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Abstract
Epidemiological studies focusing on metal(oid) exposure and excess body weight among children show inconsistent results 
and the influence of metal(loid) mixtures has been little studied. We aimed to explore the effect of 10 metal(loid)s, indi-
vidually and in combinations, on overweight and obesity among children aged 6–12. Urinary levels of these metal(oid)s 
from 92 controls and 51 cases with overweight and obesity were analyzed. Metal(loid) levels were log-transformed and 
categorized into tertiles according to the control group cutoff points. Two logistic regression models and weighted quantile 
sum regressions (WQS) were run: model 1 adjusting for age, sex, creatinine, energy intake and physical activity and model 
2 additionally adjusting for maternal education, rice and fish consumption. In the single metal(oid) exposure model, there 
was a trend of significant negative association for urinary cobalt (Co), where children in the third tertile had lower odds of 
present overweight and obesity than those in the first (Odds Ratio, OR = 0.43; 95% Confidence Interval, CI = 0.20–0.93). 
Urinary chromium (Cr) levels were borderline-significant negatively associated with overweight and obesity (ORa = 1.70; 
95% CI = 0.97–2.98). Molybdemun, Cr and Co had a major contribution to the inverse association between metal(loid) 
mixture and overweight and obesity as well as lead, cadmium and total arsenic in the positive relationship. Our findings in 
this explorative study suggested an inverse association of high urinary Co levels with overweight and obesity. Moreover, 
metal(loid) mixture exposure may have influence on overweight and obesity with an important contribution of Co in the 
potential negative effect.
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Introduction

Excess body weight (overweight or obesity) among children 
is currently a major worldwide public health concern due 
to its prevalence and associated health problems, such as 

cardiovascular, musculoskeletal, endocrine diseases, auto-
immune disorders and cancer (De Bont et al. 2022). World-
wide the prevalence of overweight and obesity, in 2016 
was over 340 million children and adolescents aged 5–19 
(WHO 2021). Concretely, in Spain, the prevalence of child-
hood excess body weight has continued to rise in the last 
decade (Bravo-Saquicela et al. 2022). In fact, in 2018 Spain 
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ranked second within the WHO European Region in child-
hood overweight and obesity prevalence (WHO 2018). This 
high prevalence cannot be solely attributed to traditional risk 
factors such as changes in diet, physical activity and underly-
ing genetic susceptibility (Tang-Péronard et al. 2011). Over 
recent years, it has been investigated the role of obesogens 
(chemicals that lead to increase white adipose tissue mass 
after their exposure (Heindel et al. 2022)) on the develop-
ment of obesity especially during the critical development 
window (embryo, fetus or young child). In this period, some 
of the environmental substances such as bisphenol A and 
analogs, phthalates, tributyltin, flame retardants, polybromi-
nated diphenyl ether (PBDEs), pesticides, dioxin and PCBs 
(polychlorinated biphenyl), per and poly-fluoroalkyl sub-
stances (PFAS), and metal(loid)s may play an important role 
(Iavicoli et al. 2009; Heindel and Blumberg 2019; Heindel 
et al. 2022). Concretely, metal(loid)s are ubiquitous elements 
of natural and anthropogenic origins, with widespread envi-
ronmental distribution. They can be introduced into the body 
in multiple ways including via food consumption, drinking 
water and air inhalation (Rosin 2009). Recent studies have 
found an association between metals exposure and obesity 
prevalence (Tinkov et al. 2021). Thus, metal(loid)s such as 
arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg) and 
nickel (Ni), considered toxic elements, could contribute to 
obesity displacing essential metals such as zinc, chromium 
(Cr), copper (Cu), iron (Fe) and magnesium (Mg) that might 
affect to the energy production and carbohydrate tolerance 
(Katzen-Luchenta 2007) generally leading to the distur-
bance of metabolic process (Padilla et al. 2010). Moreover, 
deficiencies of certain essential metals such as Cr, Cu, Fe 
and Mg can increase adiposity (Wildman and Mao 2001; 
Guerrero-Romero and Rodríguez-Morán 2006; Yanoff et al. 
2007; Komolova et al. 2008; Padmavathi et al. 2010).

Biomarkers are commonly used in epidemiological stud-
ies to assess metal(loid) exposure and its internal dose as 
they consider all possible sources in the population (Boo-
gaard et al. 2012; Martinez-Morata et al. 2023). Concretely, 
urine is the non-invasive biological matrix most widely used 
for biomonitoring metal exposure (Esteban and Castaño 
2009). Due to the discharge of metals in urine is high and 
there are no ethical considerations or lack of access to it, it 
is considered the best and most accessible biological matrix 
(Nasab et al. 2022). In fact, may provide useful information 
for biomonitoring studies carried out in certain population 
groups such as children where blood samples are more dif-
ficult to obtain (Molina-Villalba et al. 2015). Several met-
als such as As, Mn, Ni, Cr have a short life-biological in 
urine while others such as urinary Cd represent chronic 
and cumulative exposure (Vogel et al. 2021). Nonetheless, 
under steady conditions, urinary metals seem to be appropri-
ate long-term exposure biomarkers (Castiello et al. 2020). 
Previous research has studied the potential relationship of 

metal(loid)s exposure with overweight and obesity in sensi-
tive subpopulation groups like infants or children and has 
displayed inconsistent results because some did not find 
an association with Hg levels (Rothenberg et al. 2015; Fan 
et al. 2017; Fábelová et al. 2018) whereas others reported 
a positive association (Geier et al. 2016; Shin et al. 2018; 
Cho 2021). In the same manner, some studies have found a 
negative association between As concentrations and over-
weight and obesity (Su et al. 2012; Lin et al. 2014), others 
positive (Nasab et al. 2022; Hashemi et al. 2023) and one 
did not find relationship (Lewis et al. 2018). Instead, for 
other metals such as Ni (Tascilar et al. 2011; Błażewicz et al. 
2013), Mn (Fan et al. 2017; Ge et al. 2020), Cu (Fan et al. 
2017; Ge et al. 2020) and Cd (Padilla et al. 2010; Shao et al. 
2017; Shan 2022) few epidemiological studies have assessed 
their potential role in overweight and obesity. Besides, these 
studies have typically focused on metal(loid)s individual 
analyses. However, in the real-world scenario humans are 
simultaneously exposed to multiple metals and the effects 
of one element can depend on their interactions with the rest 
(Notario-Barandiaran et al. 2023). Given the hypothesis of 
our study is based on the urinary metal(loid) concentrations 
might contribute to overweight and obesity among Spanish 
children, this study aimed to assess the potential individual 
and mixture effects of a selection of metal(loid)s, measured 
in urine samples, on overweight and obesity of Spanish chil-
dren aged 6–12.

Materials and Methods

Study Design and Setting

The present research is a case–control study designed to 
assess the influence of environmental factors affecting 
overweight and obesity among Spanish children. Study 
participants were recruited from January 2020 to January 
2022. Both cases and controls were recruited from 15 pri-
mary care centers and 3 schools located in areas with dif-
ferent socioeconomic level and randomly selected from the 
province of Granada that covers an area of1 2.531  m2 in 
Southern Spain. Concretely, 28% of cases were recruited 
from schools and 72% from primary care centers. No rel-
evant differences were observed between participants 
recruited in primary care centers and those recruited from 
schools, except for physical activity (data no shown).

Personal identifiers in the dataset were removed to guar-
antee confidentiality.

Study Participants

Eligible cases met the following inclusion criteria: (1) over-
weight or obesity diagnosis; (2) prepuberal children aged 
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between 6 and 12 years-old; (3) having resided continuously 
in the study areas for at least 6 months. The controls met the 
same inclusion criteria, with the exception of overweight 
and obesity diagnosis. Exclusion criteria included obesity 
as a symptom of other pathologies or as a side effect of 
pharmacological treatment.

Data Collection and Variables

Covariates were collected from a structured questionnaire by 
face-to-face trained interviewers to the participants’ parents 
or legal guardians including maternal education (primary, 
secondary and university) and smoker/s in the household 
(yes/no) using the household members smokers ≥ 1 as 
a proxy for secondhand smoke. The following data were 
collected from children: gender (boys/girls), age (years), 
physical activity out-of-school (yes/no) and fish and rice 
intake (g/day). Dietary information for the 12 months prior 
to the interview was obtained using a semi-quantitative food 
frequency questionnaire (FFQ) that was addressed to the 
parents or legal guardians of participants and completed by 
nutrition professionals. This questionnaire included the fol-
lowing food groups: dairy products, eggs, meat and meat 
derivatives, fish and fish derivatives, vegetables, tubers, 
fruits and nuts, legumes, cereals, precooked or ultra-pro-
cessed food, bakery products, pastries and sweets, fats and 
oils, non-alcoholic beverages and miscellaneous. The energy 
intake was calculated using three 24 h dietary recalls.

In addition, child anthropometry assessment was per-
formed at the recruitment moment and was carried out 
by trained field staff including height (cm) and weight 
(kg). Weight was measured with the participants wearing 
light clothing and without shoes, using a portable Tanita 
scale (model MC 780-S MA). Height was measured in 
the standing position with a stadiometer (model SECA 
214 (20–207 cm). During height measurements, care was 
taken that the participants’ backs, buttocks and heels were 
in contact with the wall. Body mass index (BMI) was cal-
culated as weight in kilograms divided by height squared, 
in meters. The participants were classified as underweight, 
normal weight, overweight and obese according the stand-
ards proposed by the International Obesity Task Force, as 
described by Cole et al. (2007, 2000). Thus, we divided the 
participants into two groups: cases (overweight and obese 
children) and controls (normal-weight children). The cut-
off point for overweight and obesity was established on the 
equivalent value of 25 kg/m2 for adults.

Sampling and Metal(loid) Analysis

A single and first urine of the day from study participants in 
a polypropylene bottle was provided by their parents or legal 
guardians. The urine sample was stored in the participants’ 

homes under frozen conditions until collection within a 1 
to 4 days-period after the interview. For this study, nine 
metals (Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni and Pb) and one 
metal(loid) (As) were analyzed. A calibration curve was 
prepared in ultrapure water (Milli-Q, Merck, Darmstadt, 
Germany) with 2%  HNO3 (Merck, Darmstadt, Germany) 
and 1% HCl (Merck) using appropriate metal standard solu-
tions (Agilent Technologies, Santa Clara, CA, USA). Urine 
samples were diluted 1:10 in ultrapure water (Milli-Q) with 
2%  HNO3 (Merck) and 1% HCl (Merck). Appropriate blanks 
were analyzed to correct the results.

The multi-element analyses were performed on an Agi-
lent 8900 triple quadrupole Inductively coupled plasma mass 
spectrometry (ICP-MS) (Agilent Technologies). The instru-
ment was tuned and performance parameters were checked 
prior to analysis. To ensure the quality of the results, a multi-
element 400 µg/L internal standard solution with Sc, Ge, 
Ir and Rh was added online to the samples. Furthermore, 
a suitable certified reference material [Seronorm (Sero, 
Billingstad, Norway) Trace Elements Urine L2 (reference 
210,705)] was reanalyzed along with a blank and an interme-
diate calibration standard every 12 samples. National Insti-
tute of Standards and Technology NIST (Gaithersburg, MD, 
USA) Trace Elements in Natural Water Standard Reference 
Material SRM 1640a was also used as certified reference 
material and analyzed at the beginning and the end of each 
sequence. Additionally, one in every 12 samples was reana-
lyzed at the end of each session. Limits of detection (LOD) 
(μg/L) were obtained for As (0.07), Cd (0.04), Co (0.01), Cr 
(0.2); Cu (0.5), Hg (0.08), Mn (0.08), Mo (0.03), Ni (0.1), 
Pb (0.1). Metal(loid) concentrations below the LOD were 
replaced by the LOD divided by the square root of 2 (CDC 
2015). Co, Ni, As and Mo were detected in 100% of the sam-
ples while the detection rate for Mn and Cd was the lowest in 
both cases and controls (27.2% and 56.5%, respectively). For 
the rest of the metal(loid)s, the detection rate ranged from 
66.3% to 96.7% The classical Jaffé method (Weber and Van 
Zanten 1991; Peake and Whiting 2006) based on the photo-
metric measurement of kinetics of creatinine reaction with 
picric acid at 37 °C was used for determination of creatinine 
concentration in urine. For it, a kit of reagents was provided 
by Biosystems (Barcelona, Spain).

Statistical Analysis

For descriptive purposes, the arithmetic mean, median, 
standard deviation (SD) and interquartile range (25–75th 
percentiles) were used for continuous variables, whereas 
absolute and the percentages for categorical variables. To 
assess the significance level of the differences observed 
between cases and controls, the Chi-squared test was used in 
categorical variables and, for continuous variables, the 
Mann–Whitney U or Student’s t-test was calculated.
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Metal(loid) concentrations were natural log-transformed 
and evaluated as continuous and as categorical variables to 
relax the linearity assumption. The metal(loid) levels were 
categorized in tertiles (T) built from the cutoff points accord-
ing to the control group’s distribution (report the expected 
frequencies), with the lowest concentration (T1) used as 
the reference category. Cd and Mn were dichotomized 
into < LOD and ≥ LOD because their detection frequency 
was 20%–61%. Next, the assessment of the associations of 
individual metal(loid)s exposure (independent variable) 
with overweight and obesity (dependent variable) was per-
formed through multivariable logistic regression models. 
Odds ratios (OR) and their corresponding 95% confidence 
intervals (95% CI) were estimated.

The p-trend values across categories were calculated 
by introducing metal(loid)s levels in tertiles as an ordinal 
level indicator in the models. To control urinary dilution, 
instead of using creatinine-adjusted urinary metal(loid) 
levels (creatinine standardization) we used urinary creati-
nine levels as an independent variable in regression mod-
els, as this approach is less likely to produce a biased effect 
estimate (HBM (Human Biomonitoring) Commission 2005; 
Barr et al. 2005). The selection of covariates to be included 
as confounders in the models was based on the existing bibli-
ography (Fan et al. 2017; Ashley-Martin et al. 2019; Ge et al. 
2020; García-Villarino et al. 2022; Nasab et al. 2022) and 
those whose inclusion in any model produced changes > 10% 
in the estimations. Thus, model 1 was adjusted for creatinine 
(g/L), age (years), gender (boys/girls), energy intake (Kcal/
day) and physical activity (yes/no) and model 2 was addi-
tionally adjusted for maternal education (categorized as pri-
mary, secondary and university), rice and fish consumption 
(g/day). Sensitivity analyses were also performed, fitting the 
same model 2, but adding smoker/s in the household (yes/
no). In addition, we studied the potential modifying effect of 
gender by including in each model the product term of this 
variable*metal(loid)s concentrations as well as by means of 
stratified analyses. The rational for this is based on previ-
ous investigations supporting that gender could modify the 
effect of metal(loid) levels on overweight and obesity (Shin 
et al. 2018; Ashley-Martin et al. 2019; Tetsuka et al. 2022; 
Nasab et al. 2022).

Finally, we assessed the potential mixture effect of the 
different metal(loid)s on overweight and obesity using 
Weighted Quantile Sum Regression (WQS) approach 
(Czarnota et al. 2015b; Carrico et al. 2015). This statisti-
cal approach calculates a weighted index based on the indi-
vidual associations of several exposures with the outcome, 
and estimates the individual weight of each metal(loid) in 
the mixture, expressing it as a percentage. Thus, associa-
tions between the WQS index and the outcome were studied 
using multivariable logistic regression adjusted for the same 
covariates included in the two individual models (model 1 

and 2). We performed WQS index calculation by gender, and 
therefore the individual contribution of each element shows 
its relative effect on girls and boys. WQS analyses were per-
formed using tertile scored metal(loid)s concentrations using 
a training set defined by a 40% random sample of the dataset 
being the remaining 60% used for model validation. A total 
of 200 bootstrap samples were used for calculating the final 
weight. Since WQS regression require prior selection of 
the expected direction of individual associations within the 
mixture, we calculated two models (positive and negative).

Statistical analyses were performed using Stata v.15 sta-
tistical package software (Stata Corp., 2017, College Station, 
TX, USA), whereas WQS analyses were performed using 
R statistical computing environment v 4.1.1 (R Core Team 
2021) with gWQS package v3.0.1 (Renzetti et al. 2021). The 
two-sided significance level was set at p < 0.05 and p < 0.10 
for borderline significance.

Results

A total of 143 children (92 controls and 51 cases) had 
metal(loid) concentrations available in their urine samples. 
Table 1 shows the comparison of the sociodemographic and 
lifestyle characteristics for cases and controls. Both groups 
were similar for all variables studied, both in the overall pop-
ulation and according to gender (Table S1), except for mater-
nal education and age. There were also no statistically sig-
nificant differences in general characteristics between the 
included cases and controls and those without metal(loid) 
level data (Table S2).

As shown in Table 2, the controls had higher urinary Hg 
levels than the cases both in the overall population (0.6 vs 
0.3 µg/g, p-value < 0.001) and according to gender (boys: 
0.6 vs 0.4 µg/g, p-value = 0.001; girls: 0.7 vs 0.3 µg/g, 
p-value = 0.013) (Table S3). Moreover, controls showed 
slightly higher urinary Co levels than cases with a bor-
derline significance level (p-value = 0.086). As levels also 
seemed to be higher in the control group than in the case 
group, although without reaching statistical significance 
(p-value = 0.332). For the rest of metal(loid)s, we did not 
find statistically significant differences between the study 
groups.

Individual chemical models of the influence of urinary 
metal(loid)s on overweight and obesity in overall partici-
pants are shown in Table 3. There was a general trend of 
non-significant negative associations with the exception of 
Co (p-trend = 0.039), for which the likelihood of having 
overweight and obesity was 84% lower for those individu-
als in the third tertile compared to the first (p = 0.040). 
This inverse association was supported by the analysis of 
urinary Co levels as a continuous variable (ORa = 0.43; 
95% CI = 0.20–0.93). Children in the second tertile of 
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As levels showed lower odds of present overweight and 
obesity compared to those in the first tertile (ORa T2 vs 
T1 = 0.25; 95% CI = 0.07–1.00). Urinary Hg and Cr levels 
were negatively and positively associated with overweight 
and obesity, respectively, with the latter metal showing 
borderline significance. The association of Co and Hg 
levels with overweight and obesity lost statistical signifi-
cance in the model adjusted for maternal education, fish 

and rice consumption (model 2). However, the magnitude 
and direction of the association remained the same.

These results did not differ substantially from those 
obtained in the sensitivity analyses, adjusting also for 
smoker/s in the household (Table S4).

Although the low number of participants by strata is 
small, we found differences in the potential relationship 
between metal(loid)s and overweight andobesity according 

Table 1  General characteristics 
of study population

a Chi-square test
b Student’s t-test
c Mann-Whitney U test
SD: standard deviation; P25-P75: 25th percentile-75th percentile. Note: missing data are not included com-
paring cases and controls

Controls (n = 92) Cases (n = 51) p-value

Gender, n (%) 0.644a

Boys 45 (48.9) 27 (52.9)
Girls 47 (51.1) 24 (47.1)
Age (years), mean (SD) 7.8 (2.6) 9.4 (1.9) 0.002b

Creatinine (g/L), median (P25-P75) 0.9 (0.6–1.2) 0.9 (0.6–1.3) 0.548c

Energy Intake (Kcal/day), mean (SD) 2019.9 (525.8) 1990.5 (436.0) 0.767b

Fish intake (g/day), mean (SD) 32.5 (25.9) 36.3 (39.3) 0.807c

Rice intake (g/day), mean (SD) 281.5 (666.9) 482.92 (1080.3) 0.273c

Physical Activity (out-of-school), n (%) 0.616a

Yes 34 (37.0) 18 (35.3)
No 47 (51.1) 30 (58.8)
Missing 11 (12.0) 3 (5.9)
Maternal education  < 0.001a

Primary 3 (3.3) 8 (15.7)
Secondary 16 (17.4) 23 (45.1)
University 65 (70.7) 17 (33.3)
Missing 8 (8.7) 3 (5.9)
Household members that smoke 19 (20.7) 10 (19.6) 0.807a

Table 2  Urinary metal(loid) 
concentrations (μg/L)

b Wilcoxon Mann Whitney test
P25–P75: 25th percentile–75th percentile; LOD: limit of detection

Metal(loid) % detection Controls n = 92 % detection Cases n = 51 p-valueb

Median (P25-P75) Median (P25–P75)

Chromium 66.3 0.3 (< LOD—0.4) 68.6 0.2 (< LOD–0.3) 0.655
Manganese 27.2  < LOD (< LOD—0.1) 19.6  < LOD (< LOD–< LOD) 0.263
Cobalt 100 0.5 (0.4—1.0) 100 0.5 (0.2–0.8) 0.086
Nickel 100 1.5 (1.0—2.8) 100 1.6 (0.8–2.2) 0.453
Cooper 92.4 5.2 (3.0—9.1) 86.3 4.2 (2.2–8.6) 0.530
Arsenic 100 25.6 (9.4—53.2) 100 12.9 (7.7–53.7) 0.332
Molybdenum 100 58.1 (33.2—89.3) 100 58.4 (23.0–95.1) 0.827
Cadmium 56.5 0.1 (< LOD—0.1) 60.8 0.1 (< LOD–0.1) 0.731
Mercury 96.7 0.6 (0.3—1.0) 86.3 0.3 (0.1–0.4)  < 0.001
Lead 88.0 0.2 (0.1—0.4) 84.3 0.2 (0.1–0.3) 0.363
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to gender. Thus, the above-mentioned negative associations 
of urinary Co and Hg levels with overweight and obesity 
seems to be stronger among boys (Co: ORa = 0.14; 95% 
CI = 0.02–0.76, p-interaction = 0.420); Hg: ORa = 0.35; 
95% CI = 0.13–0.96, p-interaction = 0.407). Additionally, we 
observed a suggestive negative association of urinary Ni lev-
els and detectable Mn concentrations with overweight and 
obesity, respectively (Ni: ORa = 0.17; CI95% = 0.03–0.94, 
p-interaction = 0.252; Mn: ORa = 0.10; CI95% = 0.00–0.83, 
p-interaction = 0.100) (Table S5). Despite the lack of statisti-
cal significance at the 95% level, probably due to the limited 
sample size, we found a suggestive borderline positive asso-
ciation of detectable urinary Cd levels with overweight and 
obesity in girls (ORa = 4.22; 95% CI = 0.77–23.04, p-inter-
action = 0.125) (Table S6).

With regards to the multi-pollutant model, the “positive” 
WQS index showed a significant association with over-
weight and obesity in the overall population (OR = 2.68; 
95% CI = 1.24–5.09) being Pb, Cd and As the metal(loid)
s that contributed the most in both model 1 and 2. In addi-
tion, the “negative” WQS was significantly associated to 
overweight and obesity in overall participants (OR = 0.39; 
95% IC 0.11–0.75) being mainly represented by Mo, Cr and 
Co in both models (Fig. 1). After the stratification by gender, 
multi-pollutant associations seem to be evident both in girls 
and boys and were mainly accounted by the same metal(loid)
s than overall population (Fig. S1). We performed a sensi-
tivity analysis using continuous metal(loid) concentrations 
and excluding Mn and Cd because they had a low detection 
rate. Despite it was observed some differences in estimations 
and metal(loid) contributions in the mixtures, the trend and 
significance of the associations were similar (Fig. S2 and 
Fig. S3).

Discussion

To the best of our knowledge, this study carried out on 
Spanish children is among the first to assess the associa-
tions between urinary metal(loid)s and overweight and obe-
sity, combining both individual and mixture effects. Our 
findings suggested that urinary Co levels were related to 
a lower likelihood of presenting overweight and obesity. On 
the other hand, WQS analysis revealed a potential positive 
mixture effect of metal(loid)s on overweight and obesity 
mainly driven by Pb, Cd and As as well as a potential nega-
tive mixture effect mainly represented by Mo, Cr and Co in 
the overall population.

Mo showed the highest median concentration in both 
cases (58.1 µg/g) and controls (58.4 µg/g) followed by 
arsenic with 25.6 µg/g in cases and 12.9 µg/g in controls. 
Compared to other studies performed in Spain, urinary 
metal(loid) levels in our study population were in line M
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with earlier results obtained from the INMA—INfancia 
y Medio Ambiente [Environment and Childhood]—Gra-
nada cohort from the same geographic area (Castiello et al. 
2020). Urinary Co, As, Mo and Cd concentrations were 
also similar to those found in other studies performed in 
Asturias and Valencia in children aged 4 and 6–11 years, 
respectively (Roca et al. 2016; Junqué et al. 2022). How-
ever, we found higher urinary As levels and lower Cd and 
Cu concentrations than in other earlier studies performed 
on children living near our study area and aged 5–17 
(Aguilera et al. 2010; Molina-Villalba et al. 2015). Even 
though the aforementioned studies also included Spanish 
children from the region of Andalusia, a direct comparison 
of metal(loid) concentrations between studies is difficult 
due to differences in study design and variations in the 

analytical laboratory procedures, including both tech-
niques and LODs.

In comparison with studies carried out in other countries 
such as Italy, Mexico, Uruguay, Iran, China and the United 
States, our study sample showed similar urinary Cd, Co and 
Mn levels (Protano et al. 2016; Kafaei et al. 2017; Lewis 
et al. 2018; CDC 2021; Shan 2022), lower Pb levels (Protano 
et al. 2016; Lewis et al. 2018; Kordas et al. 2018), but higher 
As and Hg concentrations (Zhang et al. 2017; Kafaei et al. 
2017; Lewis et al. 2018; Kordas et al. 2018; CDC 2021). 
Given that we measured the total As levels (including both 
inorganic and organic forms) being the last highly associ-
ated with fish intake, we expect to find higher concentra-
tions in a relatively high fish-consuming population. There 
were no significant differences in metal(loid) concentrations 

a

b

OR

Positive mixture effect

0 5 10 15 20 25 30 35 40

Lead
Cadmium
Arsenic
Mercury
Nickel
Cobalt
Copper

Manganese
Chromium

Molybdenum

%

95 % CI
2.68 1.24 - 5.09

OR

Negative mixture effect

95 % CI
0.39 0.11 - 0.75
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%

Fig. 1  Estimation of the mixture effect of metal(loid)s on excess 
weight among the overall population (a) Model 1: Adjusted for cre-
atinine (g/L), age (years), gender (boys/girls), energy intake (Kcal/
day) and physical activity (yes/no), (b) Model 2: Adjusted for creati-

nine (g/L), age (years), gender (boys/girls), energy intake (Kcal/day), 
physical activity (yes/no), maternal education (primary, secondary 
and university), rice and fish consumption (g/day). Weighted Quantile 
Sum Regression (WQS) models
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between both study groups except for Hg, which were found 
at higher levels in controls than in cases. This may be due to 
differences in social class as healthy diet and weight control 
practices are more frequent in individuals with higher social 
class. In fact, it has been reported that children from the 
lowest social class present more risk of obesity compared 
to those from a higher social status (Lamerz et al. 2005). In 
this sense, fish intake seems to be different also according to 
social class. Thus, it has been reported that those with low 
education and income, and low education and high income 
consumed fish less regularly than weekly, whereas those 
with high education and low income and high education and 
high income were weekly. Since fish is a source of mercury 
exposure, it could explain the differences found (Skuland 
2015). An in vivo study has shown that  HgCl2 administra-
tion in mice decreased adipose tissue content and adipocyte 
size. Moreover, it’s been shown that repeated exposure to 
 HgCl2 decreased proliferator-activated receptor (PPAR)α 
and PPARγ expression in adipocytes which play an impor-
tant role in the regulation of lipid metabolism (Kawakami 
et al. 2012).

Our analysis revealed that Co was one of the elements 
with a major contribution to the negative association of the 
metal(loid)s mixture on overweight and obesity. This is in 
line with the results of the individual models where Co fol-
lows a U-shape relationship with overweight and obesity 
showing a higher protective effect at low and high exposure 
levels. Nevertheless, only high levels of Co (third tertile) 
had a significant effect. This shows that among many factors 
related to overweight and obesity, moderate levels (second 
tertile) of Co were not substantially influential so children 
seem to be more susceptible to high dose as previously 
reported (Shan 2022). Moreover, our results are consistent 
with previous epidemiological studies carried out in chil-
dren and adolescents (Padilla et al. 2010; Shao et al. 2017; 
Vrijheid et al. 2020; Tetsuka et al. 2022; Shan 2022). In vivo 
studies have shown that Co increases serum leptin and adi-
ponectin levels in mice, two hormones produced by adipose 
tissue and related to lipid metabolism. In this sense, leptin 
produces a potent inhibition of appetite so its deficiency pro-
motes adiposity (Kawakami et al. 2012). Moreover, Co can 
regulate glycogen deposits through suppression of glucagon 
signaling, and thus influence body weight (Tascilar et al. 
2011).

Similarly, we found a significant negative association 
between urinary Hg levels and overweight and obesity. Our 
findings were not consistent with those of other previously 
conducted studies showing no association between blood Hg 
levels and obesity in children aged 2–19 years (Rothenberg 
et al. 2015; Fan et al. 2017) or a positive association with 
BMI (Geier et al. 2016; Shin et al. 2018; Cho 2021). The 
different biological matrices used might explain the differ-
ences found in our findings from the aforementioned studies 

as methylmercury is the predominant species in the blood 
whereas inorganic Hg is mainly found in the urine (Berglund 
et al. 2005). In this sense, adverse health effects of Hg could 
be related to its chemical form (Clarkson and Magos 2006). 
Few studies have analyzed this association in children and 
the mechanism underlying the effect of Hg on obesity is 
poorly understood so further research is needed to under-
stand this relationship.

Regarding the role of other metal(loid)s addressed in this 
study, the second vs first tertile of As levels was associated 
with a lower odds of having overweight and obesity. In line 
of our results, an inverse association between inorganic As 
and BMI was reported in Taiwanese adolescents (Su et al. 
2012; Lin et al. 2014). Nevertheless, our results were con-
tradictory with previous studies such as two cross-sectional 
studies performed on children and adolescents aged 6–18 
years residing in Iran that revealed a positive association 
between urinary As levels and BMI (Nasab et al. 2022; 
Hashemi et al. 2023). Likewise, in another study urinary As 
levels were not related to BMI among children in Mexico 
city (Lewis et al. 2018). The fact that in Spanish are large 
fish consumers, makes As to be assessed as non-toxic forms, 
such as arsenobetain (major As species), arsenocholine and 
monomethylarsonic acid (Moreda–Piñeiro et al. 2012). This 
could explain the differences found between our results and 
from other studies.

Few studies have investigated the influence of Mn lev-
els on obesity or overweight. The National Health and 
Nutrition Examination Survey (NAHNES) 2011–2014 and 
2011–2016 data from a sample of 5404 children and 2000 
adolescents aged 6–19, reported that high blood Mn levels 
were positively associated with overweight and obesity (Fan 
et al. 2017; Ge et al. 2020). On the contrary, our study found 
that detectable urinary Mn concentrations were inversely 
associated with overweight and obesity in boys. In spite of 
mechanisms underlying the relationship between Mn levels 
and obesity remain unclear, it’s known that Mn is one of 
the antioxidant nutrients that play an important role in the 
metabolism of carbohydrates, protein and lipids (Choi and 
Bae 2013).

The discrepancy between our findings and previous stud-
ies could be explained by metal(loid) exposure differences, 
the control of covariates in regression models, the different 
biological matrices used for biomonitoring as well as genetic 
variations modulating metabolism and excretion metal(loid)
s.

In our analysis, we found that metal(loid) joint exposure 
was significantly associated with overweight and obesity 
where Pb, Cd and As were weighted highly in the positive 
association whereas Mo, Cr and Co were in the negative 
relationship. Nevertheless, those results are very difficult to 
interpret so Cd was only detected in 56.5% and 60.8% of the 
samples from controls and cases, respectively, urine is not 
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the best biological matrix to measure Pb exposure (Téllez-
Rojo et al. 2019) and the results were contradictory to those 
found in the individual models. Moreover, should be taken 
into account that the mixed effects of elements with different 
associations cannot be analyzed simultaneously. Thus, if an 
element negatively associated to excess body weight is mis-
classified in the WQS model, would be assigned a negligible 
weight in the WQS index positively associated to overweight 
and obesity (Czarnota et al., 2015a; b). Another limitation 
of WQS regression is that it assesses the effect of expo-
sitions taking into account that associations are linear and 
additive and potential synergic effects cannot be addressed 
(Zhang et al. 2019). Nevertheless, in spite of multivariable 
logistic regression models are frequently used to assess the 
human health effects of chemicals (Buser et al. 2014; Liu 
et al. 2017) because results are easy to understand and inter-
preted if the joint effects of chemicals are not taken into 
account it could contribute to false positive or false negative 
results (Czarnota et al. 2015a). Thus, the relationship of As, 
Pb, Mo and Cr with overweight and obesity in individual 
models can be associated to the confounding effect of the 
other chemical element. However, including all metal(loid)
s of our interest in a single regression model could be not 
correct due high correlation between them which could lead 
to result distortion (Marill 2004). Moreover, interactions 
between metal(loid)s cannot be covered in an individual 
model (Zhang et al. 2019).

Our study also had some limitations. Our findings were 
based on a modest sample size thus, the statistical power was 
reduced and could have precluded the detection of significant 
associations, especially in stratified analyses. However, we 
were able to detect trends that could be reproducible in larger 
samples of participants. A further potential limitation could 
be that the use of spot urine per individual may have con-
tributed to exposure misclassification. Some detected met-
als could represent current exposure or a recently absorbed 
amount, due to their short biological half-lives of urinary 
metals such as urinary Pb, Hg, As, Ni, Mn, Cr. Nevertheless, 
in steady-state conditions, urinary metal(loid) concentrations 
can be suitable biomarkers of long-term exposure for many 
metals (García-Villarino et al. 2022). Moreover, in spite of 
urinary metal(loid)s are used as valid biomarkers of these 
elements exposure (Esteban and Castaño 2009; Padilla et al. 
2010; Shao et al. 2017; Lewis et al. 2018; Castiello et al. 
2020), maybe urine is not the most recommended matrix for 
some elements such as Pb, Hg and Mn (Lucchini et al. 2015; 
Téllez-Rojo et al. 2019) so those results must be interpreted 
with caution. Nonetheless, urine is a non-invasive matrix 
frequently used in environmental studies such as NHANES 
and the German Environmental Survey for Children (Este-
ban and Castaño 2009; Padilla et  al. 2010; Shao et  al. 
2017) and may provide useful information in the children 

population where blood collection is more difficult to carry 
out (Molina-Villalba et al. 2015). Additional limitations of 
our study are the non-availability the metal(loid) speciation 
data, particularly for As, which would have allowed us to 
distinguish the predominant chemical form and its toxicity 
as well as its relationship to the focus of the study. Finally, 
co-exposure to other pollutants or unidentified factors can’t 
be ruled out. Lastly, Cd is one of the metals that drive the 
positive association between metal mixtures and overweight 
and obesity, however we need to bear in mind that Cd is only 
detected in 56.5% and 60.8% of the samples from controls 
and cases.

The study’s strengths include the pioneering aspect, to 
the best of our knowledge, of assessing metal(loid) mix-
tures on overweight and obesity in children. The multi-pol-
lutant model complements the results obtained for single 
chemical models, and is therefore an important tool for 
exploring the derived effects of simultaneous exposure to 
metal(loid)s. Of particular note is the case–control design 
of the study, establishing a temporal association between 
exposure and outcome. In this regard, the majority of pub-
lished evidence on the associations between metal(loid)s 
and obesity are cross-sectional studies (Padilla et al. 2010; 
Scinicariello et al. 2013; Fan et al. 2017; Shao et al. 2017; 
Ge et al. 2020; Nasab et al. 2022; Shan 2022). Another of 
the study’s advantages is that it focuses on children, an 
understudied, sensitive and expanding group.

Conclusion

The findings of the present study evidenced that the mix-
ture of metal(loid)s might be associated with overweight 
and obesity. Pb, Cd and As were the metal(oid)s from the 
mixture contributing the most to an increase in the prob-
ability of present overweight/obesity and Mo, Cr and Co in 
the decrease. Considering the results of individual models, 
it was found an inverse association between high Co levels 
and overweight and obesity. This study combined tradi-
tional and new statistical techniques to assess the potential 
role of metal(loid) exposure (individually and as a mix-
ture) on overweight and obesity in a specially vulnerable 
population such as children due their rapid growth and 
still developing detoxification mechanisms (Rodríguez-
Barranco et  al. 2013). However, further research with 
larger samples is still needed to confirm our findings due 
to the explorative nature of this study.
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