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Introduction 
Methylation, the covalent addition of methyl groups to a wide variety of 

molecules, is a crucial biochemical process that is necessary for the transmission 
of life. During gametogenesis, methylation of DNA and histone targets ensures 
the completion of regulatory processes that are necessary for epigenesis 
and imprinting mechanisms during all steps of embryo development. DNA 
repair is also supported by a number of methyl transferases, via the synthesis 
of purines. The process of methylation relies exclusively on S Adenosyl 
methionine (SAM) as methyl donor. After release of a methyl group, the 
demethylation product of SAM is S- Adenosyl Homocysteine (SAH), which 
is hydrolysed to homocysteine (Hcy) [1-4]. Both SAH and Hcy are potent 
inhibitors of DNA methylation. Moreover, Hcy is a cause and a consequence 

Abstract
Methylation is a crucially important ubiquitous biochemical process: 

It relies on 2 cycles, the folates and the one carbon cycles, which activity 
is affected by MTHFR SNPs (Methylene TetraHydrofolate reductase, 
Single nucleotide polymorphisms); These SNPs affect spermatogenesis, 
oocyte maturation anomalies and cytologic/chromosomic anomalies. The 
two main MTHFR SNP variants C677T also called 677CTor c.6777C>T 
and A1298C also called 1298AC or c.1298A>C and homocysteine, a 
recognized inhibitor of methylation, have been tested in >4500 men 
and women suffering long lasting infertility (>3years) including repeat 
miscarriages and/or having failed several ART attempts with the same 
partner. The genetic status with highest prevalence is, for both sexes, the 
heterozygous C677T isoform, followed by the combined Heterozygous 
C677T/A1298C, and then heterozygous A1298C background. Only 
14% of our population is Wild Type (WT).  The T677T isoform, induces 
hyperhomocysteinemia (HHcy) especially in men. HHcy is always much 
more frequent in men. We confirm that HHCy is strongly gender related 
and that steroid hormones are active regulators of Hcy homeostasis. 

Determination of these 2 SNPs and homocysteine should not be 
overlooked for patients with infertility of long duration, including repeat 
miscarriages.  Patients must also be informed about pleiotropic medical 
implications relevant to their own health, as well as to the health of future 
children (especially boys).
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of oxidative stress, known to induce an associated mechanism 
of de-methylation [5]. Cellular transport of Homocysteine is 
carried out via the classical amino-acid transporters L, A and 
ɣ+L; Hcy competes with methionine for these molecules: 
Homocysteine has an affinity for the transporters that is on 
average 4.5x less than that of Methionine [1]. Homocysteine 
accumulates in carriers of MTHFR SNPs, with a major 
negative impact on the female gamete. A deleterious effect on 
oocyte quality has been demonstrated in ART treatment cycles 
[6-9]. Homocysteine also has toxic effects on mitochondria, 
at least in part due to its competition with methionine [1,10-
13]: embryonic mitochondria are completely dependent 
upon maternal inheritance. During the final stages of oocyte 
maturation, a jeopardized methylation process will affect the 
stability of DNA and cause chromosomal instability. This has 
been clearly demonstrated in carriers of MTHFR SNPs [14], 
where the acquisition of methylation tags during the final 
stage of maturation is inhibited [15-18] and maintenance of 
methylation driven by DNMT1 (DNA methyltransferase 1) 
is jeopardized. There is a fine-tuned equilibrium between de-
methylation, methylation maintenance, and, to a lesser extent, 
de novo methylation; All of these misdirected processes 
lead to poor developmental capacity for the embryo [15,16] 
Methylation of mRNAs, at N6-methyladenosine (m6A), 
catalysed by methyltransferase-like (METTL 3, expressed 
in human oocyte) is the most prevalent mRNA epigenetic 
modification and should not be overlooked. This process 
allows a correct balance between epigenic regulation and 
mRNA translation [19-20], allowing a biochemically/timely 
correct maternal to zygotic transition (MZT).

A similar negative impact can also be seen in men [21-
24], where Hcy is also toxic for sperm mitochondria: a 
correlation between DNA methylation and sperm quality is 
no longer a matter for debate. Methylation stabilizes DNA 
[23] and minimizes sperm DNA fragmentation.

Due to increasing concern about epigenetic transmission
in children born following assisted reproduction [26-30], we 
now test both male and female partners who present with a 
history of long-standing infertility for MTHFR SNPs and 
homocysteine. The 2 MTHFR SNPs studied here, the C677T 
and A1298C are known to negatively impact male and female 
gametes, early embryos and induce miscarriages. Based on 
preliminary results [31] and bypassing concerns related to 
methylation and the question of UMFA (unmetabolized 
folic acid) [31-35], we compared circulating levels of 
homocysteine in relation to MTHFR genetic background 
as a strategy toward solving cases that are often classified 
as “idiopathic infertility”. Circulating unmetabolized folic 
acid competes with the natural folate 5MTHF: it binds and 
saturates the natural folate receptors, SLC 19A1 and SLC 
46A1, impairing the activity of methionine synthase which 
allows the regeneration of Methionine from Homocysteine

We present here data documenting homocysteine and 
MTHFR SNP genetic background for more than 4500 men 
and women presenting with infertility of long duration, with 
or without a history of recurrent miscarriage.

Materials and Methods
Ethical considerations: Testing for Hcy and MTHFR 

SNPs has been standard practice in our units for patients with 
a history of ART failures and recurrent miscarriage since 
2019. The study was carried out according to the classical 
ethics regulations recommended by the French “Agence de 
Biomedecine”. This is an observational study which was 
part of a clinical therapeutic program, and the “Agence de 
Biomedecine” has confirmed that no ethical approval is 
required. Testing must be prescribed by an andrologist, 
gynecologist/obstetrician or an endocrinologist, for patients 
seeking fertility treatments; signed informed consent is 
mandatory. Testing for the purpose of building a control 
group in a fertile population is not permitted. Research was 
performed in accordance with the Declaration of Helsinki; all 
of the tests must be performed in licensed laboratories. Based 
upon our first preliminary data [31] testing is recommended 
for both partners, but either one or both members of the 
couples may decline testing. 

Genetic testing: The techniques have been previously 
described [36,37]. Tests are carried out on 5 µL venous blood 
samples, using the LAMP human MTHFR mutation kit 
(LaCAR, MDx, Belgium) based on selective hybridization. 
Amplification is performed at 65°C, using several sets of 
primers simultaneously. Six specific primers covering the 
locus of the mutation are used for the 677CT SNP. The same 
protocol was applied for 1298AC SNP, with 6 specific primers 
covering the region of the mutation. Two loop primers are 
used in both, and the probes used simultaneously amplify the 
wild type gene. The results were evaluated by comparing the 
curves obtained by fluorescence. 

Homocysteine: The protocol has been previously 
described [36,37]. Briefly: fasting blood samples were 
collected in the morning, and serum Hcy measured using the 
VYTROS kit, which allows determination of homocystine 
and homocysteine. The assay is linear from 1 to 90 µM-
homocysteine. Homocystine is reduced to homocysteine 
with tris(2-carboxyethyl), and total homocysteine is then 
transformed into cystathionine in the presence of cystathionine 
beta synthase (CBS). Cystathionine is hydrolyzed by 
cystathionine lyase to form Hcy, ammonia, and pyruvate. The 
pyruvate released is reduced to form lactate; the amount of 
NAD+ produced by lactic acid dehydrogenase is proportional 
to all the homocysteine present in the sample, and this is 
measured by spectrophotometry at 340 nm. 

There is no real consensus for minimal Hcy cut-off values. 
With respect to dementia and cardiovascular diseases, a level 
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of 10 μmoles/L appears to be a healthy baseline [38,39]. A 
5 μM increase in plasma Hcy concentrations over 14 μM is 
considered to increase the risk of disease by 40%. We chose a 
level of 15 μmoles/L as the cut-off for increased risk. 

Statistics: Three methods of calculation were used. 
*Hcy values and MTHFR SNP background within sex

groups; Hcy concentrations were compared between the 
different MTHFR SNP backgrounds in separate male and 
female groups.

*Comparison between sexes for HHcy (>15 µMolar) for
each MTHFR SNP combination: Hcy values were compared 
in men and women for each of the MTHFR SNP 
combinations vs WT. The t test (Student) for mean 
comparisons has been also calculated

Results
Seven of the 2127 men tested were found to carry a triple 

mutation; one of the seven has a circulating homocysteine 

>15 micromolar. Eleven out of 2439 women tested also
carried a triple mutation, with no elevated Hcy concentration
detected. Altogether,18/4566 = 0.4% were affected by a triple
mutation; these patients are not included in the tables.

The “normal physiological” baseline levels of Hcy can 
be estimated as 8.5 µM in women and 11.5 µM in men (as 
observed for the WT patients). In total 18.2% of the men and 
3.4% of the women tested have a HHcy >15 µM

*Comparison of the circulating Hcy between men and
women according to the MTHFR SNP background (Table 1)

*Comparison of Hcy levels between men and women:
all the gender differences are significant whatever the 
MTHFR SNP combination. ****p<10-5, ***p< 10-4. All the 
percentage of HHCy are significantly different between men 
and women

*Impact in each gender group of the MTHFR SNP vs WT
on HHCy (odds ratios)

Women: The only mutation increasing significantly the 
level of homocysteine (vs WT) is the Homozygotic T677T/
A1298A form. Mean comparison (t = 4.9)
T677T/A1298A Odds ratio      Lower 95%     Upper 95%  1/Odds

 8.97               3.72            21.64  0.11

Men: The two significant combinations increasing highly 
significantly the Hcy (Vs WT) are the homozygous state 
T677T/A1298A (Mean comparison, t= 10.9) and the combo 
state C677T/A1298C (mean comparison, t=8)

Odds ratio        Lower 95%      Upper 95%      1/Odds

C677T/A1298C 2.5        1.5               4.0  0.40
T677T/A1298A 14.1        8.7               22.9   0.07

Discussion
During reproductive life, methylation is a universal 

ubiquitous regulatory process, affecting DNA, histones and 
RNAs during gametogenesis and then as early as fertilization 
and the first stages of embryo development.  It involves two 
integrated cycles: the folates and the one carbon cycles. 
The function of the one-carbon cycle differs between 
men and women during their reproductive life. Firstly, the 
baseline level for a “normal/safe” Hcy can be estimated 
as 8.5µMoles/L (µM) in women vs 11.5µMoles/L in men 
(based on the values for WT). The 677TT isoform status 
presents the greatest hazard, especially for genomic DNA 
methylation [40]. followed by combined heterozygosity; 
this confirms that determining the 1298AC isoform is also of 
benefit, especially in consideration of the fact that ultimately, 
the genetic background of the embryo is an important feature 
[14]. Irrespective of the threshold, women appear to have 
greater protection against HHcy and Hcy-related oxidative 
stress [41]. In some respects, this favors oocyte and ovarian 

Men Women Significance
N Hcy (SD) [%>15 µM] N Hcy (SD) [%>15 µM]

677TT 278 19.7 (13.6) [58.7%] 270 10.6 (5.9) [13.3%] ****
Range 6.7-86.5 4.3-54.7
Combo 454 12.7 (2.8) [18.8%] 480 8.6 (2.4) [2.3%] ****
Range 5.7-43.8 3.7-20.8

1298CC 186 11.6 (2.9) [11.8%] 221 8.6 (2.5) [0.2%] ***
Range 4.0-23 3.5-21.3

WT 278 11.5 (2.6) [8.6%] 356 8.4 (3.0) [0.2%] ***
Range 6.4-23.3 3.8-25.5

1298AC 422 11.6 (2.7) [9%] 517 8.5 (2.4) [0.2%] ***
Range 4.1-25.2 3.5-22.4
677CT 502 11.9 (2.8) [11.6%] 584 8.5 (2.5) [2.4%] ***
Range 6.2-95.6 3.7-25.1

Table 1: Mean (SD) circulating Hcy values (µMoles per liter) in men and women. N: number of patients in each group [% < 15 µM): 
percentage of patients having HHcy>15 µMolar. Combo: double/combined Heterozygoty C677T/A1298C
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Figure 1: One-carbon and folate cycles: the effect of sexual hormones.

protection, as overall scientific literature links elevated 
follicular fluid Hcy with poor oocyte quality. It is evident 
that MTHFR SNPs create a source of abnormal regulation 
in local Hcy recycling. This feature has also been confirmed 
in the testis [21,23,24]. Mitochondria, of maternal origin in 
the embryo, need to have protection against HHcy, especially 
as cellular Hcy transport is shared by transporters for most 
of the classical amino acids. Notably, Hcy competes with 
methionine for transport in the embryo [1], albeit with a 4.5 
times lower affinity. Hcy decreases the cellular methylation 
index.

 The mechanism of Hcy regulation in women can be 
explained via two major pathways (Figure 1):

1. Estrogens stimulate BHMT (Betaine Homocysteine
Methyl Transferase) activity [42,44], increasing betaine
availability by upregulation of Phosphoethanolamine
Methyl Transferase (PEMT); this pathway removes Hcy
and allows regeneration of methionine.

2. Estrogens also stimulate activity of the CBS (Cystathionine 
Beta Synthase) pathway: “the homocysteine  concentration 
varies inversely with estradiol concentration” [43] leading 
to the formation of cysteine and then glutathione from Hcy. 
This facilitates better protection against oxidative stress
for epigenetic marks, but can impair/affect epigenetic/
methyl setting during a critical period of maturation.

Estrogens increase the activity of the CBS (cystathionine
beta synthase) and the BHMT (Betaine Homocysteine 
Methyl Transferase) pathways, decreasing the Hcy. In 

contrary this pathway is inhibited by androgen [45] SAM 
synthesis is strongly regulated: it increases also the CBS 
pathway, allowing an equilibrium between the MS 
(methionine synthase) and the CBS pathways. But it also 
regulates negatively the BHMT and the MTHFR activity. 
Elevated activity of CBS reduces Hcy but may reduce the 
methylation process as Methionine then SAM synthesis is 
reduced.

FA (folic acid) has a low capacity to enter the folate 
cycle: DHFR activity is poorly efficient in human [47] to 
form THF (tetrahydrofolate). In MTHFR SNP carriers, the 
capacity to metabolize FA is low: these two bottle necks 
lead to UMFA (Un metabolized Folic acid) elevation. These 2 
metabolic steps are then strongly inhibited by a Michaelis and 
Menten effect. SAH and Hcy are both strong inhibitors or 
methylation processes, not depending of gender

  Two secondary systems of regulation are also active: 
SAM normally exerts negative feedback (retro control) on 
two enzymatic reactions, MTHFR and BHMT [44]. Low 
concentrations of SAM, associated with high estrogen levels 
result in high BHMT and CBS activity, allowing removal of 
Hcy mainly towards the formation of Cysteine. However, 
this upheaval has certain limits: the CBS pathway is usually 
poorly expressed in the oocyte/ early embryo before the 
stage of zygote genomic activation. There is clearly a risk 
that the early embryo will suffer a shortage of methionine and 
then SAM, especially in carriers of the MTHFR 6777SNP. 
This isoform associates with lower steroids concentration 
both androgens and estrogens [46] in follicular fluid. Then a 
shortage of SAM, will deregulate the folate cycle. Moreover, 
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one has to consider that estrogens are strong inducers/
regulators of epigenetically related gene expression [47].

Dosage of Hcy, at the age over 2 (age 2 to 7) in 20 of the 
children “at risk”, based on the MTHFR SNP background of 
the parents and their circulating Hcy, shows a mean value of 
6.2 (SD: 1.7) micromolar with no difference between boys 
(9) and girls (11). This level is low and similar to the one
described in literature [48]. Before puberty circulating Hcy
remains low, but may fluctuate according to MTHFR SNPs;
our data are in line with an OCC dependence of the sexual
hormones.

In men, the combination of Hcy/MTHFR 677TT has a 
noticeable impact on sperm quality, through a significant 
effect of this mutation on sperm DNA methylation [21,22]. It 
is also clear that Hcy is involved in sperm DNA degradation, 
as cause and a consequence of oxidative stress [41]. Oxidative 
stress impairs methylation and affects the “methylation” 
setting via formation of 5-OH Cytosine; 5,6-diOH Cytosine; 
Cytosine glycol and uracil (deamination). Hcy also induces 
thrombophilia and circulatory system problems, known to 
affect spermatogenesis. 

From a therapeutic point of view, the metabolism of folic 
acid (FA), pteroyl glutamic acid is crucial, especially with 
regard to its capacity to enter the folates cycle. It is usually 
prescribed at more or less high doses at the beginning of 
pregnancy and even before (preparation to IVF treatments 
in women). The first two steps of the cycle are driven by 
dihydrofolate reductase (DHFR), and these steps are very 
slow and poorly efficient [49]. This leads to the accumulation 
of unmetabolized folic acid, UMFA. UMFA prevents entry 
of natural folate, probably by saturating the receptors FolRα 
and SLC 19A1 [50]. The situation is more severe in carriers 
of the MTHFR SNPs, for whom the formation of 5-Methyl 
tetrahydrofolate (5-MTHF), the active form that is required 
for recycling Hcy to Methionine by the methionine synthase 
enzyme. An excess of unmetabolized substrate provokes a 
succession of inhibitory Michaelis and Menten reactions. El 
Aarabi et al. [23,24] observed that high doses of folic acid 
administered to men carriers of the 677TT mutation clearly 
have a damaging effect on sperm methylation profiles. The 
use of 5-MTHF instead of FA is preferable, and thus far 
has yielded promising results [31-33, ,51]. Based on the 
consequence of these features on embryo development 
[14,52,53], when both partners of a couple are affected by the 
MTHFR mutation; 5-MTHF treatment is mandatory for both. 

In conclusion, investigating carrier status for the two main 
MTHFR SNPs (677TT and 677CT/1298AC), together with 
evaluation of circulating Hcy is a relevant strategy for patients 
suffering long-duration/idiopathic infertility. The paternal 
effect, which is often neglected, should not be overlooked 
[51,53] especially since Hcy levels are higher in men and 
can reach easily pathological values. Our data are in line with 

a major role of Estrogens and androgens on the impact of 
circulating homocysteine. They highlight the interference 
with the MTHFR SNPS, as it has been demonstrated in 
menopausal women [54-57].  Concerns regarding elevated 
circulating Hcy and its negative impact in conceptus quality 
and fertility have recently led the “Rotterdam periconception 
cohort” to recommend the “routine analysis of homocysteine 
levels in preconceptional and pregnant women and their 
partners” [58].  Patients must be informed of these pleiotropic 
medical implications for their own health, as well as for the 
health of future children, especially boys [59], Hcy can be 
high in MTHFR carrier infants. The potential impact of 
elevated homocysteine on psychiatric diseases, and multiple 
other diseases must also be considered [59]. Information about 
the parental genetic background and the risk of transmitting 
677TT and 677CT/1298AC to male children may have 
important implications [59-60]. However, our preliminary 
observations do not show any noticeable Hcy increase in 
the young children, in agreement with the marked impact 
of sexual hormones on the CBS pathway. Since treatment 
with 5-MTHF decreases Hcy down to baseline levels, with 
no UMFA accumulation, this therapeutic option should be 
considered especially for male carriers of the MTHFR SNPs 
at puberty and before, in order to fulfill the ubiquitous 
needs for methylation [31-33,59,60] as this compound has 
proven its safety in infant and children [61].
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