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I. BACKGROUND:  WHY 
METALS?



Atheroclerosis Atheroclerosis

Follow-up

LONG-TERM TRAYECTORY ON THE EVALUATION OF 
METAL-RELATED CVD IN CARDIOVASCULAR COHORTS

Dr. Guallar

Dr. Navas-Acien



ARE CONTAMINANT METALS CARDIOVASCULAR RISK
FACTORS?

• Evidence from
several
populations

• Dose-responses 
relationships

1. Number of high 
quality studies with 
low-moderate 
exposure levels: not 
sufficient at the time

2. Biological pathways 
involved: not 
completely 
understood



A NEED TO EXPAND THE RANGE 
OF METAL-RELATED 

CARDIOVASCULAR ENDPOINTS: 
FROM EARLY BIOLOGICAL 

EFFECT MARKERS AND 
ATHEROSCLEROSIS TO THE 
DEVELOPMENT OF CLINICAL 

SYMPTOMS INCLUDING 
MICROVASCULAR IN ADDITION 

TO MACROVASCULAR DISEASE
Source: Yang, W. (2021). Stroke Revisited. Springer, Singapore. 
https://doi.org/10.1007/978-981-16-5123-6_3





METALS AND ATHEROSCLEROSIS IN 
WORKERS
FOR A CAR-ASSEMBLY FACTORY IN SPAIN

Grau-Perez et 
al. ATVB 2021. 



METALS AND LONGITUDINAL CHANGES IN 
RENAL DISEASE MARKERS

Grau-et al. 2022 
Under review. 
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Associations of urine 
As, Cd, Cr and, W
with annual change in 
albuminuria and 
estimated glomerular 
filtration rate 
compatible with 
potential risk factors of 
renal disease at 
relatively low exposure 
levels

Albuminuria Estimated Glomerular Filtration Rate





HR for heart failure (95% CI) associated with urine metals in 
adult participants of the Hortega Study (N=1171)

Domingo-Relloso et al. 
International Journal of 
Epidemiology, 2019

Models adjusted for sex, education (<high school, >=high school), smoking status (never, former and current smoker), cumulative 
smoking dose (0, 0-12, >12), urine cotinine (<34, 34–500, and >=500 ng/mL), estimated glomerular filtration rate (mL/minute per 
1.73m2), residence place (urban or rural), HDL cholesterol level (mg/dl), total cholesterol level (mg/dl), dyslipidemia treatment status, 
hypertension treatment status, diabetes mellitus of type 2 status and systolic pressure (mm Hg). *Non-linear associations with 
corresponding metals modelled at restricted quadratic splines.

 

 
Tertile 1, 

Non-cases/Cases 

Tertile 2, 

Non-cases/Cases 

Tertile 3, 

Non-cases/Cases 
p80 vs p20 p-trend 

Sb 385/16 374/12 366/18   

 1.00 (Referent) 1.16 (0.50, 2.70) 1.93 (0.92, 4.04) 1.88 (1.10, 3.24) 0.02 

Ba 365/11 376/12 384/23   

 1.00 (Referent) 0.93 (0.39, 2.23) 1.26 (0.54, 2.95) 1.27 (0.63, 2.55) 0.50 

Cd 382/10 374/16 369/20   

 1.00 (Referent) 2.33 (1.04, 5.23) 3.68 (1.54, 8.75) 3.95 (1.44, 10.88)* 0.008* 

Cr 378/18 377/15 370/13   

 1.00 (Referent) 0.82 (0.39, 1.72) 1.34 (0.59, 3.01) 1.43 (0.81, 2.53) 0.21 

V 380/19 376/15 369/12   

 1.00 (Referent) 0.80 (0.39, 1.64) 1.29 (0.54, 3.11) 1.39 (0.79, 2.44) 0.25 



METALS AND CVD: POTENTIAL MECHANISMS

§ Increase oxidative stress and inflammation

§ Affect endothelial function (interference with 
calcium signaling pathways)

§ Endocrine disruption

§ Epigenetics…



Metals and oxidative stress biomarkers
GSSG/GSH MDA 8-Oxo-dG

GMR (95%CI) P-trend GMR (95%CI) P-trend GMR (95%CI) P-trend

Es
se
nt
ia
l

Co 0.98 (0.89, 1.08) 0.70 0.99 (0.94, 1.03) 0.543 1.03 (0.98, 1.09) 0.195

Cu 1.06 (0.95, 1.18) 0.30 1.04 (0.98, 1.09) 0.188 1.04 (0.99, 1.10) 0.142

Mo 1.14 (1.03, 1.27) 0.01 1.01 (0.96, 1.07) 0.611 1.04 (0.94, 1.15) 0.201

Z
n

0.99 (0.88, 1.11) 0.85 1.07 (1.01, 1.14) 0.019 1.07 (1.01, 1.13) 0.02

N
on
-e
ss
en
tia
l

Sb 0.99 (0.90, 1.09) 0.84 1.00 (0.95, 1.05) 0.883 1.05 (0.96, 1.15)* 0.001*

Ba 1.17 (1.05, 1.31) 0.006 1.02 (0.96, 1.08) 0.561 1.00 (0.95, 1.06) 0.962

Cd 1.07 (0.97, 1.19) 0.19 1.12 (1.02, 1.23) 0.02 1.09 (0.99, 1.20)* 0.08

Cr 1.23 (1.04, 1.46)* 0.002* 0.98 (0.92, 1.03) 0.413 1.04 (0.99, 1.10) 0.131

V 1.18 (1.00, 1.40)* <0.001* 0.97 (0.92, 1.03) 0.288 1.03 (0.98, 1.09) 0.256 13

A. Domingo

M. Grau

Galvez-Fernandez, Environment International 2019. 



Gene environment interaction of redox-related metals and metabolomic compounds

Galvez-Fernandez, Redox Biology 2021. 
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Dendrogram of metabolite cluster

hclust (*, "complete")



GMR of albuminuria levels comparing 80th to 20th percentile of 
cadmium distribution, by genotypes of SNPs with significant 

interactions at the Bonferroni level

Gene-environment interactions: 
Cadmium and Albuminuria

SLC30A4 RAC1 N GMR (95% CI) P	- int
rs3087816 rs4720672 <0.001
T/T + T/C (ref) T/T (ref) 892 1.82 (1.65, 2.01)
T/T + T/C (ref) T/C + C/C 344 3.02 (1.85, 4.94)
C/C T/T (ref) 34 2.43 (2.07, 2.85)
C/C T/C + C/C 14 19.1 (8.02, 45.49)

SLC30A4: Endosomal zinc transporter. 
No known role in albuminuria.

RAC1:Rho-family small GTP-ase, with a 
role in the maintenance of podocytes
and proximal tubules integrity. Involved 
in ROS overproduction in endothelium 
and endothelial dysfunction

Source: Grau-Perez et al. Environment International 2017

Objective: To test the hypothesis that carriers 
of specific genotypes are at increased cadmium 
potential effects. Gene-by-environment 
interactions can point to key pathways and 
provide biological insight

overall
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II. THE METAL GWAS 
INITIATIVE



MAIN OBJETIVE

To use the largest possible set of high-quality cohort studies with 
data on metal and metalloid biomarkers to evaluate how levels of 
metal biomarkers, which are considered markers of internal dose 

(depending on uptake, metabolism and clearance), are influenced by 
genetic variation. 

Air

Water

Food

Metal 
biomarkers

Mechanistic 
markers

Clinical 
disease

Susceptibility factors (genetics, nutrition, 
co-exposures, co-morbidities, etc.)



EARLIER GENETIC STUDIES OF METALS IN 
THE STRONG HEART FAMILY STUDY (SHFS)

¡ Goal: to map and identify genes that contribute to cardiovascular risk in 
American Indians

¡ Prototype family included in the SFHS

¡ SHFS participants had ~400 genome-wide genetic markers 
(microsatellites) genotyped

North et al. Am J Epidemiol 2003;157:303–314

N=4,549	(45	-74	years)



*Adjusted for age, age2, age x sex, age2 x sex, urine creatinine (log g/L), smoking status (never, former, current) and 
pack years categories (0, 0-10, 10-20, >20). Residual kurtosis was 0.79.

The number of pair relationships in the overall sample is distributed as follows: 66 parent-offspring; 847 siblings; 206 
avuncular; 57 half siblings; 3 double 1st cousins; 3 grand avuncular; 26 half avuncular; 134 1st cousins; 6 half 1st 
cousins & half 2nd cousins; 8 1st cousins and 1 rem; 9 half 1st cousins; and 12 half 1st cousins and 1 rem and half 2nd 
cousins and 1 rem. Mean f is 2.158

Heritability

19



Heritability of Urine Cadmium in the Strong Heart Study

22/11/2022

Modelo 1 ajustado por edad, sexo, región, tabaquismo y componentes 
principales de estructura poblacional.  
Modelo 2 ajustado además por zinc en orina.

Abreviaturas: SE: error estándar.

The 30 % of 
unexplained variability 

in urine cadmium 
levels could be 

attributed to additive 
genetic effects (p-

value <0.001)* 

N=4,549	(45	-74	years)



QUANTITATIVE TRAIT LOCUS (QTL) LINKAGE 
SCAN: PRELIMINARY ANALYSIS (N = 341)

At each marker location 
(~400 markers):

LOD score = log10 
likelihood ratio of the 
model with estimated σq 
versus the model with σq 
constrained to be 0

21



22/11/2022 22

b.  QTL linkage scan + conditional models
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c. Regional association plot

Gen ABCC1 en cromosoma 16. Top SNP 

rs215106  

The genetic variant rs215106 in ABCC1 can explain the QTL signal

N=4,549	(45	-74	years)





Red arrows indicate approximate locations for AS3MT and RNMT based on genes positions 
relative to the microsatellite markers. 



RATIONALE FOR THE METAL GWAS INITIATIVE

¡ Genome-wide association studies (GWAS) have evolved into a 
powerful tool for investigating the genetic architecture of human 
disease, especially for common complex disease

¡ Previous studies which have implemented this methodology to 
study the association of metal exposures to single-nucleotide 
polymorphisms (SNPs) have been modest in sample size

¡ Biological mechanisms underlying metal toxicokinetic and gene-
environment effects of metal exposures are not yet well understood



SPECIFIC AIMS:

¡ Specific Aim 1: investigate the associations between genome-wide 
SNPs and metal biomarkers using several methods: 

¡ a) Candidate-gene approach by extracting SNPs annotated to metal and 
metalloid transporters, and 

¡ b) Genome-wide exploratory approach 

By using traditional single-SNP association and recently developed methods 
to simultaneously model highly dimensional SNPs matrices to identify most 
relevant SNPs in a way less affected by the multiple comparisons



SPECIFIC AIMS:

• Specific Aim 2: Investigate In silico potential biological 
implications of the genetic variants associated with metal 
biomarker levels

By an integrative bioinformatic analysis to characterize 
interconnected physio-pathological pathways from well-established 
bioinformatics datasets including IntAct, KEGG, Wikipaths and others.



SPECIFIC AIMS:

• Specific Aim 3: Create a repository of estimated coefficients and 
standard errors from the findings of the metal-GWAS Initiative for 
future Mendelian Randomization studies of metals and health 
outcomes.



III. WHAT WE HAVE DONE SO 
FAR



PROJECT 1: MENDELIAN RANDOMIZATION STUDY OF SELENIUM
AND DIABETES-RELATED ENDPOINTS

Goal: To examine the causal role 
of exposure to Selenium (Se) and 
Se metabolism on diabetes and 
related conditions (i.e. insulin 

resistance, kidney disease), and to 
explore the associated metabolic 
mechanisms, with a clear focus 

on informing precision medicine. 

Funding for: 
• Selenoprotein speciation 

(University of Huelva)
• Genotyping (Illumina GSA 

microarrays) in AWHS and 
Hortega Studies (National 
Genotyping Core).

• 1 Predoctoral Student 
(Zulema Rodriguez-Hernandez 
with a background in 
Bioinformatics)

Spanish Agency for Research 
PID2019-108973RB-C21

Dr. Pastor-Barriuso

Dr. Tellez-Plaza



PROJECT I1: THE CAUSAL ROLE OF METAL EXPOSURES ON 
SUBCLINICAL ATHEROSCLEROSIS PROGRESSION

Goal: To examine the causal role 
of exposure to low doses of 

metals and metal trajectories on 
atherosclerosis changes and 

exploring associated metabolic 
mechanisms

Funding for: 
• Measuring metals in AWHS 

from an additional visit
(University of Huelva)

• Subcontracting processing raw 
subclinical atherosclerosis 
measures from repeated study 
visits, including advanced 
imaging

• 1 Research Assistant 
(Biostatistics/Epidemiology 
background 
to be hired starting in January 
2023)

Approved dbGAP accession (#26157): data from 11 cardiovascular cohorts funded 
by the US NIH for the SNP-Atherosclerosis stage of mendelian randomization analysis

Spanish Funds for Health 
Studies, PI22/00029

Dr. Tellez-Plaza



GSA Manifest variant count
Predictive, Clinical Research, and QC

Genotyping of the AWHS and Hortega Studies using the Illumina 
Global Screening Array (GSA) at National Genotyping Core (CNIO) 

Dr. Gonzalez-Neira





Atheroclerosis Atheroclerosis

Follow-up

COHORTS WITH AVAILABLE (OR ONGOING) METAL 
BIOMARKERS DETERMINATION AND SNPS (N~6000) 





Atheroclerosis Atheroclerosis

Follow-up

COHORTS WITH AVAILABLE (OR ONGOING) METAL 
BIOMARKERS DETERMINATION AND SNPS (N~10000) 



Atheroclerosis Atheroclerosis

Follow-up

COHORTS WITH AVAILABLE (OR ONGOING) METAL 
BIOMARKERS DETERMINATION AND SNPS (N~18000) 

Dr. Navas-Acien



RESOURCES IN PLACE AT THE INSTITUTO DE 
SALUD CARLOS III

SelenOmics’ Workshop| 11 Octubre  2022



HIGH PERFORMANCE COMPUTING SERVER- XTUTATIS

Número de nodos 34

Cores/CPUs totales 768

Memoria total 12,6 Tb

GPGPU 4 x NVIDIA Tesla P 100

Conexión almacenamiento Ethernet de 10 Gbps

Almacenamiento principal 100 Tb

Almacenamiento interno nodo 800 Gb

Sistema operativo Distribución Linux CentOs-8

¡GRACIAS A BRUNO Y OMAR DEL HPC en el ISCIII !



PIPELINE

Transformar a 
versión 38

Preparar ficheros para 
imputación

Datos Genéticos 
crudos

Imputación

QC

Non valid samples excluded: 
• Heterozigosidad (mean + 4sd)
• Missings simples > 10%
• Sex discordance
• Duplicates
• Cryptic relations

PLINK

vcftools

bcftools

TOPMED

Non valid SNPs excluded:
• Missings SNPs > 5%
• SNPs ∉ chr 1:22, X
• SNPs ≠  A, T, C o G alelos
• SNPs multiple mapping

perl + 1 more person with a 
Biostats/Epi/Bioinfo profile to be 

hired in the coming months

• Zulema Rodriguez-Hernandez,
PhD student in Biotecnology and strong 
backgroun in epidemiology and biostats
• Inestimable ayuda: Pablo Fernandez 

(ISCIII) y Ana Villanueva (ICO)



Bibliographic search for candidate genes

“Candidate-gene approach” + meta-analysis

1541 candidate genes

• 1469 transportes

• 64 metallothioneins

• 8 hand search

Meta-analysis

• 1867 AWHS participants

• 1401 Hortega Study participants

22/11/2022 41



Association of
candidate 
genetic
variants and 
metals

22/11/2022TESIS DOCTORAL - MARIA GRAU PÉREZ 42

94 SNPS

102 SNPS

26 SNPS170 SNPS

68 SNPS

84 SNPS

Statistically

suggestive SNPs at 

a p-value <0.001

CNGA3 SLC38A4

ANO1 PTCH1

SLC30A2



43

Dr. Yang Feng

v Extended version of the R 

package SIS (publicly 

available) :
v Iterative Sure Screening (ISIS): 

seleccionar las variables relevantes de 

un grupo de variables correlacionadas

v Adaptive Elastic-Net (AENET). 

estimación de parámetros menos

sesgada, que puede favorecer el 

descubrimiento biológico, así como una

mejor precision predictiva

Arce Domingo

Aenet LASSO Elastic-
net 
(α=0.05)

MSAenet SCAD MCP Regresi
ón
linear

N variables selected 222 221 222 113 93 42 -
Medidas de 
rendimiento
Error c. medio 
entrenamiento

22.89 14.50 15.73 24.25 14.71 20.18 15.97
Error c. medio 
validación

31.78 38.29 35.38 42.0 41.65 33.77 35.84
Time de computación
(días)

9.9 9.8 8.7 7.3 1.7 0.9 Imme
diate

COMPARISON OF METHODS FOR VARIABLE SELECTION 
HIGH DIMENSIONAL SETTINGS

VARIABLE SELECTION IN THE SETTING OF OMICS DATA: EXTENDED “SIS” 
PACKAGE



INTEGRATIVE 
BIOINFORMATIC 
ANALYSIS OF 
RESULTS WITH 
AVAILABLE 
BIOLOGICAL 
EVIDENCE FROM 
PUBLIC 
DATABASES



INTEGRATIVE 
BIOINFORMATIC 
ANALYSIS OF 
RESULTS WITH 
AVAILABLE 
BIOLOGICAL 
EVIDENCE FROM 
PUBLIC 
DATABASES

Gene identification

Type of  variable (Outline)

Binary

Continuous

Both

Femoral

Coronary

Carotid
Femoral and Coronary

Arterial origin

Femoral and Carotid

Coronary and Carotid

Femoral, Coronary and 
Carotid

*

Differentially methylated in atherosclerosis

Differentially methylated in metal-exposed 

Differentially methylated in atherosclerosis and metal-exposed

Significantly atherosclerosis 
related protein

Bold Effectors

Source: Riffo-Campos et al. Philosophical Transactions B. 2017

Protein interaction networks of metal-related differentially 
methylated regions and atherosclerosis effectors

https://www.ebi.ac.uk/intact/

Gene environment interaction of redox-related metals and metabolomic compounds

Galvez-Fernandez, Redox Biology 2021. 
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“more” package extension 
to fully accommodate 

GWAS data 



IV. PROSPECT FOR FUTURE 
COLLABORATIONS IN THE 
SETTING OF THE METAL 
GWAS INITIATIVE



THE EXAMPLE OF THE CKDGEN CONSORTIUM:  THE HORTEGA 
AND AWHS STUDIES CONTRIBUTING COHORTS FOR ROUND 5

Leaded by Drs. Anna 
Kottgen and 
Christian Pattaro

¡ L



THE EXAMPLE OF THE CKDGEN CONSORTIUM:  THE HORTEGA 
AND AWHS STUDIES CONTRIBUTING COHORTS FOR ROUND 5

Leaded by Drs. Anna 
Kottgen and 
Christian Pattaro



THE EXAMPLE OF THE CKDGEN CONSORTIUM:  THE HORTEGA 
AND AWHS STUDIES CONTRIBUTING COHORTS FOR ROUND 5

The analysis is a 3-step process: 

¡ first, we are asked to generate the phenotypes in an specific format and 
to send the resulting diagnostic files (not raw data); 

¡ after they confirm that the phenotypes are OK, we are asked to run the 
GWAS and upload the results (not raw data).

¡ The CKDGen analysists meta-analyse the results from all the 
contributing cohorts

Software for download that covers phenotype preparation and 
generation, genotype preparation, preparation of submission files to 
run GWAS, formatting scripts, as well as log collection and diagnostic 
plots, is provided.

Z. Rodriguez-Hernandez

We do not have to re-invent 
the wheel in the Metal-GWAS 
Iniative !!



The metal GWAS Initiative can enable:

1. The robust evaluation of  genetic determinants of metal 
biomarkers

2. Point to interesting biological pathways for potential metal-
related health effects, through integrative post-GWAS analysis

3. Create the necessary structure to enable the participating 
cohorts to entertain large collaborative efforts to assess, in the 
most possible robust and reproducible way, potential metal-related 
health effects and associated gene-environment interactions.

CONCLUDING REMARKS



GRACIAS POR VUESTRA ATENCIÓNGRACIAS POR VUESTRA ATENCIÓN

THANK YOU!


