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• Higher mercury concentrations were 
related to longer telomere length in 
children. 

• Mercury exposures were associated with 
telomere length even at low exposure 
levels. 

• Postnatal mercury and telomere length 
showed a non-linear relationship. 

• Fish consumption did not affect the as
sociation between mercury and telo
mere length. 

• No association between mercury expo
sure and mitochondrial DNA was found.  
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A B S T R A C T   

Background: Telomere length (TL) and mitochondrial function expressed as mitochondrial DNA copy number 
(mtDNAcn) are biomarkers of aging and oxidative stress and inflammation, respectively. Methylmercury (MeHg), 
a common pollutant in fish, induces oxidative stress. We hypothesized that elevated oxidative stress from 
exposure to MeHg decreases mtDNAcn and shortens TL. 
Methods: Study participants are 6–11-year-old children from the HELIX multi-center birth cohort study, 
comprising six European countries. Prenatal and postnatal total mercury (THg) concentrations were measured in 
blood samples, TL and mtDNAcn were determined in child DNA. Covariates and confounders were obtained by 
questionnaires. Robust regression models were run, considering sociodemographic and lifestyle covariates, as 
well as fish consumption. Sex, ethnicity, and fish consumption interaction models were also run. 
Results: We found longer TL with higher pre- and postnatal THg blood concentrations, even at low-level THg 
exposure according to the RfD proposed by the US EPA. The prenatal association showed a significant linear 
relationship with a 3.46 % increase in TL for each unit increased THg. The postnatal association followed an 
inverted U-shaped marginal non-linear relationship with 1.38 % an increase in TL for each unit increased THg 
until reaching a cut-point at 0.96 μg/L blood THg, from which TL attrition was observed. Higher pre- and 
postnatal blood THg concentrations were consistently related to longer TL among cohorts and no modification 
effect of fish consumption nor children’s sex was observed. No association between THg exposure and mtDNAcn 
was found. 
Discussion: We found evidence that THg is associated with TL but the associations seem to be time- and 
concentration-dependent. Further studies are needed to clarify the mechanism behind the telomere changes of 
THg and related health effects.   

1. Introduction 

Telomere length (TL) and mitochondrial function, expressed as 
mitochondrial DNA copy number (mtDNAcn), are biomarkers linked to 
age-related diseases (Sahin and DePinho, 2012). Both have been 
considered as cellular sensors for environmental stressors on the basis of 
their sensitivity to oxidative DNA damage and inflammation (Martens 
and Nawrot, 2016; Meyer et al., 2013). 

Mercury (Hg) is ubiquitously present in the environment. For 
humans, the diet is usually the main source of exposure, through the 
consumption of fish that contains methylmercury (MeHg) (United Na
tions, 2018). MeHg accumulates and biomagnifies through the food 
chain, reaching the highest concentrations in large, oily, predatory 
fishes and marine mammals (Hintelmann, 2010). Early life exposure to 
MeHg has been related to adverse effects on foetal and children’s health 
and development, such as neurotoxicity (Grandjean et al., 2014; Karagas 
et al., 2012; Sharma et al., 2019; Vejrup et al., 2022, Vejrup et al., 2018), 
impaired growth (Ballester et al., 2018; Murcia et al., 2016; Vejrup et al., 
2014), and cardiovascular insults such as higher blood pressure (Farzan 
et al., 2021; Ying Chan et al., 2021; Zhang et al., 2021). MeHg from 
dietary and inhalation exposures is almost completely absorbed (around 
90 %) into the bloodstream (Gad, 2024). About 95 % is taken up by red 
blood cells, and then distributed throughot the maternal body over the 
next 3 to 4 days. In pregnant women, MeHg readly crosses the placenta 
and has a high affinity for fetal hemoglobin (Myers and Davidson, 1998). 
However, the results from the literature on toxicity related to a early 
exposure to MeHg are inconsistent and several studies have found no 
adverse effect (Jj et al., 2021; Klus et al., 2023). Biomarkers of inter
mediate effects may aid in clarifying such inconsistences. Several 
intermediary mechanisms of MeHg-related toxicity have been sug
gested, as a consequence of the MeHg-related increased oxidative stress 
(Crespo-López et al., 2009), including epigenetic changes (Cardenas 
et al., 2017; Cediel-Ulloa et al., 2023; Lozano et al., 2022), and effects on 
mtDNAcn (Dreiem et al., 2005; Smith et al., 2021) and TL (Smith et al., 
2021; Vriens et al., 2019). 

The mitochondria are the main site of oxidative phosphorylation and 
the dominant cellular site for the generation of reactive oxidative species 
(Meyer and Chan, 2017). Mitochondrial DNA lack histones and DNA 
repair (Yakes and Van Houten, 1997), making mitochondrial DNA more 
vulnerable to oxidative stress than nuclear DNA, thus, with time mito
chondrial DNA accumulates mutations and mtDNAcn is reduced 
(Kowalski et al., 2020). Telomeres are DNA-protein structures at the 

ends of chromosomes. Telomeres (due to their Guanine-rich sequence) 
are hyper-sensitive to oxidative stress, which lead to telomere short
ening with time (Kawanishi and Oikawa, 2004; von Zglinicki, 2002). 
When the telomere reaches a certain short length, cells go into senes
cence or apoptosis. In this way, the telomeres preserve chromosome 
stability and integrity (Blackburn, 1991) and accordingly, TL is a marker 
of cellular health and aging (Shammas, 2011). 

TL at birth predicts TL later in life but there are dynamic changes of 
TL throughout life (Martens et al., 2021). Multiple environmental fac
tors in adulthood have been found to influence TL, but less is known 
about the environmental factors influencing TL early in life (Gorenjak 
et al., 2020). Studies assessing the relationship between the pre- and 
postnatal exposure to pollutants and TL during childhood could be 
useful in public health since TL in in this period has been associated with 
chronic diseases in adulthood (Kemp and Ferraro, 2021), such as the 
metabolic syndrome (Elks and Scott, 2013; Révész et al., 2014; Zhao 
et al., 2017), cardiovascular (Barraclough et al., 2019; Ghoussaini et al., 
2022; Haycock et al., 2014) and neurodegenerative diseases (Lee et al., 
2020; Rodríguez-Fernández et al., 2022). Similarly, lower mtDNAcn 
during childhood has been related to an increased risk of cardiovascular 
(Liu et al., 2021; Sazonova et al., 2021) and neurodegenerative diseases 
(Burr and Chinnery, 2022; Pillalamarri et al., 2023), non-alcoholic fatty 
liver disease and high insulin levels (Ganel et al., 2021; Zhang et al., 
2022) in adulthood. 

There is limited and inconsistent evidence about the impact of early 
exposure to MeHg on TL or mtDNAcn. Results from the Project Viva 
from the US showed a marginal negative association between maternal 
blood MeHg and cord blood TL and a statistically significant non-linear 
cubic relationship between maternal blood MeHg and mtDNAcn (Smith 
et al., 2021). Results from the Seychelles Child Development study 
showed no relation between prenatal MeHg (measured in maternal hair) 
and child TL (measured at birth and at 5 years of age) (Yeates et al., 
2017). In a larger mother child cohort from the Seychelles, MeHg con
centrations in cord blood were associated with lower cord blood 
mtDNAcn (Xu et al., 2019). 

Previous research relating TL and mtDNAcn with other metals 
inducing oxidative stress, (such as arsenic, cadmium, chromium, man
ganese, nickel, and lead), showed both positive and negative relation
ships (Alegría-Torres et al., 2020; Ameer et al., 2016; Fillman et al., 
2016; Li et al., 2020; Pawlas et al., 2016; Wu et al., 2012). Dose- 
dependencies and non-linear relationships have been suggested to 
explain the inconsistencies (Zhang et al., 2003). Telomere lengthening, 
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as observed in relation to exposure to low-to-moderate levels of arsenic, 
has been explained by oxidative stress-related upregulation of expres
sion of the telomerase encoding gene TERT and upregulation of the 
telomerase independent pathway (Chatterjee et al., 2015; Fernandes 
et al., 2021; Ferrario et al., 2009a; Li et al., 2012). 

Our primary aim in this study was to assess the relationships, 
considering potential concentration-dependencies and non-linear asso
ciations, between prenatal and postnatal exposure to Hg in relation to TL 
and mtDNAcn in children from a multi-centre birth cohort study in six 
European countries. Our secondary aim was to examine the role of fish 
consumption as an effect modifier of the MeHg effect. 

2. Methods 

2.1. Subjects 

This study used data collected from the European Human Early-Life 
Exposome (HELIX) project. The characteristics of the HELIX cohorts and 
the inclusion criteria have been described elsewhere (Maitre et al., 2018; 
Vrijheid et al., 2014). This study assesses pre- and postnatal exposure to 
a broad range of chemical and physical exposures in the following co
horts: BiB (Born in Bradford; United Kingdom) (Wright et al., 2013), 
EDEN (Étude des Déterminants pré and postnatals du développement et 
la santé de l’ENfant, France) (Heude et al., 2016), INMA (INfancia y 
Medio Ambiente) (Guxens et al., 2012), KANC (Kaunas Cohort; 
Lithuania) (Grazuleviciene et al., 2009), MoBa (Norwegian Mother, 
Father and Child Cohort Study; Norway) (Magnus et al., 2016), and 
Rhea (the Mother-Child Cohort in Crete, Greece) (Chatzi et al., 2017). 

We used data from participants with childhood TL and mtDNAcn 
measurements (N = 1303). To be included in the present study, partic
ipants had to have also analytical measurements of pre- and postnatal 
total blood mercury (THg) (N prenatal = 926 and N postnatal = 1164). 
The present study used the available THg concentrations in all the HELIX 
cohorts. THg has been previously used as a biomarker of MeHg intake in 
several studies (90 % of THg has been considered MeHg (Llop et al., 
2017; Wells et al., 2022) and correlated with fish consumption in gen
eral human populations (Berglund et al., 2005; Clarkson and Magos, 
2006; Jenssen et al., 2012). 

Informed consent was obtained from all participants in each phase, 
and the study was approved by the national committees for medical and 
health research ethics in each participating region. This study conforms 
to the ethical principles of research embodied in the Declaration of 
Helsinki. 

2.2. Mercury measurements 

THg was measured in blood samples for both the pre- and postnatal 
(childhood) periods. Maternal blood samples (prenatal exposure) were 
collected in mid-pregnancy for MoBa (mean = 18.7 (SD = 0.9) weeks) 
and Rhea (14.1 (3.7) weeks), in late pregnancy for BiB (26.6 (1.4) 
weeks), KANC (39.4 (1.3) weeks), and EDEN (26.1 (1.2) weeks), while, 
for the INMA, cord blood samples were collected at delivery. Cord blood 
concentrations were divided by 1.7 to calculate values equivalent to 
maternal whole blood concentrations (Stern and Smith, 2003). Chil
dren’s blood samples in all HELIX cohorts (postnatal exposure) were 
available and collected between the age of 6 and 11 years (mean [CI 95 
%] = 8.2 [6.5, 9.1]). Maternal and child THg concentrations in BiB, 
EDEN, KANC, MoBa and Rhea cohorts were measured in the same lab
oratory (ALS Scandinavia, Sweden) and cord blood THg concentrations 
in the INMA cohort were measured in the Public Health Laboratory in 
Alava (Spain). Details of the analytical and quality control procedures 
used for the HELIX project have been described previously (Haug et al., 
2018; Llop et al., 2020). 

2.3. DNA extraction, mitochondrial DNA copy number, and telomere 
length 

DNA was extracted from children 6–11 years old following a protocol 
described elsewhere (Maitre et al., 2018). MtDNA and single copy-gene 
reaction mixture and PCR cycles used can be found in Clemente et al. 
(Clemente et al., 2016) and Janssen et al. (Janssen et al., 2012). More 
details and the procedure about the relative mtDNAcn calculation and 
the quality control can be found in the Supplemental Methods. 

Relative TL was measured by a modified quantitative real-time PCR 
(qPCR) protocol, as described previously (Cawthon, 2009). Telomere 
and single copy-gene reaction mixture and PCR cycles used are 
described in Martens et al. (Martens et al., 2016). More details and in
formation about the relative TL calculation and quality control can be 
found in the Supplemental Methods. 

2.4. Covariate information 

Detailed information on maternal age at birth, smoking status during 
pregnancy (smoker, non-smoker), parity (primiparous, >1 birth), 
maternal ethnicity (European, South Asian, and others), and maternal 
education as the primary indicator of socioeconomic status (categorized 
according to the International Standard Classification of Education 
(ISCED): low (less than primary, primary, and lower secondary educa
tion, ISCED 2011 levels 0–2), middle (upper secondary and post
secondary nontertiary education, ISCED 2011 levels 3 and 4), and high 
(tertiary education, ISCED 2011 levels 5–8)) (Schneider, 2013). 
Maternal fish consumption from each study participant (servings per 
week) was obtained by each cohort during pregnancy or at birth by food 
frequency questionnaires, except for the KANC cohort which had no 
information on maternal diet. Newborn sex was recorded at birth and 
offspring fish consumption was determined at the 6–11 years follow-up 
through interviews and food frequency questionnaires. Fish intake was 
categorized into tertiles. 

2.5. Statistical analysis 

The geometric mean (GM) and 95 % confidence intervals (95%CI) 
were calculated for THg concentrations in maternal and child blood, and 
for child TL and mtDNAcn for each cohort. For further analysis, the 
logarithmic form (base 2) of THg, TL and mtDNAcn transformed values 
were calculated. Kernel density plots were plotted. The ANOVA F-test 
was applied to compare the geometric mean of prenatal and postnatal 
THg, TL and mtDNAcn across categories of the study population’s 
characteristics. 

Association models between pre- and postnatal exposure to THg with 
children’s TL and mtDNAcn were built. To consider potential 
concentration-dependencies and non-linear associations, multivariable 
robust quantile regression models were used (Koenker, 2005) following 
a two-step procedure. In the first step, a core model was built using 
mixed regression models since both pre- and postnatal THg measure
ments (log2 transformed) were available (including a nested partici
pant/cohort random term). We included all the available variables as 
possible covariates. To do this, bivariate and multivariate models were 
performed. The multivariate model was built using all the covariates 
associated with a p-value <0.2 in the bivariate analysis. Following a 
backward elimination procedure, all covariates associated with the THg 
at a level of p < 0.1 were retained in the model. In the second step, we 
used linear regression models to build a core model for each log- 
transformed outcome since we only had TL and mtDNAcn postnatal 
measurements following the same procedure of variable selection. The 
log2THg variable was then introduced into the outcome-adjusted 
models and three robust quantile regression models were run (a pre
natal model including the prenatal log2THg, a postnatal model 
including the postnatal log2THg, and a longitudinal model including 
both). Additional potential confounders were added to these outcome 
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models if they changed the magnitude of the main effects by >10 %. All 
covariates in the mixed multivariate model for the THg concentration 
were considered to be potential confounders (Soler-Blasco et al., 2019) 
in this step. The cohort variable was included in all models regardless of 
its statistical significance. Additionally, to assess differences between 
exposure concentrations, linear regression models including the THg 
exposure variable categorized into quartiles were run. Generalized ad
ditive models (GAM) were fitted to evaluate non-linear patterns. Natural 
cubic splines with one or two internal knots were compared through 
Akaike (AIC) scores, graphical examination, and the Likelihood Ratio 
test (LRT). Segmented regressions were carried out to estimate potential 
break-points in the linearity (Muggeo, 2003). 

Effect modification by sex of the child and total fish consumption was 
assessed through the inclusion of an interaction term in the main 
models. The effect modification was considered statistically significant if 
the interaction p-value <0.05, although marginally significant in
teractions (p-value <0.1) were also considered. 

The robustness of the results was validated through a full meta- 
analysis to verify the possible influence of specific cohorts (by means 
of I2 random-effects tests, considering low heterogeneity <25 % (Hig
gins et al., 2003)), followed by a Leave-One-Out procedure (excluding 
one cohort at a time and rerunning the models), as well as removing the 
minor ethnicities to avoid potential genetic or socioeconomic bias. 

Since the measurement of TL and mtDNAcn are relative measure
ments, results are additionally presented calculating the percent changes 
based on the beta coefficients on the logarithmic scale. This was done 
using the following formula: 10^(β-1)*100. Thus, one unit of change in 
the beta of the exposure (log2THg in this case) is associated with a 
specific percentage of change in the outcomes (TL and mtDNAcn). 

The validity of the regression models was tested by residual analysis. 
No influential data was identified by graphical representation. Collin
earity diagnostics were conducted on the final models. 

Both outcome and exposure variables transformed into logarithmic 
form followed a normal distribution, as can be seen in Kernel density 
plots of the Supplemental Fig. S1, validating the use of the proposed 

statistics. Statistical analysis was carried out using the R statistical 
package version 4.2.3 (R Core Team, 2017). 

3. Results 

3.1. Characteristics of the study population 

Table 1 shows the characteristics of participants in the study. The 
1303 mothers from HELIX cohorts with TL and mtDNAcn measurements 
had a mean (SD) age of 30.7 (4.9) years and reported a fish intake of 3.8 
(4.6) servings/week. >50 % of the mothers were highly educated, 15.1 
% actively smoked during pregnancy and women were mainly of Eu
ropean origin (89.4 %). The children were in average 8 (1.5) years, 
consumed 2.6 (2.3) servings/week of fish, and 55.0 % were male. 

The geometric mean and confidence interval (95 %) of children’s 
relative TL and mtDNAcn were 1.01 (1.00, 1.02) and 1.07 (1.06, 1.09), 
respectively. Longer TL were observed in BIB, INMA, MoBa and Rhea 
cohorts, which also showed higher maternal fish intake (Table 1). Fe
male children showed longer TL than males (0,987 [0.873, 1.000] and 
1.037 [1.021, 1.053] for males and females, respectively). There were 
no differences in TL with respect to ethnicity; however, we observed 
higher mtDNAcn and prenatal THg concentrations in the European 
population (data not shown). Significant correlations were found be
tween longer TL and mtDNAcn with maternal age (r = 0.295 and r =
0.130, respectively, p-value ≤0.001) without sex differences (Supple
mental Fig. S2). 

3.2. Factors associated with telomere length and mitochondrial DNA copy 
number 

Higher maternal age, non-European ethnicity, female sex and 
mtDNAcn were positively associated with longer TL in the multivariate 
basal model. Non-primiparous mothers, European ethnicity, and longer 
TL, were associated with higher mtDNAcn (Supplemental Fig. S3). 

Table 1 
Characteristics of the study participants.  

Cohort Units BIB EDEN INMA KANC MoBa Rhea 

Sample size (n = 1303)a  205 198 223 204 272 201 
Country  UK France Spain Lithuania Norway Greece 
Children’s relative TL GM 

(CI95%) 
1.01 
(0.98, 1.03) 

0.99 
(0.96, 1.02) 

1.01 
(0.99, 1.02) 

0.99 
(0.97, 1.02) 

1.02 
(1.00, 1.05) 

1.05 
(1.02, 1.07) 

Children’s mtDNAcn GM 
(CI95%) 

0.82 
(0.80, 0.84) 

1.07 
(1.03, 1.12) 

1.06 
(1.04, 1.08) 

1.20 
(1.16, 1.23) 

1.31 
(1.26, 1.36) 

0.98 
(0.95, 1.01) 

Maternal THgb GM 
(CI95%) 

2.33 
(2.18, 2.49) 

4.22 
(3.60, 4.83) 

5.89 
(5.31, 6.47) 

1.84 
(1.75, 1.94) 

3.28 
(3.09, 3.46) 

4.54 
(4.01, 5.08) 

Children’s THg b GM 
(CI95%) 

1.42 
(1.29, 1.55) 

2.35 
(2.13, 2.57) 

3.11 
(2.78, 3.45) 

0.78 
(0.73, 0.83) 

1.35 
(1.27, 1.44) 

1.72 
(1.49, 1.96) 

Maternal age Mean (SD), years 28.6 (5.8) 30.8 (4.9) 31.9 (3.9) 29.1 (5.0) 32.8 (3.7) 30.8 (4.8) 
Parity % nulliparous 47.0 47.6 53,6 44.2 46.9 39.9 
Child sex % male 55.0 57.2 54.2 54.8 54.0 55.5 
Maternal education        

Up to primary % 47.7 7.0 23.9 5.7 0 4.6 
Secondary % 17.4 37.1 41,8 34.7 20.2 56.1 
University % 34.8 55.9 34.3 59.6 79.8 39.3 

Smoking during pregnancy %, yes 14.0 21.4 24.5 6.2 4.4 20.8 
Maternal fish intake c GM (GSD) 3.3 (1.9) 2.1 (1.5) 4.9 (2.4) NA 6.0 (7.9) 5.9 (7.9) 
Children’s fish intake c GM (GSD) 2.6 (2.4) 2.5 (1.6) 3.8 (2.1) 1.3 (1.2) 3.8 (3.2) 1.6 (1.0) 
Main ethnicity        
European % 43.0 100 100 100 95.7 100 
South Asian % 38.5 0 0 0 4.3 0 
Other % 18.5 0 0 0 0 0 

GM: geometric mean; GSD: geometric standard deviation; mtDNAcn: mitochondrial DNA copy number; THg: total mercury; TL: telomere length. 
All the variables showed statistical differences (ANOVA p-value <0.05) regarding the cohort except in the case of parity and children’s sex for both studies, as well as 
children’s TL in the INMA study. 

a The largest sample size with TL and mtDNAcn is considered. 
b THg concentrations are showed for blood samples in μg/L. 
c Fish intake was collected in servings/week. All dietary covariates were adjusted for calories intake. 
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3.3. Factors associated with exposure to total mercury 

Participating mothers had a geometric mean (95 % CI) concentration 
of total blood Hg of 3.05 (2.94, 3.16) μg/L, and their children at 6–11 
years old had 1.37 (1.31, 1.42) μg/L. Supplemental Fig. S4 shows the 
multivariable basal model for THg. Higher THg concentrations in the 
mixed model were associated with older mothers, being primiparous, 
with the highest education level, and higher maternal fish consumption. 

3.4. Total mercury exposure, telomere length and mitochondrial DNA 
copy number 

Fig. 1 shows the relationship between pre- and postnatal THg con
centrations and TL and mtDNAcn. The complete robust multivariable 
prenatal, postnatal, and longitudinal models for TL and mtDNAcn are 
shown in Supplemental Figs. S5 and S6, respectively. 

Higher prenatal THg concentrations were related to longer TL (β 
[CI95%] = 0.049 [0.011, 0.087] (3.46 % of change), p-value = 0.002). 
There were marginally significant differences between the first and the 

fourth quartiles of THg exposure (0.068 [− 0.012,0.147] (4.81 %), 
0.095). Postnatal THg exposure was also marginally associated with 
longer TL (0.020 [− 0.001, 0.041] (1.38 %), 0.067) showing the par
ticipants with higher THg quartiles significant TL changes (between 4.61 
and 4.88 %, p-values <0.05) with respect to those belonging to the first 
THg quartile. Neither prenatal THg nor postnatal THg were associated 
with mtDNAcn (Fig. 1). Longitudinal models were consistent with these 
results (Supplemental Table S1). Results from the meta-analysis showed 
a positive relationship between THg and TL across the HELIX cohorts (TL 
significant mean differences of 0.04 [0.01, 0.07], p-value = 0.011, and 
0.02 [0.01,0.5], p-value = 0.040, for the pre- and postnatal models, 
respectively) (Fig. 2), except for the prenatal exposure in EDEN. No 
heterogeneity was detected in either the prenatal nor postnatal models 
(I2 = 0 %, p-value = 0.92 and 0.84, respectively). 

3.5. Sensitivity analysis 

The Leave-One-Out analysis found that the BIB cohort was influ
encing the postnatal THg associations with TL (β without BIB cohort =

Fig. 1. Total mercury (THg) association models with telomere length and mitochondrial DNA copy number. Betas, p-values and percentage of telomere and 
mitochondrial DNA change for each unit of increase in logTHg are shown for: 1) THg concentrations in prenatal, postnatal, and longitudinal robust multivariable 
models; and 2) Quartiles of THg in the linear prenatal, postnatal, and longitudinal models. All models are adjusted for maternal age, parity, ethnicity and education, 
child’s sex, fish consumption, and cohort. Telomere length models are additionally adjusted for mitochondrial DNA copy number as well as mitochondrial DNA copy 
number models for telomere length. 
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0.016 (− 0.010, 0.043), p-value = 0.234). This is consistent with the 
attenuation of THg significance in the sensitivity postnatal model 
excluding study participants with non-European origin/ethnicity (β 
without non-Europeans = 0.016 (− 0.007, 0.040), p-value = 0.170), 
since these participants mainly belonged to BIB (Supplemental 
Table S1). There were no interactions with sex and fish consumption 
(interaction term p-values >0.05) and changes in THg coefficients pro
portional to the fish intake was not observed either (Supplemental 
Fig. S7). However, it should be noted that the fish coefficients in the 
multivariate model were negative and proportional to the amount of fish 
consumed (Supplemental Figs. S5 and S6). 

3.6. Linearity assessment 

Fig. 3 shows that the prenatal relationship between THg concentra
tions and TL was linear (linear AIC = 109.16, non-linear AIC = 111.16). 
However, the postnatal THg and TL association was non-linear, 
assuming the best fit with an inverted U-shaped relationship consid
ering one internal knot (smooth term p-value = 0.008, linear AIC =
139.24, non-linear AIC = 133.50) with an estimated linearity break- 
point at 0.96 (0.68, 1.35) μg/L of THg in children’s blood. 

4. Discussion 

This work was carried out in six European countries with a wide 
range of exposure to THg and to our knowledge, represents the largest- 
scale cohort study assessing the relation between pre- and postnatal 
exposure to THg with TL and mtDNAcn in children. Only mothers from 

the Spanish cohort INMA presented prenatal THg concentrations above 
the RfD proposed by the US EPA (5.8 μg/L in blood) (Rice, 2004). 
Postnatal levels were below these values in all the included cohorts. In 
contrast to our hypothesis, the results showed that higher THg concen
trations were associated with longer TL. Interaction effect by children’s 
sex or by fish consumption was not observed. The postnatal association 
displayed an inverted U-shaped relationship between longer TL with 
increasing THg exposure in maternal blood. No association between THg 
exposure and mtDNAcn was found. 

Previous studies relating Hg in any chemical form with TL or mtDNA 
are scarce. The Supplemental Table S2 shows three studies in humans 
and two in seabirds using telomere data. Human studies are inconclu
sive. The US Project Viva of 893 pregnant women did not find associa
tions between low prenatal total blood Hg exposure (0.0025 μg/g) and 
maternal TL or mtDNAcn (Smith et al., 2021). The Seychelles study of 
229 mothers and children measured hair THg in maternal and 5-year-old 
children and found that at high exposure levels (5.70 and 12.83 μg/g, 
respectively), children’s TL showed a shortening tendency with 
increasing prenatal THg concentrations but a lengthening with postnatal 
levels, however, none of these observations were statistically significant 
(Yeates et al., 2017). Animal studies have shown non-linear relation
ships between increasing THg concentrations and shorter TL at high 
environmental exposures and fish-only diets, but this relationship was 
only significant in male seabirds (Bauch et al., 2022; Eckbo et al., 2019). 
A study in snails exposed to mercury chloride via the soil at toxic doses 
did not find any association and proposed a strong ability of snails to 
maintain their TL under increased oxidative stress. Authors suggested 
that this resilience may be linked to telomerase activity and alternative 

Fig. 2. Forest plots of the telomere length change (MD = mean difference) associated with total mercury exposure in HELIX prenatal (A) and postnatal (B) models. 
Fish consumption is not included in the KANC prenatal model. 
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lengthening of TL, or the induction of other mechanisms to protect and 
repair telomeres, such as efficient DNA repair (Louzon et al., 2020). 

Negative and proportional relationship between fish consumption 
and TL showed in the present study contradicts most previous research 
relating fish intake with TL (Valera-Gran et al., 2022). A US study 
including adult 2494 males found significant positive associations be
tween males who consumed more canned tuna and TL (Seo et al., 2022), 
and higher oily fish consumption was related to longer TL in a large 
cohort study based in UK (Bountziouka et al., 2022). This positive 
relationship has also been shown among children (aged 5 to 7) (Mesh
kani et al., 2021). Other studies did not find significant associations in 
adults nor children (Bethancourt et al., 2017; Yeates et al., 2017). To our 
knowledge, there are no studies reporting negative associations between 
fish consumption and TL. Some studies have attributed telomere 
lengthening to the role of the n-3 polyunsaturated fatty acids (PUFA) 
and attributed shortening to greater n-6/n-3 ratios (Ali et al., 2022; 
Chang et al., 2020). Further studies evaluating different beneficial 
compounds in fish and fish contaminants are needed in order to clarify if 
the MeHg-related positive association with TL is a true effect or reflects 
other nutrients or compounds in fish. 

These results can be interpreted in the light of findings for other 
metals, metalloids and trace elements that also have been linked to 
oxidative stress. Supplemental Table S3 shows recent articles carried out 
in humans relating different elements to TL, and the results are not 
consistent. Most elements have shown telomere shortening with both 
pre- (cadmium, lead and thallium) and postnatal (cadmium, copper, 

nickel, lead and vanadium) exposure (Fillman et al., 2016; He et al., 
2022; Pawlas et al., 2016; Wai et al., 2020, Wai et al., 2018; Wu et al., 
2021, Wu et al., 2021; Zhang et al., 2019; Zota et al., 2015). Arsenic on 
the other hand have shown telomere lengthening. Moderate prenatal 
arsenic was related to longer TL in the placenta and maternal moderate 
urinary arsenic concentrations were associated with longer TL in 
Argentinian and Bolivian adults, respectively (Ameer et al., 2016; De 
Loma et al., 2022; Herlin et al., 2019). The inconsistent results con
cerning TL and metals involved in oxidative stress may be explained by 
alterations in the expression of the telomerase reverse transcriptase 
(TERT) (Ferrario et al., 2009b; Li et al., 2012; Mo et al., 2009) caused by 
a dose-dependency modulation of the TERT expression induced by 
oxidative stress (Ferrario et al., 2009b; Wai et al., 2023; Zhang et al., 
2003). It is hypothesized that low to moderate exposure to arsenic 
stimulates TERT expression, which in turn results in telomere length
ening as well as stimulation of mitochondrial DNA production. This 
hypothesis has been supported by both in vitro and in vivo studies 
(Ameer et al., 2016; Ferrario et al., 2009a). This dose-dependent effect 
via differential regulation on TERT may also be the mechanism for the 
observed positive association between THg and TL in the present study. 

Previous studies evaluating relationships between metals and 
mtDNAcn are scarce and inconclusive. To date, it has been proposed that 
after an acute chemical exposure and oxidative stress, mtDNAcn in
creases as a compensatory mechanism in response to decreased energy 
production. Under conditions of reduced antioxidant capacity, such as 
those resulting from chronic environmental exposure, oxidative stress 
may overwhelm the mitochondria and decrease mtDNAcn (Kupsco et al., 
2019). As far as we know, only the Seychelles study assessed the rela
tionship between THg and mtDNAcn, including the role of fish con
sumption. In this birth cohort study, increasing fetal cord blood THg was 
associated with lower fetal mtDNAcn (Xu et al., 2019). Among other 
metals, higher cord blood lead concentrations were related to higher 
mtDNAcn in maternal blood from mothers participating in the US VIVA 
Project and the Mexican PROGRESS cohort (Sanchez-Guerra et al., 
2019; Smith et al., 2021), and urinary thallium has been associated with 
lower mtDNAcn in newborns (Wu et al., 2019). In adults, urinary arsenic 
and cadmium concentrations have been related to higher mtDNAcn in 
blood, and urinary lead with lower mtDNAcn in blood (Ameer et al., 
2016; De Loma et al., 2022; Vriens et al., 2019). 

This study has several strengths. The inclusion of six mother-child 
European cohorts with different THg exposure levels allowed us to 
obtain robust associations, including dose-dependent associations, be
tween THg, TL and mtDNAcn. Another advantage of this study is its 
prospective design, which made it possible to obtain detailed informa
tion concerning maternal and child characteristics. This study also has 
limitations. The longitudinal analyses had less power in the follow-up 
due to loss of study participants. However, this is an inherent charac
teristic of most longitudinal studies and usually related to socioeco
nomic status. This situation could bias the observed associations; 
however, it has been observed that even when more than half of the 
cohort is lost to follow-up, qualitative conclusions about the direction 
and approximate magnitude of inequalities do not change dramatically 
(Howe et al., 2013). Other study limitations were: (1) effect modifica
tions were not examined for genetic factors such as genetic variation in 
TERT and those associated with THg accumulation (Engström et al., 
2016); (2) the fish consumption in HELIX was measured as total fish 
without differentiating between types of fish and seafood either; (3) the 
lack of information on PUFA content in the HELIX study prohibited us to 
assess the role of PUFA in TL alterations; 4) batch effects and blood cell 
types for the blood samples were not available for this study and models 
could not be adjusted for these potential confounders; and 5) we used 
THg instead of MeHg measurements since we were not able to ensure the 
interindividual variability in the THg/MeHg ratio in our specific sample. 

In conclusion, our study found evidence that low-to-moderate 
exposure to THg was associated with longer TL, but not with 
mtDNAcn. The non-linear relationship with postnatal exposure supports 

Fig. 3. Generalized additive models of the log-transformed THg prenatal (A) 
and postnatal (B) concentrations and the log-transformed telomere length (TL) 
in the HELIX Study. Models are adjusted for the same variables as in Fig. 1. 
Vertical line in red color represents the linearity break-point transformed into 
THg concentrations and its 95 % confident interval. 
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previous suggestions about concentration-dependencies and non-linear 
associations, estimating 0.96 μg/L as a blood THg concentration from 
which TL attrition is observed. Neither fish consumption nor children’s 
sex showed relevant modification effects. Further studies are needed to 
clarify the mechanism behind the observed telomere lengthening of THg 
and the related health effects. 
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