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Introduction

The person’s genome is fixed at the time of 
conception, but it can be modified during life 
through the influence of external factors. Among 
the latter oxidative changes to the desoxyribonucleic 
acid (DNA), resulting in transition mutagenesis 
(Valavanidis et al., 2009), and epigenetic changes 
due to altered methylation and acetylation 
(Weinhold, 2006) are the most important. 
Epigenetics determine which fractions of the DNA 
come to expression and may promote the occurrence 
of particular diseases such as neurological disorders, 
diabetes, atheromatosis and cancer. 
Changes in the structure and expression of DNA are 
pivotal during embryogenesis and may be influenced 
by, amongst other factors, life style, environmental 
toxins and nutrition (Torano et al., 2016). Since these 
changes are reversible they should be amenable for 
correction (Lee, 2015), as argued for in the present 
paper.

Oxidative damage to spermatozoa

Male infertility is commonly caused by varicocele, 
accessory gland infection (prostato-epididymitis), 
or hormone disruption by environmental xeno-
estrogens. In all these circumstances spermatozoa 
are subject to increased oxidative stress with an 
increased concentration of reactive oxygen species 
(ROS) in the ejaculate (Depuydt et al., 1996; Aitken 
et al., 1996; Aitken and Sawyer, 2003). These 
reduce the number of double bonds of the poly 
unsaturated fatty acids of the phospholipid layer that 
constitutes the sperm membrane. The proportion of 
the docosahexaenoic acid (22-6 ω3; cervonic acid) 
is decreased (Fig.1) reducing the fluidity of the 
membrane and its capacity to fuse with the oocyte 
membrane during fertilisation (Zalata et al., 1998).

ROS also affects the energy production by the 
mitochondria situated at the mid-piece which 
results in poor sperm motility (asthenozoospermia) 
(Comhaire et al., 1989; Aitken et al., 2016).

Oxygen damage at the level of DNA converts 
the nucleotide guanine into 8-hydroxy-2-deoxy 
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Abstract

Fertility of both men and women has been negatively influenced by external factors and life style in recent decennia. 
Mechanisms of hormone disruption, oxidative damage, and epigenetic DNA changes play a pivotal role in this 
process.
In Belgium, strict regulations have been imposed to reduce the exposure to xeno-estrogens, which has resulted in 
a partial recovery of sperm quality. At the other hand, more couples require in vitro fertilisation (IVF) whereby 
ovarian stimulation may be associated with epigenetic DNA hyper-methylation of follicular cells, and increased 
risk of carcinogenesis among offspring.
In order to reduce the health risks for the offspring it is recommended to optimize the oxidative, epigenetic 
and metabolic situation of both parents by means of lifestyle adaptation, and the use of appropriate food 
supplementation before conception and during pregnancy.   
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During normal conception or after intra uterine 
insemination or regular IVF, fusion of the sperm 
and oocytes membranes does not occur since the 
sperm membrane has been damaged by oxidative 
damage. Therefore, the altered DNA will not enter 
de oocytes. In case of ICSI, however, an excessive 
amount of oxidised DNA in the sperm heads may 
be introduced into the oocyte cytoplasm, exceeding 
the repair capacity of the P53 protein, and allowing 
for transition mutagenesis of the embryos. This may 
result in early abortion or impaired neurological or 
psychological development of the offspring (Aitken 
et al., 2016).

Reactive oxygen species may also induce DNA 
strand breaks which can be demonstrated and 
quantified by determining the DNA fragmentation 
index (DFI). The use of sperm with an elevated 
proportion of DFI is associated with a lower success 
rate in intrauterine insemination, where IVF with 
ICSI should be the method of choice (Giwercman 
et al., 2010) 

Oxidative damage to oocytes 

Common causes of female infertility, namely 
disturbed ovulation e.g. by the polycystic ovary 
syndrome, pelvic inflammatory disease, or 

guanosine (8-OH-2dG), the amount of which is 
found to be increased in spermatozoa of infertile 
men (Comhaire et al., 2000). During cell replication 
after fertilisation, the 8-OH-2dG binds to thymine, 
whereas guanine would normally bind to cytosine, 
introducing transition mutagenesis in the daughter 
cells (Fig.2).  

Figure 1: The histogram shows the proportion of 
docosahexaenoic acid (DHA, or cervonic acid, on the vertical 
axis, in mole%, mean +/- SEM) in the phospholipid fractions 
of the membrane of spermatozoa of normal fertile men 
(controls) and of patients in whom infertility is due to idiopathic 
oligozoospermia, or to varicocele, or to male accessory gland 
infection (MAGI).  

Figure 2: The diagram shows the mechanism of transition 
mutagenesis occurring in oxidative DNA damage. 
Guanine (G) is oxidised into 8-hydroxy-2 deoxyguanosine 
(8-OH-2dG) by the effect of reactive oxygen species, or 
free radicals. During DNA replication the 8-OH-2dG will 
bind to Thymine (T), whereas it should normally bind to 
Cytosine (C). The dinucleotide Thymine- Adenine (A) 
will replace the dinucleotide G-C in the daughter cells, 
which constitutes a transition mutation.  

endometriosis are associated with inflammation 
inducing increased concentrations of cytokines, 
prostaglandins and ROS (Da Broi et al. 2018). These 
will influence the follicular cells and may damage 
both the membrane and the DNA of the oocytes, 
and reduce the probability of fertilisation (Agarwal 
et al., 2005). There is evidence that epigenetic 
changes of oocyte DNA may also occur due to the 
intercellular exchange of signals between the cells 
of the corona radiata and the oocytes through gap 
junctions (Downs, 2001; Fair, 2003). 

Oxidative damage during embryogenesis

After fertilisation the oocyte divides into daughter 
cells whereby forces are exerted to fold the 
membrane, and energy is needed to replicate the 
DNA. The former is obtained by the contraction of 
a specific protein, the non-muscle myosin II (Conti 
and Adelstein, 2008). The energy that is required for 
these processes is provided as adenosine triphosphate 
generated by the mitochondria. Inhibition of 
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becomes unopposed and lengthens the telomeres 
(Guilleret et al., 2002), which has been associated 
with increased risk of childhood brain tumours and 
of hepatocellular hepatocarcinoma (Castelo-Branco 
et al., 2013; Zhang et al., 2005). 

Hypothesis

In summary, it appears that ovarian stimulation 
deregulates the balance between S-adenosyl 
methionine and S-adenosyl homocysteine, 
enhancing the activity of DNA-methyltransferase 
through the one carbon metabolism. This may 
induce hyper-methylation of the second GpG 
dinucleotide of the hTERT promoter region and 
increase telomere length of the cumulus cells, which 
signal is transferred to the oocytes. Together with 
DNA changes introduced by oxidative damage 
and inflammatory cytokines, this mechanism 
may increase the risk of abnormal cell division, 
of impaired DNA replication, and of excessive 
telomere length interfering with the development 
and health of the offspring.

Prevention of DNA impairment 

Since oxidative, inflammatory and epigenetic 
alterations may cause health problems in offspring 
of infertile couples, particularly if ovarian 
stimulation is applied, it is important to optimise the 
biological internal environment (“milieu intérieur”) 
of both partners before and during conception, and 
during pregnancy. Evidently, recommendations 
should include prohibition to smoke and to 
drink alcohol, as well as a well-balanced diet. In 
addition it is suggested to prescribe a specific food 
supplement (Arhin et al., 2017) composed of certain 
vitamins (DeVilbiss et al., 2017), minerals, amino 
acids, and plant extracts. Such supplements are 
called nutriceuticals, and they aim at decreasing 
oxidative overload and inflammation, at optimising 
mitochondrial function, and at reducing epigenetic 
alterations.
The formulation which we have created is composed 
of the membrane antioxidant Astaxanthin, which 
is a non-toxic carotenoid present in the biomass 
of the alga Haematococcus pluvialis (Comhaire 
and Mahmoud, 2003; Comhaire et al., 2005), and 
the mitochondrial antioxidant oxidoreductase 
Ubiquinone Q10 (Garrido-Maraver et al., 2014; 
Showell et al., 2014; Sekhon et al., 2010). 
Astaxanthin was proven to reduce the amount of 
oxidised DNA in the spermatozoa of infertile men 
(Fig.4). 

The extract of the Mediterranean pine bark (Pinus 
maritima) contains proanthocyanidins with both 
anti-oxidant and anti-inflammatory effect through 

mitochondrial function by inflammation and ROS 
may reduce energy production (Michael et al., 
2006), causing inadequate contraction of the myosin 
proteins and impaired embryonic cell division. 

Epigenetic changes during ovarian stimulation 

Recent research suggests that the risk of certain 
cancers and of leukaemia may be increased among 
children born after IVF (Källén et al., 2010; Petridou 
et al., 2012). In another study such increased risk 
was not confirmed except for hepatoblastoma and 
rhabdomyosarcoma (Williams et al., 2013). During 
ovarian stimulation certain biochemical changes 
do occur in follicular fluid which could affect 
epigenetics, DNA methylation in particular. In fact, 
the concentration of homocysteine is commonly 
increased, deregulating the balance between 
S-adenosyl methionine (SAMe) and S-adenyl 
homocysteine (SAH) of the one carbon metabolism 
(Boxmeer et al., 2008; Ocal et al., 2012). This may 
induce increased activity of DNA methyltransferase 
in the granulosa cells and the oocytes, via the 
intercellular gap-junctions. 
We have measured the degree of methylation of the 
human telomerase reverse transcriptase (hTERT) 
in follicular fluid cells of 8 ovaries obtained during 
follicular aspiration for IVF. Using pyrosequencing 
we could ascertain enhanced methylation of the 
second CpG dinucleotiden of the hTERT promoter 
region in 2 out of 8 samples (Comhaire et al., 2015) 
(Fig.3).

Figure 3: In this line and dot diagram the proportion of 
methylation (on the vertical axis, in %) of each one of the 5 
dinucleotides of the promoter region of the human telomerase 
reverse transcriptase (hTERT) is represented. The level of 
methylation of the Cytosine-Guanine 2 (CpG2) reaches 15% 
in two out of eight samples (samples number 3 and 7, on the 
horizontal axis) of follicular fluid of patients treated by IVF 
with ovarian stimulation. 

The elevated methylation of the dinucleotides 
results in suppression of the catabolic subunit of 
the telomerase. The anabolic telomerase subunit 
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potential of human gametes as well as potentially 
disturbing the embryo development, particularly 
after ovarian stimulation. These may explain, at least 
in part, the failures of ongoing pregnancies after 
IVF, and the alleged increase of certain malignant 
diseases and neurological disorders observed in 
offspring of fertility treatments. It is mandatory to 
create an optimal “milieu intérieur” in both partners 
before conception and during pregnancy, for which 
nutritional supplementation may be recommended.   

References

Agarwal A, Gupta S, Sharma R. Oxidative stress and its 
implications in female infertility – a clinician’s perspective. 
Reprod Biomed Online. 2005;11:641-50.

Aitken RJ, Sawyer D. The human spermatozoon - not waving 
but drowning. Adv Exp Med Biol. 2003;518:85-98.

Aitken RJ, Buckingham DW, Carreras A et al. Superoxide 
dismutase in human sperm suspensions: relationship with 
cellular composition, oxidative stress, and sperm function. 
Free Radic Biol Med. 1996;21:495-504.

Aitken RJ, Gibb Z, Baker MA et al. Causes and consequences 
of oxidative stress in spermatozoa. Reprod Fertil Dev. 
2016;28:1-10.

Arhin SK, Zhao Y, Lu XS et al. Effect of micronutrient 
supplementation on IVF outcomes: a systematic review of 
the literature. Reprod Biomed Online. 2017;35:715-22. 

Boxmeer JC, Steegers-Theunissen RP, Lindemans J et al. 
Homocysteine metabolism in the pre-ovulatory follicle 
during ovarian stimulation. Hum Reprod. 2008;23:2570-6.

Canali R, Comitato R, Schonlau F et al. The anti-inflammatory 
pharmacology of Pycnogenol in humans involves 
COX-2 and 5-LOX mRNA expression in leukocytes. Int 
Immunopharmacol. 2009;9:1145-9.

Castelo-Branco P, Choufani S, Mack S et al. Methylation of 
the TERT promotor and risk stratification of childhood 
brain tumours: an integrative genomic and molecular study. 
Lancet Oncol. 2013;14:534-42.

Comhaire FH, Mahmoud A. An update on treatments and 
interventions for male infertility, and the role of nutriceutical 
food supplementation. J Pharm Nutr Sci. 2013;3:000-000.

Comhaire FH, Mahmoud A. The role of food supplements in 
the treatment of the infertile man. Reprod Biomed Online. 
2003;7:385-91.

Comhaire FH, Christophe AB, Zalata AA et al. The effects 
of combined conventional treatment, oral antioxidants and 
essential fatty acids on sperm biology in subfertile men. 
Prostaglandins Leukot Essent Fatty Acids. 2000;63:159-65.

Comhaire FH, Decleer WAE, Declerck K et al. Investigation 
of Adverse Cancer Related DNA Methylation Variation 
in the Human Telomerase Reverse Transcriptase (hTERT) 
Promotor in Follicular Fluid Cells of Women Subjected to 
Ovarian Stimulation for In Vitro Fertilization (IVF). JFIV 
Reprod Med Genet. 2015; http://dx.doi.org/10.4172/2375-
4508.1000161.

Comhaire FH, El Garem Y, Mahmoud A et al. Combined 
conventional/antioxcidant “Astaxanthin” treatment for male 
infertility: a double blind, randomized trial. Asian J Androl. 
2005;7:257-62.

Comhaire FH, Mahmoud AM, Schoonjans F. Sperm quality, 
birth rates and the environment in Flanders (Belgium). 
Reprod Toxicol. 2007;23:133-7.

Comhaire FH, Vermeulen L, Monsieur L et al. Determination 
of adenosine triphosphate in human semen to estimate the 
fertilizing potential and to quantify sperm antibodies. J 
Biolumin Chemilumin. 1989;4:399-405.

Conti MA, Adelstein RS. Nonmuscle myosin II moves in new 
directions. J Cell Sci. 2008;1:121(Pt 1):11-8.

the inhibition of the cyclo-oxygenase 2 (COX-
2) and the 5-lipoxygenase (5-LOX) (Canali et al., 
2009). ATP production by the mitochondria is 
optimized by stimulating the beta-oxidase activity 
by the addition of the poly-unsaturated omega-3 
fatty acids together with l-acetyl-carnitine (Lenzi et 
al., 2004). The combination of the vitamins B6, B9 
and B12 reduces the concentration of homocysteine 
concentration restoring the balance between 
S-adenosyl-methionine (SAMe) and S-adenosyl-
homocystein (SAH) which should normalise 
the degree of DNA-methylation (Homocysteine 
Lowering Trialists’ Collaboration, 2005; Hoyo et 
al., 2011; McCullough et al., 2016). This effect 
is reinforced by the addition of selenomethionine 
(Speckmann and Grune, 2015). 
A limited randomised prospective double-blind 
placebo-controlled trial (RCT) has evidenced 
an increased rate of ongoing pregnancies after 
IVF among couple who were pre-treated by the 
nutriceutical, with number needed (NNT) to treat 
equal to 4 (Comhaire and Mahmoud, 2013).
Melatonin has been shown to exhibit unique oxygen 
scavenging abilities. Some studies have suggested a 
role for melatonin in gamete biology. Clinical studies 
suggest that melatonin supplementation in IVF may 
lead to better pregnancy rates. This, however, needs 
confirmation by future well designed clinical trials 
(Fernando and Rombauts, 2014)

Conclusion

There is conclusive evidence to sustain the concept of 
external factors negatively influencing the fertilizing 

Figure 4: This box and whisker plots shows the concentration 
of 8-OH-2dG (on the vertical axis, in fMol) in the DNA of 
spermatozoa of infertile men, before treatment and after 6 
weeks of intake of the anti-oxidant Astaxanthine (8 mg per day).



	 EXTERNAL FACTORS AFFECTING FERTILITY – COMHAIRE et al.	 221

l-acetyl-carnitine treatment in men with asthenozoospermia. 
Fertil Steril. 2004;81:1578-84.

McCullough LE, Miller EE, Mendez MA et al. Maternal B 
vitamins: effects on offspring weight and DNA methylation 
at genomically imprinted domains. Clin Epigenetics. 
2016;8:8.

Michael T, Lin MT, Beal F. Review Article Mitochondrial 
dysfunction and oxidative stress in neurodegenerative 
diseases. Nature. 2006;443:787-95.

Ocal P, Ersoylu B, Cepni I et al. The association between 
homocysteine in the follicular fluid with embryo quality and 
pregnancy rate in assisted reproductive techniques. J Assist 
Reprod Genet. 2012;29:299-304.

Petridou ET, Sergentanis TN, Panagopoulou P et al. In vitro 
fertilization and risk of childhood leukemia in Greece and 
Sweden. Pediatr Blood Cancer. 2012;58:930-6. 

Sekhon LH, Gupta S, Kim Y et al. Female infertility and 
Antioxidants. Curr Womens Health Rev. 2010;6:84-95.

Showell MG, Mackenzie-Proctor R, Brown J et al. Antioxidants 
for male subfertility. Cochrane Database Syst Rev. 
2014;12:CD007411.

Speckmann B, Grune T. Epigenetic effects of selenium and 
their implications for health. J Epigenetics. 2015;10:179-90.

Torano EG, Garcia MG, Fernandez-Moreno JL et al. The 
impact of external factors on the epigenome: In Utero 
and over lifetime. Biomed Res Int. 2016; 201:2568635. 
doi:10.1155/2016/2568635.

Valavanidis A, Vlachogianni T, Fiotakis C. 8-hydroxy-2-
deoxyguanosine (8-OHdG): a critical biomarker of oxidative 
stress and carcinogenesis. J Environ Sci Health C Environ 
Carcinog Ecotoxicol Rev. 2009;27:120-39.

Weinhold B. Epigenetics: the science of change. Environ Health 
Perspect. 2006;114:A160-A167.

Williams CL, Bunch KJ, Stiller CA et al. Cancer risk among 
children born after assisted conception. N Engl J Med. 
2013;369:1819-27.

Zalata AA, Christophe AB, Depuydt CE et al. The fatty acid 
composition of phospholipids of spermatozoa from infertile 
patients. Mol Hum Reprod. 1998;4:111-8.

Zhang H, Weng X, Ye J et al. Promotor hypermethylation of 
TERT is associated with hepatocellular carcinoma in the 
Han Chinese population. Clin Res Hepatol Gastroenterol. 
2005;39:600-9.

Da Broi MG, Jordao-Jr AA, Ferriani RA et al. oocyte 
oxidative DNA damage may be involved in minimal/
mild endometriosis-related infertility. Mol Reprod Dev 
2018;85:128-36.

Depuydt CE, Bosman E, Zalata A et al. The relation between 
reactive oxygen species and cytokines in andrological 
patients with or without male accessory gland infection. J 
Androl. 1996;17:699-707.

DeVilbiss EA, Magnusson C, Gardner RM et al. Antinatal 
nutritional supplementation and autism spectrum disorder in 
the Stockholm youth cohort: population based cohort study. 
BMJ. 2017;359.j4273.

Downs SM. A gap-junction-mediated signal, rather than an 
external paracrine factor, predominates during meiotic 
induction in isolated mouse oocytes. Zygote. 2001;9:71-82.

Fair T. Follicular oocyte growth and acquisition of 
developmental competence. Anim Reprod Sci. 2003;78:203-
16.

Fernando S, Rombauts L. Melatonin: shedding light on 
infertility?—A review of the recent literature. J Ovarian Res 
2014;7:98. Doi:10.1186/s13048-014-0098-y

Garrido-Maraver J, Cordero MD, Oropesa-Avila M et al. 
Coenzyme Q10 Therapy. Mol Syndromol. 2014;5:187-97. 

Giwercman A, Lindstedt L, Larsson M et al. Sperm chromatin 
structure assay as an independent predictor of fertility in 
vivo: a case-control study. Int J Androl 2010;33: e221-7.

Guilleret I, Yan P, Grange F et al. Hypermethylation of the 
human telomerase catalytic subunit (hTERT) gene correlates 
with telomerase activity. IJC. 2002;101:335-41. 

Homocysteine Lowering Trialists’ Collaboration. Dose-
dependent effects of folic acid on blood concentrations of 
homocysteine: a meta-analysis of the randomized trials 
1’2’3. Am J Clin Nutr. 2005;82:806-12.

Hoyo C, Murtha AP, Schildkraut JM et al. Methylation variation 
at IGF2 differentially methylated regions and maternal 
folic acid use before and during pregnancy. Epigenetics. 
2011;6:928-36.

Källén B, Finnström O, Lindam A et al. Cancer risk in children 
and young adults conceived by in vitro fertilization. 
Pediatrics. 2010;126:270-6.

Lee HS. Impact of maternal diet on the epigenome during in 
utero life and the developmental programming of diseases 
in childhood and adulthood. Nutrients. 2015;17:9492-507. 

Lenzi A, Sgrò P, Salacone P et al. A placebo-controlled double-
blind randomized trial of the use of combined l-carnitine and 


