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Abstract
The effects of low-level exposure to metal mixtures on oxidative stress (OS) in adolescents are poorly understood. 
We examined the associations of blood concentrations of arsenic (As), cadmium (Cd), lead (Pb), and mercury 
(Hg) with urinary levels of F2-isoprostane (F2-IsoP) and 8-hydroxy-2’-deoxyguanosine (8-OHdG). Data for this 
cross-sectional study were drawn from the Salud Ambiental Montevideo cohort, which originally enrolled children 
at ages 6-8 years. In 2021-2023, participants - now aged 12.1  2.1 years - provided venous blood and spot urine 
samples. Metals were quantified in blood via Inductively Coupled Plasma-Tandem Mass Spectrometry (ICP-
MS/MS), while urinary OS markers were measured using competitive enzyme immunoassay (F2-IsoP) and LC-MS 
(8-OHdG). Associations between metals, considered individually and as a mixture, and each OS marker were 
evaluated using multivariable linear regression and Bayesian Kernel Machine Regression, respectively. Of the 430 
adolescents (49.3% male) who attended a study visit, 361 were included in the complete-case sample. Median 
blood concentrations were As 0.30 µg/L, Cd 0.06 µg/L, Hg 0.22 µg/L, and Pb 1.17 µg/dL. Correlations among 
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metals were generally low. We observed no associations between individual metals and OS biomarkers, and no 
evidence of interactions among metals when modeled as a mixture. F2-IsoP concentrations decreased slightly with 
increasing quantiles of the metal mixture, but the effect size was minimal. The metal mixture was unrelated to 
8-OHdG concentrations. In this cross-sectional study, we found little evidence that blood metals, either individually 
or as a mixture, were associated with OS in adolescents.

Keywords: Blood arsenic, lead, mercury, cadmium, environmental pollutants, heavy metals, health

INTRODUCTION
Children and adolescents are exposed to numerous environmental chemicals that can adversely affect their 
growth, health, and development[1,2]. Their vulnerability to pollutants arises from ongoing development, 
higher exposure relative to body weight, and immature detoxification systems[3,4]. Growing evidence shows 
that exposure to heavy metals is associated with detrimental health effects in children[5-8], and there is 
increasing focus on mixtures of metals, which better represent real-world exposures[9,10]. Chronic exposure 
to heavy metals such as arsenic (As), cadmium (Cd), lead (Pb), and mercury (Hg) can disrupt biological 
systems, affecting cell proliferation and repair, apoptosis, and genomic stability[11-13]. The potential harms 
posed by these metals throughout the lifecycle are reflected in their ranking on the U.S. Agency for Toxic 
Substances and Disease Registry’s National Priorities List: As (1st), Pb (2nd), Hg (3rd), and Cd (7th)[14].

Observational studies suggest that metals contribute to oxidative stress (OS) in children[15-21]. Heavy metals 
can induce OS through multiple mechanisms. For example, Pb, Cd, As, and Cr can generate reactive oxygen 
species (ROS), impair antioxidant defenses, and deactivate enzymes such as Glutathione Peroxidase - which 
converts hydrogen peroxide to water - and Catalase or Superoxide Dismutase - which convert hydrogen 
peroxide to water and oxygen[13,22-25]. Under normal physiological conditions, a balance exists between ROS 
generation and antioxidant activity[26]. When this equilibrium shifts toward pro-oxidants, normal cellular 
redox signaling is disrupted, causing molecular damage and OS. ROS can damage cellular structures 
through lipid peroxidation[27]. F2-isoprostanes (F2-isoPs), prostaglandin-like compounds formed by non-
enzymatic peroxidation of arachidonic acid, serve as biomarkers of OS[28]. Elevated OS can also damage 
DNA and alter cellular mechanisms controlling the cell cycle, with 8-hydroxy-2’-deoxyguanosine (8-
OHdG) serving as a biomarker of oxidative DNA damage[29,30]. OS has been implicated in cancer, 
cardiovascular disease, diabetes, neurodegenerative disorders, and inflammatory diseases[31-35], and evidence 
suggests that elevated OS levels, linked to metals, contribute to chronic disease development even before 
clinical symptoms appear[34,36-38].

Adolescence is a period of rapid physiological maturation and the emergence of risk factors for chronic 
disease. Despite this, surprisingly little research has investigated the effects of metals on adolescent health. 
In particular, the role of metals in generating OS during this critical life stage remains understudied[39]. Few 
epidemiological studies have examined the effects of low-level metal mixtures on OS biomarkers in 
adolescents. One study measured urinary heavy metals in adolescents aged 12-14 years living in a heavily 
contaminated area of Sicily and compared them with age-matched controls from less contaminated areas. 
Urinary Cd and Cr concentrations in adolescents from the contaminated area exceeded European reference 
values (geometric mean for Cd: 0.46 g/L, twice the RV; for Cr: 1.52 g/L, three times the RV). Exposed 
adolescents also had higher urinary 8-OHdG levels, which positively correlated with urinary Cd, As, and a 
composite exposure index[18]. Given the diseases associated with OS, the non-isolated nature of chemical 
exposures, the delayed onset of some OS-related diseases, and emerging evidence that pollutant toxicity is 
influenced by interactions among chemicals, it is critical to investigate how metal mixture exposure during 
adolescence relates to OS over the life course[40,41].
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Accordingly, the objective of this cross-sectional study was to examine the association of blood As, Cd, Hg, 
and Pb - both individually and as a mixture - with urinary F2-isoP and 8-OHdG levels in adolescents from 
Montevideo, Uruguay, who experience relatively low metal exposure. F2-isoP and 8-OHdG were selected as 
they are commonly measured OS biomarkers in clinical and population studies[42] and reliably reflect 
systemic OS[39]. We hypothesized that, even in this low-exposure context, adolescents with higher blood 
levels of metal mixtures would exhibit higher urinary OS marker levels.

EXPERIMENTAL
Study setting
This study utilizes cross-sectional data from the Complex Mixtures, OS, and Cognition (MOX) Study, 
conducted within the Salud Ambiental Montevideo (SAM) cohort. The primary objective of MOX was to 
investigate the link between childhood exposure to chemical mixtures, OS, and cognitive performance. The 
SAM cohort initially enrolled and began longitudinal follow-up of elementary school children 
(approximately 7 years old) in 2011-2019, focusing on low-to-average-income communities in Montevideo, 
the capital and the largest city of Uruguay. These communities were considered at risk for metal exposure 
based on previous epidemiological research and/or information regarding the pediatric populations served 
by the Clinic for Environmental Contaminants at Pereira Rossell Hospital between 2004 and 2016[43].

Recruitment of participants
Eligibility criteria for participation in the SAM cohort were: (1) regular attendance in the first grade of 
elementary school; and (2) no prior diagnosis of Pb poisoning. Additional details on recruitment are 
provided elsewhere[43]. Previously enrolled SAM cohort participants were re-invited to join the MOX study 
in 2021-2022. Initial contact was made by telephone to inform families about the new study and assess 
interest in participation. Non-responders received a study flyer at their last known address. For participants 
who were difficult to reach, the SAM cohort staff conducted home visits to provide study information. Once 
a study visit was scheduled, caregivers were contacted twice by phone: one week before and on the day 
preceding the appointment. For participants under 18 years of age, caregivers provided written informed 
consent, while participants aged 18 years or older signed their own consent forms. The MOX study was 
approved by the Institutional Review Board at the University at Buffalo (STUDY00004845).

Study sample
Of the 682 participants originally enrolled in the SAM cohort, 421 returned between July 2021 and 
September 2022 for their first set of MOX evaluations. In 2022-2023, an additional 9 participants completed 
their first evaluations. These 430 participants with unique “first visit” evaluations represent a 63% follow-up 
response rate [Supplementary Figure 1]. Participants who returned did not differ from those who did not 
respond to the MOX invitation in key baseline characteristics, including child age, sex, socioeconomic 
status, maternal education, and employment.

MOX study procedure and measures
Participants attended a study visit at the Catholic University of Uruguay. A questionnaire was administered 
to accompanying caregivers to assess possible factors that could impact OS or metal exposure, including: (1) 
parental education (years), employment (days and hours), household assets, and housing conditions; (2) the 
presence of smokers in the household; and (3) the child’s recent health status. Questions on parental 
education, employment, household assets, and housing conditions were modeled after those used in 
Uruguay’s Population Census and have been included in regular cohort assessments since inception. 
Children’s Physical activity (PA) levels were also queried: children aged > 12 years answered for themselves, 
whereas caregivers responded for children younger than 12 years.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/jeea4033-SupplementaryMaterials.pdf
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Secondhand smoke (SHS) exposure was estimated by inquiring about household smoking behaviors, 
including the number of smokers, the type of substances or devices used (cigarettes, cigars, e-cigarettes), 
whether smoking occurred indoors, and the number and frequency of people smoking indoors. Only one 
father and no mothers reported e-cigarette use in the overall cohort; therefore, SHS exposure at home was 
assumed to result from cigarette smoking. SHS exposure was quantified by counting the number of 
individuals who smoked indoors and assessing the typical duration of exposure on weekdays and weekends 
(never; < 1 h/day; 1-2 h/day; 3-5 h/day; >5 h/day). Responses were assigned numerical values and summed 
(range 0-8 points), with exposure classified as none, low (1-2 points), or higher (≥ 3 points) based on the 
distribution of responses.

PA levels were measured using the Physical Activity Questionnaire for Older Children (PAQ-C)[44], adapted 
for use in Uruguay. Scoring followed standard PAQ-C procedures, assigning values from 1 (no or low 
activity) to 5 (high activity) for participant responses (see Supplementary Table 1 for details). Question 1 
assessed participation in specific sports and was adapted to exclude activities uncommon in this population, 
such as Ice hockey, Cross-country skiing, Floor hockey, Street hockey, Skateboarding, Badminton, 
(American) Football, Baseball, Tag, and Rowing, while including Horse riding. The mean score of all 
activities listed in Question 1 was computed. Questions 2-5 queried PA across various times and settings, 
including afternoons, immediately after school, and weekends. A summary PA score was calculated by 
averaging individual question scores, with higher scores indicating greater activity levels.

Recent colds or infections were assessed using a checklist of common symptoms, including cough, sore 
throat, difficulty swallowing, nasal congestion or runny nose, fever, chills and/or shivering, increased 
sweating, diarrhea, stomachache, vomiting, red or swollen eyes/eye infection, muscle aches, and fatigue. 
These questions were adapted from the Avon Longitudinal Study of Parents and Children, administered to 
parents of children from preschool age[45] to adolescence. A count variable representing the number of 
reported symptoms was created and categorized as 0, 1-2, or ≥ 3 symptoms.

Family SES was assessed via caregiver reports on household assets and possessions (e.g., TV, computer, 
automobile, video player, smartphone). Asset-based SES measures are commonly used in the literature as a 
“wealth index”, reflecting longer-term SES rather than short-term income or consumption, since assets 
accumulate over time[46]. In this study, responses were subjected to principal component analysis (PCA) to 
generate an asset score. As described elsewhere[47], the score had a mean of 0.0 ± 1.0 and was most strongly 
influenced by access to a fixed phone line, home internet, and personal automobiles. Higher scores 
indicated a greater number of possessions.

Anthropometry and blood pressure
Anthropometric and blood pressure measurements were obtained during a study visit by an experienced 
nutritionist. Children’s weight was measured in triplicate using a digital scale (Toledo model 2096, Negri, 
Quartino & Ferrari, Montevideo, Uruguay) while they wore light clothing. Height was measured in 
triplicate using a portable stadiometer (Seca 214, Shorr Productions, Columbia, MD). Final weight was 
calculated as the average of the three measurements minus the standard weight of children’s apparel. Body 
Mass Index (BMI) was calculated as weight (kg)/height squared (m2).

Blood pressure was measured after participants had been seated for 5 min, with the right arm supported at 
heart level on a table. After placing an appropriately sized cuff around the upper arm, 2 cm above the 
antecubital fossa, blood pressure was recorded using a digital sphygmomanometer (Hem 7211 LA, Omron 
Healthcare Co.). Systolic and diastolic blood pressure, as well as pulse rate, were documented.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/jeea4033-SupplementaryMaterials.pdf
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Biochemical assessments
At the same visit, fasting blood samples were collected. Approximately 3 mL of blood was drawn into EDTA
Vacutainer tubes (lavender top), which had been pre-certified by the analyzing laboratory for the detection
of the specific low-level trace elements relevant to this study. Samples were stored at 4 °C until shipment to
the analyzing laboratory on ice packs. Shipments occurred monthly via an international courier,
accompanied by ice packs. Upon receipt, samples were transferred into pre-screened polypropylene tubes
and stored at -80 °C until further processing and analysis.

Prior to the visit, participants were instructed to collect a first-morning urine sample in a sterile
polyethylene cup provided to them. If collection on the morning of the visit was not possible, they were
advised to provide a later sample rather than not at all. At the study center, a drop of urine was tested for
specific gravity using a portable refractometer (PAL 10S, Atago Inc., USA). The remaining urine was mixed
with 0.25 mL of 10% BHT (butylated hydroxytoluene) as a preservative, aliquoted, and stored at -80 °C. For
analysis, urine samples were shipped on dry ice through a specialized courier.

Blood metals
Blood samples were analyzed for biomarkers of exposure by the Trace Elements Section, Laboratory of
Inorganic and Nuclear Chemistry, Wadsworth Center, New York State Department of Health. Analyses
were conducted using Inductively Coupled Plasma Tandem Mass Spectrometry (ICP-MS/MS; Thermo
ScientificTM iCAPTM TQ), optimized for human biomonitoring studies[48]. Details of quality control
procedures and calculation of limit of detection (LOD) are provided in the Supplementary Materials and
Supplementary Tables 2-5. Although the method quantified 20 trace elements, only As, Cd, Hg, and Pb
were included in the present study, as these elements represent the greatest concern for children’s health.
The method LOD across two batches was: As, 0.045-0.088 µg/L; Cd, 0.058-0.072 µg/L; Hg, 0.11-0.14 µg/L;
Pb, 0.04-0.065 µg/dL. For As and Pb, no values were < LOD, whereas 34% of Hg and 64% of Cd values were
< LOD. For statistical analyses, all instrument-generated values were retained.

Urinary OS biomarkers
Urinary F2-IsoP levels were measured at the University at Buffalo. After solid-phase extraction, samples
were analyzed in duplicate using a commercially available competitive enzyme immunoassay (EIA) kit
(Cayman Chemical, Ann Arbor, MI). The average coefficient of variation (CV) was 12%. The urinary
biomarker 8-OHdG was analyzed in triplicate by LC-MS (AB SCIEX API 4000 tandem MS coupled with a
Waters Acquity UPLC) at Creative Proteomics, Inc. (Shirley, NY, USA), without prior solid-phase
extraction. The average CV was 3.55%. Further details of the analytical methods are provided in the
Supplementary Materials.

F2-IsoP and 8-OHdG levels were adjusted to the median specific gravity (1.025) to account for variation in
fluid intake using the following equation: Equation 12345679 where Esg denotes the specific-gravity-
corrected biomarker concentration, SGmedian is the study’s median specific gravity, SG0 is the observed
specific gravity, and E0 is the observed biomarker concentration[49].

Statistical analysis
All statistical analyses were performed using Stata 18 (StataCorp, College Station, TX, USA) and R 4.3.0 (R
Foundation for Statistical Computing, Vienna, Austria). A two-sided P-value < 0.05 was considered
statistically significant. Data were first checked for missing values and errors. Urinary 8-OHdG and F2-IsoP,
corrected for specific gravity, were log-transformed and analyzed in separate regression models as
continuous dependent variables. Predictor variables (blood metals) were also log-transformed and modeled
as continuous variables.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/jeea4033-SupplementaryMaterials.pdf
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Complete-case sample definition
Between 2021 and 2023, 430 participants provided follow-up samples and questionnaire data, representing a 
63% response rate from the original cohort. Of these, 369 had valid observations for blood metals and 
urinary OS markers. An additional 8 participants were excluded due to incomplete covariate data, resulting 
in a final analytical sample of 361 [Supplementary Figure 1].

Descriptive statistics
Descriptive statistics were used to characterize the data. Continuous variables were summarized as mean ± 
SD or median [Interquartile Range], depending on distribution, and categorical variables as frequencies. 
Histograms were used to examine distributions of continuous variables. Log10 transformation was applied 
to exposure and outcome variables that were non-normally distributed. Scatterplots were generated to 
assess linearity between predictors and outcomes, and a Pearson correlation matrix was used to examine 
pairwise correlations among the four metals and two OS biomarkers.

Covariate selection
Covariates were identified through a literature review of potential confounders. A directed acyclic graph 
(DAG) was constructed using variables available in the study to identify those meeting the definition of 
confounders. The DAG assumed that exposures to different metals arise from correlated sources. Final 
covariates included age, sex, BMI, SES, illness symptoms, PA, and SHS. The DAG was created in DAGitty[50] 
[Supplementary Figure 2].

Linear regression analyses
Ordinary least squares regression was used to estimate associations between each metal (continuous, log-
transformed) and each OS biomarker (continuous, log-transformed). Three models were run:

Model A: unadjusted; 
Model B: adjusted for biological variables (age, sex, BMI); 
Model C: further adjusted for SES, illness symptoms, PA, and SHS.

Bayesian Kernel Machine Regression analyses
Bayesian Kernel Machine Regression (BKMR) was used to estimate associations between metal mixtures 
and OS biomarkers, including potential higher-order interactions and joint effects[51].

A separate model was fitted for each OS biomarker:

OSi = h (Metal 1i, Metal 2i, Metal 3i, Metal 4i) + B1-n
* 

Selected covariatesi + ei

where h denotes the exposure-response function accounting for nonlinearity and interactions among 
mixture components, and ei represents random error. BKMR was run with default non-informative priors 
and 10,000 iterations, as presented in the original methods paper[51]. All models were adjusted for the 
selected covariates (age, sex, BMI, SES, illness symptoms, PA, and SHS).

RESULTS AND DISCUSSION
Sample characteristics
The mean age of participants reflects an early adolescent sample with a balanced distribution of boys and 
girls. The average BMI was 20.9 ± 4.7 kg/m2; however, 47% of adolescents had a BMI  85th percentile, 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/jeea4033-SupplementaryMaterials.pdf
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indicating a high prevalence of overweight and obesity. On average, participants had blood pressure values 
within the healthy range, but 11.9% had systolic blood pressure  120, and 5.5% had diastolic blood pressure 
80 mmHg. Participant characteristics did not differ meaningfully between the analytical sample and those 
excluded due to sibling status or missing data [Table 1].

The median (IQR) blood concentrations of As, Cd, Hg, and Pb are shown in Table 1. Median values for 
three of these metals (Cd, Hg, Pb) are compared with those measured in 10-14-year-olds participating in the 
U.S. National Health and Nutrition Examination Survey (NHANES) in Supplementary Figure 3. As 
previously reported, blood As levels in this population are consistent with background exposure[47]. Blood 
metal concentrations were generally uncorrelated, except for As and Hg, which showed a modest 
correlation (r2 = 0.34; Supplementary Figure 4). Overall, exposure levels in this cohort were low, especially 
compared to populations living near industrial complexes. Blood Pb concentrations in our study were 
approximately three times higher than those observed in U.S. adolescents [Supplementary Figure 3], 
whereas Cd and Hg levels were comparable. The exposure range was also narrower than in other published 
studies. Direct comparisons of exposure metrics between SAM adolescents (this study) and SAM children at 
earlier ages are not possible, because current measures were obtained from blood, while earlier assessments 
were based on urinary biomarkers. Nonetheless, exposures during early childhood appear to have been 
somewhat higher. Several other studies have also used urinary metal concentrations, further limiting direct 
comparability.

Supplementary Table 6 summarizes methods for determining F2-IsoP and 8-OHdG, along with 
concentration levels reported in recent studies of metal mixtures and OS markers in children and pregnant 
women. In this cohort, urinary F2-Isop levels were similar to those measured when participants were 
approximately seven years old, while 8-OHdG levels were nearly five times higher[21]. By contrast, 8-OHdG 
levels in Uruguayan adolescents were lower than those reported for preschool children in Mainland 
China[20], school-aged children in Taiwan[15], and adolescents in Italy[18], all of whom lived in contaminated 
areas. These cross-study comparisons, however, should be interpreted cautiously due to methodological 
differences.

Substantial variability exists across studies in how urinary samples are stored, collected, processed, and 
analyzed to measure OS markers. We recently reported a strong correlation and substantial agreement 
(Kappa statistics) between OS markers measured in paired samples stored at -20 and -80 °C[52]. However, 
other methodological factors may influence results, including pre-processing procedures such as solid-phase 
extraction, the choice of analytical technique (e.g., high-performance liquid chromatography, considered 
the gold standard, vs. immunoassays), measurement precision (expressed as the CV), and adjustments for 
urinary dilution. In addition, differences in the timing of sample collection - both within the same day and 
across seasons - can introduce variability that may attenuate associations, particularly in studies with 
smaller sample sizes. There may also be diurnal and longer-term fluctuations in OS marker levels. For 
example, Li et al. measured diurnal and day-to-day variation in urinary 8-OHdG in adults over a one-
month period[53]. Although each individual exhibited relatively stable 8-OHdG levels during the day, within-
person variation across the month reached up to 27%. Similarly, a study of adolescents found considerable 
variability in median F2-IsoP levels across six sampling occasions[54].

Linear regression analyses
Supplementary Figure 5 illustrates the linear, though modest, relationships between blood metal 
concentrations and urinary OS biomarker levels, along with smoothed LOESS curves. Table 2 summarizes 
the associations of individual blood metals with urinary 8-OHdG and F2-IsoP levels in Uruguayan 
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Table 1. Individual and family characteristics of Uruguayan adolescents participating in a study on metals and oxidative stress (n = 
361), compared to individuals excluded due to missing observations

Characteristics Analytical sample 
[Mean ± SD, % or 
median (IQR)]

N Individuals excluded from analysis 
[Mean ± SD, % or 
median (IQR)]

Adolescent characteristics

Age, years 12.1 ± 2.2 69 12.4 ± 3.2

Males 49.3% 60 43.5%

BMI, kg/m2 20.9 ± 4.7 69 21.0 ± 4.7

Physical activity score 1.7 (1.0, 2.2) 84 1.5 (0.9, 2.1)

Secondhand smoke exposure 
None 
Low 
Higher

 
38.2 
41.8 
19.9

68  
38.2 
47.1 
14.7

Illness symptoms in the previous week 
None 
1-2 
≥ 3

37.4 
42.4 
20.2

65 42.2 
35.9 
21.8

Systolic blood pressure, mmHg 107.4 ± 11.4 69 105.3 ± 11.7

Diastolic blood pressure, mmHg 66.8 ± 8.6 69 67.9 ± 8.4

Household characteristics

Household assets score -0.006 ± 0.98 66 0.08 ± 1.02

Maternal age, years 38.3 ± 7.8 69 38.8 ± 6.3

Maternal education, years 8.7 ± 2.6 69 9.0 ± 3.4

Exposure and endpoint measures

As, µg/L 0.39 (0.32, 0.49) 61 0.36 (0.31, 0.46)

Cd, µg/L 0.06 (0.05, 0.08) 61 0.06 (0.04, 0.08)

Hg, µg/L 0.22 (0.09, 0.45) 61 0.25 (0.12, 0.44)

Pb, µg/dL 1.17 (0.86, 1.71) 61 1.14 (0.78, 1.49)

8-OHdG1, pg/mL 232.5 (170.0, 309.7) 60 225.0 (175.4, 358.4)

F2-IsoP1, pg/mL 1,760.7 (1,370.7, 2,525.7) 57 1,820.0 (1,378.3, 2,604.0)

1Adjusted for the specific gravity of urine. SD: Standard deviation; IQR: interquartile range; BMI: body mass index; 8-OHdG: 8-hydroxy-2’-
deoxyguanosine; F2-IsoP: F2-isoprostanes.

adolescents. No significant associations were observed between individual blood metals and 8-OHdG in any 
of the models. Similarly, no associations were detected between As, Cd, Hg or Pb and F2-IsoP.

BKMR analyses
Supplementary Figure 6 displays the trace plots for the two BKMR models (A: 8-OHdG and B: F2-IsoPs). 
The univariate exposure-response plots [Supplementary Figure 7] are generally consistent with the linear 
regression results, showing only modest associations. For 8-OHdG, the 95% credible intervals (CrIs) were 
wide, indicating low precision. The bivariate exposure-response plots [Supplementary Figures 8 and 9] 
provide little evidence of interactions among metals.

The combined effects of the four metals are shown in Figure 1 and Supplementary Table 7. Increasing 
percentiles of the mixture were not associated with urinary 8-OHdG. For urinary F2-IsoP, higher quantiles 
of the metal mixture were associated with slightly lower biomarker concentrations. However, the estimated 
associations were very small, and the wide confidence intervals for both OS biomarkers limit the ability to 
draw definitive conclusions about joint effects. As reported in Supplementary Table 8, the posterior 
inclusion probabilities (PIPs) from both models were very low. Among the four metals, blood Hg showed 
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https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/jeea4033-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/jeea4033-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/jeea4033-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/jeea4033-SupplementaryMaterials.pdf
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Table 2. Associations between individual blood metals and urinary 8-OHdG and F2-Isoprostane levels among Uruguayan 
adolescents (n = 361)

Model A2 Model B3 Model C4Metal in blood1

β (95%CI)

8-OHdG5

As 0.04 (-0.07, 0.15) 0.03 (-0.08, 0.14) 0.04 (-0.07, 0.15)

Cd 0.05 (-0.04, 0.14) 0.03 (-0.05, 0.12) 0.04 (-0.05, 0.13)

Hg 0.001 (-0.04, 0.04) -0.004 (-0.04, 0.03) -0.002 (-0.04, 0.04)

Pb -0.02 (-0.10, 0.07) 0.01 (-0.08, 0.10) -0.001 (-0.09, 0.09)

F2-Isoprostanes5

As 0.08 (-0.04, 0.20) 0.04 (-0.07, 0.16) 0.04 (-0.08, 0.16)

Cd -0.03 (-0.12, 0.07) -0.06 (-0.16, 0.03) -0.06 (-0.15, 0.03)

Hg -0.02 (-0.07, 0.01) -0.04 (-0.08, 0.001) -0.04 (-0.08, 0.003)

Pb -0.01 (-0.11, 0.08) 0.01 (-0.08, 0.11) 0.01 (-0.09, 0.11)

1Metals were log10-transformed for analysis; 2Model A: unadjusted; 3Model B: adjusted for age (continuous), sex, and BMI (continuous); 4Model 
C: additionally adjusted for SES (continuous), illness symptoms (none, 1-2, ≥ 3), physical activity score (continuous), and Secondhand Smoke 
Exposure (none, low, higher); 5Urinary 8-OHdG and F2-IsoP were adjusted for specific gravity and then log10-transformed. log10: Base-10 
logarithm; BMI: body mass index; SES: socioeconomic status; 8-OHdG: 8-hydroxy-2’-deoxyguanosine; F2-IsoP: F2-isoprostanes.

Figure 1. Overall association between the mixture of heavy metals (blood arsenic, cadmium, mercury, and lead) and urinary oxidative 
stress biomarkers in Uruguayan adolescents (n = 361) 1. (A) 8-OhdG; (B) F2-isoprostanes. 1The metals in the mixture were log10-
transformed and standardized. The mixture was modeled as increasing from the 25th to the 75th percentile in 5% increments. Models 
were adjusted for age, sex, BMI, SES, illness symptoms, physical activity score, and secondhand smoke exposure. 8-OHdG: 8-Hydroxy-
2’-deoxyguanosine; BMI: body mass index; SES: socioeconomic status.

somewhat greater influence on the mixture effect than the others.

The literature on the effects of metal mixtures on OS in children is growing, but remains limited for 
adolescents. Most studies to date have been conducted in younger age groups. For example, when children 
in the SAM cohort were approximately 7 years old, we used weighted quantile sum regression to investigate 
associations between urinary As (median 9.6 μg/L) and Cd (median 0.06 μg/L), blood Pb (median 
1.9 μg/dL), and urinary 8-OHdG and F2-IsoP. The weighted metal index was positively associated with 
higher 8-OHdG, largely driven by As, but not with F2-IsoP[21]. Similarly, among children aged 4-8 years 
living both near a petrochemical plant and in more remote areas of Taiwan, several urinary metals were 
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linked to elevated levels of 8-OHdG, F2-IsoP, and two additional OS markers: 4-hydroxy-2-
nonenalmercapturic acid (4-HNE-MA) and 8-nitroguanine (8-NO2Gua)[15]. For 8-OHdG and F2-IsoP, Hg 
made a substantial contribution to mixture effects. Metal exposure in these children was higher than in the 
general population (mean urinary concentrations: As: 94.89; Cd: 0.085; Hg: 1.85; Pb: 1.47 μg/g creatinine). 
More recently, a study of 229 preschool children aged 1-6 in Guangzhou, China, reported a positive link 
between the joint effects of 18 metals and urinary 8-OHdG[20]. Some essential trace metals included in the 
analysis (copper, selenium, zinc) have nutritional value, while others  (antimony, As, cesium, lithium, Pb) 
have no physiological role in humans. Only a few metals were individually associated with OS, and the 
effect estimates were very modest (copper and selenium showed negative associations, while antimony 
showed a positive association).

Looking more broadly across general population groups, studies among pregnant women show limited 
evidence of associations between metal exposure and OS. Pregnancy is a distinct physiological state 
characterized by elevated OS, and OS levels also increase with age[34]. For this reason, we do not directly 
compare these findings with our own but consider them informative for illustrating results in another 
population. For example, in Puerto Rico, pregnant women had mean urinary concentrations of Pb 
0.24 μg/L, As 11.3 μg/L, and Hg 0.56 μg/L, with no observed associations between these metals and F2-
IsoP[55]. Similarly, a study of pregnant women in Boston, USA, with mean urinary levels of As 15 μg/L, Hg 
0.46 μg/L, and Pb 0.30 μg/L, found no associations between these metals and either F2-IsoP or 8-OHdG in 
linear regression or BKMR models[56]. In contrast, among pregnant women in Wuhan, China, several metals 
were positively associated with at least one OS biomarker, and a mixture of 11 metals - driven largely by 
selenium - was associated with higher 8-OHdG and F2-IsoP levels[57].

It is important to consider how the selection of exposure biomarkers may influence the interpretation of our 
findings. Many pediatric studies use urine rather than blood to measure metal concentrations because urine 
collection is relatively simple, especially in children. However, the choice of biological matrix affects both 
the detection of metals and the reference period of exposure (hours, weeks, years), and it is also influenced 
by each metal’s metabolism in the body. For example, inorganic As is cleared from the blood within hours 
of ingestion, and its urinary excretion is facilitated by methylation[58]. Thus, blood As reflects exposure over 
approximately 6 h, whereas urinary As is generally thought to represent exposure within the past 4 
days[59,60], although some reports extend this window to up to 1 month[58]. We recently examined the utility 
of blood As as a marker of exposure[47]. Based on robust correlations reported between blood and urinary As 
in adults, we concluded that blood As is a reliable biomarker for short-term exposure. Blood Cd, Hg, and Pb 
are generally considered indicators of “recent” exposure, though the time periods they reflect differ across 
metals[58]. The half-life of Cd in blood is around 100 days, but circulating Cd may also reflect existing body 
burdens. Blood Pb represents an exposure period of several months, but levels are influenced by Pb stored 
in bone. Blood Hg reflects exposure to all forms of Hg within the preceding 50 days[58]. In contrast, urinary 
Cd reflects exposure over years, while urinary Pb is not considered a reliable biomarker of exposure[58]. 
Given this wide range of half-lives (from 6 h to a few months), findings for individual metals and their 
mixtures based on these four biomarkers should be interpreted cautiously, unless there is clear evidence that 
exposures to all metals are chronic and stable in magnitude. Furthermore, because biomarkers differ in their 
interpretability and utility across studies, direct comparisons of results may not always be appropriate.

Beyond these considerations for exposure biomarkers, variability in the measurement and stability of OS 
biomarkers may also explain our null results and the discrepancies between our findings and those of other 
studies. As noted earlier, OS biomarkers may remain relatively stable within a day but show substantial 
variability over longer periods. This raises questions about how to interpret statistically significant or null 
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associations in cross-sectional studies.  For example, in our previous work, we found only a modest 
correlation (r2 = 0.25) in blood As measured in adolescents one year apart[47], suggesting that a single 
measurement may not capture “typical” exposure. Combined with the day-to-day variability of OS 
biomarkers, this makes a single cross-sectional snapshot of the exposure-outcome relationship potentially 
unreliable.

Differences in covariate adjustment across studies may also contribute. Our models accounted for several 
key factors known to influence OS, including PA and exposure to SHS. In contrast, among the pediatric 
studies cited above, one did not perform any covariate adjustment[18], another used highly parsimonious 
models[20], and a third adjusted for smoking, antioxidant intake, and other factors[15]. Nevertheless, residual 
confounding may partly explain our null results. For instance, dietary habits are strongly associated with 
OS[61,62], yet we did not collect dietary data from participants. Previous studies have shown that diets high in 
antioxidant-rich foods such as fruits and vegetables and low in pro-oxidant foods such as meat are 
associated with reduced levels of both 8-OHdG and F2-IsoP[63,64]. Thus, if adolescents were simultaneously 
exposed to heavy metals and dietary antioxidants, we may have been unable to disentangle their respective 
effects.

This study should be interpreted in light of its limitations. First, its cross-sectional design hinders our ability 
to infer causality. Second, despite rigorous quality control for all biomarkers, variation in the timing and 
handling of samples by participants before delivery to the study center may have introduced measurement 
error, adding noise to the observed associations. To address some of this variability, we adjusted urinary OS 
biomarkers for specific gravity to account for differences in urine dilution throughout the day. However, OS 
biomarkers were measured in only a single spot urine sample. Few studies have assessed how well a single 
measurement reflects OS levels over the course of a day or across longer periods, but available evidence 
suggests considerable variability[53,54], as discussed above.

Another consideration is the reduction in sample size due to missing data and the exclusion of siblings from 
the study. Although, as noted above, excluded participants did not differ from those in the analytical 
sample, these exclusions may have reduced the statistical power of the analyses. The final sample size was 
modest, with approximately 360 participants. Nevertheless, the study retained more than 90% power at an 
alpha of 0.05 to detect associations in linear models between individual blood metal concentrations and 
individual urinary OS biomarkers. To further evaluate statistical power, we estimated power for models 
testing pairwise interactions between metals, taking into account sample size, actual exposure and endpoint 
distributions, and observed associations in interaction models. Generally, the power to detect interactions 
exceeded 80%, except for those involving Hg with other metals. This is likely explained by the high 
proportion of values below the LOD. Our sample size is also comparable to other studies that used BKMR 
to assess associations between health endpoints and metal mixtures in children[56,65]. However, it is worth 
noting that the beta coefficients for the joint associations between the metal mixture and each endpoint 
were very small [Figure 1]. Even when statistically significant, the clinical significance of such small effect 
sizes remains uncertain.

In addition to the inability to adjust for dietary intake, the lack of adjustment for alcohol consumption 
warrants consideration. Alcohol is a well-recognized contributor to OS[66]. Alcohol consumption is not 
uncommon in Latin America and the Caribbean[67], although rates have been decreasing[68]. The average age 
of first alcohol consumption among Uruguayan students is around 13 years, with 45.3% beginning before 
age 15[69]. In our study, however, 57.4% of participants were < 12 years of age, and only 12.3% were > 15 
years, suggesting that alcohol consumption was unlikely to play a major role in this cohort. Another 
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limitation is the absence of data on early-life exposures, including the prenatal period. Certain metals, such 
as Pb, can accumulate in tissues and be gradually released into the bloodstream[58]. While we evaluated 
multiple metal exposures in the SAM cohort at school entry, these measures were available only for a 
subsample of children. Adjusting for prior exposures would have further reduced the sample size and was 
therefore not attempted. Finally, other potential contributors to OS, such as organic pollutants, were not 
measured or available in this study.

Despite these limitations, the study has several important strengths. First, few studies to date have explored 
the relationship between multiple metals and OS during adolescence, a critical developmental phase marked 
by growth and maturation of numerous physiological systems. Second, we employed two well-validated OS 
biomarkers to evaluate oxidative damage to lipids and DNA. Third, rigorous quality control procedures 
were implemented for both OS and metal biomarkers. F2-IsoP measurements were carried out in duplicate, 
while 8-OHdG was measured in triplicate, with all %CVs within acceptable ranges. Blood metals were 
analyzed at an NIH-supported Human Health Exposure Analysis Resource (HHEAR) laboratory 
specializing in trace element analysis in biological tissues and fluids. The Wadsworth HHEAR laboratory is 
fully accredited under the Clinical Laboratory Improvement Amendments (CLIA) in the United States and 
follows rigorous quality protocols.  Blood collection tubes were pre-screened for trace element analysis, and 
all measurements were traceable to international standards. Fourth, the use of BKMR enabled the 
assessment of joint effects of multiple exposures and the estimation of nonlinear multivariable exposure-
response functions. Finally, we collected data on covariates with biologically plausible roles in influencing 
OS, such as SHS exposure and PA levels.

CONCLUSIONS
Our investigation of the relationships between a mixture of blood metals and OS biomarkers among 
adolescents exposed to lower levels of metals revealed no evidence of associations. These findings, which do 
not support our original hypothesis, contrast with many previously published studies on metal mixtures. 
The discrepancy may reflect differences in exposure levels and patterns among adolescents, as well as the 
limitations of measuring urinary OS biomarkers at a single time point.  Future studies should consider more 
complex mixtures, including non-metal exposures, and the effects of longer-term exposures on a broader 
range of OS and antioxidant defense biomarkers over time. Incorporating repeated OS measurements, 
larger sample sizes, and dietary data would further strengthen future studies.
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