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Introduction: 2,3,7,8-Tetrachlorodibenzodioxin (TCDD) is recognized as one of the most toxic substances 
within the dioxin family, a prominent class of endocrine disruptors widely spread in the environment and 
highly persistent in human tissues, with a half-life of approximately 7 years [1,2]. The evidence of the 
damage that this substance can cause to human health of directly exposed individuals and their offsprings 
is derived from studies conducted on the victims of the Seveso incident, where on July 10, 1976, a 
massive amount of TCDD was released from the ICMESA chemical plant due to a temperature regulation 
accident [3]. Prenatal exposure has been linked to thyroid dysfunction, impaired glucose regulation, and 
male reproductive problems [4,5]. Epigenetics, which involves mechanisms that regulate gene expression 
and are influenced by environmental factors, may play a significant role in these outcomes [6]. However, 
the specific epigenetic changes in individuals exposed to TCDD in utero, where gene expression and 
epigenetic processes exert significant influence, remain largely unknown. The primary epigenetic marker 

used for monitoring the environment’s effects on the epigenome is DNA methylation due to its ease of 

acquisition through array technology and its ability to be dynamically shaped by environmental factors. [7]  
 
Aim: The study, categorized as a retrospective observational study, aims to explore the presence of 
epigenetic alterations caused by TCDD exposure on the offspring of mothers who were exposed during 
the Seveso incident and became pregnant a few years after this event. Our research compared DNA 
methylation patterns in blood samples collected from 38 adult men (median 22.5 +/- 2.2 years) whose 
mothers had been exposed to high doses of TCDD (median serum level of 52.0 ppt) and were therefore 
exposed in utero to a median of 24.7 ppt, with samples from 41 unexposed matched men.  
 
Methods: The obtaining of DNA methylation patterns was performed on whole blood samples using the 
Illumina Methylation EPIC array, which utilizes specific probes to measure the methylation intensity of 
866’000 CpG sites due to their association with gene expression. Raw methylation data underwent quality 
control and preprocessing using R, where the Champ package was employed to remove probes with poor 
or unclear signal quality and to reduce potential instrument error. [8,9] 

As an initial analysis, to assess the differences between the two groups, we conducted a differential 
methylation analysis at the probe level using the Limma package. This analysis compared whether there 
were differences in the mean methylation values between the two groups by applying hierarchical linear 
models with methylation values per probe as the outcome and Sample Group as the independent 
predictor [10]. Additionally, the model was fixed by including the first three principal components as 



covariates, which contained information about chronological age, biological age, and immune cell 
composition. The obtained p-values were corrected for multiple testing using Bonferroni correction, and 
differentially methylated probes were considered significant with adjusted p-value < 0.05. Subsequently, 
using smoothing techniques, integrated in the DMRcate package we investigated differentially methylated 
genomic regions, considering regions significant if they had a Fisher p-value < 0.05 [11]. 
In the second analysis, we studied Stochastic Epigenetic Mutations (SEMs), defined as extreme outlier 
values relative to a reference population, using the entire study population as the reference [12]. Probes 
were considered SEMs if they exhibited values greater than three times the interquartile range above the 
third quartile or below three times the interquartile range below the first quartile. We then established the 
presence of an association between the burden of SEMs and the sample group using linear regression 
models evaluating significant associations with a p-value < 0.05. 
Finally, to assess potential implications of in utero TCDD exposure on early aging, we utilized age 
acceleration as a marker. Age acceleration is defined as the disparity between chronological age and 
biological age, with the latter inferred through deconvolution algorithms [13]. We then used linear models to 
evaluate the association between the age acceleration and Sample Group, considering the association 
significant if the p-value was < 0.05. 

 
Results: The study identified 62 differentially methylated probes and 2 gene regions, highlighting 
hypomethylation of the SPAG1 gene and slight hypermethylation of a region associated with HOX box 
family genes. Pathway analysis revealed associations with thyroid and skeletal development confirming 
the existing literature. Subsequently, focus turned to SPAG1 due to its role in sperm functions, suggesting 
a mechanism through which TCDD exposure may affect spermiogenesis [14,15,16,17].  
Association of methylation values of this gene with seminal parameters showed that increased gene 
hypomethylation intensity corresponded to an increase in spermatozoa's angular neck toward a 
pathological threshold in individuals exposed in utero. Furthermore, through the study of SEMs, we found 
an increase of the mutations in exposed individuals compared to unexposed ones, suggesting an 
accumulation of potentially harmful epigenetic mutations for health [18]. However, no significant 
associations were found between age acceleration and exposure to TCDD. 
 
Conclusion: The study identified epigenetic alterations potentially involved in phenotypic aspects 
highlighted in the literature, suggesting mechanisms potentially linked to male infertility.  
Additionally, further studies are needed to understand the consequences of the connection between the 
increase in SEMs on health. 
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