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Perfluoroalkyl compounds (PFCs) are organic substances in which all 

of the hydrogens of the hydrocarbon backbones are substituted with 

fluorine atoms. The fluorine-carbon bonds are extremely stabile 

conferring these substances with very high thermal and chemical 

stability, which make them persistent in the environment 

These fluorine compounds are commonly used in 

consumer products as stain/water/ grease repellents in 

carpets and  clothing or in cooking utensils as non stick 

coatings 

PFCs 

Perfluoroalkyl compounds (PFCs)  



Exposure to PFCs 

Pathways by which PFCs can be taken up  

CONTAMINATED FOOD 

PFCs can transfer from the soil to the plant. The 

higher is the concentration of PFOA and PFOS in 

the soil, the higher the concentration that could be 

detected in the plants. The uptake, distribution 

and storage is dependent upon the type of plant 

(Stahl, 2009) 

DRINKING WATER 

In the exposure assessment from German Federal 

Institute for Risk Assessment (BfR), it has been 

demonstrated drinking water plays a relatively small 

role in the total exposure to PFCs, unless the water is 

contaminated by an unusual source of PFCs 

Fish accounts for approximately 

90% of the total dietary exposure 

to PFOS. The fact that fish are 

often highly contaminated ia a 

result of the pronounced 

biomagnification of these 

substances via the acquatic food 

chain (Stahl, 2007; Berger, 2009) 

PFCs strongly bind to the protein fraction in 

bloody, in particular to albumin, and their 

lactation transfer is believed to be caused by 

binding to milk protein (Fromme, 2010). 

In different studies the presence of PFCs in breast 

milk was evaluated and the results are that the 

presence of these substances is strongly dependent 

by mothers dietary (Fujii, 2012; So, 2006, 

Barbarossa, 2013; Lankova, 2013; Guzman, 2016) 



Toxicology of PFCs 

Data from animal experiments show that PFC uptake can occur by oral, inhalation, or dermal exposure, even 

though the uptake by oral ingestion is the strongest one.  

Since PFOS and PFOA cannot be metabolized by mammals, excretion is the only means by which the toxic 

activity of these compounds can be eliminated. The PFOA elimination half-life in serum markedly differs 

among species and between sexes, being 1 to 9 days in rats, 18 days in mice, 20 to 40 days in dogs, 20 to 32 

days in monkeys, and 3.8 years in humans (Calafat et al., 2007).  

PFCs are weakly lipophilic, very water soluble, and bind to proteins, in particular serum albumin (Han, 

2003); they also bind to β-lipoproteins or fatty acid binding proteins in the liver (lubker, 2002; Yoo, 2009; 

Han, 2008). 

Adverse effects reported in experimental animals exposed to PFOA or PFOS include hepatomegaly and 

hepatic peroxisome proliferation; liver, testicular, and pancreatic tumors; reproductive and developmental 

deficits, including reduced fetal weights, skeletal and cardiac malformations; neurotoxicity; and 

immunotoxicity (Corsini, 2014). 

PFC-associated toxicity in laboratory rodents has been related to ligand activation of proliferator-activated 

receptors alpha (PPARα) (Peraza et al., 2006). This receptor belongs to a superfamily of nuclear hormone 

receptors, which regulate important physiological processes that impact lipid homeostasis, inflammation, 

adipogenesis, reproduction, wound healing, and carcinogenesis  (Chinetti et al., 2000). The influence of PFCs 

on this receptor is species specific (Cheung, 2004). 

In zebrafish, administration of PFOS, PFNA, or PFOA 5 days post fecondation significantly alters body 

weight, locomotion and gene expression (Jantzen, 2016). 



• Men with high combined levels of PFOS and PFOA had a median of 6.2 million normal 

spermatozoa in their ejaculate in contrast to 15.5 million among 105 men with low PFOS–PFOA 

(Joensen, 2009). 

PFCs effect on male reproduction  

  SEMEN QUALITY 

• In 604 men from three different countries (Greenland, Poland and Ukraine) any association wasn’t showed among 

sperm concentration, total sperm count and semen volume with PFOS, PFOA, PFHxS or PFNA levels (Toft, 2012). 

• Any association in 256 men among PFOS and PFOA plasma concentration and semen quality (Raymer, 2012). 

• In 2013 Joensen and coworkers couldn’t replicate the results from their previous work by analyzing 247 men 

exposed to PFOS. 

• Trends of lower sperm concentration and total sperm count was observed in men from mother exposed to PFOA, 

while no association was fund with PFOS (Vested, 2013). 

• The LIFE study assessed that PFCs at environmentally relevant concentrations were associated with differences in 

sperm head, morphology (Luis, 2015) 

 No association between PFCs and DNA 

damage or apoptotic markers (Specht, 

2012) 

PFCs is associated with sperm aneuploidy 

and DNA fragmentation (Governini, 2015) 

SPERM DNA 
 PFOS and PFOA concentration are associated with 

later age of sexual maturation of children (83076 boys, 

2931 girls) living close to polluted region (Espinosa, 

2011)  [C8 Health project]. 

 Negative associations among PFCs and testosterone, 

FSH and sex hormone binding (Specht et al., 2012). 

 No association among FSH and PFOA or PFOS, but 

positive association with LH (Raymer, 2012).  

 Negative associations PFOS levels with serum 

testosterone (Joensen et al., 2013)  
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CLEAR (Climate Change, Environmental 

Contaminants And Reproductive Health  

7 different PFCs measured in serum (Lund University, 

Sweden): 

PFOS perfluorooctane sulfonate; PFOA 

perfluorooctanoic acid; PFHxS perfluorohexane 

sulfonic acid; PFNA perfluorononanoic acid; PFDA 

perfluorodecanoic acid; PFUnDA perfluoroundecanoic 

acid; PFDoDA perfluorododecanoic acid  

Due to the high prevalence of samples below detection 

limits, PFDA, PFUnDA, and PFDoDA were excluded 

from correlation analyses 

Work Package 6  

GENE ENVIRONMENT INTERACTIONS & 

EPIGENETICS  

  

Task 2 - ENEA: To measure global genomic 

methylation status in 200 semen samples from 

fertile men 

Laboratory of Biosafety and Risk 

Assessment 



Epigenetics 

“Molecular factors/processes around the DNA that regulate genome activity independent 
of DNA sequence, and these processes are mitotically stable”. Dr. Conrad Waddington, 
University of Edinborough, 1940 



Epigenetic signature of the sperm 

Carrel Fertility and sterility, 2012 



Role of epigenetic modifications during  

spermatogenesis 

H3/H4ac 

H3K9me 

H3K27me 

γH2AX 

uH2A 

H3K4me 

During mitosis and meiosis histones of male germ cells show the classical epigenetic modifications observed in other 

tissues.  

 Acetylation levels on both H3 and H4 are high in the stem cell phase and are completely removed during meiosis. This 

process is highly dinamic and it’s finely regulated during spermatogenesis and spermiogenesis. 

 

 Hyperacetylation of H4 histone precedes protamination and is fundamental for the correct occurring of this process. 

 

 Also histone ubiquitination is necessary to protamination process.  

 

 Monomethylation, dimethylation and trimethylation modifications of H3K4, H3K9 or H3K27 display tightly 

controlled temporal expression and ensure proper progression through spermatogenesis. The timing of establishment 

and removal of methylation marks is critical to normal spermatogenesis 

 

 H2Ax phosphorilation (γH2AX) is a histone modification which confers the formation of X/Y sex body during 

spermatogenesis 



Sperm DNA methylation 

In the lifetime of male mammals there are three major epigenomic reprogramming periods: 

1. In preimplantation embryo, soon after fertilization, sperm DNA is massively demethylated with the 

exception of imprinted genes, repeated sequences and unidentified regions involved in epigenetic 

inheritance diseases. Epigenetic marks are then reacquired during peri-implantation period. 

2. The second wave of DNA demethylation takes place in primordial cells at E11.5-E12.5 days post 

fertilization. In this case the whole DNA is demethylated, imprinted and repetitive sequences included.  

3. The third epigenomic reprogramming coincides with the onset of spermatogenesis and spans from 

puberty to adulthood 

DNA methylation is necessary for packaging the DNA inside spermatozoa,  

Its role in embryo epigenetic reprogramming is not fully understood, although promoters of genes 

involved in embryo development have been found hypomethylated in sperm DNA  

Sperm methylome is similar to embryonic stem and germ cells, not to somatic cells 



Sperm DNA methylation and male infertility 

 Imprinting errors in offspring conceived by ART have been reported and this was attributed to 

embryo or gamete manipulation. Current opinion associate ART imprinting disorders to 

facilitation of conception using gametes of infertile couples that may have an elevated risk of 

epigenomic errors 

 Defects of methylation of imprinted genes have been demonstrated in men with oligoazoospermia, 

with obstructive azoospermia, with defects of protamination, with idiopathic infertility (carrel 

2012) 

 Hypermethylation of cAMP-responsive element modulator (CREM) promoter gene has been 

demonstrated affect protamine 1:1 ratio, causing male infertility   

 Idiopathic male infertility has been associated to promoter hypermethylation of DAZL gene 

 Methylenetetrahydrofolate reductase (MTHFR) promoter hypermethylation has been found in 

male with idiopathic infertility and with nonobstructive azoospermia 



When the altered epigenetic programming occurs in the germline (sperm or egg), the altered 

epigenetics (e.g. epimutations) have the potential to be transmitted between generations 

Evidences for epigenetic inheritance through  

male germ line 

 The fungicide vinclozolin induces fertility problems and abnormalities in rats for at least four subsequent 

generations. Interestingly, this effect was most pronounced in males and was correlated with altered DNA 

methylation patterns in the germ line (Anway 2008; Guerrero-Bosagna, 2012) . Its effect has also been 

demonstrated at low doses affecting mRNA expression in testis (Eustache, 2009) .   

 

 Very low doses of a herbicide used worldwide, Simazine, administered during pregnancy did not elucidate 

measurable toxicity in the mother, but adversely affected normal development and reproductive activity of 

male offspring, accompanied with changes in expression of several genes in the testes (Park, 2012) .  

 

 Plastic-derived endocrine compounds bisphenol-A (BPA), bis(2-ethyl-hexyl)phthalate (DEHP) and dibutyl 

phthalate (DBP) and other toxins such as the hydrocarbonmixture JP-8 (or jet fuel) cause permanent changes 

to DNA methylation in F3 generation animals, testis or pubertal abnormalities, and several adult onset 

pathologies (Mannikkam, 2013; Tracey, 2013) .  

 

 Paternal smoking at the time of conception is linked with DNA damage in the coord blood of the offsprings 

(Laubenthal, 2012) . Furthemore, it has been demonstrated that smoke induces  changes in spermatozoa 

miRNA profile (Marczylo, 2012) .  

 

 Paternal food deprivation in male mice before conception leads to offspring with impaired glucose metabolism 

(Anderson, 2006) . 



 Male mice consuming a low-protein diet from weaning to sexual maturity had different RNA content and 

chromatin packaging of sperm as compared to controls; they also fathered offspring with altered DNA 

methylation at specific liver CpG islands (Carone, 2010) .  

 

 High-fat paternal diet increases spermatids histone acetylation and alters sperm cells miRNA profile (Palmer, 

2012) . 

 

 The father’s obesity leads to hypomethylation of the imprinted insulin-like growth factor 2 (IGF2) locus of the 

newborns (Soubry, 2013) ; similar results were seen at DMRs of other imprinted genes involved in early 

growth regulation. Interestingly, these results were independent of maternal obesity. 

 

 Recently in Mansuy’s lab it has been demonstrated that  traumatic stress in early life alters mouse sperm 

microRNA (miRNA)  expression. The effect to stress exposure is visible  as behavioral and metabolic responses 

in the  progeny. Injection of sperm RNAs from traumatized males  into fertilized wild-type oocytes reproduced 

the behavioral and  metabolic alterations in the resulting offspring (Gapp, 2014) .  

 

 Paternal folate deficiency is associated with increased birth defects in the offspring (cranofacial and 

musculoskeletal malformations). Analyzing sperm epigenome of the mice fed with low level of folate, 

differences in the methylation status of genes involved in development, and of genes expressed in central 

nervous system, kidney, spleen were found. Moreover alteration in the methylation of H3 lysine 4 and H3 

lysine 9 were shown (Lambrot, 2013) .  

Evidences for epigenetic inheritance through  

male germ line 



1 step: DNA is treated with bisulfite. Bisulfite converts cytosine residues to uracil, but leaves 5-methylcytosine 

residues unaffected. Thus, bisulphite treatment introduces specific changes in the DNA sequence that depend 

on the methylation status of individual cytosine residues, yielding single- nucleotide resolution information 

about the methylation status of a segment of DNA 

 

2 step: PCR of sequence of interest using biotinylated primers. This step enables the capture of amplified DNA 

by streptavidin beads in order to sequence it 

 

3 step: pyrosequencing of amplified DNA fragment    

DNA Methylation evaluation through 

pyrosequencing assay 



Repetitive elements comprise 45% of the human genome and consist of interspersed repeats 

derived from non-autonomous or autonomous transposable elements. They contain numerous 

CpG dinucleotides, so the methylation status of these sequences is relevant to understanding global 

DNA 

  

•ALU: this is the most plentiful short interspersed nucleotide element (SINE usually 300bp) in 

human DNA. It comprises 10% of the human genome and is present in 1 million copies per 

haploid genome.  

 

•LINE-1: this is a class of retrotransposons that is the most successfully integrated mobile element 

in the human genome. These sequences are up to 6 kb that comprise 20% of the human genome.  

 

•Satellite DNA, Sat alpha: these sequences are largely confined to the centromeres or centromere-

adjacent (juxtacentromeric) heterochromatin and to the large region of heterochromatin on the 

long arm of the Y chromosome. Satellite a (Sata) repeats are composed of 170 bp DNA sequences 

and represent the main DNA component of every human centromere 

DNA Methylation of repetitive elements as a surrogate 

of global DNA methylation 



Sperm DNA methylation end points:  

average values (±SE) 

FCM DMGL: no differences among sites 

LINE-1: Greenland # Kharkiv; Greenland # Warsaw; Kharkiv # Warsaw 

Alu: Greenland # Kharkiv; Greenland # Warsaw 

Sata: Greenland # Kharkiv; Greenland # Warsaw 

DNA	

methylation

Greenland Kharkiv Warsaw Combined

79.2±0.4 76.8±0.9 75.5±0.6 77.4±0.4

(N=90) 	(N=69) (N=65)	 (N=224)

51.3±1.5 44.9±1.6 42.3±1.3 46.6±0.9

(N=81) (N=69) 	(N=63) (N=213)

20.8±0.4 24.2±0.4 23.3±0.5 22.6±0.3

(N=84) (N=67) (N=64) (N=215)

Notes:

Values represent the mean ± SE

LINE-1,	%	5-mC

Sata,	%	5-mC

Alu,	%	5-mC



 Sperm DNA methylation end points and  

PFCs 

Leter et al., Environ Mol Mutag, 2014 

Associations between PFASs levels and sperm DNA global methylation 

parameters.  Statistically significant (p<0.05) associations are evidenced 

in red. 

All associations shown are adjusted for site, age (ln transformed), 

smoking (yes/no) 

No strong and consistent 

associations between PFCs 

exposure and sperm DNA global 

methylation endpoints.  

Greenland  Karkiw Warsaw 

PFOS 

(ng/ml) 

52,2±2,5 

(n=112) 

7,9±0,3 

(n=97) 

 

17,7±0,5 

(n=98) 

PFOA 

(ng/ml) 

5±0,2 

(n=112) 

1,7±0,2 

(n=97) 

 

5,3±0,2 

(n=98) 

 

PFHxS 

(ng/ml) 

3,0±0,3 

(n=112) 

 

0,4±0,1 

(n=97) 

1,2±0,1 

(n=97) 

PFNA 

(ng/ml) 

2,2±0,2 

(n=112) 

1,1±0,1 

(n=97) 

1,4±0,1 

(n=97) 



CONCLUSIONS 

 PFCs found in >98% of men. 

 Greenland emerges as a polluted area with the highest contamination levels of PFOS, PFHxS and PFNA 

 Greenlandic men showed the highest level of methylation for LINE-1 and Satα and the lowest for Alu. 

 The pyrosequencing methods on the DNA repetitive sequences demonstrate that the methylation percentage 

of the sequences considered are not necessarily correlated one each other 

 These methylation end points are quite independent from semen quality parameters (sperm count, 

concentration, morphology, immotility, immature forms, sperm DNA fragmentation), blood reproductive 

hormones’ concentration, lifestyle and demographic parameters. 

 Although all the men enrolled are spouses to pregnant women and thus ‘fertile’, it should be acknowledged 

that our population sample includes all degrees of subfertile men, including some men with low semen 

quality and/or long time to pregnancy. 

 Our results did not find any major consistent changes in sperm DNA global methylation after 

environmental exposure to PFCs, but this result doesn’t exclude a possible effect of these compounds on 

promoters of specific genes 
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