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A B S T R A C T   

Background: Limited studies have evaluated the joint influence of redox-related metals and genetic variation on 
metabolic pathways. We analyzed the association of 11 metals with metabolic patterns, and the interacting role 
of candidate genetic variants, in 1145 participants from the Hortega Study, a population-based sample from 
Spain. 
Methods: Urine antimony (Sb), arsenic, barium (Ba), cadmium (Cd), chromium (Cr), cobalt (Co), molybdenum 
(Mo) and vanadium (V), and plasma copper (Cu), selenium (Se) and zinc (Zn) were measured by ICP-MS and 
AAS, respectively. We summarized 54 plasma metabolites, measured with targeted NMR, by estimating meta-
bolic principal components (mPC). Redox-related SNPs (N = 291) were measured by oligo-ligation assay. 
Results: In our study, the association with metabolic principal component (mPC) 1 (reflecting non-essential and 
essential amino acids, including branched chain, and bacterial co-metabolism versus fatty acids and VLDL 
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Resonance; PCA, principal component analysis; ROS, reactive oxygen species; SNP, single nucleotide polymorphisms; SOD, superoxide dismutase; VLDL, very low- 
density lipoprotein. 

* Corresponding author. Department of Chronic Diseases Epidemiology, National Center for Epidemiology, Carlos III Health Institute, Melchor Fernandez Almagro, 
5, 28029, Madrid, Spain. 

E-mail address: m.tellez@isciii.es (M. Tellez-Plaza).   
1 Equal author contribution. 

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2022.102314 
Received 31 January 2022; Received in revised form 6 April 2022; Accepted 11 April 2022   

mailto:m.tellez@isciii.es
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2022.102314
https://doi.org/10.1016/j.redox.2022.102314
https://doi.org/10.1016/j.redox.2022.102314
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Redox Biology 52 (2022) 102314

2

subclasses) was positive for Se and Zn, but inverse for Cu, arsenobetaine-corrected arsenic (As) and Sb. The 
association with mPC2 (reflecting essential amino acids, including aromatic, and bacterial co-metabolism) was 
inverse for Se, Zn and Cd. The association with mPC3 (reflecting LDL subclasses) was positive for Cu, Se and Zn, 
but inverse for Co. The association for mPC4 (reflecting HDL subclasses) was positive for Sb, but inverse for 
plasma Zn. These associations were mainly driven by Cu and Sb for mPC1; Se, Zn and Cd for mPC2; Co, Se and Zn 
for mPC3; and Zn for mPC4. The most SNP-metal interacting genes were NOX1, GSR, GCLC, AGT and REN. Co 
and Zn showed the highest number of interactions with genetic variants associated to enriched endocrine, car-
diovascular and neurological pathways. 
Conclusions: Exposures to Co, Cu, Se, Zn, As, Cd and Sb were associated with several metabolic patterns involved 
in chronic disease. Carriers of redox-related variants may have differential susceptibility to metabolic alterations 
associated to excessive exposure to metals.   

1. Introduction 

Mounting evidence supports that exposure to trace elements -mostly 
metals and metalloids, hereinafter referred to as “metals” - can sub-
stantially influence human health [1–5]. In the human body, essential 
metals, such as copper (Cu), selenium (Se) and zinc (Zn), are key 
enzymatic components playing a fundamental role on several cellular 
processes, including redox balance maintenance [6,7]. Essential metals 
are also needed for human microbiota metabolic activities because they 
have a role as cofactors in bacterial enzymatic pathways [8]. While low 
concentrations of essential metals can be damaging for the optimal 
function of human and bacterial metabolism [9], excessive concentra-
tions may have not only adverse metabolic outcomes, but also induce 
alteration of enzymes involved in structural functions [10,11]. In 
addition, non-essential metals, such as cadmium (Cd) or arsenic, with no 
physiological function, but well-established toxic effects, can act as 
competitors for enzymatic binding sites and interfere with several 
metabolic processes [7]. For instance, divalent toxic metals bind to 
sulfhydryl groups, which not only counteracts the antioxidant properties 
of glutathione and metallothioneins [12], but also interferes with 
glucose capture into cells [7], signal transduction pathways [6], and the 
one-carbon and citric acid metabolism [13]. 

Some studies have evaluated individual metals, mainly essential, in 
relation to specific metabolites subclasses, especially lipoproteins and 
fatty acids [14–18], but also inflammation markers and products of 
microbiota and microbiota composition [19–23]. However, limited 
epidemiologic studies have considered the joint influence of metal bio-
markers on an extended panel of metabolites. A small pilot study in the 
Strong Heart Study participants (N = 145) found correlations between 
several urinary metals (including molybdenum [Mo], Se, Zn, inorganic 
arsenic and antimony [Sb]) and amino acids, fatty acids and lipid 
metabolism [24]. Larger epidemiologic studies are needed to confirm 
these findings. 

The main objective of the current analysis was to evaluate the cross- 
sectional association of essential (urine cobalt [Co] and Mo, and plasma 
Cu, Se and Zn) and non-essential (urine barium [Ba], Cd, chromium 
[Cr], Sb, vanadium [V] and arsenic corrected for arsenobetaine [As]) 
metal exposure biomarkers with NMR-measured plasma metabolites 
(including amino acids, fatty acids, fluid balance, energy, bacterial co- 
metabolism, and lipoprotein subclasses) in the Hortega Study, a 
population-based sample of a general population from Spain. Omics 
technologies can give an expanded view of metabolites unbalance 
potentially exerted by metals. In this way, metabolomics coupled to 
advanced statistical methods, can provide a holistic view of how bio-
logical pathways are inter-related, and help to understand the overall 
impact of metals in cellular metabolism and health. In this study, we 
summarized correlated metabolites using variable-reduction methods 
based on principal components (PC). We subsequently evaluated the 
individual and joint influences of metals on metabolic profiles using 
traditional and Bayesian Kernel Machine Regression (BKMR) methods, 
which allow a flexible view of the highly dimensional non-linear inter- 
relationships among metals and the metabolic patterns represented by 
the estimated metabolic PCs (mPCs). 

Finally, since altered redox metabolism has been postulated to be one 
of the main mechanisms for the detrimental health effects of metals [6,7, 
25–27] -indeed several metals were associated to oxidative stress bio-
markers in our study population [26,28]-, we also explored candidate 
gene-environment interactions (i.e. whether carriers of genetic variants 
in redox-related genes show a differential association of metals with 
metabolic patterns) and conducted subsequent biological pathway 
analysis of genes annotated to relevant interacting genetic variants. 

2. Materials and methods 

2.1. Study population 

The Hortega Cohort is a representative sample from beneficiaries of 
the Hospital Universitario Rio Hortega’s catchment area. The exami-
nation phase was conducted in 2001–2003 resulting in 1502 adults 
recruited with ages between 15 and 85 years. The sampling scheme and 
methodology have been previously reported [29]. We excluded 299 
participants missing metabolites, 55 participants missing metals, and 3 
participants missing other variables of interest. A total of 1145 partici-
pants were included in the final analyses. 

The Ethics Committee of the Hospital Universitario Rio Hortega 
approved the research protocol, and every participant provided 
informed consent. 

2.2. Metals measures 

Urine and plasma samples were collected at the 2001–2003 exami-
nation visit and kept frozen at <80◦ in the Hortega Study biorepository. 
In 2010, plasma Cu, Se and Zn, which are considered as biomarkers of 
essential metal status, were evaluated by atomic absorption spectrom-
etry (AAS) with graphite furnace at Cerba international Laboratories 
Ltd. The limit of detection (LOD) (and corresponding coefficient varia-
tion [CV]) was 0.63 μg/dL (7.2%) for Cu, 29.9 μg/L (5.6%) for Se and 
0.65 μg/dL (4.2%) for Zn; no individual had levels below the LOD for 
plasma metals. For plasma determinations, Scharlau Standard Solutions 
were used as reference material for accuracy. In 2013, total urine metals 
(arsenic, Ba, Cd, Cr, Co, Mo, Sb and V), which are considered as bio-
markers of short-term exposure to most non-essential metals, and 
arsenobetaine (AsB), which was needed to distinguish organic arsenic 
from seafood, were measured using inductively coupled-plasma mass 
spectrometry (ICP-MS) and anion exchange high performance liquid 
chromatography (HPLC) coupled to ICP-MS, respectively, on a 7500 CE 
spectrometer with octapole reaction cell (Agilent Technologies, Tokyo, 
Japan). For urine metals, the LOD (and corresponding CV) were 0.024 
μg/L (6.5%) for total arsenic, 0.0005 μg/L (1.9%) for Ba, 0.005 μg/L 
(5.2%) for Cd, 0.038 μg/L (4.3%) for Cr, 0.001 μg/L (3.0%) for Co, 0.01 
μg/L (1.8%) for Mo, 0.003 μg/L (5.3%) for Sb and 0.008 μg/L (3.6%) for 
V. The percentage of individuals below the LOD was 0.07% for Cd, 
0.14% for Co and 1.81% for Sb. For other urine metals there were no 
individuals with undetectable values. The corresponding LOD (CV) for 
urine AsB was 0.056 μg/L (9.7%), leaving 4.7% of participants with 
undetectable AsB values. ClinCheck Urine Control for AsB and for total 
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trace elements at Level I and II (RECIPE) were used for accuracy. 
Reference materials for all metal determinations were traceable to the 
corresponding National Institute of Standards and Technology refer-
ences. Quality control was additionally ensured corroborating internal 
controls. Appropriate analytical controls were within two standard de-
viations of reference means. 

AsB is an organic arsenic specie without toxic effect in human body 
and it is predominantly found in seafood [30]. As seafood consumption 
in Spanish population is very high, we needed to consider the contri-
bution of AsB to total arsenic levels. Because arsenic species concen-
trations, including AsB, were determined only in a randomized 
subsample of 295 individuals, an imputation strategy for missing data 
based on Markov Chain Monte Carlo (MCMC) by Gibbs sampling was 
performed following published methods [1]. For the present analysis, 
AsB values in the complete dataset after imputation were used to define 
a biomarker reflecting total urine arsenic concentrations not from sea-
food by regressing total urine arsenic on AsB [31]. Finally, the mean of 
total arsenic concentrations among participants with low AsB (defined 
as individuals with measured or imputed AsB levels below the second 
percentile of AsB distribution [4.72 μg/L]) was added to the residuals in 
order to obtain levels of inorganic As exposure meaningful for the 
population had seafood consumption been minimized. Urine biomarkers 
in μg/L were divided by urine creatinine in g/L to consider urine 
dilution. 

2.3. Metabolites measures 

Metabolomic profiles were detected by Nuclear Magnetic Resonance 
(NMR) Spectroscopy in non-fasting plasma. Eighty-two microliters of 
D2O were added to 418 μl of blood plasma and placed in a 5-mm NMR 
tube. 1H NMR spectra were recorded using a Bruker Avance DRX 600 
spectrometer (Bruker GmbH, Rheinstetten, Germany). A single-pulse 
pre-saturation experiment was acquired in all samples. Measurements 
were performed at 37 ◦C. The spectra were referenced using the doublet 
of Alanine at 1,478 ppm. The aliphatic region of the spectra was 
investigated. To remove differences in metabolite total concentration, 
the spectra were normalized to total aliphatic spectral area. Signals 
belonging to selected metabolites were quantified using semi-automated 
in-house MATLAB 6.5 (The MathWorks Inc., Natick, Massachusetts) 
integration and peak-fitting routines. To identify and subsequently 
confirm the assessment of metabolites, we used Chenomx NMR Suite 4.5 
software and two-dimensional NMR technology including homonuclear 
correlation spectroscopy and heteronuclear single quantum correlation 
spectroscopy. We used Human Metabolome Database [32] and 2D NMR 
experiments to aid the structural identification of relevant metabolites. 

In addition, 500 μl of blood plasma samples were shipped on dry ice 
to Biosfer Teslab (Reus, Spain) for an advanced lipoprotein profiling by 
using the LIPOSCALE® test, a commercially available methodology 
based on 2-D diffusion-ordered 1H NMR spectroscopy [33]. The lipo-
protein profile characterization included the lipid content and size of the 
main lipoprotein classes (very low-density lipoprotein [VLDL], 
low-density lipoprotein [LDL] and high-density lipoprotein [HDL]), and 
the particle concentration of its respective large, medium and small li-
poprotein subclasses. 

We adjusted all metabolites by fasting time (hours) to remove the 
potential variability introduced by fasting, and we recalibrated the 
distribution of resulting residuals to metabolites mean in individuals 
reporting fasting condition. 

2.4. DNA isolation, SNP selection and genotyping 

Using Chemagic System (Chemagen), we obtained DNA diluted in a 
concentration of 100 ng/mL from peripheral blood cells. The quality of 
DNA was considered with PicoGreen dsDNA Quantification Reagent 
(Invitrogen, Carlsbad, CA, USA). After a bibliography search and the use 
of SYSNPS program [34], a total number of 341 single nucleotide 

polymorphisms (SNPs) were identified from 79 oxidative stress-related 
candidate genes. Those genes encode proteins related to redox and 
mitochondrial respiratory chain reactions and other pathways involved 
in oxidative stress processes. Then, we performed an oligo-ligation assay 
(SNPlex, Applied Biosystems, Foster City, CA) to genotype the SNPs 
using the appropriate recommendations for the polymorphism nomen-
clature [35]. All these SNPs have been associated to functional nucleo-
tides changes or health outcomes. Among the 341 selected SNPs, we 
excluded 33 SNPs because did not have exactly 2 alleles, and 17 SNPs 
because did not have exactly 3 genotypes, leaving a final number of 291 
SNPs for the analyses. The mean coverage of the final 291 included SNPs 
was 96.9%. For most relevant SNPs, we reported the genotyping 
coverage, minor allele frequency (MAF) and Hardy Weinberg equilib-
rium (HWE) P value. 

2.5. Other relevant variables 

Participants were interviewed by trained staff in order to collect self- 
reported sociodemographic and lifestyle data. Smoking and alcohol 
intake were classified as never, former and current status. Diet was 
assessed with semi-quantitative food frequency and two 24-h recall 
questionnaires. We collected physical activity information by asking 
about weekly amount of specific individual activities. First, we assessed 
the amount and frequency of dedicated time to practice physical activity 
per week -walking and physically active hobbies, sports, or exercises, 
including jogging or running, riding a bicycle or an exercise bicycle, 
swimming, aerobic dancing, other dancing, calisthenics or floor exer-
cises, gardening or yard work, and weight lifting- and subsequently we 
estimated METs-minute/week following the equivalences in the Com-
pendium of Physical activities [36] to obtain the METs-minute/week. 
Second, we added the METs-minute/week for all the reported activ-
ities for each participant. We categorized physical activity below and 
above 3000 METs minute/week, since it has been shown that lower risk 
for diabetes, stroke and other outcomes occurred especially above 3000 
METs minute/week [37]. Urine cotinine was measured by 
enzyme-linked immunosorbent assay (ELISA) (“Analysis DRI® Cotinine” 
Kit, Ref. 0395 Microgenics laboratories), with concentrations below the 
LOD (34 ng/mL) in 77% of the participants. We defined diabetes as 
fasting plasma glucose ≥126 mg/dL, hemoglobin A1c (HbA1c) ≥ 6.5%, 
medical record of type 2 diabetes or medication use. High cholesterol 
was defined as a total cholesterol ≥200 mg/dL or lipid lowering medi-
cation. Body mass index (BMI) was calculated from the weight (kilo-
grams) divided into height (meters) squared. Obesity was defined as a 
BMI equal or higher than 30 kg/m2. Urine and serum creatinine were 
measured by the modified kinetic Jaffé method by isotope dilution mass 
spectrometry on a Hitachi 917 analyzer (Rocher, Boheringer, Germany). 
Kidney function was assessed with the glomerular filtration rate (eGFR), 
estimated by CKD-EPI equation [38]. 

2.6. Statistical analysis 

Descriptive analysis. We estimated median and interquartile range of 
plasma metabolites by participants characteristics. We used principal 
components analysis (PCA) to summarize correlated metabolites. First, 
we standardized plasma metabolites by calculating a z-score on the 
fasting-adjusted residuals. To maximize the variances of the factor 
loading across variables we calculated the varimax rotation. Subse-
quently, we described participants characteristics above and below 
median mPC scores. 

Association analysis. The association between metals (independent 
variables) with mPCs (dependent variables) was evaluated by adjusted 
linear regression introducing first one metal at a time as independent 
variable in separate models (so called “single-metal” model). For each 
statistically significant metal from single-metal models, we also ran 
models further adjusted for other statistically significant metals (so- 
called “multiple-metals” model). Metal concentrations were modeled as 
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log-transformed continuous variables, and the obtained regression co-
efficients were re-scaled to compare the 80th to the 20th percentiles of 
metal distributions. Statistical models were adjusted for age (years), sex 
(female, male), education (<high school, ≥high school), smoking status 
(never, former, current), urine cotinine levels (<34, 34–500, ≥500 ng/ 
mL), cumulative smoking (packs-years), alcohol intake (gr/day), eGFR 
(mL/min/1.73 m2), lipid lowering medication treatment (yes, no), ex-
ercise (METs min/week) and total triglycerides (mg/dL). In preliminary 
analysis, we also adjusted for total energy, fat, carbohydrate, and pro-
tein intakes and BMI, with no substantial change in the results. We, thus, 
excluded these variables from subsequent analysis to avoid excluding 
additional participants with missing values. 

Metal mixture analysis using BKMR. Due to the difficulties to apply 
regression models when considering multiple metals simultaneously in 
the models, including between-metal correlations, non-linear relation-
ships and high order interactions within mixture components [39], we 
run flexible BKMR models separately for each of the estimated mPCs 
endpoints. Posterior inclusion probabilities (PIPs) obtained from the 
BKMR models gives a measure of how likely a compound within a the 
mixture in the model is driving the association of the full mixture [40]. 
BKMRs also enables the evaluation of the full-mixture dose response as 
well as specific dose responses for individual metals when all the others 
are fixed at a given percentile of their distribution. 

Gene-environment interaction. To explore the potential interaction of 
metals with SNPs annotated to candidate genes involved in oxidative 
stress pathways, we included an interaction term in separate linear 
regression models for log-transformed metals by the individual SNPs. 
For each SNP we assumed an additive model (0, 1, or 2, minor allele 
dosage). We considered strongly suggestive statistical interactions if the 
P value associated to the interaction regression coefficient was ≤ 1 ×
10− 3. We also reported statistically significant interactions according to 
a Bonferroni P value cut-off of 1.7 × 10− 4 (estimated as 0.05 divided by 
291 SNPs). 

Biological pathway analysis. In brief, we performed KEGG pathway 
enrichment and network analysis with genes annotated to SNPs with 
interaction P values≤ 1 × 10− 3. The enrichment analysis aims to provide 
a global view of significant data, as it takes into account the accumulated 
biological knowledge of how genes work together, allowing the identi-
fication of predominant or enriched pathways. One of the most widely 
used databases for enrichment analysis is KEGG (Kyoto Encyclopedia of 
Genes and Genomes), which is a knowledge base for the systematic 
analysis of gene functions that links genomic information with high- 
level functions in the biological systems [41]. The significance 
threshold for KEGG pathway enrichment was set to a P value ≤ 0.05 
based on a two-sided hypergeometric exact test. We conducted pathway 
enrichment analysis out of the union set of interacting genes annotated 
across the four mPCs (i.e. “overall pathway enrichment”) and, also, 
separately by specific mPCs (i.e. “mPC-specific pathway enrichment”). 
We also descriptively show pathways within the KEGG database that 
contain at least one of the genes annotated to statistically suggestive and 
significant interactions separately for specific mPC. A Kappa statistic, 
which is used to define KEGG terms interrelations (edges) and functional 
groups based on shared genes between terms, was estimated and set to 
0.6 [42,43]. 

Statistical analysis was conducted with “survey” package in R soft-
ware (version 4.0.4) to account for the complex survey design. For the 
joint analysis of metals, we used MCMC algorithm as conducted by the 
BKMR package in R software [39]. We conducted pathway enrichment 
and network analysis of genes that showed statistically significant and 
suggestive gene-metal interactions using Cytoscape (version.3.8.2) [44] 
with the ClueGO (version 2.5.8) and CluePedia (version 1.5.8) [42,43] 
plugins. 

3. Results 

3.1. Descriptive analysis 

The geometric mean of urine metals were 0.25 μg/g for Co, 26.1 μg/g 
for Mo, 6.54 μg/g for As, 62.04 μg/g for Ba, 0.37 μg/g for Cd, 3.55 μg/g 
for Cr, 0.07 μg/g for Sb, 2.08 μg/g for V. The corresponding geometric 
means for plasma metals were 93.8 μg/dL for Cu, 83.7 μg/L for Se, 77.1 
μg/dL for Zn. In PCA, four mPC with eigen values > 2 explained 40.3%, 
16.3%, 12.5% and 9.2% respectively of the metabolites joint variability. 
Based on the estimated loadings, mPC1 mostly reflected non-essential 
and essential amino acids including branched-chain (BCAA) (leucine, 
isoleucine, and valine) and bacterial co-metabolism (trimethylamines, 
isobutyrate and phenylpropionate) versus fatty acids and VLDL sub-
classes; mPC2 reflected essential including aromatic amino acids (AAA) 
(tyrosine, tryptophan), fluid balance and bacterial co-metabolism (iso-
propanol and methanol); mPC3 reflected LDL and mPC4 HDL subclasses 
(Supplemental Fig. S1). Females, never smokers and drinkers, and par-
ticipants without obesity and diabetes showed higher mPC1 and mPC2. 
On the contrary, participants with higher mPC3 overall showed an 
unhealthier cardiovascular profile (Table 1). Participants with higher 
mPC4 were more likely women, never smoker, but with lower physical 
activity levels. Correspondingly, while men and elder participants and 
participants with obesity and diabetes had lower plasma amino acids 
concentrations, they showed higher fatty acids and pro-atherogenic li-
poprotein levels and unhealthy lifestyle (Supplemental Table S1). 

3.2. Association analysis 

In our study population, plasma Se and Zn were positively associated 
with mPC1 (mean difference [MD] [95%CI] 0.06 [0.01, 0.10] and 0.07 
[0.01, 0.13], respectively), while plasma Cu, urine As and Sb were 
inversely associated with mPC1 (MD [95%CI] − 0.10 [− 0.16, − 0.05], 
− 0.05 [− 0.09, 0.00] and − 0.08 [− 0.15, 0.00], respectively). Plasma Se 
and Zn and urine Cd were inversely associated with mPC2 (MD [95%CI] 
− 0.20 [− 0.35, − 0.05], − 0.15 [− 0.27, − 0.04] and − 0.18 [− 0.33, 
− 0.04], respectively). The association with mPC3 was positive for 
plasma Cu, Se and Zn (MD [95%CI] 0.20 [0.10, 0.30], 0.16 [0.07, 0.26] 
and 0.19 [0.07, 0.30], respectively) and inverse for urine Co (MD [95% 
CI] − 0.10 [− 0.19, − 0.02]). The association with mPC4 was inverse for 
Zn (MD [95%CI] − 0.15 [− 0.23, − 0.06] and positive for Sb (0.15 [0.01, 
0.30]) (Table 2). In multiple-metal models, the associations identified 
between metals and mPCs remained basically unchanged (Supplemental 
Table S2). 

3.3. Bayesian Kernel Machine Regression analysis 

We ran BKMR models with variable selection to identify most rele-
vant metals from our linear regression results based on the estimated 
PIPs. The highest PIPs in mPC1 models were 0.72 for Cu and 0.43 for Sb; 
the corresponding PIPs were 0.82 for Zn, 0.80 for Se and 0.35 for Cd in 
mPC2 models; 0.98 for Zn, 0.67 for Co and 0.33 for Se in mPC3 models, 
and 0.91 for Zn in mPC4 models (Supplemental Table S3). In addition, 
the full metals mixture was associated with mPCs 1 to 3, but not mPC4 
(Supplemental Fig. S2). Metals within the mixture did not show relevant 
interactions for most mPCs, except a potential interaction of Sb by Mo 
with mPC1, and Cd by Se with mPC2 (Fig. 1). Supplemental Figs. S3–S6 
show the bivariate-metal exposure response association (difference in 
the mPCs scores) for a given metal, considering a second metal fixed to 
the 25th, 50th and 75th percentiles. 

3.4. Candidate gene-metals interaction 

In gene-environment interaction analyses between metals and redox- 
related SNPs with mPCs, 20 genetic variants showed interaction P 
values < 0.001 (6 of them also statistically significant at the Bonferroni 
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significance threshold, including SNPs annotated to XDH, NDUFS6, 
COX6B1, NOX1, NOX5 and AGT) (Supplemental Table S4). 

For essential metals, Co showed interactions with mPC1 by 
rs3730103 (REN), with mPC3 by rs139998 (TXN2), rs2071429 (G6PD), 
rs1014852 (GCLC) and rs1002149 (GSR), and with mPC4 by rs1926723 
(AGT) and rs699 (AGT); Cu showed interactions with mPC3 by 
rs35404864 (NOX1); Mo showed interactions with mPC4 by 
rs35404864 (NOX1), rs1492078 (AGTR1) and rs35887529 (RAC1); Se 
showed interactions with mPC3 by rs1014852 (GCLC) and with mPC4 
by rs35404864 (NOX1); Zn showed interactions with mPC1 by 
rs45564939 (XDH); with mPC2 by rs2647169 (SDHB) and rs4806187 
(COX6B1) and with mPC3 by rs11122576 (AGT). 

For non-essential metals, As showed interactions with mPC2 by 
rs2911678 (GSR), with mPC3 by rs3215332 (REN) and rs11571092 
(REN), and with mPC4 by rs1133322 (COX5A); Ba showed interactions 
with mPC1 by rs1002149 (GSR) and rs972891 (NDUFS6) and with 
mPC4 by rs35404864 (NOX1), rs3749930 (NOX3), rs2036343 (NOX5) 
and rs2871 (NR3C2); Cd showed interactions with mPC1 by rs6849903 
(NR3C2) and with mPC3 by rs4889657 (COX6A2); Cr showed in-
teractions with mPC1 by rs35404864 (NOX1) and with mPC2 by 
rs12907196 (NOX5); Sb showed interactions with mPC2 by rs2071409 
(LPO) and with mPC3 by rs12095517 (AGTRAP); and V showed in-
teractions with mPC2 by rs12907196 (NOX5) and with mPC3 by 
rs35404864 (NOX1). 

3.5. Biological pathway analysis of genes related to interacting SNPs 

In overall KEGG enrichment analysis, “Diabetic cardiomyopathy” 
was the most enriched term among the union set of redox-related genes 
annotated to SNPs that showed relevant statistical interactions with 
metals across all mPCs (11 genes interacting with Co, Mo, Zn, As, Ba and 
Cd), followed by “Pathways of neurodegeneration” (7 genes interacting 
with Cu, Mo, Se, Zn, As, Ba, Cd, Cr and V), “Non-alcoholic fatty liver 
disease”, “Amyotrophic lateral sclerosis” and “Prion disease” (6 genes 
interacting with Mo, Zn, As, Ba and Cd); “Alzheimer disease” (6 genes 
interacting with Cu, Mo, Se, Zn, As, Ba, Cd, Cr, and V) and “Parkinson 
disease” (6 genes interacting with Co, Zn, As, Ba and Cd) (Fig. 2). NOX1, 
which interacted with 6 out of 11 metals (Cu, Mo, Se, Ba, Cr and V), was 
associated with other biological pathways such as “AGE-RAGE signaling 
pathway in diabetes complications” and “Fluid shear stress and 
atherosclerosis” (Fig. 2). Other relevant genes annotated to SNPs inter-
acting with more than one metal were GSR (interactions with Co, As and 
Ba), AGT (interactions with Co and Zn), GCLC (interactions with Co and 
Se) and REN (interactions with Co and As) (Fig. 2). Supplemental Figs. 
S7–S10 descriptively show the connection of KEGG biological pathways 
that included at least one gene annotated to identified interacting SNPs, 
separately for mPC-specific subnetworks. 

4. Discussion 

In our population-based study, Co, Cu, Se, Zn, As, Cd and Sb exposure 
biomarkers were related to specific metabolic patterns. Particularly, Cu, 
Se, Zn, As, and Sb showed associations with a metabolic pattern (mPC1) 
reflecting non-essential and essential amino acids -including BCAA-, and 
bacterial co-metabolism, versus fatty acids and VLDL. Se, Zn and Cd 
showed associations with a metabolic pattern (mPC2) reflecting other 
essential amino acids -including AAA-, and bacterial co-metabolism. Co, 
Cu, Se and Zn showed associations with a metabolic pattern (mPC3) 
reflecting LDL. Zn and Sb showed associations with a metabolic pattern 
(mPC4) reflecting HDL. We identified gene-metal interactions in our 
data, which pointed to shared biological pathways with a role in 
endocrine, cardiometabolic and neurological diseases. Co and Zn 
showed, overall, the highest number of statistical interactions annotated 
to genes from enriched biological pathways. 

Metal exposure and exposure biomarkers. For this study we used 
metal exposure biomarkers that integrate all exposure sources including 
food, water and air [45]. Particularly, we measured some essential 
metals, such as Se [46] and Zn [47], in plasma, which is an accepted 
biomarker of current status. While plasma is also considered a 
biomarker of nutritional status in Cu-deficient populations, it is unclear 
whether in Cu-repleted populations plasma Cu reflects exposure or, 
rather, Cu endogenous metabolic capacity [48]. For the rest of metals, 
total urine biomarkers mostly reflect recent exposure due to short 
half-life [49], except for Cd, with a longer half-life component, which is 
also interpreted as long term presence in the body [50], and As, which in 
our study was corrected for AsB values to reflect inorganic As exposure 
not from seafood following well-accepted methods [51] because seafood 
consumption is substantial in Spain. Interestingly, under continuous and 
maintained exposure conditions, urine could also be a good indicator for 
long-term exposure to metals, as it has been shown for inorganic As [52]. 
Metal exposure biomarkers are widely used in the field of environmental 
health sciences. Indeed, variation in metal exposure biomarkers has 
been related to multiple health endpoints in human populations, 
including samples of general populations such as our study population 
[1,3,4,53] and the US National Health and Nutrition Examination Sur-
vey [54–56], which showed relatively low metal exposure levels. 

Metals and metabolomics. Some studies have evaluated the role of 
metabolomic profiling as biomarkers in pathologies such as cancer 
[57–59], renal [60,61], neurological [62], and mainly, cardiometabolic 
diseases [63,64]. However, few studies have explored the potential role 
of joint metals exposure as determinants of metabolites levels, which is 
relevant because it implies that metabolomic changes may mediate 
well-established associations of metals with health outcomes, including 
neurological [65], bone [66], kidney disease [67], cancer [68–70] and 
CVD [71]. In our data, the reported associations of Sb and Co with 
metabolic patterns are novel, except for two experimental studies that 
evaluated the role of Co on lipoprotein metabolism with heterogenous 

Table 1 
Participant characteristics in subgroups defined by median metabolic principal component (mPC) levels in the Hortega Study (N = 1,145).   

mPC1 mPC2 mPC3 mPC4  

≤0.27 >0.27 ≤0.03 >0.03 ≤-0.13 >-0.13 ≤-0.12 >-0.12 
Female %, (N) 37.7 (224) 64.36 (343) 51.69 (283) 50.33 (284) 51.03 (274) 50.99 (293) 29.03 (158) 73.07 (409) 
Age (years), Mean (SE) 52.26 (0.52) 44.95 (0.49) 49.73 (0.52) 47.48 (0.52) 44.04 (0.5) 53.18 (0.51) 45.73 (0.47) 51.5 (0.49) 
Never Smoker, % (N) 39.94 (252) 49.82 (282) 45.21 (265) 44.54 (269) 44.4 (253) 45.35 (281) 38.96 (225) 50.81 (309) 
Former Smoker, % (N) 31.07 (195) 25.94 (148) 30.37 (180) 26.65 (163) 27.64 (167) 29.38 (176) 31.03 (182) 25.98 (161) 
Current Smoker, % (N) 28.99 (146) 24.23 (122) 24.43 (124) 28.81 (144) 27.95 (145) 25.28 (123) 30.00 (150) 23.22 (118) 
Alcohol intake (gr/day), Mean (SE) 14.48 (1.08) 8.99 (0.75) 12.45 (1.06) 11.03 (0.78) 12.79 (0.93) 10.69 (0.93) 13.83 (0.94) 9.65 (0.93) 
Obesity, % (N) 23.45 (141) 10.31 (61) 17.77 (106) 16.13 (96) 13.36 (79) 20.58 (123) 18.02 (105) 15.91 (97) 
Diabetes, % (N) 10.26 (79) 1.99 (15) 6.73 (52) 5.52 (42) 6.37 (49) 5.88 (45) 7.08 (55) 5.17 (39) 
High cholesterol, % (N) 60.53 (363) 45.59 (255) 63.73 (366) 42.4 (252) 23.98 (148) 82.21 (470) 48.49 (273) 57.67 (345) 
Total triglycerides (mg/dL), Mean (SE) 238.2 (5.13) 112.1 (1.45) 197.1 (5.25) 153.3 (3.44) 162.9 (4.2) 187.6 (4.78) 181.5 (4.66) 168.9 (4.4) 
eGFR (mL/min/1.73m2), Mean (SE) 90.3 (0.77) 98.2 (0.7) 92.4 (0.77) 96.0 (0.72) 98.0 (0.73) 90.4 (0.75) 96.1 (0.72) 92.3 (0.75) 
Exercise <3000 METs min/week, % (N) 41.74 (245) 38.88 (208) 39.95 (223) 40.67 (230) 41.81 (234) 38.81 (219) 44.05 (247) 36.57 (206) 

Abbreviations: SE: standard error; eGFR: estimated glomerular filtration rate. 
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conclusions [72,73]. For other relevant metals, we will next review the 
consistency of our findings with available epidemiologic and mecha-
nistic studies. 

Amino acids. Amino acids are the basic protein structure, which are 
generally needed for homeostasis, nutrition and immune system regu-
lation [74]. Among them, dysfunctional levels of BCAA (isoleucine, 
leucine and valine), which are essential amino acids, have been mainly 
related to cardiometabolic and vascular outcomes [75,76]. On the other 
side, AAA (tyrosine and tryptophan) are precursors of catecholamines, 
dopamine, melatonin and serotonin. While AAA deficiency has been 
related to neurological [77] and cancer conditions [78], dispropor-
tionate AAA levels are also related to metabolic and cardiovascular 
disease (CVD) [79]. 

In our data, mPC1 mainly reflected increased non-essential and 
essential amino acids including BCAA, whereas metabolic pattern mPC2 
mainly reflected other amino acids including AAA. A body of evidence 
has reported the potential impact of metal exposure in amino acid levels 
[24,80–82] but there is still a major research gap. Consistent with our 
results, a cross-sectional study in children (N = 155) found that serum 
Zn was positively correlated to valine concentrations [77], and an 
experimental study with chickens reported that Se supplementation 
increased leucine and alanine and decreased cysteine and tyrosine levels 
[82]. Inconsistently to our results, a small study from the Strong Heart 
Study (N = 145) reported that urine Se and As were positively associated 
with plasma tryptophan and proline, respectively [24]. Nevertheless, 
plasma Se, a better-established biomarker of Se status compared to 
urine, was not available for a direct comparison with our results. Our 
results are not either consistent with those found in a small Mexican 
study, in which urine As was positively associated with proline and 
inversely with tyrosine [81]. In addition, an experimental study with 
chickens found that Cd supplementation in diet decreased cysteine, 
tyrosine and alanine, and increased leucine, as measured in pectoral 
muscles [82]. The exposure route and dose may not be extrapolated to 
our study population, where one of the main Cd exposure sources was 
smoking. In general, previous epidemiologic studies were small, so 
random chance cannot be discarded as the most likely explanation for 
the findings, or results were not directly comparable because the 
exposure biomarkers or sources were different. Interestingly, in our 
study we observed potential interactions of Sb by Mo for mPC1 and Cd 
by Se for mPC2. There are no available experimental studies supporting 
the Sb by Mo interaction. Interestingly, a study in mice suggested that Cd 
accumulation in several tissues depended on Se levels [83]. 

Bacterial co-metabolism. The microbiota hosted in humans stimulates 
immune system and contributes to metabolism [84]. Consequently, 
microbiome imbalance could have a role on the progress of car-
diometabolic [85], infectious and inflammatory disease [86]. Some 
studies have pointed to a potential role of trimethylamines (TMAO), 
products of gut metabolism, in the pathogenesis of cardiometabolic 
conditions [85] including incident cardio-cerebrovascular events and 
all-cause mortality [87]. In our study, mPC1 (partly reflecting iso-
butyrate, but also, trimethylamines, phenylpropionate and O-phos-
phoethanolamine) models showed positive associations for Se and Zn 
and inverse associations for Cu, As and Sb; and mPC2 (partly reflecting 
isopropanol and methanol) models showed positive associations for Se, 
Zn and Cd. Associations of low serum Se and Zn levels and changes in 
microbiota composition have been reported in cross-sectional studies in 
Korean adults [88] and Polish children [89]. In a Chinese study, par-
ticipants with inflammatory bowel disease, which had lower microbial 
diversity compared with healthy participants, reported lower Se con-
sumption [23]. However, the directionality of these associations is not 
fully understood as Se modifies microbiota expression, but microbiota 
can also change Se levels in oxidative stress conditions, because Se is 
consumed by the bacteria [90–93]. Some experimental studies demon-
strate variations in microbiota diversity and composition after metal 
exposure [21,94–98]. For instance, an experimental study in mice 
detected changes in gut microbiome after Cd supplementation [94]. 

Table 2 
Mean difference (MD) (95% CI) of metabolic principal components (mPC1 to 
mPC4) comparing the 80th to the 20th percentile of the urine metal distribution 
in adult participants from the Hortega Study (N = 1,145).   

mPC1 mPC2 mPC3 mPC4 

Essential metals 
Urine Co (μg/g) 

MD 
(95% 
CI) 

− 0.02 (− 0.07, 
0.03) 

− 0.05 (− 0.13, 
0.03) 

− 0.10 (− 0.19, 
− 0.02) 

0.05 (− 0.02, 
0.12) 

P value 0.43 0.20 0.02 0.18 
Plasma Cu (μg/dL) 

MD 
(95% 
CI) 

− 0.10 (− 0.16, 
− 0.05) 

0.03 (− 0.07, 
0.12) 

0.20 (0.10, 
0.30) 

0.08 (− 0.02, 
0.18) 

P value <0.001 0.60 <0.001 0.11 
Urine Mo (μg/g) 

MD 
(95% 
CI) 

− 0.01 (− 0.05, 
0.04) 

− 0.07 (− 0.15, 
0.02) 

− 0.08 (− 0.16, 
0.01) 

0.03 (− 0.05, 
0.11) 

P value 0.75 0.12 0.10 0.42 
Plasma Se (μg/L) 

MD 
(95% 
CI) 

0.06 (0.01, 
0.10) 

− 0.20 (− 0.35, 
− 0.05)a 

0.16 (0.07, 
0.26) 

0.02 (− 0.06, 
0.10) 

P value 0.03 0.01a 0.001 0.61 
Plasma Zn (μg/dL) 

MD 
(95% 
CI) 

0.07 (0.01, 
0.13) 

− 0.15 (− 0.27, 
− 0.04) 

0.19 (0.07, 
0.30) 

− 0.15 (− 0.23, 
− 0.06) 

P value 0.02 0.007 0.001 0.001 
Non-essential metals 
Urine As 

(μg/g)     
MD 
(95% 
CI) 

− 0.05 (− 0.09, 
0.00) 

− 0.03 (− 0.11, 
0.06) 

− 0.02 (− 0.11, 
0.07) 

0.03 (− 0.05, 
0.11) 

P value 0.03 0.54 0.65 0.44 
Urine Ba (μg/g) 

MD 
(95% 
CI) 

0.00 (− 0.04, 
0.05) 

− 0.03 (− 0.12, 
0.06) 

− 0.07 (− 0.16, 
0.02) 

− 0.01 (− 0.09, 
0.07) 

P value 0.88 0.55 0.11 0.84 
Urine Cd (μg/g) 

MD 
(95% 
CI) 

0.01 (− 0.04, 
0.05) 

− 0.18 (− 0.33, 
− 0.04)a 

− 0.06 (− 0.15, 
0.03) 

0.02 (− 0.06, 
0.10) 

P value 0.76 0.01a 0.17 0.66 
Urine Cr (μg/g) 

MD 
(95% 
CI) 

− 0.03 (− 0.07, 
0.02) 

0.01 (− 0.08, 
0.11) 

− 0.05 (− 0.14, 
0.04) 

0.05 (− 0.04, 
0.13) 

P value 0.26 0.83 0.26 0.30 
Urine Sb (μg/g) 

MD 
(95% 
CI) 

− 0.08 (− 0.15, 
0.00)a 

0.03 (− 0.06, 
0.11) 

− 0.03 (− 0.11, 
0.06) 

0.15 (0.01, 
0.30)a 

P value 0.04a 0.58 0.55 0.04a 

Urine V (μg/g) 
MD 
(95% 
CI) 

− 0.04 (− 0.08, 
0.01) 

0.02 (− 0.08, 
0.11) 

− 0.05 (− 0.14, 
0.04) 

0.05 (− 0.03, 
0.13) 

P value 0.11 0.76 0.25 0.23 

Model adjusted for age (years), sex (male and female), education (<high school, 
≥high school), smoking status (never, former and current smoker), cotinine 
(<34, 34–500, ≥500 ng/mL), cumulative smoking (packs-years), alcohol intake 
(gr/day), eGFR (mL/min/1.73 m2), lipid lowering medication treatment (yes, 
no), exercise (METs min/week) and total triglycerides (mg/dL). 
The 80th and 20th percentiles of essential metals biomarkers distributions were 
0.63 and 0.12 μg/g for Co, 126.8 and 70.9 μg/dL for Cu, 58.6 and 10.7 μg/g for 
Mo, 103.6 and 68.8 μg/L for Se and 99.6 and 61.2 μg/dL for Zn; and for non- 
essential metals were 13.2 and 3.3 μg/g for As, 120.5 and 28.8 μg/g for Ba, 
0.75 and 0.19 μg/g for Cd, 6.5 and 1.9 μg/g for Cr, 0.2 and 0.03 μg/g for Sb, and 
3.8 and 1.2 μg/g for V. 

a Non-linear associations with corresponding metals modeled as restricted 
quadratic splines. 
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Excess Zn supplementation in mice [95] and piglets [97], but also, 
deficiency dietary Zn in chicken [96] and mice [21], have been related 
to a decline in gut microbiota diversity, and also genetic expression [98], 
possibly due to Zn-induced redox changes and competition with other 
metals for protein binding sites [99]. Additionally, many anaerobic gut 
bacteria produce acetone during fermentation [100] that can be trans-
formed to pyruvate and acetate, acting as fuel for both glycolysis and 
ketone bodies metabolism [101], thus, providing a link of human energy 
metabolism to gut microbiota co-metabolism. In our study, mPC1 and 
mPC2, which reflected increased microbiota co-metabolism, also re-
flected increased ketone bodies. 

Fatty acids and lipid metabolism. Fatty acids, partly reflected by mPC1 
in our data, come from catabolism of dietary lipids and are an energy 
source with structural and regulatory function, commonly mobilized 
from the liver to other tissues by VLDL [102]. Lipoproteins, including 
VLDL, LDL and HDL, which were also partly reflected by metabolic 
patterns mPC1, mPC3 and mPC4, respectively, are essential for lipids 
transport and have a well-known role on atherosclerotic, car-
diometabolic and inflammatory disease [103]. 

In our study, Cu exposure was inversely associated with mPC1, 
reflecting in turn a positive association with VLDL and fatty acids me-
tabolites. Only one cross-sectional study reported statistically significant 
correlations between Cu exposure with some fatty acids metabolites in 
plasma [22], but models were not adjusted by dietary factors. Although 
epidemiological studies have evaluated the role of Cu levels in altering 
the lipoprotein profile [16,104,105], few of them have included VLDL 
biomarkers, except for a small Turkish study (N = 177), which did not 
find a statistically significant correlation between Cu and VLDL [80]. 

In addition, Se levels were positively associated with mPC1, 
reflecting in turn an inverse association with VLDL, and mPC3, reflecting 
a positive association with LDL. A meta-analysis of 3 randomized 
controlled trials conducted in healthy participants concluded, consis-
tently with our findings, that Se supplementation was inversely related 
to VLDL cholesterol [106]. However, a previous meta-analysis of five 

clinical trials did not appreciate differences in VLDL after Se supple-
mentation [107]. The inclusion criteria were limited, however, to 
studies including only participants with metabolic syndrome. Moreover, 
our results are largely consistent with a number of cross-sectional 
studies reporting a positive association between serum Se and LDL 
cholesterol, particularly in Se-repleted populations [14,18,108–110], 
but also in studies using other Se biomarkers such as urine Se [111]. 
Alternatively, two meta-analysis (one of eight cross-sectional studies 
and another of five clinical trials) did not find an association between Se 
supplementation and LDL levels [106,107]. Conversely, a Mendelian 
Randomization study from Europe found that genetically elevated blood 
Se levels were associated with lower LDL cholesterol [112,113], which 
suggests that genetically determined Se may have different influence on 
metabolism compared to Se determined by exposure. 

Alternatively, Zn exposure was positively associated with mPC1 
(which in turns reflected inverse relation with VLDL) and mPC3 (which 
reflected a positive relation with LDL), and inversely associated with 
mPC4 (which reflected an inverse relation with HDL). Although evi-
dence about Zn and VLDL levels is scarce, our results are consistent with 
two randomized clinical trials [114,115] and one experimental study in 
mice [116] that reported an inverse association between Zn supple-
mentation and VLDL cholesterol. While some studies did not find sta-
tistical significant associations between Zn exposure and LDL [110,117, 
118] or HDL [119,120], our results are consistent with two 
cross-sectional studies [109,121] that reported a positive association 
between Zn and LDL cholesterol and with three cross-sectional studies 
[117,121,122] and one meta-analysis of clinical trials [118] that re-
ported an inverse association between Zn supplementation and HDL 
cholesterol in healthy participants younger than 40. Opposite to our 
results, two small cross-sectional studies [N = 202 and 255 [123,124]] 
and one meta-analysis of clinical trials evaluating Zn supplementation in 
patients with diabetes [125] reported inverse association between Zn 
and LDL metabolism and positive association between Zn and HDL 
metabolism. However, the heterogeneous study populations, limited 

Fig. 1. Posterior mean of the difference in mPC1 and mPC2 scores by antimony and cadmium levels, when molybdenum and selenium, respectively, are 
fixed at its 10th, 50th and 90th percentiles. 
Flexible dose responses were estimated form a Bayesian Kernel Machine Regression (BKMR) model adjusted for age (years, splines), sex (men and women education 
(<high school, ≥high school), smoking status (never, former and current smoker), cotinine (<34, 34–500, ≥500 ng/mL), cumulative smoking (packs-years), alcohol 
intake (gr/day), eGFR (mL/min/1.73m2), lipid lowering medication treatment (yes, no), exercise (METs min/week) and total triglycerides (mg/dL). The 10th, 50th, 
and 90th percentiles of urine metal distributions were, respectively, 7.33, 25.24 and 96.97 μg/g for Mo, and 61.27, 84.34 and 114.70 μg/L for Se. For example, the 
exposure-response association is interpreted as the posterior mean of the difference in mPC1 score by Sb concentrations (X axis) when Mo (Z axis) is fixed to the 10th, 
50th and 90th percentiles. The lines for the exposure-response associations when the second metals fixed are not parallel, suggesting a potential interaction. 
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sample sizes, and the wide range of Zn dosage or supplementation across 
studies makes that these results are not directly comparable with ours. 

Finally, in our population As was inversely associated with mPC1, 
thus reflecting a positive association with VLDL. This finding is consis-
tent with one study that found a positive association between serum As 
and VLDL [126]. Additionally, we did not observe any association be-
tween As levels with mPCs reflecting other lipoproteins, such as HDL 
and LDL. However, previous literature, including a recent meta-analysis 
of five studies, found that As exposure measured as water intake and 
urine levels was positively associated with LDL and inversely associated 
with HDL [127]. More studies are needed to confirm and understand the 
potential role of these metals on lipid metabolism. 

Candidate gene-metal interaction and associated biological 
pathways. Gene-environment interactions and subsequent pathway 
enrichment analysis can potentially point to additional biological 
mechanisms by which the evaluated metals may induce chronic diseases 
in the population. While the observed gene-metal interactions need 
validation, the findings are biologically plausible and hypothesis- 
generating. For instance, a rare variant associated to NOX1, which en-
codes NADPH oxidase, releases reactive oxygen species (ROS) [128] and 
is involved in dysfunctional immune and inflammation response [129], 
showed statistical interactions with most of the metals. While this 
finding must be taken with caution given the low minor allele frequency, 
an in vitro study found that As and Cd stimulate NADPH oxidase activity 
leading to cell proliferation, essential mechanism in cancer progression 
[130]. Interestingly, the minor allele frequency of other SNPs was not 
low. For instance, relevant statistical interactions in our data were 
observed for GSR (Co and Se-interacting SNPs) and GLCL (Co, As and 
Ba-interacting SNPs), which have a key role in glutathione metabolism 

[131]. Remarkably, in our study population, Se [28] and Ba [26] ex-
posures were related to the ratio of oxidized to reduced glutathione. As 
and Co exposure have also been related to glutathione metabolism in 
other studies [132,133]. Other interacting SNPs were annotated to REN 
(interacting with Co and As) and AGT (interacting with Co and Zn), 
which encode renin and angiotensinogen, respectively, with a 
well-known role on blood pressure regulation. Interestingly, an in vitro 
study reported that cells exposed to As secreted higher angiotensinogen 
[134], which is consistent with the results of a meta-analysis supporting 
As exposure as a risk factor for hypertension [135]. Alternatively, some 
in vitro studies with macrophages [136] and lung epithelial cells [137], 
showed that exposure to Co, the metal mostly interacting with candidate 
SNPs in our data, increased ROS production, and also increased the DNA 
damage [138]. Zn also showed a good number of statistical interactions 
with candidate SNPs (annotated to XDH and COX6B1, in addition to 
AGT), which is widely consistent with the well-established redox role of 
Zn. For instance, Zn stimulates the production of metallothioneins and 
reduced glutathione, and binds to sulfhydryl groups counteracting 
oxidative activity [139]. Moreover, Zn deficiency has been related to 
decreased Cu–Zn superoxide dismutase (SOD1), an enzyme with a high 
antioxidant activity [140]. 

Findings from the integrative biological pathway analysis are 
consistent with accumulated evidence supporting that non-essential 
metal exposures could play a role in the pathogenesis of several condi-
tions, including CVD for Sb [5,49], As [71] and Cd [71], cancer and 
renal dysfunction for Cd [67,141,142] and As [67,143–145] and 
neurological disorders for As [146,147] and Cd [148]. However, the 
evidence assessing the potential health-effects of essential metals is less 
clear [2,4,71,149–151]. While tightly regulated levels are needed for 

Fig. 2. Enriched KEGG pathways out of the union set of redox-related genes from single nucleotide polymorphisms interacting with metals across all 
mPCs. 
Overall integrative network showing the statistically significant KEGG pathways from hypergeometric enrichment analysis (P value ≤ 0.05), which was conducted 
out of the union set of genes annotated to SNPs interacting with metals considering all 4 mPCs. KEGG pathways are represented as large nodes and the node size is 
directly proportional to the term enrichment -log10 P value (larger nodes reflect higher statistical significance). Nodes with the same colors reflect they belong to the 
same clustering group according to an estimated Kappa score. The nodes with colored letters represent the most significant pathways per clustering group. The 
equally sized smallest nodes with annotated red gene symbols can be filled with more than one color indicating that they are contributing to different pathways 
clustered in different groups. The metals are indicated using black characters, and the corresponding black dashed line indicates that the interaction term in gene- 
environment interaction regression analysis was associated with a P value < 0.001. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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physiological functions, overload and deficiency of these metals could 
lead to pathological conditions. For instance, extreme Cu and Zn levels 
have been associated to CVD [2,71], metabolic [149] and neurodegen-
erative diseases [150,151], and Se levels have been related to diabetes 
[152] and cardiometabolic risk [153,154], consistently with our data. 
Overall, the displayed interconnections of enriched pathways attributed 
to the genes interacting with metals is consistent with the hypothesis 
that metals can directly and indirectly influence redox-related pathways 
in common for human chronic diseases. 

Limitations and strengths. Our study has several limitations. For 
instance, the interpretation of our findings requires some precaution 
because diet may modify metabolomic profiles and microbiota compo-
sition beyond host cardiometabolic conditions [155]. While we cannot 
discard residual confounding by dietary intake before the serum 
collection, we conducted several sensitivity analyses including adjust-
ment for total energy, fat, carbohydrate and protein intake from 24 h 
recall questionnaires, with essentially similar findings, suggesting that 
potential confounding by dietary factors likely is not relevant in our 
data. Importantly, we used well-established metal exposure biomarkers 
[45] that integrate all exposure sources, not only diet. We cannot 
discard, however, non-differential measurement error in metal de-
terminations potentially introduced by storage and other 
laboratory-related issues, which could bias the reported associations 
towards the null. 

Another limitation relates to the cross-sectional design, which cannot 
address reverse causation and may be especially problematic for some of 
the metals and metabolites. For instance, in our study, mPC1 partly 
reflected albumin, which plays a main role in fluid balance regulation. It 
is well-known that some of the evaluated metals have a high affinity for 
albumin, particularly divalent metals such as Co, Cu, Zn and Cd, that can 
compete with each other for the albumin binding sites [156]. Also, 
mPC2 partly reflected plasma creatinine, a by-product of muscle meta-
bolism whose levels are increased in kidney dysfunction [157]. 
Decreased glomerular filtration might result in lower urine metal 
excretion levels under prevalent renal disease. Alternatively, genetic 
variation is not expected to be affected by the cross-sectional design 
since SNPs are randomly assigned at conception given the Mendel law of 
independent assortment [158]. While, given the moderate sample size, 
we cannot discard that some of the available SNPs may be unbalanced 
by chance depending on metal and relevant confounders levels, we used 
fully adjusted gene-metal interaction models as an attempt to address 
potential confounding. Replication studies, however, are needed to 
confirm our gene-metal interaction results. In addition, the power was 
limited to detect gene-metal interactions after Bonferroni correction 
given the number of genetic variants. Thus, we could have missed 
relevant gene-metal interactions. 

Importantly, the metal-metabolic pattern associations were widely 
consistent in BKMR analysis, which simultaneously assessed all the 
metals at a time and is not subject to the multiple comparisons problem, 
thus providing robustness to our main results. Other strengths of this 
study include the complex survey design, which makes our results 
representative of a general population from a region in Spain. Impor-
tantly, our study population was exposed to relatively low metal con-
centrations. Thus, these results may be relevant for other general 
populations with chronic-low exposure. Moreover, the unique avail-
ability of a considerable panel of metabolites and multiple redox-related 
metals and candidate SNPs measured with high quality procedures are 
additional study strengths. 

5. Conclusions 

In conclusion, increased Co, Cu, Se, Zn, As, Cd and Sb exposure 
biomarkers were related to metabolic patterns that have been tradi-
tionally linked to the development of multiple chronic conditions. While 
our findings should be confirmed in additional studies, including studies 
with metabolites measured longitudinally, intensified preventive 

interventions to avoid adverse health consequences of inadequate metal 
exposure at the individual level may be needed in carriers of specific 
redox-related genetic variants. Most importantly, our results add to the 
mounting evidence base in favor of a role of metals in altering human 
health at exposure levels that are relevant to general populations [1,3–5, 
53–56,65–67,69–71,71,159,160], thus, supporting that public health 
interventions to prevent uncontrolled exposure to these metals may 
contribute to decrease the burden associated to chronic diseases. 
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