.13(0.953,1.329) 0.162

high UIC 149(7.61) 1.01(0.782,1.315) 0915 0.94(0.718,1.224) 0.631 0.96(0.731,1.252) 0.746 0.95(0.726,1.237) 0.688

very high UIC 203(9.08) 0.97(0.775,1.211) 0.775 0.90(0.706,1.135) 0.357 0.91(0.719,1.154) 0435 0.92(0.725,1.166) 0.481

p for trend 0.876 0.532 0.654 0.683

MetS.low-HDL-C

normal UIC 1741(47.09) ref ref ref ‘ ref

low UIC 1151(33.23) ‘ 0.84(0.758,0.928) ‘ <0.001* 0.80(0.723,0.887) <0.001% 0.81(0.729,0.895) <0.001% 0.81(0.732,0.894) <0.001*

high UIC 293(9.00) 1.27(1.020,1.578) 0.033* 1.31(1.041,1.636) 0.021* 1.31(1.046,1.634) 0.019% 1.30(1.043,1.630) 0.020%

very high UIC 386(10.68) 1.19(1.002,1.401) 0.047% 1.22(1.030,1.436) 0.021* 1.17(0.990,1.392) 0.065 v 1.18(0.985,1.410) 0.072

p for trend 00190 | 0.033* " ooel | 0.064

MetS.TG

normal UIC 2103(47.30) ref ‘ ref ref ‘ ref

low UIC 1298(32.31) 0.79(0.691,0.893) <0.001* 0.84(0.739,0.960) 0.011* 0.84(0.738,0.959) 0.011* 0.85(0.746,0.965) 0.013*

high UIC 350(9.05) ‘ 1.31(1.069,1.604) 0.01* 1.25(1.016,1.547) ‘ 0.035* 1.25(1.013,1.537) 0.038* 1.24(1.002,1.533) » 0.048*

very high UIC 497(11.35) 1.33(1.137,1.565) <0.001* 1.28(1.083,1.522) [ 0.004* 1.26(1.068,1.492) 0.007% 1.26(1.082,1.503) 0.004*

p for trend 0.006* 0.018* 0.024* 0.018*

UIC, urinary iodine concentration; MetS, metabolic syndromes; HDL, high-density lipoprotein; TG, triglyceride.

MetS.Diabetes, History of diabetes, Glycosylated hemoglobin (HbA1c) > 6.5%, fasting glucose (mmol/L) > 7.0, or medication used to treat diabetes;

MetS.obesity, Waist Circumference (WC) > 102 cm in men or > 88 cm in women;

MetS.hypertension, blood pressure > 130/85 mmHg or hypertension history or treatment with antihypertensive medication;

MetS.low-HDL-C, HDL-C < 40 mg/dL for men and < 50 mg/dL for women or use of anti-lipid abnormalities;

MetS.TG, TG = 150 mg/dL or pharmacological treatment of TG.

Data are expressed as weighted percentages. OR and 95% CI for risk of metabolic syndrome and its components were estimated using complex samples logistic regression. * represents p < 0.05.
Normal UIC: < 100ug/L; Low UIC: 100-299ug/L; High UIC: 300-399ug/L; Very high UIC: > 400ug/L.

Crude Model: not adjusted;

Model 1: Adjusted for age, sex;

Model 2: Adjusted for age, sex, race/ethnicity, education, the annual family income, smoking status, alcohol intake, physical activity,

Model 3: Adjusted for age, sex, race/ethnicity, education, the annual family income, smoking status, alcohol intake, physical activity, thyroid problems, cancer, energy intake, fish or shellfish intake,
sodium intake, eGFR, TSH, and FT4.
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Characteristics Low UIC Normal UIC High UIC Very high UIC

(<100ug/L) (100-299ug/L) (300-399ug/L) (=400ug/L)
4064 5507 835 1139

UIC, (ug/L) 187.86+3.28 60.1420.51 175.96+1.03 343.55£1.51 627.15+7.87 < 0.001
Age, (Years) 47.12£0.30 45.260.37 ‘ 47.67+0.40 49.88+0.74 ' 49.58+0.67 < 0.001
Gender, (%) ‘ » ‘ » <0.001
Female | 5740(49.7) 2218(55.5) | 2631(48.4) 375(45.3) [ 516(45.2)

Male ‘ 5805(50.3) 1846(44.5) ‘ 2876(51.6) » 460(54.7) » 623(54.8)

Ethnic, (%) | [ | 0.004
Mexican American ‘ 1813(15.7) 586(7.7) ‘ 936(9.2) » 129(7.8) » 162(7.6)

Non-Hispanic Black 2368(20.5) 889(10.9) 1137(11.1) 138 (8.0) 204 (9.3)

Non-Hispanic White 5138(44.5) 1726(68.5) ' 2413(68.2) v 422(74.9) v 577(71.5)

Other Race 2226(19.3) 863(12.9) 1021(11.4) 146 (9.3) 196(11.6)

Education levels, (%) 0.02
Above high school ‘ 5940(51.5) 2182(62.3) ‘ 2794(58.4) » 425(60.0) » 539(57.4)

Below high school 2875(24.9) [ 899(13.9) 1441(17.1) 213(16.3) 322(18.2)

High School Grad/GED or Equivalent 2730(23.6) 983(23.8) ‘ 1272(24.5) 197(23.6) | 278(24.4)

Income, (%) < 0.001
Above 200008 9116(79) 3268(87.5) 4363(86.2) 651(86.5) 834(81.4)

Below 200008 ‘ 2429(21) 796(12.5) . 1144(13.8) » 184(13.5) . 305(18.6)

Alcohol drinking, (%) ‘ < 0.001
Heavy 2386(20.7) 883(22.6) ‘ 1114(22.0) 165(19.2) » 224(22.7)

Mild 3798(32.9) 1339(35.8) 1858(37.2) 266(36.6) 335(32.6)

Moderate | 1820(15.8) v 735(20.9) 815(16.7) v 123(16.1) 147(12.3)

No ‘ 3541(30.7) 1107(20.7) 1720(24.1) » 281(28.1) 433(32.5)

Smoking, (%) 0.08
Former 2922(25.3) 961(24.9) | 1420(25.3) 220(24.3) [ 321(28.6)

Never 6221(53.9) 2194(53.3) 2982(55.1) 457(57.5) 588(53.4)

Now ‘ 2402(20.8) 909(21.8) . 1105(19.6) ' 158(18.3) . 230(18.0)

Physical activity, (Met) 567.6+14.3 I 532.6+20.8 596.2+22.5 612.0+49.3 529.7+29.8 0.11
Energy, (kcal) 2189.0£12.0 2157.4+21.6 2196.5£16.8 2305.3+36.4 | 2184.1+£38.2 0.01
Sodium intake, (mg/d) 3579.0+22.8 354724354 ‘ 3603.0£32.3 3695.5£78.5 | 3492.5+66.1 022
Fish and shellfish intake, (%) ‘ 0.03
No 2290(19.8) 814(18.7) ‘ 1052(18.3) 158(18.7) | 266(23.3)

Yes 9255(80.2) 3250(81.3) 4455(81.7) 677(81.3) 873(76.7)

Waist, (cm) | 99.19+0.28 96.67+0.33 100.36+0.38 101.98+0.72 101.12+0.61 < 0.001
OGTT glucose, (mmol/L) 7.29%0.06 7.06x0.09 7.360.08 » 7.57£0.17 » 7.64x0.19 0.003
Fasting glucose, (mmol/L) 5.93+0.02 5.84+0.04 5.96+0.03 6.04+0.09 6.04+0.09 0.01
HbAIc, (%) 5.62+0.01 5.56+0.02 ‘ 5.64+0.02 5.70£0.05 | 5.70£0.04 < 0.001
eGFR 94.89+0.45 97.1920.61 94.060.47 91.5420.95 I 92.65+0.85 < 0.001
Uric acid, (umol/L) 324.43+1.24 318.82+2.05 328.97£1.72 ' 327.93£3.19 ' 321.39+3.42 < 0.001
TG, (mmol/L) 2.73+0.03 2.64+0.05 2.73+0.05 2.89+0.12 2.96+0.10 0.03
Total cholesterol, (mmol/L) 5.02+0.02 5.04+0.02 5.02+0.02 4.96+0.05 1 4.95+0.05 | 0.23
HDL, (mmol/L) | 1.38+0.01 1.43£0.01 1.36+0.01 1.32£0.02 1.31+0.02 < 0.001
LDL, (mmol/L) 2.4240.01 2.43+0.03 2.44+0.02 2.34+0.04 2.32+0.04 0.02
TSH, (mIU/L) ‘ 1.95+0.04 1.98+0.10 1.91£0.06 1.98+0.04 1.91+0.06 0.661
FT4, (ug/dL) ‘ 7.98+0.03 8.00+0.09 . 8.00+0.04 » 7.96+0.04 . 7.99+0.07 0.824
SBP, (mmHg) 1 121.8+0.3 I 121.3+04 0 121.9+0.4 122.6+0.6 122,407 042
DBP, (mmHg) 70.98+0.22 71.560.32 70.62+0.24 70.2620.60 71.01£045 0.02
Cancer, (%) ‘ » » 0.001
No 10401(90.1) 3754(91.6) 4928(89.5) 723(85.5) 996(89.2)

Yes 1144(9.9) 310 (8.4) ‘ 579(10.5) ' 112(14.5) ' 143(10.8)

Thyroid disease, (%) 0 1 0.002
No 10329(89.5) 3711(90.0) 4915(88.9) 729(86.5) 974(85.2)

Yes 1216(10.5) 353(10.0) ‘ 592(11.1) 106(13.5) » 165(14.8)

UIC, urinary iodine concentration. MetS, metabolic syndrome; HbA1c, eGFR, Glomerular filtration rate; TG, triglyceride; HDL, high-density lipoprotein;

LDL, low-density lipoprotein; SBP, Systolic blood pressure; DBP, Diastolic blood pressure;

Data are presented as means (standard error), or weighted percentages as appropriate for the variable. Demographic and biochemical characteristics of the study population for Continuous normal
variables were expressed as weighted mean + standard deviation, One-way ANOVA was used to compare differences between groups. Categorical variables were expressed as frequencies and
percentages and compared using Rao Scott’s %2 test.
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