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Abstract 
Objectives: Environmental trace element exposure has been proposed as a modifiable risk 

factor for type 2 diabetes mellitus (DM), but findings are inconsistent. We examined 

associations between urinary and blood trace elements and DM, and their sensitivity to 

model specification. 

Materials and Methods: We analysed 1,486 adults aged 20 years or older from the 2013–

2014 NHANES cycle. DM was defined by American Diabetes Association criteria. Seventeen 

urinary and five blood elements were measured by mass spectrometry. Groups were 

compared using Mann–Whitney U and chi-square tests with Benjamini–Hochberg 

correction. Log-transformed concentrations were entered into logistic regression models 

adjusted for age, sex, body mass index, race/ethnicity, socioeconomic position, smoking, 

hypertension, and kidney disease, fitted with and without complex survey weights. Odds 

ratios (OR) are reported per interquartile-range increase. 

Results: DM prevalence was 13.7%. In adjusted models (n=1,388), urinary arsenous acid 

was inversely associated with DM (OR 0.55, 95% CI 0.36–0.86, p=0.008); this persisted 

under the survey design (OR 0.47, 0.30–0.72, p<0.001) and after creatinine adjustment. 

Urinary cadmium, strongly associated when age was omitted (OR 1.56, 1.17–2.07, p=0.002), 

showed no association after adjustment for age (OR 0.89, 0.65–1.23, p=0.481). Blood 

selenium was associated in the unweighted analysis (OR 1.26, p=0.020) but not in the 

weighted analysis; urinary tin and molybdenum were only associated under the survey 

design. 

Conclusion: The cadmium–DM association was fully attributable to age confounding, and 

arsenous acid showed an inverse rather than positive association. Such associations are 

highly sensitive to model specification; adequate age adjustment and use of the complex 

survey design are essential in NHANES-based analyses. 

Keywords: Trace elements, environmental exposure, diabetes mellitus, nutrition surveys, 

confounding factors, epidemiologic. 
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Introduction 

Environmental exposure to heavy metals and trace elements has become a prominent 

concern in the study of metabolic disease.1 Type 2 diabetes mellitus (DM) continues to 

increase in prevalence despite advances in clinical management, prompting interest in 

contributors to metabolic risk that are modifiable at the population level through 

environmental regulation, occupational protection and tobacco control. Unlike individual 

behavioural risk factors, exposure to toxic metals is distributed unevenly across populations 

and is amenable to structural rather than purely clinical intervention. 

Trace elements occupy a dual position in human physiology. Selenium (Se) is required for 

antioxidant defence through its incorporation into selenoproteins, yet its therapeutic 

window is narrow.2 

Evidence from the Selenium and Vitamin E Cancer Prevention Trial and from subsequent 

population studies has suggested a U-shaped or positive association between 

supranutritional Se status and DM risk, commonly described as the "selenium paradox".3-5 

The strength and direction of this relationship nevertheless vary across populations and 

exposure ranges, and estimates are sensitive to the extent of confounder adjustment. 

Cadmium (Cd), by contrast, is a non-essential toxic metal present in cigarette smoke, 

industrial emissions and contaminated food crops, with a biological half-life of 10–30 years.6 

Experimental work has implicated Cd in pancreatic beta-cell dysfunction and insulin 

resistance, and toxic metals have been shown to accumulate in metabolically active tissues 

following long-term exposure.7,8 Epidemiological findings are markedly inconsistent, 

however: systematic reviews report associations ranging from strongly positive to null, and 

NHANES analyses have described positive, null and even inverse associations depending on 

the biomarker matrix and covariate set applied.9-11 This heterogeneity has a structural 

explanation. Urinary Cd reflects cumulative lifetime burden and rises steeply with age, while 

age is simultaneously the strongest determinant of DM prevalence; where age adjustment is 
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incomplete, this configuration can generate associations that do not survive fuller 

specification. 

Similar considerations apply to arsenic. Arsenous acid, the most reactive trivalent inorganic 

species, is a recognised endocrine disruptor that impairs insulin-stimulated glucose uptake 

and interferes with GLUT4 translocation in experimental systems, and high chronic exposure 

through drinking water is associated with elevated diabetes prevalence.12-14 At the low 

exposure levels typical of the general US population, the evidence is considerably weaker, 

and its interpretation is complicated by two features: a substantial proportion of 

measurements falls below the analytical limit of detection, and concentrations in spot urine 

depend heavily on urinary dilution, which differs between individuals with and without 

diabetes because of osmotic diuresis. The metabolic significance of other elements remains 

less well characterised; reports on tin conflict, and molybdenum has shown inconsistent 

relationships with glucose homeostasis despite insulin-mimetic effects in experimental 

models.15-20 

The National Health and Nutrition Examination Survey (NHANES) permits simultaneous 

measurement of a broad element panel alongside detailed demographic and clinical data in 

a nationally representative sample, but realising that advantage requires attention to the 

complex sampling design and to the confounding structure described above.21,22 This study 

had two aims: to describe associations between urinary and blood trace elements and DM 

among US adults, applying correction for multiple comparisons across the full panel rather 

than reporting selected elements in isolation; and to evaluate how robust these associations 

are to model specification, specifically to adjustment for age and socioeconomic position and 

to incorporation of the survey design. Given the cross-sectional design, all findings are 

presented as associations and no causal inference is intended. 
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Materials and Methods 

Study design and population 

This was a cross-sectional analysis of the 2013–2014 cycle of the National Health and 

Nutrition Examination Survey (NHANES), a continuous programme conducted by the 

National Center for Health Statistics using a stratified, multistage probability sampling 

design to characterise the civilian, non-institutionalised US population. This cycle was 

selected because it is the most recent in which the full panel of urinary trace elements 

examined here, including speciated urinary arsenic, was measured concurrently with the 

blood panel in the same subsample, permitting mutual adjustment within a single model.  

Of the 10,175 participants, 5,769 were aged 20 years or older and 5,588 completed the 

Mobile Examination Centre (MEC) examination. Urinary trace elements were measured in a 

randomly selected one-third subsample; 1,858 examined adults were selected, of whom 

1,811 had a complete urinary panel. After exclusion of participants with missing HbA1c, 

blood trace element, or covariate data, the descriptive sample comprised 1,486 adults. 

Multivariable models were restricted to participants with complete data on the family 

income-to-poverty ratio and urinary creatinine, yielding 1,388 participants with 192 

diabetes cases. No imputation was performed. Participant flow is shown in Figure 1. 
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Figure 1. Participant flow diagram 

Ascertainment of diabetes 

Diabetes was defined according to American Diabetes Association criteria as HbA1c ≥6.5%, 

a physician diagnosis reported by the participant, or current use of insulin or oral glucose-

lowering agents. Definition by HbA1c alone would misclassify pharmacologically treated 

participants with controlled glycaemia as non-diabetic, and the composite definition was 

therefore applied throughout. 
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Laboratory measurements 

HbA1c was measured by high-performance liquid chromatography, and urinary creatinine 

enzymatically. Trace elements in whole blood and urine were quantified by inductively 

coupled plasma dynamic reaction cell mass spectrometry, with urinary arsenic species 

separated chromatographically before detection. Concentrations below the limit of detection 

(LOD) were retained at the LOD/√2 value assigned by NHANES; for urinary arsenous acid, 

this applied to 32.3% of measurements. Serum vitamin B12 and 25-hydroxyvitamin D are 

reported as descriptive characteristics only and were not entered into regression models. 

Body mass index was derived from MEC measurements, and smoking status from 

standardised questionnaires. 

Statistical analysis 

Analyses were performed in Python 3.11 using statsmodels 0.14. Because element 

concentrations were right-skewed, continuous variables were summarised as medians with 

interquartile ranges and compared using the Mann–Whitney U test, and categorical variables 

using the chi-square test. Because 22 trace elements were compared, the Benjamini–

Hochberg false discovery rate procedure was applied across this set of exposure 

comparisons, and adjusted q values are reported alongside unadjusted p values; no 

correction was applied to demographic or clinical characteristics, which were not treated as 

exposure hypotheses. 

Associations between element concentrations and diabetes were examined using logistic 

regression. Element concentrations were natural log-transformed and entered as 

continuous variables, and odds ratios are reported per interquartile-range increase to 

render estimates interpretable on the observed exposure scale. Covariates were specified a 

priori on the basis of established associations with both diabetes and metal exposure, and 

comprised age, sex, body mass index, race/ethnicity, education, family income-to-poverty 

ratio, smoking, hypertension, and self-reported kidney disease. Race/ethnicity was dummy 

coded with non-Hispanic White as reference. Odds ratios with 95% confidence intervals are 
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reported for every variable entered, including non-significant ones. Variance inflation 

factors were all below 2. 

Two models are presented. Model 1 was unweighted. Model 2 accounted for the complex 

survey design; in accordance with NHANES analytic guidelines, the weight appropriate to 

the variable collected on the smallest number of respondents was applied, and because 

urinary elements were measured in a one-third subsample, this was the subsample weight 

rather than the MEC examination weight.11 Sampling strata and primary sampling units 

were incorporated, with variance estimated by Taylor series linearisation and standard 

errors clustered on primary sampling unit. 

Three sensitivity analyses were prespecified. Because spot urinary concentrations depend 

on dilution, which differs between individuals with and without diabetes owing to osmotic 

diuresis, both models were refitted with log-transformed urinary creatinine as an additional 

covariate (Table S1). Second, models were refitted without age to quantify age confounding 

(Table S5), and urinary arsenous acid was additionally modelled as a binary LOD indicator 

and in participants with detectable concentrations only (Tables S2a and S2b). Third, models 

were refitted using an HbA1c-only case definition (Table S3). An exploratory model 

including all remaining elements differing at q<0.10 is presented in Table S4. 
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Table S1. Multivariable models additionally adjusted for urinary creatinine. 

Variable OR (95% CI) p OR (95% CI) p 

 Unweighted  Weighted  
Age (per year) 1.06 (1.04–1.07) <0.001 1.05 (1.04–1.07) <0.001 
Male sex 1.27 (0.85–1.88) 0.238 1.32 (0.81–2.15) 0.268 
BMI (per kg/m²) 1.11 (1.08–1.14) <0.001 1.11 (1.07–1.16) <0.001 
Active smoking 1.15 (0.70–1.86) 0.584 0.96 (0.48–1.95) 0.915 
Hypertension 0.93 (0.65–1.33) 0.691 1.11 (0.67–1.85) 0.681 
Self-reported kidney disease 3.61 (1.69–7.73) <0.001 1.98 (0.95–4.13) 0.069 
Some college or above 0.65 (0.44–0.96) 0.030 0.63 (0.36–1.11) 0.111 
Family income-to-poverty ratio 0.99 (0.88–1.12) 0.900 1.02 (0.85–1.22) 0.857 
Other Hispanic 2.26 (1.21–4.22) 0.010 1.74 (0.85–3.56) 0.133 
Mexican American 2.39 (1.37–4.16) 0.002 1.84 (1.12–3.04) 0.016 
Non-Hispanic Black 1.80 (1.10–2.95) 0.019 1.51 (0.79–2.87) 0.208 
Non-Hispanic Asian 4.55 (2.42–8.54) <0.001 5.18 (2.81–9.58) <0.001 
Other/Multiracial 1.04 (0.24–4.41) 0.962 0.59 (0.14–2.58) 0.485 
Arsenous acid, urine (per IQR) 0.59 (0.38–0.93) 0.024 0.48 (0.30–0.76) 0.002 
Cadmium, urine (per IQR) 0.99 (0.69–1.41) 0.937 1.14 (0.70–1.84) 0.598 
Tin, urine (per IQR) 1.25 (0.97–1.61) 0.085 1.37 (1.18–1.59) <0.001 
Molybdenum, urine (per IQR) 1.49 (1.05–2.12) 0.024 1.45 (1.05–2.01) 0.026 
Manganese, urine (per IQR) 0.98 (0.87–1.10) 0.694 0.91 (0.78–1.06) 0.206 
Selenium, blood (per IQR) 1.25 (1.03–1.52) 0.024 1.05 (0.80–1.37) 0.725 
Urinary creatinine (per log unit) 0.75 (0.48–1.18) 0.213 0.91 (0.50–1.67) 0.765 

Odds ratios (OR) with 95% confidence intervals (CI) from multivariable logistic regression; diabetes (yes/no) was the 

dependent variable. n = 1,388 with 192 events. Trace element odds ratios are expressed per interquartile-range increase 

on the log scale. The weighted model incorporates the urinary subsample weight (WTSA2YR), sampling strata, and primary 

sampling units. BMI, body mass index; CI, confidence interval; IQR, interquartile range; OR, odds ratio. 

Table S2. Alternative handling of values below the limit of detection. 

Urinary arsenous acid was below the limit of detection (LOD) in 32.5% of participants, 

comprising 31.4% of those without and 39.6% of those with diabetes. Because this 

proportion differed between groups, two alternative specifications were examined. 
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Table S2a. Arsenous acid modelled as a binary above-versus-below LOD indicator. 

Variable OR (95% CI) p 
Age (per year) 1.06 (1.04–1.07) <0.001 
Male sex 1.11 (0.77–1.60) 0.569 
BMI (per kg/m²) 1.10 (1.07–1.13) <0.001 
Active smoking 1.18 (0.73–1.91) 0.494 
Hypertension 0.95 (0.66–1.36) 0.776 
Self-reported kidney disease 3.59 (1.69–7.61) <0.001 
Some college or above 0.64 (0.43–0.94) 0.023 
Family income-to-poverty ratio 0.99 (0.88–1.11) 0.858 
Other Hispanic 2.22 (1.20–4.12) 0.011 
Mexican American 2.32 (1.34–4.02) 0.003 
Non-Hispanic Black 1.68 (1.03–2.74) 0.036 
Non-Hispanic Asian 4.57 (2.50–8.36) <0.001 
Other/Multiracial 1.00 (0.24–4.23) 1.000 
Cadmium, urine (per IQR) 0.86 (0.63–1.19) 0.362 
Tin, urine (per IQR) 1.18 (0.93–1.50) 0.173 
Molybdenum, urine (per IQR) 1.28 (0.93–1.75) 0.127 
Manganese, urine (per IQR) 0.97 (0.87–1.09) 0.623 
Selenium, blood (per IQR) 1.24 (1.03–1.51) 0.027 
Arsenous acid above LOD (vs below) 0.73 (0.48–1.11) 0.136 

Unweighted multivariable logistic regression; diabetes (yes/no) was the dependent variable; n = 1,388 with 192 events. 

Urinary arsenous acid was entered as a binary indicator of detectable versus non-detectable concentration; all other trace 

elements were retained as continuous log-transformed variables. BMI, body mass index; CI, confidence interval; IQR, 

interquartile range; OR, odds ratio. 

Table S2b. Analysis restricted to participants with detectable concentrations. 

Variable OR (95% CI) p 
Age (per year) 1.06 (1.04–1.08) <0.001 
Male sex 1.09 (0.68–1.75) 0.725 
BMI (per kg/m²) 1.11 (1.07–1.15) <0.001 
Active smoking 1.02 (0.55–1.89) 0.959 
Hypertension 0.86 (0.53–1.38) 0.524 
Self-reported kidney disease 5.49 (1.82–16.53) 0.002 
Some college or above 0.64 (0.39–1.06) 0.081 
Family income-to-poverty ratio 0.93 (0.80–1.08) 0.337 
Other Hispanic 1.96 (0.84–4.54) 0.118 
Mexican American 2.16 (1.08–4.33) 0.031 
Non-Hispanic Black 1.90 (1.00–3.63) 0.050 
Non-Hispanic Asian 5.87 (2.79–12.37) <0.001 
Other/Multiracial 0.58 (0.06–5.37) 0.631 
Arsenous acid, urine (per IQR) 0.71 (0.54–0.93) 0.014 
Cadmium, urine (per IQR) 0.87 (0.58–1.30) 0.484 
Tin, urine (per IQR) 1.20 (0.90–1.59) 0.220 
Molybdenum, urine (per IQR) 1.27 (0.87–1.86) 0.221 
Manganese, urine (per IQR) 0.93 (0.74–1.16) 0.495 
Selenium, blood (per IQR) 1.26 (0.98–1.62) 0.069 

Unweighted multivariable logistic regression restricted to participants with urinary arsenous acid above the limit of 

detection; n = 937 with 116 events, compared with n = 1,388 and 192 events in the full sample. Trace element odds ratios 
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are expressed per interquartile-range increase on the log scale. BMI, body mass index; CI, confidence interval; IQR, 

interquartile range; OR, odds ratio. 

Table S3. Multivariable models using an HbA1c-only definition of diabetes. 

Variable OR (95% CI) p OR (95% CI) p 

 Unweighted  Weighted  
Age (per year) 1.06 (1.04–1.07) <0.001 1.06 (1.04–1.08) <0.001 
Male sex 1.55 (1.01–2.39) 0.046 1.35 (0.77–2.39) 0.298 
BMI (per kg/m²) 1.10 (1.06–1.13) <0.001 1.12 (1.07–1.17) <0.001 
Active smoking 1.18 (0.67–2.09) 0.559 1.10 (0.54–2.22) 0.798 
Hypertension 1.06 (0.70–1.61) 0.789 1.15 (0.62–2.13) 0.649 
Self-reported kidney disease 2.57 (1.11–5.94) 0.028 1.71 (0.66–4.38) 0.267 
Some college or above 0.81 (0.51–1.28) 0.370 0.97 (0.65–1.46) 0.887 
Family income-to-poverty ratio 0.93 (0.81–1.07) 0.295 0.90 (0.75–1.07) 0.244 
Other Hispanic 2.58 (1.24–5.36) 0.011 2.14 (0.92–4.99) 0.078 
Mexican American 2.72 (1.43–5.20) 0.002 2.23 (1.04–4.75) 0.039 
Non-Hispanic Black 1.71 (0.96–3.05) 0.068 1.41 (0.64–3.09) 0.396 
Non-Hispanic Asian 5.35 (2.65–10.76) <0.001 7.20 (3.71–13.97) <0.001 
Other/Multiracial 0.48 (0.05–4.61) 0.525 0.14 (0.01–2.34) 0.171 
Arsenous acid, urine (per IQR) 0.40 (0.24–0.68) <0.001 0.39 (0.24–0.66) <0.001 
Cadmium, urine (per IQR) 1.04 (0.71–1.53) 0.822 1.15 (0.74–1.79) 0.526 
Tin, urine (per IQR) 0.97 (0.73–1.29) 0.843 1.26 (0.94–1.70) 0.128 
Molybdenum, urine (per IQR) 1.59 (1.09–2.32) 0.016 1.56 (1.01–2.42) 0.045 
Manganese, urine (per IQR) 0.92 (0.79–1.08) 0.321 0.86 (0.69–1.08) 0.191 
Selenium, blood (per IQR) 1.42 (1.13–1.78) 0.002 1.18 (0.90–1.56) 0.237 

Odds ratios (OR) with 95% confidence intervals (CI) from multivariable logistic regression; diabetes (yes/no) was the 

dependent variable. Diabetes was defined by HbA1c ≥ 6.5% alone; n = 1,388 with 126 events, compared with 192 events 

under the American Diabetes Association definition used in the primary analysis. The reduced number of events limits 

statistical power in this model. Trace element odds ratios are expressed per interquartile-range increase on the log scale. 

The weighted model incorporates the urinary subsample weight (WTSA2YR), sampling strata, and primary sampling units. 

BMI, body mass index; CI, confidence interval; IQR, interquartile range; OR, odds ratio. 
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Table S4. Exploratory multivariable model including the expanded element panel. 

Variable OR (95% CI) p OR (95% CI) p 

 Unweighted  Weighted  
Age (per year) 1.06 (1.04–1.07) <0.001 1.06 (1.04–1.07) <0.001 
Male sex 1.17 (0.81–1.69) 0.406 1.33 (0.79–2.25) 0.282 
BMI (per kg/m²) 1.10 (1.07–1.13) <0.001 1.11 (1.07–1.16) <0.001 
Active smoking 1.20 (0.74–1.96) 0.459 0.97 (0.46–2.04) 0.940 
Hypertension 0.91 (0.63–1.31) 0.615 1.06 (0.63–1.80) 0.818 
Self-reported kidney disease 2.77 (1.28–6.01) 0.010 1.64 (0.80–3.37) 0.174 
Some college or above 0.65 (0.44–0.95) 0.028 0.62 (0.36–1.10) 0.102 
Family income-to-poverty ratio 0.99 (0.88–1.12) 0.915 1.03 (0.86–1.24) 0.751 
Other Hispanic 2.20 (1.17–4.14) 0.015 1.63 (0.77–3.44) 0.202 
Mexican American 2.08 (1.17–3.70) 0.012 1.57 (0.89–2.79) 0.123 
Non-Hispanic Black 1.57 (0.95–2.61) 0.081 1.42 (0.79–2.56) 0.238 
Non-Hispanic Asian 4.15 (2.21–7.83) <0.001 4.37 (2.33–8.20) <0.001 
Other/Multiracial 0.99 (0.23–4.27) 0.987 0.58 (0.13–2.63) 0.477 
Arsenous acid, urine (per IQR) 0.60 (0.37–0.94) 0.028 0.49 (0.31–0.77) 0.002 
Cadmium, urine (per IQR) 0.85 (0.61–1.18) 0.327 1.05 (0.71–1.55) 0.814 
Tin, urine (per IQR) 1.15 (0.90–1.47) 0.252 1.24 (1.04–1.47) 0.014 
Molybdenum, urine (per IQR) 1.43 (1.01–2.04) 0.044 1.44 (0.96–2.15) 0.076 
Manganese, urine (per IQR) 0.97 (0.86–1.09) 0.619 0.88 (0.77–1.02) 0.089 
Selenium, blood (per IQR) 1.33 (1.09–1.62) 0.005 1.09 (0.82–1.45) 0.550 
Uranium, urine (per IQR) 1.51 (1.15–1.98) 0.003 1.70 (1.31–2.22) <0.001 
Iodine, urine (per IQR) 0.98 (0.75–1.28) 0.872 0.96 (0.73–1.25) 0.749 
Barium, urine (per IQR) 0.79 (0.55–1.13) 0.198 0.80 (0.45–1.42) 0.446 
Strontium, urine (per IQR) 0.80 (0.55–1.16) 0.240 0.84 (0.55–1.28) 0.413 

Odds ratios (OR) with 95% confidence intervals (CI) from multivariable logistic regression; diabetes (yes/no) was the 

dependent variable. n = 1,388 with 192 events. Trace element odds ratios are expressed per interquartile-range increase 

on the log scale. BMI, body mass index; CI, confidence interval; IQR, interquartile range; OR, odds ratio. 

Ethical considerations 

The NHANES protocol was approved by the NCHS Research Ethics Review Board 

(Continuation of Protocol #2011-17); this secondary analysis of publicly available, de-

identified data required no further approval. 

Results 

Participant characteristics 

The descriptive sample comprised 1,486 adults, of whom 204 (13.7%) met the criteria for 

diabetes; 181 reported a physician diagnosis or used glucose-lowering medication, and 23 

were identified by HbA1c alone. Participants with diabetes were older (median 63 vs 44 
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years, p<0.001) and had a higher body mass index (31.2 vs 27.3 kg/m², p<0.001). Diabetes 

prevalence rose from 1.2% among participants aged 20–29 years to 25.2% among those 

aged 70 years and over. Prevalence did not differ by sex (14.1% in men vs 13.4% in women, 

p=0.778) but varied by race/ethnicity (p=0.043), being lowest in non-Hispanic White 

(10.8%) and highest in non-Hispanic Asian participants (17.4%). Participants with diabetes 

were more likely to have completed no more than high school education (18.7% vs 10.1%, 

p<0.001), to have hypertension (19.3% vs 10.6%, p<0.001) and to report kidney disease 

(38.3% vs 12.9%, p<0.001), and were less likely to be current smokers (10.4% vs 14.9%, 

p=0.036). The family income-to-poverty ratio did not differ significantly (p=0.091, q=0.183). 

Characteristics and element concentrations are presented in Table 1. 

Table 1. Baseline demographic characteristics and trace element levels of the study 

population stratified by diabetes status. 

n=1486 
Non-diabetic 

(n=1282) 

Diabetic (n=204) p q (FDR) 

 n (%*)   

Sex     

Female 652 (86.6) 101 (13.4) 0.778  

Male 630 (85.9) 103 (14.1)  

Ethnicity/Race     

Mexican American 186 (83.8) 36 (16.2) 

0.043 

 

Other Hispanic 111 (83.5) 22 (16.5)  

Non-Hispanic White 593 (89.2) 72 (10.8)  

Non-Hispanic Black 226 (83.7) 44 (16.3)  

Non-Hispanic Asian 128 (82.6) 27 (17.4)  

Other and Multi-Racial 38 (92.7) 3 (7.3)  

Smoking Status     

Non-smoker 945 (85.1) 165 (14.9) 0.036  

Active smoker 337 (89.6) 39 (10.4)  

Hypertension     

No 850 (89.4) 101 (10.6) <0.001  

Yes 432 (80.7) 103 (19.3)  

Kidney disease     

No 1253 (87.1) 186 (12.9)  
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Yes 29 (61.7) 18 (38.3) <0.001  

Education     

High school or less 513 (81.3) 118 (18.7) <0.001  

Some college or above 769 (89.9) 86 (10.1)  

 Median (Q1-Q3)   

Age (years) 44.00 (32.00–60.75) 63.00 (52.00–71.00) <0.001  

Glycohemoglobin (%) 5.40 (5.20–5.70) 6.80 (6.20–7.93) <0.001  

BMI (kg/m²) 27.30 (23.90–31.70) 31.20 (27.15–36.35) <0.001  

Family income-to-poverty ratio 2.19 (1.06–4.36) 1.93 (1.03–3.79) 0.091  

Sedentary activity (min/day) 420.00 (240.00–540.00) 480.00 (300.00–480.00) 0.333  

Sleep duration (h) 7.00 (6.00–8.00) 7.00 (6.00–8.00) 0.531  

Vitamin B12 (pmol/L) 378.95 (275.30–518.80) 376.75 (280.27–598.70) 0.266  

25-hydroxyvitamin D2 + D3 (nmol/L) 63.00 (46.05–80.88) 63.70 (44.38–82.05) 0.799  

Arsenous acid, urine (ug/L) 0.48 (0.08–0.73) 0.29 (0.08–0.64) <0.001 0.004 

Total arsenic, urine (ug/L) 6.39 (3.12–13.12) 6.75 (3.60–12.78) 0.363 0.419 

Uranium, urine (ug/L) 0.00 (0.00–0.01) 0.01 (0.00–0.01) <0.001 <0.001 

Tungsten, urine (ug/L) 0.05 (0.02–0.11) 0.06 (0.03–0.11) 0.052 0.119 

Thallium, urine (ug/L) 0.15 (0.08–0.24) 0.14 (0.08–0.21) 0.224 0.345 

Strontium, urine (ug/L) 87.43 (48.48–146.19) 74.70 (41.57–127.65) 0.008 0.026 

Tin, urine (ug/L) 0.37 (0.17–0.81) 0.69 (0.26–1.52) <0.001 <0.001 

Antimony, urine (ug/L) 0.04 (0.02–0.07) 0.04 (0.03–0.08) 0.027 0.068 

Lead, urine (ug/L) 0.32 (0.17–0.55) 0.37 (0.22–0.56) 0.028 0.068 

Manganese, urine (ug/L) 0.09 (0.09–0.13) 0.09 (0.09–0.14) 0.140 0.246 

Molybdenum, urine (µg/L) 32.61 (17.05–61.77) 37.35 (22.99–63.33) 0.061 0.122 

Cesium, urine (ug/L) 4.09 (2.40–6.39) 4.02 (2.53–6.30) 0.986 0.986 

Cobalt, urine (ug/L) 0.37 (0.22–0.62) 0.38 (0.24–0.67) 0.230 0.345 

Cadmium, urine (ug/L) 0.17 (0.08–0.35) 0.23 (0.14–0.45) <0.001 <0.001 

Barium, urine (ug/L) 0.96 (0.50–2.01) 0.70 (0.35–1.59) <0.001 <0.001 

Mercury, urine (ug/L) 0.26 (0.09–0.56) 0.21 (0.09–0.48) 0.186 0.310 

Iodine, urine (ug/L) 115.45 (65.03–216.78) 142.70 (86.00–239.15) 0.004 0.015 

Manganese, blood (nmol/L) 167.08 (134.86–209.85) 175.18 (131.22–215.99) 0.346 0.415 

Selenium, blood (umol/L) 2.48 (2.31–2.66) 2.49 (2.32–2.71) 0.251 0.325 

Mercury, blood (nmol/L) 3.90 (2.10–8.10) 4.20 (2.10–8.55) 0.339 0.415 

Cadmium, blood (nmol/L) 2.58 (1.60–5.07) 2.76 (1.85–4.11) 0.509 0.566 

Lead, blood (umol/L) 0.05 (0.03–0.07) 0.05 (0.04–0.08) 0.097 0.183 

Data are median (25th–75th percentile) or n (%); percentages are calculated within rows. 

Continuous variables were compared using the Mann–Whitney U test and categorical variables using 
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the chi-square test. The Benjamini–Hochberg false discovery rate procedure was applied across the 

22 trace element comparisons, and adjusted q values are shown for these variables only. Urinary 

element concentrations are expressed as µg/L and blood elements as µmol/L, except blood 

manganese, mercury, and cadmium (nmol/L). Values below the limit of detection were retained at 

the LOD/√2 value assigned by NHANES; for urinary arsenous acid, this applied to 32.3% of 

measurements. Hypertension was defined as a recorded diagnosis or measured elevated blood 

pressure, and kidney disease as a self-reported physician diagnosis. Analyses are unweighted. BMI, 

body mass index; HbA1c, glycohaemoglobin; 25(OH)D, 25-hydroxyvitamin D; LOD, limit of detection. 

Trace element concentrations by diabetes status 

Seven of the 22 trace elements examined differed between groups at q<0.05. Participants 

with diabetes had higher urinary cadmium (0.23 vs 0.17 µg/L, q<0.001), tin (0.69 vs 0.37 

µg/L, q<0.001), uranium (q<0.001) and iodine (142.70 vs 115.45 µg/L, q=0.015), and lower 

urinary barium (0.70 vs 0.96 µg/L, q<0.001), strontium (74.70 vs 87.43 µg/L, q=0.026) and 

arsenous acid (0.29 vs 0.48 µg/L, q=0.004). Urinary antimony, lead, and molybdenum 

differed before but not after correction (q=0.068, 0.068, and 0.122). Blood selenium did not 

differ between groups (2.49 vs 2.48 µmol/L, p=0.251, q=0.325), nor did total urinary arsenic 

(p=0.363), blood cadmium (p=0.509), blood lead (p=0.097), or blood mercury (p=0.339). 

Multivariable analyses 

Models were fitted in 1,388 participants, of whom 192 had diabetes (Table 2). Age and body 

mass index were the strongest correlates in both models (Model 1: OR 1.06 per year, 95% CI 

1.04–1.07; OR 1.10 per kg/m², 1.07–1.13; both p<0.001). Non-Hispanic Asian participants 

had markedly higher odds than non-Hispanic White participants (Model 1: OR 5.02, 2.73–

9.26; Model 2: OR 5.36, 3.01–9.55; both p<0.001), as did Mexican American participants in 

the weighted model (OR 1.87, 1.13–3.09, p=0.015). The estimate for non-Hispanic Black 

participants was readily obtained (Model 1: OR 1.73, 1.07–2.82, p=0.027; 41 of 255 had 

diabetes). Self-reported kidney disease was associated with diabetes in the unweighted 

model only (OR 3.52, 1.65–7.51, p=0.001; weighted p=0.069). Neither sex, smoking, 

hypertension, nor the income-to-poverty ratio was independently associated with diabetes. 
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Among trace elements, urinary arsenous acid was inversely associated with diabetes in both 

models (Model 1: OR 0.55, 0.36–0.86, p=0.008; Model 2: OR 0.47, 0.30–0.72, p<0.001). Blood 

selenium was associated in the unweighted model only (OR 1.26, 1.04–1.53, p=0.020; 

weighted OR 1.05, 0.81–1.37, p=0.695), whereas urinary tin and molybdenum were 

associated only under the survey design (tin OR 1.35, 1.14–1.60, p<0.001; molybdenum OR 

1.41, 1.00–2.00, p=0.049). Urinary cadmium, which differed markedly between groups in 

unadjusted analysis, showed no independent association in either model (Model 1: OR 0.89, 

0.65–1.23, p=0.481; Model 2: OR 1.10, 0.76–1.58, p=0.614). Urinary manganese was not 

associated with diabetes in any specification. 

Sensitivity analyses 

The null result for urinary cadmium was attributable to age adjustment: omitting age from 

an otherwise identical model produced a strong positive association (OR 1.56, 1.17–2.07, 

p=0.002), which disappeared when age was included. Urinary tin was similarly age-sensitive 

(OR 1.31, 1.04–1.64 without age), whereas the associations for arsenous acid and selenium 

persisted in both specifications (Table S5). 

Adjustment for log-transformed urinary creatinine modestly attenuated the arsenous acid 

association but did not abolish it (unweighted OR 0.59, 0.38–0.93, p=0.024; weighted OR 

0.48, 0.30–0.77, p=0.002), and creatinine itself was not independently associated with 

diabetes (p=0.213 and p=0.765). Urinary molybdenum became significant in the unweighted 

model after dilution adjustment (OR 1.49, 1.05–2.12, p=0.024), and urinary cadmium 

remained null throughout (Table S1). 
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Table S5. Effect of age adjustment on trace element–diabetes associations. 

Variable OR (95% CI) p OR (95% CI) p 

 Age excluded  Age included  
Male sex 1.31 (0.92–1.86) 0.133 1.15 (0.80–1.66) 0.445 
BMI (per kg/m²) 1.08 (1.06–1.11) <0.001 1.10 (1.07–1.13) <0.001 
Active smoking 0.62 (0.40–0.96) 0.033 1.19 (0.73–1.92) 0.486 
Hypertension 1.34 (0.95–1.89) 0.091 0.93 (0.65–1.33) 0.679 
Self-reported kidney disease 4.26 (2.09–8.65) <0.001 3.52 (1.65–7.51) 0.001 
Some college or above 0.54 (0.37–0.78) 0.001 0.64 (0.44–0.95) 0.027 
Family income-to-poverty ratio 1.01 (0.90–1.13) 0.865 0.99 (0.88–1.12) 0.883 
Other Hispanic 1.73 (0.95–3.18) 0.074 2.32 (1.25–4.32) 0.008 
Mexican American 1.75 (1.04–2.95) 0.035 2.46 (1.42–4.28) 0.001 
Non-Hispanic Black 1.32 (0.83–2.10) 0.246 1.73 (1.06–2.82) 0.027 
Non-Hispanic Asian 3.95 (2.21–7.04) <0.001 5.02 (2.73–9.26) <0.001 
Other/Multiracial 0.57 (0.15–2.17) 0.413 1.01 (0.24–4.32) 0.985 
Arsenous acid, urine (per IQR) 0.39 (0.26–0.60) <0.001 0.55 (0.35–0.86) 0.008 
Cadmium, urine (per IQR) 1.56 (1.17–2.07) 0.002 0.89 (0.65–1.23) 0.481 
Tin, urine (per IQR) 1.31 (1.04–1.64) 0.020 1.18 (0.93–1.50) 0.166 
Molybdenum, urine (per IQR) 1.08 (0.79–1.47) 0.620 1.37 (0.99–1.89) 0.054 
Manganese, urine (per IQR) 1.00 (0.89–1.12) 0.970 0.97 (0.87–1.09) 0.645 
Selenium, blood (per IQR) 1.22 (1.01–1.48) 0.042 1.26 (1.04–1.53) 0.020 

Odds ratios (OR) with 95% confidence intervals (CI) from unweighted multivariable logistic regression; diabetes (yes/no) 

was the dependent variable. n = 1,388 with 192 events. Trace element odds ratios are expressed per interquartile-range 

increase on the log scale. BMI, body mass index; CI, confidence interval; IQR, interquartile range; OR, odds ratio. 

 

The inverse association for arsenous acid also persisted when the exposure was modelled as 

a binary detection indicator, when analysis was restricted to participants with detectable 

concentrations, and when diabetes was defined by HbA1c alone. An exploratory model 

including all elements differing at q<0.10 yielded a positive association for urinary uranium. 

Full results are provided in Tables S2a, S2b, S3 and S4. 
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Table 2. Multivariable associations between trace element concentrations and diabetes 

mellitus 

Variable Model 1 Unweighted Model 2 Weighted 

 OR (95% CI) p OR (95% CI) p 

Age (per year) 1.058 (1.043–1.073) <0.001 1.053 (1.038–1.069) <0.001 

Male sex 1.153 (0.801–1.659) 0.445 1.280 (0.763–2.148) 0.349 

BMI (per kg/m²) 1.102 (1.074–1.131) <0.001 1.113 (1.068–1.160) <0.001 

Active smoking 1.187 (0.733–1.920) 0.486 0.977 (0.477–2.001) 0.950 

Hypertension 0.927 (0.648–1.327) 0.679 1.109 (0.663–1.854) 0.693 

Self-reported kidney disease 3.523 (1.653–7.511) 0.001 1.971 (0.947–4.098) 0.069 

Some college or above 0.645 (0.438–0.950) 0.027 0.631 (0.357–1.114) 0.112 

Income-to-poverty ratio 0.991 (0.880–1.116) 0.883 1.017 (0.850–1.215) 0.857 

Other Hispanic 2.322 (1.247–4.323) 0.008 1.746 (0.858–3.553) 0.124 

Mexican American 2.463 (1.417–4.279) 0.001 1.866 (1.128–3.085) 0.015 

Non-Hispanic Black 1.734 (1.065–2.823) 0.027 1.492 (0.804–2.769) 0.205 

Non-Hispanic Asian 5.024 (2.727–9.257) <0.001 5.359 (3.007–9.551) <0.001 

Other/Multiracial 1.014 (0.238–4.321) 0.985 0.590 (0.136–2.550) 0.480 

Arsenous acid, urine (per IQR) 0.552 (0.355–0.858) 0.008 0.466 (0.303–0.717) <0.001 

Cadmium, urine (per IQR) 0.891 (0.647–1.228) 0.481 1.098 (0.764–1.578) 0.614 

Tin, urine (per IQR) 1.183 (0.933–1.501) 0.166 1.348 (1.137–1.597) <0.001 

Molybdenum, urine (per IQR) 1.370 (0.994–1.887) 0.054 1.414 (1.001–1.998) 0.049 

Manganese, urine (per IQR) 0.973 (0.868–1.092) 0.645 0.906 (0.777–1.056) 0.207 

Selenium, blood (per IQR) 1.259 (1.037–1.527) 0.020 1.054 (0.812–1.368) 0.695 

Odds ratios (OR) with 95% confidence intervals (CI) from multivariable logistic regression; diabetes 

(yes/no) was the dependent variable. Analyses include 1,388 participants, of whom 192 had 

diabetes. Both models were adjusted for age, sex, body mass index, race/ethnicity, education, family 

income-to-poverty ratio, smoking, hypertension, and self-reported kidney disease; all covariates 

entered are reported. Model 1 is unweighted; Model 2 accounts for the complex sampling design 

using the urinary subsample weight, strata, and primary sampling units, with Taylor series 

linearisation and standard errors clustered on primary sampling units. Element concentrations were 

natural log-transformed, and odds ratios are expressed per interquartile-range increase on the log 

scale, obtained by multiplying the regression coefficient by log(Q3) − log(Q1). The corresponding 
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observed concentration ranges (Q1–Q3, with the fold-increase they represent) were: urinary 

arsenous acid 0.08–0.72 µg/L (9.0-fold); urinary cadmium 0.08–0.36 µg/L (4.5-fold); urinary tin 

0.18–0.90 µg/L (5.0-fold); urinary molybdenum 17.4–61.9 µg/L (3.6-fold); urinary manganese 0.09–

0.13 µg/L (1.4-fold); blood selenium 2.32–2.67 µmol/L (1.2-fold). Reference categories: non-

Hispanic White and female. Variance inflation factors were all below 2. BMI, body mass index; CI, 

confidence interval; IQR, interquartile range; OR, odds ratio. 

Discussion 

In this cross-sectional analysis of 1,388 US adults, urinary arsenous acid was inversely 

associated with diabetes, blood selenium was associated in unweighted but not design-based 

analysis, and urinary tin and molybdenum were associated only when the survey design was 

applied. Urinary cadmium, which differed substantially between groups in unadjusted 

comparisons, showed no independent association once age was taken into account. These 

results indicate that associations between trace element biomarkers and diabetes in cross-

sectional survey data are highly sensitive to model specification, and that the direction and 

significance of individual estimates can depend as much on analytical choices as on the 

underlying exposure. 

Age confounding and the cadmium association 

The most consistent finding of this analysis was a negative one. Urinary cadmium was 

strongly associated with diabetes when age was omitted from an otherwise identical model, 

and showed no association whatever when age was included. The explanation is 

straightforward: urinary cadmium reflects cumulative lifetime burden and rises across the 

adult lifespan, while diabetes prevalence in this sample increased from 1.2% among 

participants in their twenties to over 25% among those aged 70 and above. Any analysis that 

does not fully account for age will therefore tend to recover a positive cadmium–diabetes 

association irrespective of whether a causal relationship exists. 

This may explain the heterogeneity of the published literature, in which estimates for 

cadmium and type 2 diabetes span a wide range, and NHANES analyses have variously 
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reported positive, null and inverse associations.6,9,15 Our findings do not exclude a 

contribution of cadmium to metabolic dysfunction, since experimental evidence for beta-cell 

toxicity remains substantial,23,24 but they suggest that cross-sectional biomarker studies are 

poorly suited to detecting it. 

Urinary arsenous acid 

Urinary arsenous acid was inversely associated with diabetes across every specification 

examined, a direction opposite to that predicted by experimental work and to observations 

in populations with high exposure through drinking water.12,14,21 Several explanations 

warrant consideration, and we cannot distinguish between them. Spot urinary 

concentrations depend on dilution, and osmotic diuresis in diabetes dilutes urinary analytes; 

this is the most obvious candidate for an artefactual inverse association. However, 

adjustment for urinary creatinine only modestly attenuated the association; creatinine itself 

was not independently associated with diabetes, and urinary tin and molybdenum, subject 

to the same dilution pressures, were associated in the opposite direction. A third of 

measurements fell below the limit of detection, and although the association persisted 

among participants with detectable concentrations, restricted analytical range remains a 

source of uncertainty. Reverse causation also cannot be excluded, since dietary sources of 

arsenic such as rice and seafood may differ between individuals with and without diagnosed 

diabetes. We therefore regard this finding as requiring replication in prospective data with 

dietary assessment rather than as evidence of a protective effect. 

Selenium, tin and molybdenum 

Blood selenium was associated with diabetes in the unweighted model but not after 

incorporation of the survey design, and did not differ between groups after correction for 

multiple testing. The direction of the adjusted estimate is consistent with reports of 

increased diabetes risk at higher selenium status despite its antioxidant function.3,5,25 Our 

models specified a log-linear term and therefore cannot evaluate non-linearity; in 

exploratory analyses neither a quadratic term (p=0.528) nor quartile categorisation 
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provided evidence of a U-shaped relationship (Table S6). Proposed mechanisms centre on 

overexpression of glutathione peroxidase-1, which may deplete the transient hydrogen 

peroxide signalling required for inhibition of protein tyrosine phosphatase 1B and thereby 

attenuate insulin receptor phosphorylation.26 These mechanisms derive from experimental 

systems and were not evaluated here; they are potential rather than established pathways. 

Given the discrepancy between weighted and unweighted estimates and the narrow 

observed selenium range in this population (interquartile range 2.32–2.67 µmol/L, a 1.2-fold 

difference), the present data are compatible with, but not confirmatory of, this relationship. 

Urinary tin and molybdenum were associated with diabetes under the survey design, and 

molybdenum additionally in the unweighted model after adjustment for dilution. A previous 

NHANES analysis reported a positive association for tin, which the present findings 

support.16 Because these associations were not robust across all specifications, both warrant 

further investigation rather than being regarded as established.17,18 

Non-Hispanic Asian participants had approximately fivefold higher odds of diabetes after full 

adjustment, consistent with documented ethnic differences in risk at a given body mass 

index.22,27 Element exposure also varies by ethnic group, making ethnicity a potential 

confounder here. 

Implications and limitations 

The evidence base itself, rather than any individual risk factor, is what these findings most 

clearly address. Environmental and occupational exposure to toxic metals remains a 

legitimate target for population-level prevention through tobacco control, emission 

standards and food supply monitoring. Our results nonetheless suggest that cross-sectional 

biomarker associations provide a weak foundation for exposure-specific policy claims and 

should be reproduced under adequate confounder control and appropriate survey 

methodology. We did not evaluate supplement use, screening performance, or clinical utility, 

and these data do not support recommendations regarding routine biomonitoring or 

selenium supplementation. 
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Strengths include a large, nationally representative survey with standardised laboratory 

methods, simultaneous measurement of a broad element panel permitting mutual 

adjustment, correction for multiple comparisons, use of the appropriate subsample weight 

with design-based variance estimation, and systematic evaluation of model specification. 

The cross-sectional design nonetheless precludes causal inference and cannot distinguish 

exposure preceding disease from its consequences. Spot urine provides a single 

measurement that may not represent long-term exposure. Dietary intake, occupational 

history, and diabetes duration were unavailable, and residual confounding cannot be 

excluded. The analytic sample represents the subset of examined adults with complete data, 

and selective missingness may have introduced bias. 

Conclusion 

In US adults, urinary arsenous acid was inversely associated with diabetes, while blood 

selenium, urinary tin, and urinary molybdenum showed associations that varied according 

to model specification. The association between urinary cadmium and diabetes was fully 

accounted for by age. These findings represent associations rather than causation; the 

mechanisms discussed derive from experimental literature. The central implication is 

methodological: estimates of the relationship between trace element biomarkers and 

diabetes in survey data are sensitive to adjustment for age, to the handling of urinary dilution 

and values below the limit of detection, and to incorporation of the sampling design. 

Prospective studies are required before the contribution of environmental metal exposure 

to diabetes can be established. 

Ethical Considerations: The National Health and Nutrition Examination Survey protocol 

was approved by the Research Ethics Review Board of the National Center for Health 

Statistics (Continuation of Protocol #2011-17, approved 26 October 2010; extended for the 

2013–2014 cycle), and written informed consent was obtained from all participants at the 

time of the original survey. The present study is a secondary analysis of publicly available, 

fully de-identified data and involved no additional contact with participants; it was therefore 
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accordance with the Declaration of Helsinki. 

Conflict of Interest: The authors declare no conflict of interest. 

 



  

Ankara Med J, 2026;(3):381-405 // 10.5505/amj.2026.28913 

403 
 

References 

1. Landrigan PJ, Fuller R, Acosta NJR, et al. The Lancet Commission on pollution and 

health. Lancet. 2018;391(10119):462-512 (doi:10.1016/s0140-6736(17)32345-0). 

2. Pyrzynska K, Sentkowska A. Selenium Species in Diabetes Mellitus Type 2. Biol Trace 

Elem Res. 2024;202(7):2993-3004. doi:10.1007/s12011-023-03900-z. 

3. Stranges S, Marshall JR, Natarajan R, et al. Effects of long-term selenium 

supplementation on the incidence of type 2 diabetes: a randomized trial. Ann Intern 

Med. 2007;147(4):217-23. doi:10.7326/0003-4819-147-4-200708210-00175. 

4. Hansen AF, Simić A, Åsvold BO, et al. Trace elements in early phase type 2 diabetes 

mellitus-A population-based study. The HUNT study in Norway. J Trace Elem Med Biol. 

2017;40:46-53. doi:10.1016/j.jtemb.2016.12.008. 

5. Lee KH, Jeong D. Bimodal actions of selenium essential for antioxidant and toxic pro-

oxidant activities: the selenium paradox (Review). Mol Med Rep. 2012;5(2):299-304. 

doi:10.3892/mmr.2011.651. 

6. Tinkov AA, Filippini T, Ajsuvakova OP, et al. The role of cadmium in obesity and 

diabetes. Sci Total Environ. 2017;601-602:741-55. 

doi:10.1016/j.scitotenv.2017.05.224 

7. Onat T, Demir Caltekin M, Turksoy VA, et al. The Relationship Between Heavy Metal 

Exposure, Trace Element Level, and Monocyte to HDL Cholesterol Ratio with 

Gestational Diabetes Mellitus. Biol Trace Elem Res. 2021;199(4):1306-15. 

doi:10.1007/s12011-020-02499-9 

8. Iritas SB, Dinc AH, Dip A, Unal BM, Ertan B, Soylemezoglu T. Levels of toxic metals and 

trace elements in autopsy liver tissue samples. Med Sci. 2017;6(2):242-8. 

9. Gong R, Pu X, Cheng Z, Ding J, Chen Z, Wang Y. The association between serum 

cadmium and diabetes in the general population: A cross-sectional study from 

NHANES (1999–2020). Front. Nutr.. 2022;9:966500. doi:10.3389/fnut.2022.966500 

10. Johnson CL, Paulose-Ram R, Ogden CL, et al. National health and nutrition 

examination survey: analytic guidelines, 1999-2010. Vital Health Stat 2. 2013(161):1-

24. 



  

Ankara Med J, 2026;(3):381-405 // 10.5505/amj.2026.28913 

404 
 

11. National Center for Health Statistics. National Health and Nutrition Examination 

Survey: Analytic Guidelines, 2011-2014 and 2015-2016. Hyattsville, MD: National 

Center for Health Statistics; December 14, 2018. 

12. Davey JC, Nomikos AP, Wungjiranirun M, et al. Arsenic as an endocrine disruptor: 

arsenic disrupts retinoic acid receptor-and thyroid hormone receptor-mediated gene 

regulation and thyroid hormone-mediated amphibian tail metamorphosis. Environ 

Health Perspect. 2008;116(2):165-72. doi:10.1289/ehp.10131 

13. Kirkley AG, Carmean CM, Ruiz D, et al. Arsenic exposure induces glucose intolerance 

and alters global energy metabolism. Am J Physiol Regul Integr Comp Physiol. 

2018;314(2):R294-r303. doi:10.1152/ajpregu.00522.2016 

14. Peng Q, Harlow SD, Park SK. Urinary arsenic and insulin resistance in US adolescents. 

Int J Hyg Environ Health. 2015;218(4):407-13 (doi:10.1016/j.ijheh.2015.03.006). 

15. Satarug S. Is Environmental Cadmium Exposure Causally Related to Diabetes and 

Obesity? Cells. 2023;13(1). doi:10.3390/cells13010083 

16. Liu B, Sun Y, Lehmler HJ, Bao W. Association between urinary tin concentration and 

diabetes in nationally representative sample of US adults. J Diabetes. 

2018;10(12):977-83. doi:10.1111/1753-0407.12798 

17. Rovenko BM, Perkhulyn NV, Lushchak OV, Storey JM, Storey KB, Lushchak VI. 

Molybdate partly mimics insulin-promoted metabolic effects in Drosophila 

melanogaster. Comp Biochem Physiol C Toxicol Pharmacol. 2014;165:76-82. 

doi:10.1016/j.cbpc.2014.06.002 

18. Li XT, Yu PF, Gao Y, et al. Association between Plasma Metal Levels and Diabetes Risk: 

a Case-control Study in China. Biomed Environ Sci. 2017;30(7):482-91. 

doi:10.3967/bes2017.064 

19. Alian F, Asemi-Esfahani Z, Fazilati M, Habibollahi S, Palizban A. Evaluation of Blood 

Concentrations of Copper and Molybdenum in Type 2 Diabetic Patients. J. Biol. 

2017;6:139-45. doi:10.15412/J.JBTW.01060801 

20. Hildebrand J, Thakar S, Watts T-L, et al. Environmental Cadmium Exposure and Type 

2 Diabetes Mellitus Risk: An Overview of Systematic Reviews. Expo. Health. 

2022;14(3):743-62. doi:10.1007/s12403-021-00449-x 



  

Ankara Med J, 2026;(3):381-405 // 10.5505/amj.2026.28913 

405 
 

21. Srisuporn P, Navasumrit P, Ngaotepprutaram T, Chaisatra K, Hunsonti P, Ruchirawat 

M. Arsenic exposure alters the expression of genes related to metabolic diseases in 

differentiated adipocytes and in newborns and children. Int J Hyg Environ Health. 

2023;250:114124. doi:10.1016/j.ijheh.2023.114124 

22. Nagai K, Chung HF, Hayashi K, et al. The Association Between Race/Ethnicity and Risk 

of Type 2 Diabetes in Women Varies by BMI: A Pooled Analysis of Individual Data 

From 15 Cohort Studies. Diabetes Care. 2025. doi:10.2337/dc25-1478 

23. Gungor H, Kara H. Effects of selenium, zinc, insulin and metallothionein on cadmium-

induced oxidative stress and metallothionein gene expression levels in diabetic rats. 

J Basic Clin Physiol Pharmacol. 2020;31(2). doi:10.1515/jbcpp-2019-0198 

24. Attia SM, Varadharajan K, Shanmugakonar M, Das SC, Al-Naemi HA. Cadmium: An 

Emerging Role in Adipose Tissue Dysfunction. Expo. Health. 2022;14(1):171-83. 

doi:10.1007/s12403-021-00427-3 

25. Rodriguez-Hernandez Z, Bel-Aguilar J, Moreno-Franco B, et al. Differential association 

of selenium exposure with insulin resistance and β-cell function in middle age and 

older adults. Nutr Diabetes. 2025;15(1):5. doi:10.1038/s41387-025-00361-2 

26. Zhao J, Zou H, Huo Y, Wei X, Li Y. Emerging roles of selenium on metabolism and type 

2 diabetes. Front Nutr. 2022;9:1027629. doi:10.3389/fnut.2022.1027629 

27. Menke A, Casagrande S, Geiss L, Cowie CC. Prevalence of and Trends in Diabetes 

Among Adults in the United States, 1988-2012. Jama. 2015;314(10):1021-9. 

doi:10.1001/jama.2015.10029 

 


