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a Spanish Agency for Food Safety and Nutrition, Ministry for Consumer Affairs, Alcala 56 St, 28014 Madrid, Spain 
b Department of Epidemiology of Chronic Diseases, National Centre for Epidemiology, Institute of Health Carlos III, Monforte de Lemos 5, 28029 Madrid, Spain 
c Consortium for Biomedical Research in Epidemiology and Public Health (CIBERESP), Monforte de Lemos 5, 28029 Madrid, Spain 
d Barcelona Institute of Global Health (ISGlobal), Carrer del Dr. Aiguader, 88, 08003 Barcelona, Spain 
e University Pompeu Fabra, Plaça de la Mercè, 10-12, 08002 Barcelona, Spain 
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A B S T R A C T   

Background: Toenails are commonly used as biomarkers of exposure to zinc (Zn), but there is scarce information 
about their relationship with sources of exposure to Zn. 
Objectives: To investigate the main determinants of toenail Zn, including selected sources of environmental 
exposure to Zn and individual genetic variability in Zn metabolism. 
Methods: We determined toenail Zn by inductively coupled plasma mass spectrometry in 3,448 general popu
lation controls from the MultiCase-Control study MCC-Spain. We assessed dietary and supplement Zn intake 
using food frequency questionnaires, residential proximity to Zn-emitting industries and residential topsoil Zn 
levels through interpolation methods. We constructed a polygenic score of genetic variability based on 81 single 
nucleotide polymorphisms in genes involved in Zn metabolism. Geometric mean ratios of toenail Zn across 
categories of each determinant were estimated from multivariate linear regression models on log-transformed 
toenail Zn. 
Results: Geometric mean toenail Zn was 104.1 µg/g in men and 100.3 µg/g in women. Geometric mean toenail Zn 
levels were 7 % lower (95 % confidence interval 1–13 %) in men older than 69 years and those in the upper 
tertile of fibre intake, and 9 % higher (3–16 %) in smoking men. Women residing within 3 km from Zn-emitting 
industries had 4 % higher geometric mean toenail Zn levels (0–9 %). Dietary Zn intake and polygenic score were 
unrelated to toenail Zn. Overall, the available determinants only explained 9.3 % of toenail Zn variability in men 
and 4.8 % in women. 
Discussion: Sociodemographic factors, lifestyle, diet, and environmental exposure explained little of the indi
vidual variability of toenail Zn in the study population. The available genetic variants related to Zn metabolism 
were not associated with toenail Zn.   

1. Introduction 

Zinc (Zn) is an essential element for the human body, which plays an 
important role in biological processes as a structural, catalytic, and 
intracellular and intercellular signalling component (World Health Or
ganization, 1996; Kambe et al., 2015). As Zn homeostasis is tightly 
controlled, in order to maintain metabolic functions over a wide range of 
Zn intakes, it is difficult to assess deficiency or excess of this element, 
which can be associated with health effects (King et al., 2016; Plum 
et al., 2010) Zn deficiency clinically affects central nervous, epidermal, 
gastrointestinal, immune, reproductive and skeletal systems (Roohani 
et al., 2013). On the other hand, toxicity symptoms (nausea, vomiting, 
epigastric pain, lethargy, and fatigue) can also appear in case of very 
high exposures to Zn (Agnew and Slesinger, 2022). In addition, occu
pational exposure to zinc compounds or fumes is known to be associated 
to specific short-term health effects, while their long-term consequences 
are not still well known (Zinc, 2022; Chuang et al., 2014). 

Diet and dietary supplements are the main sources of Zn for humans 
(approximately 90–95 %) (Simon-Hettich et al., 2001) Zn content of 
foods differs widely; oysters and meat are some of the products with 
higher amounts of Zn, although whole grain cereals, legumes and nuts 
can be important sources for people under vegetarian diets (Sandstead, 
2015). There are other possible sources of exposure, either by ingestion 
(i.e. drinking water) or combined with inhalation (Zn in air due to in
dustrial emission, dust or occupational exposure to Zn fumes), although 
their contribution to Zn body burden, at least in the general population, 
remains uncertain (Simon-Hettich et al., 2001; Sandstead, 2015). 

As the most common reason to try to evaluate Zn status is to address 
Zn deficiency, researchers usually rely on estimations of dietary Zn 
intake (King et al., 2016). However, assessment of exposure to Zn from 
an environmental research point of view needs to consider the inte
grated exposure from all the different sources, an approach that can be 
achieved using biomarkers. In this sense, Zn exposure researchers have 
used different biological matrices, like whole blood, plasma –the most 
commonly used (King et al., 2016)-, serum, urine, scalp hair or nails, 
which reflect different time-windows of exposure (Simon-Hettich et al., 
2001; Who, 1996). Usually, serum, plasma and urine are more sensitive 
to short-term changes, while toenail clippings are generally considered 
to give an estimation of longer-term exposure (6–9 months), which 
would make them a suitable matrix in the study of chronic diseases (King 
et al., 2016; Gutiérrez-González et al., 2019). Nails have additional lo
gistic advantages: they are easy to collect and store, and toenails have 

the advantage over fingernails that are less exposed to external 
contamination (Esteban and Castaño, 2009). Besides, several circum
stances and conditions like fever or infections may alter Zn concentra
tions on some biological matrices like plasma, thus affecting the stability 
of Zn levels (King et al., 2016; Who, 1996), while elements once 
deposited in toenails remain unchanged (Hopps, 1977; Sukumar et al., 
2006). However, nowadays, the information on the real value of Zn in 
toenails as biomarker of exposure is still scarce and unclear (Gutiérrez- 
González et al., 2019; Jaramillo Ortiz et al., 2022); additional data are 
needed in regard to its relationship with possible sources of exposure to 
Zn and the factors that may modulate Zn toenail levels. 

Previous research has described differences in Zn concentrations or 
in Zn metabolism by basic epidemiological variables, such as age or 
gender in other matrices such as urine and serum (Berglund et al., 2011; 
Tubek, 2006), but data for toenail Zn are unclear (Gutiérrez-González 
et al., 2019). On the other hand, differences in processes involved in Zn 
homeostasis regulation can affect toenail Zn concentrations, in which 
metallothioneins (MTs) and two Zn transporters families (ZIP [SLC39A]) 
and ZnT [SLC30A]) have a crucial role (Kambe et al., 2015). MTs are 
metal-binding proteins that, under physiological conditions, bind Zn, 
although they also have high affinity for toxic metals. ZnT transporters 
have a role as cation diffusion proteins, while ZIP transporters mobilize 
Zn to the cytosol from intracellular organelles or the extracellular space 
(Kimura and Kambe, 2016). To the best of our knowledge, whether 
genetic differences (i.e., single nucleotide polymorphisms (SNPs)) in 
genes that codify for these proteins may play a role on toenail Zn con
centrations has not been studied. 

Our aim in this study is to investigate which factors determine 
toenail Zn concentrations in male and female controls from general 
population in Spain by exploring their association with sociodemo
graphic, anthropometric, lifestyle factors and with Zn exposure from 
different sources (i.e., diet, supplements, tobacco, soil, industrial emis
sions) and evaluating its possible relationship with individual genetic 
variability in Zn metabolism and transportation, as estimated through a 
specifically constructed polygenic score (PSZn). 

2. Methods 

2.1. Study population and design 

MCC-Spain (https://www.mccspain.org) is a population-based mul
ticase-control study designed to explore environmental and genetic 
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factors associated with common cancers or tumours with peculiar 
epidemiological features in Spain (Castaño-Vinyals et al., 2015). We 
recruited participants living in 12 different provinces of Spain (Sup
plementary Fig. 1) from 2008 to 2013. Inclusion criteria for participants 
were to be 20 to 85 years old, be able to answer the questionnaire and 
reside for at least 6 months in the study areas. Cases had histological 
confirmed incident tumours (breast, colorectal, prostate, stomach and 
chronic lymphocytic leukaemia). Controls were randomly selected from 
Primary Health centres belonging to the catchment’s areas of those 
hospitals where cancers cases were recruited, and were frequency- 
matched to cases by sex, age (five-year intervals) and study area 
(province). We invited controls to participate in the study by telephone 
on behalf of their General Practitioner, obtaining a mean participation 
rate of 53 %. The Ethics Committee of all participating centres approved 
the study protocol, and all participants provided an informed consent 
before their enrolment. For this study, which aims to describe toenail Zn 
in the general population, we only included controls with available Zn 
toenail concentrations (n = 3,448). Among them, 2,351 participants had 
also available genetic data (Supplementary Fig. 2). We have summarized 
baseline characteristics of the total sample and the sample with genetic 
data (“genetic sample”) in Supplementary Table 1. 

2.2. Data collection 

We collected information on sociodemographic characteristics, 
anthropometric measures (one year before recruitment), physical ac
tivity over the previous 5 years, occupational and medical history, drug 
intake or smoking status (one year before recruitment) through a 
structured questionnaire in a face-to-face interview. Data on diet and 
alcohol consumption habits during the previous year, that is the 
approximate time-window of exposure reflected by toenail (Gutiérrez- 
González et al., 2019), were gathered using a validated semiquantitative 
food frequency questionnaire (FFQ) (Martin-moreno et al., 1993). This 
FFQ collected information on >140 food items, which was used to es
timate the daily intake of different elements, including Zn, by applying 
the Spanish CESNID food composition tables (Farrán et al., 2003). We 
also asked participants if they had regularly used vitamins or dietary 
supplements in the preceding year, as well as the brand, to identify those 
including Zn. We also collected information on current address of resi
dence, which was geocoded into Universal Transverse Mercator (UTM) 
ED50 zone 30 N coordinates using Google Earth Pro and double-checked 
with the National Cadastre and the “street-view” application of Google 
Earth Pro. 

2.3. Toenail sampling, laboratory analyses and calibration 

Toenail clippings from all toes of both feet were collected with 
stainless steel nail clippers, either at recruitment by research personnel 
or by the participant within the following two weeks, and were stored in 
paper envelopes at room temperature until sent to the laboratory. 
Samples were cleaned twice by washing samples for 5 min in Triton-X 
100 5 % (w/v) aqueous solution, Mili-Q water and acetone using an 
ultrasonic bath. Subsequently, toenail samples were digested using a 4:1 
(v/v) solution of nitric acid and hydrogen peroxide into a microwave 
digestion system and then made up to 5 ml using MiliQ water. 

We determined toenail Zn, along with other 17 metals, by induc
tively coupled plasma mass spectrometry (ICP-MS) (XSeries 2, Thermo 
Scientific) at the Environmental Bioanalytical Chemistry Unit of the 
University of Huelva (Spain). We adjusted the concentration measured 
by the equipment taking into account the dilution factor and sample 
weight, according to the following formula: [Real](ng/g) = [Equip
ment] (ng/g) (dilution factor (g))/(sample weight(g)). The limit of 
detection for Zn was 0.27 ng g− 1, obtained from the calibration curve 
(Harris, 2020). 

Quality control of the analyses included: a) analysis of hair reference 
material NSC DC73347a (LGC Standards), in each sample batch with a 

medium accuracy of 90 %, which value was maintained along the time 
± 5 %; b) monitoring of the ICP-MS response along the time by mea
surement of control concentrations of the different elements at a point 
on the calibration curve (5 ng ml− 1), every 20 analysed samples; c) 
instrumental drift correction by addition of rhodium (Rh) (100 ng ml− 1), 
as internal standard, to all the samples and calibrants used, the samples 
whose response differs ± 10 % with respect to the internal standard 
were measured again; d) analysis every 5 samples of reagents blanks 
containing 5 % HNO3 (Suprapur quality) and 100 ng ml− 1 of Rh; e) 
analysis of duplicate samples every 2.5 h of the sequence; f) spiked 
sample analysis, spiking the reference materials with the analytes under 
study (50 ng ml− 1). 

We also performed, reproducibility analyses of toenail samples from 
non-eligible participants from the MCC-Spain study in two different 
laboratories (Environmental Bioanalytical Chemistry Unit of the Uni
versity of Huelva and Mass Spectrometry Unit of the University of 
Oviedo, Spain), obtaining an intraclass correlation coefficient for Zn of 
0.983 (95 % CI: 0.973–0.989) (Cervantes et al., 2015). 

Our study included many small toenail samples (median toenail 
mass: 20.6 mg), which may suppose a challenge for ICP-MS as their 
signal can be out of the optimal measurement range of the calibration 
line (Harris, 2020; Skoog et al., 2017). In preliminary analyses, we 
observed a systematic bias associated with toenail sample weight, as Zn 
geometric mean (GM) concentrations were higher in toenail samples 
with very small mass. A similar bias has been previously described in a 
few studies, while in others the sample weight was taken into account 
when determining the levels of metals (Gutiérrez-González et al., 2019). 
Also, measured metal concentrations varied across laboratory batches. 
Therefore, we calibrated toenail Zn concentrations for sample mass 
heterogeneity and between-batch variability using a heteroscedastic 
spline mixed model (Pinheiro and Bates, 2000), with fixed effects for the 
average bias in log-transformed Zn concentrations as a spline function of 
log-transformed toenail sample mass, random effects for between-batch 
variation in this mass-related bias, and heterogeneous within-batch 
error variance in log-transformed Zn concentrations as a spline func
tion of log-transformed mass. From this model, we derived the cali
brated Zn concentrations that would have been observed had all toenail 
specimens been analysed in the same average batch and sample masses 
been set to the GM for all participants, conditional on sex, five-year age 
group, and province. 

2.4. Zinc in topsoil 

We obtained the estimation of Zn concentration in topsoil (upper soil 
horizon) from the Geochemical Atlas of Spain, which includes 13,317 
soil sample points from mainland Spain. More information about the 
sample-collection procedures and the chemical-analysis techniques used 
have been previously published (Locutura-Rupérez, 2012). In brief, soil 
samples were analysed by ICP-MS after crushing, pulverizing and partial 
digestion. Topsoil was chosen for this study since this determination is 
closer to the bioavailable metal/metalloid content of soil and tends to 
display the highest association with pollution. For the analysis, each 
participant’s geocoded address of residence was assigned to estimated 
levels for Zn using an interpolation method from soil sample points 
(Núñez et al., 2017). 

2.5. Proximity to zinc-emitting industrial facilities 

We identified industries in Spain releasing Zn to air included in the 
Spanish Pollution Release and Transfer Register (PRTR-Spain) (PRTR 
España, 2022) corresponding to 2009, from the Spanish Ministry for the 
Ecological Transition. The geographic coordinates of these industrial 
facilities, geocoded into UTM ED50 zone 30 N, have been previously 
validated (García-Pérez et al., 2019). We classified participants as 
exposed to industrial Zn if there were one or more Zn-emitting industries 
within a 3-km radius from their place of residence, and as unexposed 
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otherwise. 

2.6. Genetic variability in Zn metabolism and transportation: PSZn 

Peripheral blood was collected from participants and its cellular 
fraction was separated for DNA extraction and stored at − 80 ◦C. We used 
Infinium Human Exome BeadChip (Illumina, San Diego, USA) to geno
type >200,000 coding markers, as well as 6000 additional custom SNPs 
on several pathways of interest. We first identified 40 different genes 
involved in Zn metabolism and transportation through a literature 
search (Supplementary Table 2), and then selected the 510 SNPS in the 
genotyping array that were at these genes. 

Following standard quality control procedures, we excluded SNPs 
that were monomorphic or with minor allele frequencies below 5 % as 
well as those with unknown genotypes in study participants, leaving a 
total of 81 SNPs from 31 genes in the present analysis (Supplementary 
Tables 2 and 3). 

We constructed a polygenic score for toenail Zn (PSZn) to combine 
the effect of the 81 available SNPs linked to Zn metabolism in 2,351 of 
the 3,448 study participants (68.2 %) with known genotypes for all SNPs 
(genetic sample). We first fitted separate logistic regression models 
relating the number of minor alleles for each SNP (continuously coded as 
0 for major-allele homozygous, 1 for heterozygous, and 2 for minor- 
allele homozygous genotypes) with the log-transformed toenail Zn 
concentration, adjusting for other SNPs at the same gene, sex, age 
groups, and province indicators. For logistic regression models, we 
categorized toenail Zn as high, if toenail Zn was higher than the median, 
and as low, otherwise. Then we calculated the PSZn for each participant 
as the weighted sum of minor alleles for each SNP, with weights equal to 
their estimated coefficients from the above logistic regression models. 
The estimated coefficients per minor allele for each SNP are shown in 
Supplementary Table 3. 

To avoid the potential overfitting induced by assessing the relation of 
the PSZn with toenail Zn on the same data used in its development, we 
performed a leave one out cross-validation. We calculated an alternative 
PS (PSZn 1-out) for each participant based on the regression coefficients 
for each SNP estimated from the rest of participants. We repeated this 
procedure sequentially for all the participants and combined over the 
entire genetic sample to obtain a nearly unbiased estimate of the ex
pected association between PSZn 1-out and toenail Zn in an independent 
sample from the same population (Efron and Tibshirani, 1994). 

2.7. Statistical analysis 

Toenail Zn concentrations were right-skewed and log-transformed 
for the analyses. To allow for sex-specific determinants of toenail Zn, 
we performed all analyses separately in men and women. We calculated 
geometric mean toenail Zn concentrations and 95 % confidence in
tervals (CIs) for pre-specified categories or tertiles of sociodemographic 
characteristics (age, ethnicity, educational level, and province), lifestyle 
factors (body mass index (BMI), recreational physical activity, and 
smoking status), Zn intake (diet and supplements), residential topsoil 
Zn, proximity to Zn-emitting industries, genetic variants for Zn meta
bolism and transportation (PSZn and PSZn 1-out), and season of toenail 
sample collection. To further explore the role of diet on toenail Zn, we 
also estimated GM of toenail Zn for tertiles of specific dietary compo
nents and patterns (Mediterranean diet). 

We estimated geometric mean ratios of toenail Zn concentrations and 
their 95 % CIs comparing categories of the above determinants by 
exponentiating coefficients from linear regression models on log- 
transformed toenail Zn. We fitted a first model for each independent 
variable, adjusted for sociodemographic factors (age groups, educa
tional level, and province indicators). Afterwards, we fitted a single 
multivariate model, including sociodemographic factors, and also 
smoking status, other potentially correlated Zn sources (categories of 
diet and supplement Zn intake, topsoil Zn, and industrial Zn exposure), 

season of toenail collection, genetic variability (tertiles of PSzn 1-out), and 
factors potentially interfering Zn absorption (tertiles of food groups that 
are known sources of dietary phytate: cereals, vegetables and legumes, 
and nuts) (Bel-Serrat et al., 2014). We performed tests for log-linear 
trend in adjusted geometric mean toenail Zn concentrations across cat
egories of ordinal factors. Also, specifically for dietary variables, a 
sensitivity analyses was performed, fitting the same models, but adding 
total energy intake among adjustment variables (Willett et al., 1997). 

To further explore the shape of the dose–response relations between 
dietary Zn intake and toenail Zn concentrations, we included natural 
cubic splines of Zn intake with two internal knots at the 33th and 67th 
percentiles and boundary knots at the 1st and 99th percentiles in fully- 
adjusted linear regression models on log-transformed toenail Zn (Durr
leman and Simon, 1989). Natural cubic splines allow for different cubic 
trends at either side of internal knots and linear trends beyond boundary 
knots, and hence they can accommodate a wide variety of smooth dos
e–response curves, while avoiding implausible shapes at the tails of Zn 
intake distribution. 

Finally, to evaluate whether genetic variants might modulate the 
relationship between toenail Zn concentrations and different sources of 
Zn exposure (smoking, diet and supplement intake, topsoil, and indus
trial exposure), we included interaction terms between categories of 
these Zn sources and tertiles of the PSZn 1-out in fully-adjusted linear 
regression models on log-transformed toenail Zn. We estimated different 
geometric mean ratios of toenail Zn within each PSZn 1-out tertile and 
tested for homogeneity across tertiles using joint Wald tests of interac
tion coefficients. We performed all statistical analyses with Stata, 
version 16 (Stata Corp). 

3. Results 

The main characteristics of the participants (n = 3,448) are shown in 
Table 1. Almost all controls were European, and there were no differ
ences in the level of education according to sex. Compared to men, 
women were younger, had a lower BMI, lower tobacco and alcohol 
consumption and were physically less active in their free time. Women 
had a higher adherence to Mediterranean diet, but lower caloric and 
dietary Zn intake, and the weight of their nail samples was slightly lower 
than in men. The use of dietary supplements was infrequent, including 
those containing Zn, although it was more common among women. With 
respect to dietary Zn, men, younger participants and those with uni
versity studies had higher Zn intakes (Supplementary Table 4). Finally, 
there were no differences in PSZn 1-out values by sex, age or level of 
education, although PSZn 1-out differed by region (Supplementary 
Table 5). 

Tables 2 and 3 present GM toenail Zn levels and adjusted GM ratios 
(model 1 & 2) by sociodemographic and diet-related variables, respec
tively. Further descriptive parameters of toenail Zn can be found in 
Supplementary Tables 6 and 7. All participants had Zn levels above the 
limit of detection. Mean Zn levels in toenails were higher in men (GM 
104.1; CI 95 % 102.0–106.3 µg g− 1) than in women (GM 100.3; CI 95 % 
98.9–101.8 µg g− 1), although sex was not a predictor of toenail Zn in 
fully adjusted models (GM ratio: 1.01; 95 % CI: 0.96–1.05). In the first 
multivariate model, only in men Zn levels decreased with age, and 
increased with tobacco consumption. There were no differences 
regarding menopausal status in women. There were differences among 
regions in both sexes: Zn levels in men from Barcelona and Murcia, and 
women from Madrid were higher than the global sex-specific mean, 
while those from Cantabria –both, men and women- or Gipuzkoa –only 
women- had lower toenail Zn concentrations. In regard to the explored 
sources of exposure, we did not observe any association between toenail 
Zn and dietary Zn intake or supplement intake in either men or women. 
The dose–response analysis between dietary zinc intake and toenail Zn 
(Fig. 1), did not show a clear association between both variables; in any 
case, it might suggest an inverse relationship in men. Regarding soil Zn, 
we found an increase of toenail Zn with soil Zn levels in men. Instead, we 
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observed a positive association of toenail Zn with the proximity to Zn 
industries (<3km) restricted to women (Table 2). Toenail Zn levels were 
lower in men whose samples had been collected in autumn, while there 

Table 1 
Main characteristics of controls from MCC-Spain Study eligible for the toenail Zn 
determinants analysis (n = 3,448).  

Variable Total Men Women p- 
value 

Participants 3448 
(100 %) 

1707 
(49.5 %) 

1741 
(50.5 %)  

Sociodemographic characteristics     
Age (mean ± SD) 62.5 ±

12.1 
66.1 ±
9.7 

58.9 ±
13.1  

<0.01 

Age (categorized)     <0.01 
<56 years 954 (27.7 

%) 
217 (12.7 
%) 

737 (42.3 
%)  

56–69 years 1387 
(40.2 %) 

826 (48.4 
%) 

561 (32.2 
%)  

>69 years 1107 
(32.1 %) 

664 (38.9 
%) 

443 (25.4 
%)  

Education     0.15 
Primary 1668 

(48.4 %) 
848 (49.7 
%) 

820 (47.1 
%)  

Secondary 1037 
(30.1 %) 

488 (28.6 
%) 

549 (31.5 
%)  

University 743 (21.5 
%) 

371 (21.7 
%) 

372 (21.4 
%)  

Ethnicity     <0.01 
Non-European 51 (1.5 

%) 
12 (0.7 
%) 

39 (2.2 %)  

European 3394 
(98.4 %) 

1693 
(99.2 %) 

1701 
(97.7 %)  

Unknown 3 (0.1 %) 2 (0.1 %) 1 (0.1 %)  
Province     <0.01 

Madrid 655 (19.0 
%) 

313 (18.3 
%) 

342 (19.6 
%)  

Barcelona 729 (21.2 
%) 

454 (26.6 
%) 

275 (15.8 
%)  

Navarra 243 (7.0 
%) 

74 (4.3 
%) 

169 (9.7 
%)  

Gipuzkoa 347 (10.1 
%) 

89 (5.2 
%) 

258 (14.8 
%)  

Leon 420 (12.2 
%) 

223 (13.1 
%) 

197 (11.3 
%)  

Asturias 227 (6.6 
%) 

104 (6.1 
%) 

123 (7.1 
%)  

Murcia 36 (1.0 
%) 

25 (1.5 
%) 

11 (0.6 %)  

Huelva 101 (2.9 
%) 

58 (3.4 
%) 

43 (2.5 %)  

Cantabria 329 (9.5 
%) 

166 (9.7 
%) 

163 (9.4 
%)  

Valencia 124 (3.6 
%) 

68 (4.0 
%) 

56 (3.2 %)  

Granada 160 (4.6 
%) 

109 (6.4 
%) 

51 (2.9 %)  

Girona 77 (2.2 
%) 

24 (1.4 
%) 

53 (3.0 %)  

Anthropometry and habits     
BMI (kg/m2, mean ± SD) 26.6 ±

4.3 
27.3 ±
3.7 

25.8 ± 4.8  <0.01 

BMI (kg/m2, categorized)     <0.01 
<25 1259 

(36.5 %) 
456 (26.7 
%) 

803 (46.1 
%)  

25–30 1308 
(37.9 %) 

816 (47.8 
%) 

492 (28.3 
%)  

>30 636 (18.5 
%) 

364 (21.4 
%) 

272 (15.6 
%)  

Unknown 245 (7.1 
%) 

71 (4.1 
%) 

174 (10.0 
%)  

Smoking status     
Never 1534 

(44.5 %) 
499 (29.2 
%) 

1035 
(59.4 %)  

<0.01 

Former smoker 1170 
(33.9 %) 

825 (48.3 
%) 

345 (19.8 
%)  

Current smoker 732 (21.3 
%) 

373 (21.9 
%) 

359 (20.6 
%)  

Unknown 12 (0.4 
%) 

10 (0.6 
%) 

2 (0.1 %)  

15.2 ± 9.9  <0.01  

Table 1 (continued ) 

Variable Total Men Women p- 
value 

N. cigarettes/day current 
smokers (mean ± SD) 

18.1 ±
11.9 

21.4 ±
13.0 

Physical activity (METs/week)     
0 METs /week 1374 

(39.9 %) 
650 (38.1 
%) 

724 (41.6 
%)  

<0.01 

<8 METs /week 282 (8.2 
%) 

103 (6.0 
%) 

179 (10.3 
%)  

8–15.9 METs /week 366 (10.6 
%) 

150 (8.8 
%) 

216 (12.4 
%)  

>=16 METs /week 1390 
(40.3 %) 

782 (45.8 
%) 

608 (34.9 
%)  

Unknown 36 (1.0 
%) 

22 (1.3 
%) 

14 (0.8 %)  

Diet     
Adherence to Mediterranean 

diet     
0.01 

Low 2461 
(71.4 %) 

1263 
(74.0 %) 

1198 
(68.8 %)  

High 708 (20.5 
%) 

314 (18.4 
%) 

394 (22.6 
%)  

Unknown 279 (8.1 
%) 

130 (7.6 
%) 

149 (8.6 
%)  

Total energy intake (kcal/d, 
mean ± SD) 

1897 ±
629 

2034 ±
663 

1763 ±
562  

<0.01 

Ethanol intake (g/d, mean ±
SD) 

10.8 ±
15.3 

16.6 ±
18.3 

5.0 ± 8.3  <0.01 

Fibre intake (g/d, mean ± SD) 22.5 ±
9.7 

22.8 ±
9.7 

22.2 ± 9.7  0.03 

Zinc intake (mg/d, mean ± SD) 9.3 ± 2.9 9.8 ± 3.0 8.8 ± 2.7  <0.01 
Supplement intake     

No 2806 
(81.4 %) 

1443 
(84.5 %) 

1363 
(78.3 %)  

<0.01 

Yes, not specified 137 (4.0 
%) 

45 (2.6 
%) 

92 (5.3 %)  

Yes, containing zinc 135 (3.9 
%) 

39 (2.3 
%) 

96 (5.5 %)  

Unknown 370 (10.7 
%) 

180 (10.6 
%) 

190 (10.9 
%)  

Other environmental sources     
Zn in soil (mg/kg,mean ± SD) 4.36 ±

0.4 
4.38 ±
0.4 

4.35 ± 0.4  

Any Zn-emitting industry within 3 km   <0.01 
No 2312 

(67.1 %) 
1079 
(63.2 %) 

1233 
(70.8 %)  

Yes 1128 
(32.7 %) 

622 (36.4 
%) 

506 (29.1 
%)  

Unknown 8 (0.2 %) 6 (0.4 %) 2 (0.1 %)  
Toenail samples     
Samples’ weight (g, mean ±

SD) 
0.026 ±
0.023 

0.026 ±
0.020 

0.025 ±
0.025  

<0.01 

Season of collection     0.03 
Winter 997 (28.9 

%) 
475 (27.8 
%) 

522 (30.0 
%)  

Spring 1033 
(29.9 %) 

499 (29.2 
%) 

534 (30.7 
%)  

Summer 420 (12.2 
%) 

230 (13.5 
%) 

190 (10.9 
%)  

Autumn 607 (17.6 
%) 

291 (17.0 
%) 

316 (18.1 
%)  

Unknown 391 (11.4 
%) 

212 (12.5 
%) 

179 (10.3 
%)  

Note: MCC-Spain is a population-based multicase-control study (2008–2013) 
designed to explore environmental factors associated with five types of cancer. n 
= 3,448 is the group of controls included in this work with available toenail Zn 
data. Data are n (%) or mean ± SD. p-value obtained using one-way ANOVA or 
Kruskal-Wallis for continuous variables or Pearson chi-square test for categorical 
variables. BMI: Body mass index; N.: number of participants; METs: metabolic 
equivalents of task; g/d: grams per day; mg/d: milligrams per day; SD: standard 
deviation. 

E. Gutiérrez-González et al.                                                                                                                                                                                                                   



Environment International 169 (2022) 107525

6

were no differences depending on the season of collection in women. 
Regarding the genetic variability in Zn metabolism, we observed a 
positive relationship between the PSZn and toenail Zn in both sexes, 
while we did not find this association with PsZn 1-out, with the exception 
of men in the second tertile. 

For specific food groups (Table 3), we identified an inverse rela
tionship among Zn levels in men with dietary fibre intake as well as 
vegetables and legumes, nuts and eggs intake (limited to the second 
tertile). These results remained unchanged in sensitivity analyses, 
adjusting for total energy intake (Supplementary Table 8). In the second 
model, that included all the potential exposure sources and modulators 
of Zn as well as those food groups that could interfere with Zn absorp
tion, smoking status remained as a determinant for higher toenail Zn in 
men, especially in former smokers, while the positive association of 
toenail Zn with PSZn 1-out only remained in men in the second tertile. 
Geographical differences in toenail Zn in both sexes, as well as lower Zn 
in those toenails collected in autumn and in those men with higher in
takes of vegetables, legumes and nuts were also still observed. The 
explored determinants (model 2) only explained 9.3 % and 4.8 % of 
toenail Zn variability in men and women, respectively. 

Finally, we explored whether genetic variability in Zn metabolism 
could modulate the association between the different sources of Zn 
exposure and measured toenail Zinc levels (Table 4). The positive as
sociation between tobacco consumption and toenail Zn only remained 
for those men in the second tertile of PSZn 1-out while in the case of 
women a positive association with supplements intake was observed for 
those in the second tertile of PSZn 1-out. 

4. Discussion 

Our aims in this work were to investigate the main determinants of 
toenail Zn, and to explore its relationship with selected sources of 
environmental exposure to Zn and individual genetic variability in Zn 
metabolism. For this purpose, we carried out a comprehensive evalua
tion of which factors were associated with toenail Zn levels in general 
population in Spain, and explored specifically the possible relationship 
of this biomarker with some of the major sources of exposure to Zn in 
humans, and whether individual genetic background related to Zn 
metabolism could modulate toenail Zn levels. Our results show that the 

relationship between toenail Zn and the main sources of exposure 
explored in this study is, in general, weak. Also, although genetic vari
ability may play an important role in Zn metabolism and consequently 
modify toenail Zn concentrations, the PSZn built in our study to explore 
for the first time the association between SNPs of genes related to Zn 
metabolism and transportation with toenail Zn, failed to show a 
relationship. 

Studies that report toenail Zn concentrations levels in the literature 
are scarce, and many of them have small sample sizes (Gutiérrez- 
González et al., 2019). In addition, there might be comparability prob
lems among studies due to the effect of the mass of toenail sample on the 
measurement. Levels of the elements measured and their detection 
limits may vary according to the weight of the samples (Gutiérrez- 
González et al., 2019). For this work, since Zn levels were dependent on 
the mass of the samples, they were calibrated to avoid this bias, but this 
relevant issue is not considered in most reports, with only some excep
tions (Brockman et al., 2009; Garland et al., 1993; Garland et al., 1996). 

Aside from these considerations, Zn levels found in this study are 
similar to those from other studies performed in Spain (Martin-Moreno 
et al., 2003; Amaral et al., 2012; Sureda et al., 2017), as well as slightly 
above those found in France (Goulle et al., 2009) or Ireland (O’Rorke 
et al., 2012), and below those reported in Portugal (Coelho et al., 2014) 
or Italy (Bergomi et al., 2002). We also observed differences among 
Spanish provinces in our study, that were present even after adjusting 
for possible confounders and genetic factors, what suggests that there 
may be other determinants not identified yet. 

At present, the available information on Zn determinants in toenails 
is, in general, scarce and inconclusive (Gutiérrez-González et al., 2019). 
In our study, toenail Zn in men was higher than in women except in the 
older group. However, the relationship of toenail Zn with age did not 
differ by sex in fully adjusted models. Although some authors have also 
described higher toenail levels in males (Matthews et al., 2019; Campos 
et al., 2007; Gonzalez et al., 2008), in most studies toenail Zn was similar 
in both sexes (Gutiérrez-González et al., 2019). However, men tend to 
have higher levels in other matrices like urine (Berglund et al., 2015; 
Canada, 2021), blood (Canada, 2021), plasma (Bales et al., 19901990), 
serum (Ghayour-Mobarhan et al., 2005; Fourth National Report on 
Human Exposure to Environmental Chemicals) or saliva (Bales et al., 
1990). This might suggest a higher exposure to Zn in men, for instance 

Fig. 1. Ratio of geometric mean toenail zinc concentrations as a smooth function of dietary zinc intake among control men (A) and women (B) from MCC-Spain 
Study. Curves represent adjusted geometric mean ratios (solid curves) and 95 % confidence intervals (dashed curves) based on natural cubic splines of dietary 
zinc intake with two internal knots at the 33th and 67th percentiles and boundary knots at the 1st and 99th percentiles. The reference value (geometric mean ratio =
1) was set at the 17th percentile of zinc intake distribution (7.01 mg/day for men and 6.42 mg/day for women). Geometric mean ratios were obtained from linear 
regression models on log-transformed toenail zinc concentrations adjusted for age group, educational level, province of residence, smoking status, supplement intake, 
topsoil zinc (tertiles), industrial zinc exposure, season of toenail collection, genetic variability (tertiles of PSzn 1-out), and tertiles of food groups that are known 
sources of dietary phytate (tertiles of cereals, vegetables and legumes, and nuts intake). Histograms represent dietary zinc intake distributions among men 
and women. 
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Table 2 
Geometric mean (GM) toenail zinc levels (µg/g) by sex and sociodemographic and exposure-related variables and association with sociodemographic and exposure- 
related variables in MCC-Spain Study.   

Men  Women   

N Gmean (CI 95 
%) 

Gmean ratio 
Model 1  
(CI 95 %) 

Gmean ratio 
Model 2  
(CI 95 %)  

N Gmean (CI 95 
%) 

Gmean ratio 
Model 1  
(CI 95 %) 

Gmean ratio 
Model 2  
(CI 95 %) 

p-int 
sex 
Model 
2 

Total 1707 104.1 
(102.0,106.3)    

1741 100.3 
(98.9,101.8)    

Age           0.19 
<56 years 217 108.7 

(100.9,117.1) 
Ref Ref  737 98.9 

(96.7,101.1) 
Ref Ref  

56–69 years 826 105.8 
(102.9,108.8) 

0.97 
(0.91,1.04) 

0.96 
(0.88,1.06)  

561 101.4 
(98.9,103.9) 

1.03 
(0.99,1.07) 

1.02 
(0.97,1.08)  

>69 years 664 100.6 
(97.4,103.8) 

0.93 
(0.87,0.99) 

0.94 
(0.85,1.03)  

443 101.5 
(98.3,104.9) 

1.03 
(0.99,1.07) 

1.03 
(0.96,1.10)  

p-trend   0.03 0.17    0.21 0.46  
Education           0.22 

Primary 848 102.9 
(99.9,106.1) 

Ref Ref  820 100.6 
(98.4,102.9) 

Ref Ref  

Secondary 488 105.0 
(100.8,109.3) 

1.01 
(0.96,1.06) 

1.04 
(0.97,1.11)  

549 99.6 
(97.0,102.2) 

1.00 
(0.96,1.03) 

0.99 
(0.94,1.05)  

University 371 105.6 
(101.6,109.7) 

1.01 
(0.95,1.07) 

1.02 
(0.94,1.10)  

372 100.9 
(97.8,104.0) 

1.01 
(0.97,1.06) 

1.01 
(0.94,1.08)  

p-trend   0.77 0.50    0.54 0.91  
Ethnicity           

Non-European 1693 104.1 
(101.9,106.2) 

Ref   1701 100.4 
(98.9,101.9) 

Ref   

European 12 118.9 
(89.8,157.4) 

1.00 
(0.87,1.42)   

39 100.1 
(87.8,114.1) 

1.00 
(0.89,1.10)   

Menopausal status           
Premenopausal      1231 100.7 

(99.0,102.6) 
Ref   

Postmenopausal      510 99.4 
(96.8,102.1) 

1.01 
(0.96,1.06)   

BMI (kg/m2)           
<25 456 102.3 

(97.8,107.0) 
Ref   803 99.3 

(97.2,101.4) 
Ref   

25–30 816 104.3 
(101.4,107.4) 

1.02 
(0.97,1.07)   

492 100.7 
(98.0,103.5) 

1.01 
(0.98,1.05)   

>30 364 104.7 
(100.5,109.1) 

1.02 
(0.96,1.08)   

272 103.1 
(98.9,107.5) 

1.03 
(0.99,1.08)   

p-trend   0.110     0.20   
Recreational physical 

activity (METS, min/week)           
T1:0.00 650 105.9 

(102.2,109.7) 
Ref   724 100.2 

(97.9,102.5) 
Ref   

T2: Men 0.01–24.00; 
Women 0.01–17.09 

485 104.7 
(100.9,108.6) 

0.99 
(0.94,1.04)   

427 100.3 
(97.3,103.4) 

1.00 
(0.96,1.04)   

T3: Men > 24.00; Women 
> 17.09 

550 101.6 
(98.0,105.3) 

0.98 
(0.93,1.03)   

576 100.6 
(98.0,103.2) 

1.01 
(0.98,1.05)   

p-trend   0.37     0.78   
Smoking status           0.08 

Never 499 97.9 
(94.3,101.6) 

Ref Ref  1035 100.3 
(98.4,102.3) 

Ref Ref  

Former smoker 825 106.3 
(103.5,109.2) 

1.07 
(1.02,1.13) 

1.09 
(1.02,1.16)  

345 99.2 
(96.0,102.5) 

0.99 
(0.95,1.03) 

0.99 
(0.93,1.05)  

Current smoker 373 107.7 
(102.1,113.7) 

1.09 
(1.03,1.16) 

1.08 
(0.99,1.17)  

359 101.5 
(98.2,105.0) 

1.03 
(0.99,1.07) 

1.05 
(0.99,1.11)  

p-trend   0.01 0.05    0.29 0.18  
Total Zn intake (mg/d)           0.96 

T1: Men < 8.44; Women <
7.52 

532 105.1 
(101.1,109.3) 

Ref Ref  539 99.7 
(96.9,102.6) 

Ref Ref  

T2: Men 8.44–10.62; 
Women 7.52–9.57 

533 102.0 
(98.2,105.9) 

0.97 
(0.92,1.02) 

1.03 
(0.95,1.11)  

542 100.7 
(98.2,103.2) 

1.00 
(0.96,1.04) 

0.98 
(0.93,1.04)  

T3: Men > 10.62; Women 
> 9.57 

531 105.1 
(101.5,108.9) 

0.99 
(0.94,1.05) 

1.04 
(0.94,1.14)  

541 99.9 
(97.4,102.6) 

0.99 
(0.94,1.04) 

0.96 
(0.89,1.03)  

p-trend   0.82 0.49    0.63 0.25  
Supplement intake           0.98 

No 1443 103.9 
(101.5,106.3) 

Ref Ref  1363 99.7 
(98.1,101.4) 

Ref Ref  

Yes, not specified 45 102.3 
(93.7,111.7) 

0.97 
(0.85,1.10) 

1.04 
(0.88,1.23)  

92 105.0 
(96.1,114.8) 

1.05 
(0.98,1.12) 

1.05 
(0.95,1.16)  

Yes, containing zinc 39 102.5 
(92.5,113.7) 

1.00 
(0.87,1.15) 

1.01 
(0.85,1.19)  

96 100.8 
(95.9,105.9) 

1.01 
(0.94,1.07) 

1.01 
(0.92,1.11)  

Zn soil (mg/kg)           0.02 

(continued on next page) 
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Table 2 (continued )  

Men  Women   

N Gmean (CI 95 
%) 

Gmean ratio 
Model 1  
(CI 95 %) 

Gmean ratio 
Model 2  
(CI 95 %)  

N Gmean (CI 95 
%) 

Gmean ratio 
Model 1  
(CI 95 %) 

Gmean ratio 
Model 2  
(CI 95 %) 

p-int 
sex 
Model 
2 

T1: Men < 4.21; Women <
4.14 

575 105.1 
(101.6,108.7) 

Ref Ref  596 101.9 
(99.3,104.6) 

Ref Ref  

T2: Men 4.21–4.63; 
Women 4.14–4.58 

521 98.8 
(94.9,102.9) 

1.03 
(0.94,1.13) 

1.00 
(0.89,1.12)  

599 100.2 
(97.9,102.7) 

1.04 
(0.97,1.10) 

0.99 
(0.91,1.09)  

T3: Men > 4.63; Women >
4.58 

600 108.1 
(104.4,111.8) 

1.33 
(0.95,1.88) 

1.25 
(0.85,1.84)  

542 98.8 
(96.0,101.6) 

0.99 
(0.88,1.11) 

1.00 
(0.86,1.16)  

p-trend   0.31 0.73    0.72 0.95  
Any Zn-emitting industry 

within 3 km           
0.06 

No 1079 105.8 
(103.2,108.5) 

Ref Ref  1233 100.6 
(98.8,102.4) 

Ref Ref  

Yes 622 101.1 
(97.5,104.8) 

1.00 
(0.94,1.05) 

0.98 
(0.90,1.06)  

506 99.7 
(96.9,102.5) 

1.04 
(1.00,1.09) 

1.03 
(0.97,1.10)  

Season of collection           0.30 
Winter 475 105.7 

(101.2,110.3) 
1.02 
(0.98,1.06) 

1.03 
(0.98,1.08)  

522 100.6 
(97.9,103.4) 

0.98 
(0.96,1.01) 

0.962 
(0.92,1.01)  

Spring 499 103.4 
(99.6,107.3) 

1.00 
(0.97,1.04) 

0.98 
(0.94,1.03)  

534 101.1 
(98.6,103.6) 

1.01 
(0.98,1.03) 

1.004 
(0.97,1.05)  

Summer 230 103.8 
(98.6,109.3) 

1.04 
(0.99,1.10) 

1.07 
(1.00,0.1.38)  

190 99.9 
(94.6,105.6) 

1.02 
(0.98,1.06) 

1.025 
(0.97,1.08)  

Autumn 291 100.1 
(95.3,105.1) 

0.94 
(0.90,0.98) 

0.93 
(0.87,0.99)  

316 98.4 
(95.0,102.0) 

0.99 
(0.96,1.02) 

1.009 
(0.97,1.06)  

Province           0.06 
Madrid 313 107.6 

(102.7,112.8) 
1.04 
(0.98,1.09) 

1.18 
(1.03,1.35)  

342 106.3 
(102.4,110.4) 

1.06 
(1.02,1.10) 

1.10 
(1.02,1.19)  

Barcelona 454 110.7 
(107.1,114.5) 

1.07 
(1.02,1.12) 

1.01 
(0.77,1.34)  

275 103.1 
(99.1,107.1) 

1.03 
(0.98,1.07) 

0.98 
(0.87,1.10)  

Navarra 74 108.0 
(97.5,119.6) 

1.04 
(0.95,1.14) 

1.29 
(1.07,1.53)  

169 100.7 
(96.1,105.4) 

1.00 
(0.95,1.05) 

1.00 
(0.89,1.12)  

Gipuzkoa 89 101.7 
(89.4,115.6) 

0.98 
(0.90,1.07) 

0.84 
(0.65,1.10)  

258 94.8 
(90.9,99.0) 

0.94 
(0.91,0.99) 

0.95 
(0.86,1.04)  

Leon 223 100.1 
(95.1,105.4) 

0.97 
(0.92,1.04) 

1.14 
(0.98,1.33)  

197 100.4 
(95.8,105.2) 

1.00 
(0.95,1.05) 

0.98 
(0.89,1.09)  

Asturias 104 108.8 
(100.1,118.2) 

1.06 
(0.98,1.15) 

1.11 
(0.94,1.32)  

123 104.8 
(100.1,109.7) 

1.05 
(0.99,1.11) 

1.04 
(0.95,1.15)  

Murcia 25 122.1 
(104.9,142.1) 

1.17 
(1.00,1.37) 

–  11 109.4 
(91.6,130.6) 

1.09 
(0.92,1.29) 

–  

Huelva 58 112.2 
(100.1,125.8) 

1.09 
(0.98,1.21) 

1.11 
(0.88,1.41)  

43 102.5 
(95.2,110.4) 

1.02 
(0.94,1.12) 

1.09 
(0.81,1.49)  

Cantabria 166 84.0 
(78.4,90.1) 

0.81 
(0.75,0.86) 

0.91 
(0.79,1.06)  

163 90.8 
(87.7,94.0) 

0.91 
(0.86,0.95) 

0.90 
(0.82,0.98)  

Valencia 68 96.1 
(85.1,108.5) 

0.93 
(0.85,1.03) 

0.82 
(0.60,1.06)  

56 96.4 
(90.6,102.6) 

0.96 
(0.89,1.04) 

0.99 
(0.82,1.21)  

Granada 109 104.2 
(95.9,113.2) 

1.01 
(0.93,1.09) 

1.14 
(0.98,1.31)  

51 98.6 
(90.0,108.1) 

0.98 
(0.90,1.06) 

0.96 
(0.85,1.07)  

Girona 24 93.7 
(68.6,128.2) 

0.90 
(0.77,1.05) 

0.74 
(0.55,1.00)  

53 98.5 
(92.9,104.6) 

0.98 
(0.91,1.07) 

0.98 
(0.74,1.30)  

Polygenic score (PSZn)           
T1: <0.11 430 96.6 

(92.9,100.3) 
Ref   359 97.7 

(94.1,101.3) 
Ref   

T2: 0.11–0.47 417 105.6 
(100.5,110.9) 

1.10 
(1.04,1.17)   

363 97.1 
(93.9,100.5) 

0.99 
(0.95,1.04)   

T3: >0.47 420 107.1 
(102.9,111.5) 

1.11 
(1.04,1.17)   

362 104.5 
(101.3,107.9) 

1.07 
(1.02,1.12)   

p-trend   0.01     0.01   
Polygenic score leave one out 

(PSZn 1-out)           
0.01 

T1: <0.10 418 101.3 
(97.5,105.2) 

Ref Ref  355 101.8 
(98.1,105.6) 

Ref Ref  

T2: 0.10–0.47 434 106.9 
(101.7,112.3) 

1.06 
(1.00,1.13) 

1.11 
(1.04,1.19)  

364 98.7 
(95.3,102.1) 

0.97 
(0.92,1.02) 

0.96 
(0.91,1.01)  

T3: >0.47 415 100.6 
(96.6,104.6) 

0.99 
(0.93,1.05) 

0.99 
(0.92,1.06)  

365 98.8 
(95.8,102.0) 

0.97 
(0.93,1.02) 

0.97 
(0.92,1.02)  

p-trend   0.74 0.69    0.24 0.27  

Note: Ref: reference category; BMI: Body mass index; T: tertile; METs: metabolic equivalents of task; mg/d: milligrams per day; Gmean: Geometric mean; CI: confidence 
interval; PSZn: polygenic score for toenail Zn; PSZn1-out: Cross validation (leave one out) of polygenic score for toenail Zn; -: no genetic data available. Model 1 adjusted 
for age groups, educational level, and province of residence. Model 2: adjusted by age groups, educational level, province of residence, smoking status, tertiles of 
dietary Zn, supplements intake, tertiles of topsoil Zn, industrial Zn exposure, season of toenail collection, genetic variability (tertiles of PSzn 1-out), and tertiles of food 
groups that are known sources of dietary phytate (tertiles of cereals, vegetables and legumes, and nuts intake). p-trend: tests for log-linear trend in adjusted geometric 
mean toenail Zn concentrations across categories of ordinal factors; p-int sex: Effect heterogeneity comparing the results of model 2 between men and women was 
assessed by Wald tests. 
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Table 3 
Geometric mean (GM) toenail zinc levels (µg/g) by sex and diet-related variables and association with diet-related variables.   

Men  Women   

N Gmean (CI 95 
%) 

Gmean ratio 
Model 1  
(CI 95 %) 

Gmean ratio 
Model 2  
(CI 95 %)  

N Gmean (CI 95 
%) 

Gmean ratio 
Model 1  
(CI 95 %) 

Gmean ratio 
Model 2  
(CI 95 %) 

p-int 
sex 
Model 
2 

Total 1707 104.1 
(102.0,106.3)    

1741 100.3 
(98.9,101.8)    

Total energy intake (Kcal/ 
day)           
T1: Men < 1736; Women <
1500 

532 103.4 
(99.5,107.4) 

Ref   540 100.3 
(97.4,103.2) 

Ref   

T2: Men 1736–2222; 
Women 1500–1913 

532 105.3 
(101.2,109.5) 

1.02 
(0.97,1.08)   

541 98.9 
(96.7,101.2) 

0.98 
(0.95,1.02)   

T3: Men > 2222; Women >
1913 

532 103.5 
(100.0,107.2) 

0.99 
(0.94,1.04)   

541 101.2 
(98.4,104.0) 

1.01 
(0.97,1.05)   

p-trend   0.62     0.65   
Ethanol intake (g/day)           

T1: Men < 4.60; Women 
0.00 

529 103.6 
(99.8,107.5) 

Ref   594 99.4 
(97.0,101.9) 

Ref   

T2: Men 4.60–20.13; 
Women 0.01–4.40 

535 105.4 
(101.3,109.8) 

1.01 
(0.96,1.06)   

482 101.9 
(98.8,105.1) 

1.03 
(0.99,1.07)   

T3: Men > 20.13; Women 
> 4.40 

532 103.2 
(99.7,106.7) 

0.98 
(0.93,1.04)   

546 99.3 
(96.9,101.8) 

1.00 
(0.96,1.05)   

p-trend   0.50     0.80   
Coffee intake (g/day)           
<50.00 355 101.9 

(97.3,106.7) 
Ref   360 100.5 

(97.7,103.5) 
Ref   

50.00–100.00 759 102.8 
(99.8,105.9) 

0.99 
(0.93,1.04)   

762 99.0 
(96.8,101.3) 

0.97 
(0.94,1.01)   

>100.00 482 107.8 
(103.4,112.3) 

1.02 
(0.96,1.09)   

500 101.5 
(98.6,104.4) 

1.00 
(0.96,1.05)   

p-trend   0.43     0.68   
Fibre intake (g/day)           

T1: Men < 18.20; Women 
< 17.87 

532 109.1 
(104.5,113.8) 

Ref   541 99.7 
(97.1,102.4) 

Ref   

T2: Men 18.20–25.09; 
Women 17.87–24.15 

532 100.4 
(96.9,104.1) 

0.92 
(0.87,0.97)   

540 100.9 
(98.3,103.4) 

1.00 
(0.97,1.04)   

T3: Men > 25.09; Women 
> 24.15 

532 102.9 
(99.6,106.3) 

0.94 
(0.89,0.99)   

541 99.8 
(97.1,102.6) 

0.99 
(0.96,1.03)   

p-trend   0.02     0.66   
Meat intake (g/day)           

T1: Men < 72.72; Women 
< 54.36 

532 102.8 
(99.5,106.3) 

Ref   540 99.2 
(96.5,101.9) 

Ref   

T2: Men 72.72–109.81; 
Women 54.36–82.47 

532 104.0 
(100.2,107.9) 

1.00 
(0.95,1.06)   

541 99.9 
(97.4,102.6) 

1.00 
(0.96,1.04)   

T3: Men > 109.81; Women 
> 82.47 

532 105.4 
(101.2,109.9) 

1.00 
(0.95,1.06)   

541 101.3 
(98.6,104.0) 

1.02 
(0.98,1.06)   

p-trend   0.89     0.35   
Fish intake (g/day)   Ref        

T1: Men < 49.73; Women 
< 43.03 

531 106.0 
(101.5,110.7) 

Ref   540 101.0 
(98.1,104.0) 

Ref   

T2: Men 49.73–76.50; 
Women 43.03–66.96 

534 103.3 
(100.1,106.6) 

0.97 
(0.92,1.02)   

541 100.0 
(97.6,102.4) 

0.98 
(0.94,1.02)   

T3: Men > 76.50; Women 
> 66.96 

531 102.9 
(99.2,106.7) 

0.96 
(0.91,1.01)   

541 99.4 
(96.8,102.0) 

0.97 
(0.94,1.01)   

p-trend   0.09     0.13   
Vegetables and legumes (g/ 

day)           
0.26 

T1: Men < 230.12; Women 
< 243.65 

532 106.7 
(102.4,111.1) 

Ref Ref  540 98.6 
(96.1,101.2) 

Ref Ref  

T2: Men 230.12–340.56; 
Women 243.65–344.87 

533 102.1 
(98.3,105.9) 

0.94 
(0.89,0.99) 

0.93 
(0.87,1.00)  

541 99.0 
(96.6,101.5) 

0.99 
(0.95,1.03) 

1.00 
(0.94,1.06)  

T3: Men > 340.56; Women 
> 344.87 

531 103.5 
(100.1,107.1) 

0.95 
(0.90,1.01) 

0.93 
(0.86,1.01)  

541 102.7 
(99.8,105.7) 

1.03 
(0.99,1.07) 

1.05 
(0.99,1.11)  

p-trend   0.10 0.09    0.16 0.14  
Fruits intake (g/day)           

T1: Men < 221.20; Women 
< 249.59 

532 105.4 
(101.5,109.6) 

Ref   540 98.7 
(96.3,101.2) 

Ref   

T2: Men 221.20–390.74; 
Women 249.59–420.68 

532 102.4 
(98.6,106.2) 

0.96 
(0.91,1.02)   

541 100.9 
(98.3,103.6) 

1.02 
(0.98,1.06)   

T3: Men > 390.74; Women 
> 420.68 

532 104.4 
(100.7,108.3) 

0.99 
(0.94,1.04)   

541 100.8 
(97.9,103.7) 

1.01 
(0.97,1.05)   

p-trend   0.65     0.65   
Edible fats intake (g/day)           
<15.00 504 Ref   369 Ref   

(continued on next page) 
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through higher dietary intake (Ghayour-Mobarhan et al., 2005), 
although it could also be explained by sex-related biological factors (e.g. 
spermatogenesis) (Farag et al., 2021), men having higher Zn re
quirements than women (Institute of Medicine (US) Panel on. Zinc. 
National Academies Press (US), 2001). There may also be sex-related 
differences in the metabolism of Zn (differences in pharmacokinetics) 
(Poddalgoda et al., 2019), or in the expression of Zn transporters (Foster 
et al., 2011). Regarding age, available data are inconclusive, with some 
studies reporting positive (Garland et al., 1996; Martin-Moreno et al., 
2003; Park et al., 2016), negative (Coelho et al., 2014; Marinho Reis 
et al., 2018; Rakovic et al., 1997) or no relationship with age (Campos 
et al., 2007; Gonzalez et al., 2008; Nouri et al., 2008; Hashemian et al., 
2016), being age-related changes in the regulation of human Zn meta
bolism a possible explanation to these differences (Marinho Reis et al., 
2018; Wastney et al., 1992). In our study, in adult population, we 
observed an inverse association with age only in men. Again, this might 

be related to the differences in Zn needs and functions between sexes. 
Our exploration of the association of toenail Zn with possible sources 

of exposure to this element showed no association with dietary Zn or 
supplement intake and Zn in soil, although women had higher levels in 
the proximity to industries releasing Zn and, in men, levels were higher 
among smokers. Only one study found a positive relationship between 
total estimated dietary Zn and toenail Zn (Gonzalez et al., 2008) while 
others, in line with our results, did not find any association with diet 
(Milunsky et al., 1992; Graham et al., 1991), or supplement intake 
(Brockman et al., 2009; Gonzalez et al., 2008; Milunsky et al., 1992); 
unlike what occurs for other essential metals such as selenium (Gutiér
rez-González et al., 2019). In regard to specific foods, some of them (i.e. 
meat and animal proteins, dairy products, seafood, nuts and cereals), are 
important sources of Zn (Sandstead, 2015); but there are no associations 
in the literature between food or food groups and toenail Zn (Gutiérrez- 
González et al., 2019). In our study, we only observed an inverse 

Table 3 (continued )  

Men  Women   

N Gmean (CI 95 
%) 

Gmean ratio 
Model 1  
(CI 95 %) 

Gmean ratio 
Model 2  
(CI 95 %)  

N Gmean (CI 95 
%) 

Gmean ratio 
Model 1  
(CI 95 %) 

Gmean ratio 
Model 2  
(CI 95 %) 

p-int 
sex 
Model 
2 

104.3 
(100.1,108.7) 

98.1 
(95.2,101.2) 

15.00, 37.50 848 103.8 
(101.0,106.7) 

0.99 
(0.95,1.04)   

864 101.7 
(99.5,103.8) 

1.03 
(0.99,1.07)   

>37.50 244 104.6 
(98.5,111.0) 

0.98 
(0.92,1.05)   

389 98.6 
(95.5,101.9) 

1.00 
(0.96,1.05)   

p-trend   0.58     0.91   
Nuts intake (frequency)           0.56 
<=1–3 month 888 104.8 

(101.6,108.1) 
Ref Ref  943 99.7 

(97.7,101.7) 
Ref Ref  

1–4 week 475 99.6 
(96.0,103.3) 

0.94 
(0.90,0.99) 

0.93 
(0.88,0.99)  

450 99.9 
(97.1,102.8) 

1.00 
(0.96,1.03) 

0.99 
(0.94,1.04)  

>=5–6 week 233 110.8 
(105.3,116.6) 

1.04 
(0.98,1.11) 

1.01 
(0.94,1.11)  

229 102.3 
(98.0,106.7) 

1.02 
(0.97,1.07) 

1.04 
(0.96,1.11)  

p-trend   0.89 0.62    0.59 0.56  
Dairy products (g/day)           

T1: Men < 250.37; Women 
< 290.02 

532 106.6 
(102.5,110.9) 

Ref   542 100.7 
(98.0,103.5) 

Ref   

T2: Men 250.37–415.23; 
Women 290.02–472.27 

533 103.1 
(99.4,106.8) 

0.98 
(0.93,1.04)   

539 98.6 
(96.3,101.0) 

0.98 
(0.95,1.02)   

T3: Men > 415.23; Women 
> 472.27 

531 102.6 
(98.9,106.4) 

0.97 
(0.92,1.03)   

541 101.0 
(98.2,103.9) 

1.01 
(0.97,1.05)   

p-trend   0.31     0.71   
Cereals intake (g/day)           0.28 

T1: Men < 179.42; Women 
< 133.17 

532 107.1 
(103.3,111.1) 

Ref Ref  540 101.3 
(98.5,104.2) 

Ref Ref  

T2: Men 179.42–248.02; 
Women 133.17–186.45 

532 102.3 
(98.6,106.1) 

0.96 
(0.91,1.01) 

0.99 
(0.92,1.06)  

541 99.6 
(97.2,102.1) 

0.98 
(0.95,1.02) 

0.98 
(0.92,1.03)  

T3: Men > 248.02; Women 
> 186.45 

532 102.8 
(98.9,106.9) 

0.95 
(0.90,1.00) 

1.00 
(0.93,1.08)  

541 99.5 
(96.9,102.1) 

0.99 
(0.95,1.03) 

0.99 
(0.93,1.05)  

p-trend   0.07 0.97    0.48 0.73  
Eggs intake (frequency)           
<=2–3 month 317 112.4 

(106.8,118.3) 
Ref   281 100.5 

(96.4,104.8) 
Ref   

1–2 week 872 100.5 
(97.9,103.2) 

0.90 
(0.85,0.95)   

880 98.9 
(97.0,100.8) 

0.98 
(0.94,1.03)   

>=3–4 week 407 105.5 
(100.6,110.7) 

0.95 
(0.89,1.01)   

461 102.3 
(99.3,105.5) 

1.03 
(0.99,1.08)   

p-trend   0.20     0.09   
Adherence Mediterranean 

diet           
Low 1263 104.5 

(102.0,107.1) 
1.00   1198 100.1 

(98.3,101.9) 
Ref   

High 314 102.9 
(98.2,107.8) 

0.98 
(0.93,1.04)   

394 100.5 
(97.3,103.7) 

0.99 
(0.96,1.03)   

Note: Ref: reference category; T: tertile; g/d: grams per day; Gmean: Geometric mean; CI: confidence interval; Model 1 adjusted for age groups, educational level, and 
province of residence. Model 2: adjusted by age groups, educational level, province of residence, smoking status, tertiles of dietary Zn, supplements intake, tertiles of 
topsoil Zn, industrial Zn exposure, season of toenail collection, genetic variability (tertiles of PSzn 1-out), and tertiles of food groups that are known sources of dietary 
phytate (tertiles of cereals, vegetables and legumes, and nuts intake). p-trend: tests for log-linear trend in adjusted geometric mean toenail Zn concentrations across 
categories of ordinal factors; p-int sex: Effect heterogeneity comparing the results of model 2 between men and women was assessed by Wald tests. 
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Table 4 
Association between toenail Zn and potential Zn sources by genetic background measured by tertiles of polygenic score (PSZn 1-out).   

Men  Women  

All PSZn1-out T1 PSZn1-out T2 PSZn1-out T3 p- 
het  

All PSZn1-out T1 PSZn1-out T2 PSZn1-out T3 p- 
het  

N Gmean 
Ratio 
(CI 95 %) 

N Gmean 
Ratio 
(CI 95 %) 

N Gmean 
Ratio 
(CI 95 %) 

N Gmean 
Ratio 
(CI 95 %)   

N Gmean 
Ratio 
(CI 95 %) 

N Gmean 
Ratio 
(CI 95 %) 

N Gmean 
Ratio 
(CI 95 %) 

N Gmean 
Ratio 
(CI 95 %)  

Total Zn intake          0.68           0.13 
T1: Men < 8.44; 
Women < 7.52 

398 Ref 114 Ref 138 Ref 146 Ref   341 Ref 107 Ref 114 Ref 120 Ref  

T2: Men 
8.44–10.62; 
Women 
7.52–9.57 

399 0.97 
(0.92,1.02) 

138 0.99 
(0.90,1.10) 

139 0.96 
(0.84,1.09) 

122 0.98 
(0.89,1.09)   

336 1.00 
(0.97,1.04) 

117 0.97 
(0.88,1.07) 

121 0.99 
(0.91,1.08) 

98 1.02 
(0.94,1.11)  

T3: Men > 10.62; 
Women > 9.57 

382 0.99 
(0.94,1.05) 

141 1.06 
(0.96,1.17) 

117 0.95 
(0.83,1.09) 

124 1.01 
(0.91,1.11)   

342 1.00 
(0.96,1.04) 

111 0.92 
(0.83,1.01) 

107 1.06 
(0.97,1.16) 

124 0.98 
(0.90,1.06)  

p-trend  0.82  0.22  0.462  0.950    0.82  0.08  0.22  0.60  
Supplement intake          0.66           0.05 

No 1091 Ref 365 Ref 368 Ref 358 Ref   887 Ref 295 Ref 293 Ref 299 Ref  
Yes, not specified 31 0.97 

(0.85,1.10) 
13 1.11 

(0.89,1.39) 
5 0.84 

(0.52,1.36) 
13 1.01 

(0.80,1.26)   
51 1.05 

(0.98,1.12) 
17 1.05 

(0.88,1.25) 
19 1.20 

(1.03,1.40) 
15 0.88 

(0.75,1.04)  
Yes, containing 
zinc 

33 1.00 
(0.87,1.15) 

10 0.99 
(0.77,1.28) 

9 0.85 
(0.58,1.23) 

14 1.18 
(0.95,1.47)   

61 1.01 
(0.94,1.07) 

18 0.90 
(0.75,1.07) 

23 1.05 
(0.91,1.21) 

20 1.10 
(0.95,1.27)  

Tobacco          0.04           0.24 
Never 374 Ref 119 Ref 137 Ref 118 Ref   637 Ref 217 Ref 203 Ref 217 Ref  
Former smoker 602 1.07 

(1.02,1.13) 
210 1.02 

(0.93,1.12) 
192 1.17 

(1.05,1.32) 
200 1.04 

(0.95,1.15)   
219 0.99 

(0.95,1.03) 
72 1.03 

(0.92,1.14) 
77 1.00 

(0.91,1.10) 
70 0.96 

(0.88,1.04)  
Current smoker 287 1.09 

(1.03,1.16) 
85 0.95 

(0.85,1.07) 
105 1.11 

(1.08,1.41) 
97 1.08 

(0.97,1.21)   
226 1.03 

(0.99,1.07) 
66 1.07 

(0.96,1.20) 
83 0.96 

(0.88,1.06) 
77 1.06 

(0.97,1.16)  
p-trend  0.01  0.48  0.01  0.15    0.290  0.22  0.454  0.31  

Zn soil          0.77           0.11 
T1: Men < 4.21; 
Women < 4.14 

409 Ref 134 Ref 130 Ref 145 Ref   294 Ref 92 Ref 105 Ref 97 Ref  

T2: Men 
4.21–4.63; 
Women 
4.14–4.58 

423 1.03 
(0.94,1.13) 

135 0.89 
(0.76,1.05) 

157 1.06 
(0.87,1.30) 

131 1.07 
(0.91,1.25)   

477 1.04 
(0.97,1.10) 

161 1.11 
(0.96,1.28) 

156 0.97 
(0.85,1.12) 

160 1.03 
(0.91,1.16)  

T3: Men > 4.63; 
Women > 4.58 

426 1.33 
(0.95,1.88) 

147 1.04 
(0.67,1.61) 

143 1.69 
(0.58,4.92) 

136 1.33 
(0.58,3.02)   

312 0.99 
(0.88,1.11) 

102 1.17 
(0.92,1.50) 

103 0.86 
(0.68,1.07) 

107 0.96 
(0.77,1.19)  

p-trend  0.31  0.34  0.47  0.36    0.72  0.13  0.23  0.94  
Any Zn-emitting 

industry within 3 
km          

0.92           0.91 

No 758 Ref 244 Ref 260 Ref 254 Ref   688 Ref 223 Ref 228 Ref 237 Ref  
Yes 504 1.00 

(0.94,1.05) 
172 0.98 

(0.88,1.17) 
173 1.07 

(0.94,1.21) 
159 0.99 

(0.89,1.10)   
396 1.04 

(1.00,1.09) 
132 1.01 

(0.92,1.11) 
136 1.05 

(0.96,1.15) 
128 1.04 

(0.95,1.13)  

Note: Ref: reference category. N: number of participants; Gmean: Geometric mean T: tertile; CI: confidence interval; PSZn1-out: Cross validation (leave one out) of polygenic score for toenail Zn; p-het: Effect heterogeneity 
comparing geometric mean ratios of toenail Zn across tertiles of PSZn1-out was assessed by Wald tests. 
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association of toenail Zn with the amount of fibre, nuts, vegetables and 
legumes and eggs intake in men. Some of these findings could be 
explained by the high content of phytate in some of these foods, which is 
known to interfere with Zn absorption (Sandstead, 2015). However, a 
positive association between fibre intake and toenail Zn levels has also 
been described (Gonzalez et al., 2008). 

We found that tobacco consumption was positively associated in 
fully adjusted models with toenail Zn levels in men, but not in women. In 
our study, the percentage of smokers was higher among men, and also 
male smokers smoked a higher number of cigarettes per day than female 
smokers (Table 1). We also explored the relationship between toenail Zn 
and other variables of tobacco consumption like the number of ciga
rette/ day or pack-years (Supplementary Table 9), finding positive as
sociations again only in men. This positive relationship between 
smoking and toenail Zn has been previously described in other studies 
(without stratification by sex) (Campos et al., 2007; Tang et al., 2021; 
Kilinc et al., 2020); although it has not been confirmed by other studies 
(Martin-Moreno et al., 2003; Park et al., 2016), Elevated Zn levels have 
also been found in other matrices such as serum in smokers compared to 
non-smokers (Badea et al., 2018). Although tobacco consumption is not 
identified as a common source of Zn in general population, non- 
negligible Zn concentrations have been measured in raw tobacco 
leaves and even higher in processed tobacco (Regassa and Chan
dravanshi, 2016). In light of all these findings, tobacco should be also 
considered as a possible source of exposure to Zn. 

Our results showed that those women residing close (<3km) to one 
or more Zn-emitting industry had higher levels than those who did not. 
However, we did not observe associations with other sources of Zn 
exposure, such as Zn in soil. There are, however, some studies that found 
positive associations between Zn levels and place of residence (Nouri 
et al., 2008; Wilhelm et al., 1991; Were et al., 2009; Ndilila et al., 2014; 
Mohmand et al., 2015) or associations with Zn levels in air or dust 
(Marinho Reis et al., 2018; Ndilila et al., 2014; Raińska et al., 2005). 
These differences could be explained by the fact that our study uses 
controls randomly selected from the general population, while some of 
these studies are performed using participants living in industrial or 
mining areas that may be exposed to much higher Zn concentrations 
than the general population, and these high exposures may be better 
reflected by toenails. 

As our study has shown, toenail Zn, in general, does not appear to be 
a good biomarker of exposure to most of the sources explored. This could 
be partly due to the characteristics of the matrix itself, but toenails have 
nevertheless been shown to be a good biomarker of exposure to other 
essential metals (e.g. selenium and dietary intake) (Gutiérrez-González 
et al., 2019). Moreover, this lack of association with some sources of 
exposure has been shown in matrices other than nails, such as plasma 
(Foster et al., 2011). Zinc is considered as a type 2 nutrient, similar to 
others such as potassium or magnesium, because it is necessary for 
multiple general metabolic functions (King, 2011). It is, therefore, an 
element subject to very effective homeostatic mechanisms, that protect 
the organism from exposure fluctuations (i.e. different amounts of intake 
through diet) (Virgili et al., 2019; Lowe et al., 2009) For example, when 
intake of Zn is low, there is a rapid decrease in excretion and an increase 
in zinc absorption, and zinc is also mobilized from intra- and extracel
lular pools (King et al., 2000). This may explain why individuals with 
different levels of exposure manage to keep adequate Zn circulating 
levels, which are subsequently deposited in the nail matrix (Jaramillo 
Ortiz et al., 2022; King, 2011).One of the novelties in our approach is the 
incorporation of genetic variability with regard to Zn metabolism into 
the assessment of toenail Zn determinants. We hypothesized that, given 
the tight control of plasmatic Zn levels in the organism, the metabolic 
regulation of this element could be a relevant factor determining toenail 
Zn. Genetic differences in the families of genes explored can result in 
changes in the affinity of the corresponding proteins to bind Zn (Giac
coni et al., 2015; Suzuki and Koizumi, 2000). This indicates that the 
combination of some SNPs of Zn transporter genes could be an important 

determinant of toenail Zn. To the best of our knowledge, there are no 
other studies that have evaluated the association of SNPs of genes 
encoding Zn transporters with toenail Zn. 

In our study, the PSZn, which summarized part of the individual 
variability in SNPs in genes encoding for proteins involved in Zn 
transportation and metabolism, such as MTs and ZnTs, was a relevant 
determinant of higher toenail Zn levels in both sexes. However, after 
applying a cross-validation method (leave one out), we cannot rule out 
that the observed effect could be due to overfitting. Despite our results, 
other studies carried out in biological matrices different from toenails 
have found that Zn may be influenced by genetic variability. Three SNPs 
from genes encoding Zn transporters [rs11126936 (SLC30A3), rs233804 
(SLC39A8), and rs4872479 (SLC39A14)] have been positively associ
ated with blood Zn concentration in Japanese population (Fujihara 
et al., 2018). Also, the SNP rs11126936 in SLC30A3 Zn transporter was 
related with Zn serum concentrations (lower in carriers of C allele 
compared to T carriers) (da Rocha et al., 2014), and an association be
tween the − 5 A/G core promoter region SNP in the MT2A gene and Zn 
blood levels has been described (lower concentrations in carriers of G 
allele) (Kayaaltı et al., 2011). Another study found also an association 
between SLC39A4 rs17855765 and high vagina tissue Zn levels in 
Hungarian women (Csikós et al., 2020). Also, this study found that some 
combinations of SNPs were associated both with lower or higher Zn 
vaginal tissue levels, and that a higher number of SNPs (6 or more) was 
associated with higher Zn vaginal tissue concentrations. 

One of the strengths of our study is that we report toenail Zn in a 
population-based sample of controls, with a relatively large size and that 
toenail mass has been taken into account in the determination of toenail 
Zn levels, given that it can bias the results. In addition, we have explored 
its relationship to several sources of Zn exposure like dietary Zn, Zn 
supplements, tobacco and Zn in soil and proximity to industrial facilities 
releasing Zn. Finally, we have evaluated for the first time the association 
between toenail Zn and the genetic variability in Zn metabolism and 
transportation using an SNP-based PSZn, as well as assessed the possible 
interaction with the sources of exposure explored in this study, that, as a 
whole, represents a comprehensive review of Zn determinants. 

Although our results are not conclusive, we cannot discard that some 
of the variability reflected by the biomarkers of exposure may be due to 
genetic variability. Therefore, given that the information provided by a 
biomarker may vary from person to person, in the current era of preci
sion medicine we propose the inclusion of genetic variability into the 
picture when we are using biomarkers in order to get closer to a 
personalized approach to exposure measurement. 

Our study is not exempt from limitations. Recall bias is frequent 
when information is self-reported using questionnaires. Estimates of Zn 
in air and soil could also be subject to an ecological fallacy. Also, 
although controls were randomly selected from general population, and 
recruited in different provinces, it is difficult to assess their possible 
representativeness of the Spanish population. Other circumstances like 
the presence of fungal infection should be considered, since it has been 
reported that Zn levels were lower in toenails of patients with onycho
mycosis compared to healthy subjects, although the prevalence of fungal 
infection is expected to be low (Kilinc et al., 2020). Another limitation is 
that we only explored the SNPs associated to Zn metabolism that were 
available in the microarray. 

5. Conclusions 

In summary, we have observed sex-related differences in the asso
ciation with toenail Zn determinants like age, tobacco consumption, 
fibre intake or exposure to Zn from industries, while the association with 
other sources of exposure has not been confirmed. Also, genetic back
ground should be considered when using this biomarker, as Zn levels 
may be the reflection of internal biological processes or genetic vari
ability, and not only exposure to external sources. New studies including 
more SNPs, or genome wide association studies (GWAS) should be 
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conducted to explore this possibility. Nowadays, we still need new data 
to understand the real meaning of Zn in toenails. 
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