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Introduction

Methylenetetrahydrofolate reductase (MTHFR) is a key 
enzyme in folate and homocysteine metabolism and cataly-
ses the conversion of 5,10-methylenetetrahydrofolate into 
5-methyltetrahydrofolate (5-MTHF), the predominant cir-
culating form of folate (Brustolin et al. 2010). MTHFR is 
involved in folate-dependent homocysteine remethylation 
carried out by methionine synthase. The first link between 
MTHFR and diseases was discovered in 1972 when Mudd 
et  al. reported several cases of homocystinuria, character-
ised by increased homocysteine excretion in the urine, that 
could not be explained by deficiencies in other enzymes 
known to cause this condition. The enzyme activity assays 
showed a severe deficiency in MTHFR, which determines 
an impaired ability to convert homocysteine to methionine, 
resulting in significantly increased homocysteine plasma 
levels (Mudd et al. 1972).

It has been demonstrated that several polymorphisms in 
genes involved in the homocysteine–methionine pathway 
cause hyperhomocysteinemia, suggesting that such genetic 
variants may play a role in several multifactorial disorders 
associated with hyperhomocysteinemia of high prevalence 
in the general population.

Individuals with very elevated blood levels of total 
homocysteine (tHcy >100  mmol/L) caused by congenital 
metabolism errors experience above all rapidly progressing 
atherosclerosis and thrombo embolic events. This observa-
tion has led to the “homocysteine hypothesis”, which sug-
gests that even a moderate increase in tHcy concentration 

Abstract  Gene polymorphisms involved in homocyst-
eine-methionine pathway result in hyperhomocysteinemia, 
a predisposing condition to several diseases. Methylenetet-
rahydrofolate reductase (MTHFR) is a key enzyme in folate 
and homocysteine metabolism. The two known functional 
polymorphisms of MTHFR gene, 677C>T and 1298A>C 
have been implicated in a variety of multifactorial diseases: 
cardio-cerebrovascular and neurodegenerative disorders, 
autoimmune diseases, birth defects, diabetes, neuropsy-
chiatric disorders, cancer and renal disease. C667T, and 
to a lesser extent A1298C polymorphisms, have been also 
reported to have a pharmacogenetic role in predicting drug 
toxicity in cancer and rheumatoid arthritis treatment. We 
review here the principal effects of the MTHFR gene varia-
tions in different clinical conditions.

Online ISSN 2092-9293
Print ISSN 1976-9571

Carlotta Pia Cristalli and Chiara Zannini authors listed 
contributed equally to this work.

 *	 Gaetano La Manna 
	 gaetano.lamanna@unibo.it

1	 Department of Experimental, Diagnostic and Specialty 
Medicine (DIMES) ‑ Nephrology, Dialysis 
and Transplantation Unit, St. Orsola Hospital, University 
of Bologna, Via G. Massarenti 9 (Pad. 15), 40138 Bologna, 
Italy

2	 Center for Applied Biomedical Research (CRBA), University 
of Bologna, Bologna, Italy

3	 Department of Experimental, Diagnostic and Specialty 
Medicine (DIMES) ‑ Histology Section, University 
of Bologna, Bologna, Italy

4	 Genetic Unit, St. Orsola Hospital, University of Bologna, 
Bologna, Italy

http://orcid.org/0000-0001-5473-8551
http://crossmark.crossref.org/dialog/?doi=10.1007/s13258-017-0552-5&domain=pdf


690	 Genes Genom (2017) 39:689–699

1 3

may cause cardiovascular disease (McCully 1996). Further-
more functional MTHFR polymorphisms, have been asso-
ciated to different multifactorial diseases.

However, besides genetic defects in the enzymes 
involved in homocysteine metabolism, an elevation in 
plasma homocysteine levels can also arise from nutri-
tional deficiencies in vitamin cofactors, or from other fac-
tors including some chronic medical conditions and drugs 
(Brustolin et al. 2010).

However, whatever the clinical setting considered, 
the fallout of gene variants can not be solely attributed to 
increase in homocysteine levels (Blom and Smulders 2011) 
and remains, still today, a matter of discussion whether any 
beneficial effects of folic acid therapy are to be referred to 
its direct effect or to a reduction of hyperhomocysteinemia.

Here we have reviewed the current knowledge on 
MTHFG gene structure and function, its main implications 
on homocysteine pathway and the impact of MTHFR gene 
variations in different multifactorial diseases conditions 
(namely cardio-cerebrovascular disease, neurodegenera-
tive diseases, autoimmune disorders, birth defects, diabe-
tes, neuropsychiatric disorders, cancer, and renal disease) 
and on pharmacokinetic or pharmacodynamic properties of 
several drugs.

MTHFR gene

The gene MTHFR (OMIM #607093) encodes for the 
enzyme methyltetrahydrofolate reductase and was firstly 
described by Goyette et  al. in 1998 (Goyette et  al. 1998). 
The gene, located on chromosome 1 (1p36.3), contains 
11 exons, ranging from 102 to 432 bp. The analysis of the 
complete genomic structure suggests that both alterna-
tive initiation and alternative splicing can occur (Homb-
erger et al. 2000). In the GRCh38p. 7 release, the MTHFR 
gene is described with nine different transcript variants, 
but only four are protein–coding (ENST00000376592.5, 
ENST00000376590.7, ENST00000376583.7 and 
ENST00000376585.5), as described in Fig.  1 (http://
www.ensembl.org/). The 5′ region of human MTHFR gene 

reveals some interesting characteristics: it contains con-
sensus promoter regions for CAAT and GC boxes, as well 
as for several other known promoter elements (SP1, AP1, 
AP2). Despite the presence of these regulatory regions, the 
gene lacks the most common regulatory region, the consen-
sus TATA-box, present in the majority of eukaryotic genes. 
Some other genes involved in homocysteine metabolism 
display a similar pattern. It has been demonstrated that gene 
polymorphisms involved in the homocysteine-methionine 
pathway result in hyperhomocysteinemia, suggesting that 
such genetic variants may play a role in several multifac-
torial disorders associated with hyperhomocysteinemia of 
high prevalence in the general population (Brustolin et al. 
2010). Although several MTHFR gene variants have been 
identified, the most characterized and understood are the 
single nucleotide polymorphisms (SNPs) at position 677 
(MTHFR 677C>T), at position 1298 (MTHFR 1298A>C), 
at position 1317 (MTHFR 1317T>C) and at position 
1793 (MTHFR 1793G>A) (Böttiger et al. 2007). MTHFR 
677C>T (rs1801133) is located at the folate binding site, 
changing an alanine into a valine residue (p.A222V). 
MTHFR 1298A>C (rs1801131) is located within a pre-
sumptive regulatory domain, changing glutamic acid into 
an alanine residue (p.E429A), whereas MTHFR 1317T>C 
is a silent mutation. MTHFR 1793G>A results in an amino 
acid substitution (p.R594Q), that does not seem to affect 
the functional activity of the enzyme (Rady et al. 2002). To 
date, among the known MTHFR gene polymorphisms, only 
the 677C>T and 1298A>C SNPs are functional. Genetic 
testing can be requested for the MTHFR gene alone, or in 
the context of broader molecular genetic profiles as part of 
preventive medicine. Polymorphism analysis is generally 
performed by direct sequencing of the entire gene or a frag-
ment thereof, using restriction fragment length polymor-
phisms (RFLPs) or through microarray techniques (Bötti-
ger et al. 2007). Tests on MTHFR in vitro expression and 
enzyme activity performed in bacterial extracts revealed 
that the homozygous condition for 1298CC and 677TT 
resulted in an activity decreased by 45 and 68%, respec-
tively, while the mutant enzyme containing both SNPs had 

Fig. 1   MTHFR gene structure. The figure shows a schematic rep-
resentation of the gene, with four protein coding transcript variants. 
Dark rectangles represent exons encoding the open reading frame 

(ORF), open rectangles represent exons that encode untranslated 
region (UTR) and the cross-hatched rectangle represents coding 
region depending on the slice pattern

http://www.ensembl.org/
http://www.ensembl.org/
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42% residual activity (Weisberg et  al. 2001). Bagley and 
Selhub showed that in red blood cells of MTHFR 677CC 
individuals, folate is totally represented by 5-MTHF. Con-
versely, the carriers of the 677TT genotype accumulate for-
mylated folates, which points to a disruption of the folate 
cycle (Bagley and Selhub 1998). Functional analysis of 
recombinant expressed human MTHFR proved that 677TT 
genotype results in an enhanced propensity to dissociate 
into monomers and to lose its flavin adenine dinucleotide 
cofactor, with a consequent decreased enzyme activity 
(Yamada et al. 2001).

The 677C>T substitution is the most common missense 
variation of MTHFR, with a global prevalence of 40% 
(Böttiger et al. 2007). The frequency of this variant differs 
across the races: the TT homozygote genotype is approxi-
mately 1.45% in African blacks, 9.6% in Turkish, 12% in 
Indians, 41% in Chinese and 23% in Italians (Yun at al 
2015; Sazci et al. 2005).

Homocysteine pathway

Homocysteine, an amino acid not involved in protein 
synthesis, is an intermediate in methionine metabolism. 
Plasmatic homocysteine levels are determined by sev-
eral factors, such as genetic alterations of enzymes of 
methionine metabolism and the deficiency of vitamin 
B12, vitamin B6 and folic acid (Vijayan et  al. 2016). 
Folic acid is not biologically active until converted into 
folate by the enzyme MTHFR. Folic acid is a substrate 
for cellular production of tetrahydrofolate (THF), a pre-
cursor to 5-MTHF, necessary for normal methionine 

synthase (MTR) enzyme activity, in addition to being the 
natural circulating form of folate. Folate transfers 1-car-
bon moieties to various organic compounds by increas-
ing S-adenosylmethionine (SAM) levels. There are two 
main strategies that can be used to lower homocysteine: 
oral administration of high doses of folates or 5-MTHF. 
Besides folate, both vitamin B6 and vitamin B12 are nec-
essary cofactors in homocysteine metabolism (Cianciolo 
et al. 2008).

The 80–90% of circulating homocysteine is protein-
bounded, 10–20% is present as homocysteine–cysteine 
mixed disulphide and homocysteine (dimer of homocyst-
eine), and less than 1% the free reduced form (Mansoor 
et  al. 1995). Homocysteine is located at a branch-point 
of metabolic pathways: it is irreversibly degraded via the 
trans-sulphuration pathway to cysteine or it is remethyl-
ated back to methionine (Fig. 2).

Trans‑sulphuration

Trans-sulphuration is facilitated by the action of two vita-
min B6-dependent enzymes: cystathionine β-synthase 
(CBS) and cystathionine γ-lyase (CTH). CBS catalyses 
the condensation of homocysteine and serine to cysta-
thionine, and CTH subsequently catalyses the hydrolysis 
of cystathionine to cysteine and α-ketobutyrate. Human 
CBS is expressed in liver, kidneys, muscle, brain and 
ovary and also during early embryogenesis in the neural 
and cardiac systems (Quéré et al. 1998).

Fig. 2   Homocysteine metabolic 
pathway
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Remethylation

Homocysteine remethylation to methionine is catalysed 
by the MTR enzyme (Li et  al. 1996) and links the folate 
cycle with homocysteine metabolism. MTR requires vita-
min B12 as a cofactor. Methionine synthase reductase 
(MTRR) reactivates the complex by reductive methylation, 
using SAM as a methyl donor. While the MTR enzyme is 
ubiquitous, another homocysteine remethylation system, 
betaine-homocysteine methyltransferase (BHMT) is mainly 
expressed in the liver and kidneys. The function of the 
MTHFR enzyme is of great importance in the regulation of 
available 5-MTHF for homocysteine remethylation (Blom 
and Smulders 2011).

MTHFR and disease association

MTHFR enzyme regulates the availability of 5-MTHF for 
homocysteine remethylation, but the pathological con-
sequences of MTHFR gene variants cannot be attributed 
solely to the increase in homocysteine levels (Blom and 
Smulders 2011). However, it is a matter of debate whether 
the cause of the underlying mechanisms is the rise in homo-
cysteine levels or folic acid deficiency or both. Hyperhomo-
cysteinemia is observed in 5% of the general population and 
is associated with increased risk for many pathological con-
ditions, including cardio-cerebrovascular diseases, neuro-
degenerative disorders, autoimmune diseases, birth defects, 
diabetes, neuropsychiatric disorders, cancer and renal dis-
ease (Brusolin et al. 2010). Here we reviewed the current 
literature, including meta-analyses, case–control and asso-
ciation studies, focused on the impact of the two functional 
MTHFR polymorphisms, 677C>T and 1298A>C on differ-
ent multifactorial diseases (Table 1).

Cardio‑cerebrovascular disease

Genetic variants of MTHFR gene have been extensively 
studied among the candidate genetic factors for cardiovas-
cular risk, given that hyperhomocysteinemia is regarded as 
an important non-traditional risk factor for atherosclerosis 
(Brusolin et  al. 2010). Furthermore, endothelial cells can 
eliminate homocysteine only by the folic acid and vita-
min B12-dependent remethylation pathway regulated by 
MTHFR and methionine synthase. For this reason, nor-
mal activity of both enzymes is essential to prevent the 
increase in homocysteine to a pathological level in vascular 
endothelial cells (Debreceni and Debreceni  2014). Several 
studies have associated MTHFR C677T and A1298C poly-
morphisms with an increased susceptibility to myocardial 
infarction (MI), although the data are in some cases incon-
sistent (Kozieradzka et al. 2012; Angeline et al. 2007; Zee 
et  al. 2007; Kaul et  al. 2006). A recent meta-analysis by 

Alizadeh S et al., consisting of a comprehensive review of 
MEDLINE and EMBASE databases and including a total 
of 47 studies, investigated the possible impact of C667T 
and A1298C polymorphisms on MI risk. When consider-
ing the overall patient population, the results lacked find-
ing statistically significant associations between MTHFR 
genotypes and MI risk. Conversely, in subgroup analysis 
by race, the carriage of the T allele of C677T polymor-
phism increased the risk of MI by 63% in Africans, while 
the heterozygous CT genotype was associated with a 19% 
decreased risk of MI compared with the CC genotype in 
North Americans. No similarly significant associations 
were found in European and Asian populations. In the 
stratified analysis by age, C677T polymorphism proved to 
be protective against MI risk in patients aged more than 50 
years (Alizadeh et al. 2016).

Stroke has emerged as the second commonest cause of 
mortality worldwide and is a major public health prob-
lem, affecting about 15 million people. The global preva-
lence of stroke is estimated to be about 400–800/100,000 
people (WHO 2011). The contribution of genetic factors 
to stroke pathogenesis is supported by the association of 
specific gene variants and environmental factors. Several 
studies have indicated MTHFR 677C>T polymorphism 
as a potential risk factor for stroke in different ethnicities 
(Vijayan et al. 2016; WHO 2011; Biswas et al. 2009; Tra-
betti 2008). Vijayan et al. evaluated the influence of poly-
morphism MTHFR 677C>T on the risk for ischemic stroke 
in South Indian population and found a significantly higher 
frequency of MTHFR T allele in the patients with ischemic 
stroke compared to the healthy subjects (Vijayan et  al. 
2016). Nevertheless, evidence from a cumulative meta-
analysis by Cronin et  al. reported a lack of association of 
MTHFR 677TT genotype with risk of ischemic stroke in 
North and Central Europe, but a surprisingly high associa-
tion in Italy and Japan. This discrepancy might be traced 
back to a dose-dependent effect due to the presence of an 
allele frequency gradient in addiction to folate intake, folate 
status variability and differences between the populations 
(Cronin et al. 2005). About this issue, a large meta-analy-
sis of genetic studies and clinical trials suggested that the 
effect of MTHFR C677T gene variants on stroke risk can 
be modified by folate status (Holmes et  al. 2011). There-
fore, the efficacy of folic acid therapy in stroke prevention 
should be evaluated and interpreted in the light of com-
bined effects of baseline folate levels and MTHFR gene 
C677T polymorphism. Indeed, the authors showed that 
the effect of MTHFR genotype on stroke risk is subjected 
to modification by population dietary folate levels. The 
China Stroke Primary Prevention Trial (CSPPT), a large 
randomized trial among adults with hypertension in China 
without a history of stroke or MI, was designed using indi-
vidual measures of MTHFR genotype and baseline folate 
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level, with the aim to test the hypothesis of a possible larger 
effect of folic acid intervention in Asiatic region without 
a folic acid fortification program. The CSPPT, found that 
the ACE inhibitors plus folic acid therapy, compared with 
ACE inhibitors alone, significantly reduced the relative 
risk of first stroke by 21%. Further adjustment for impor-
tant covariables, including baseline homocysteine levels, 
did not substantially change the results. Poor folate intake 
is prevalent in most countries without mandatory folic acid 
food supplementation. Among individuals with CC or CT 
genotypes, the highest risk of stroke and the greatest benefit 
of folic acid therapy were in those with the lowest baseline 
folate levels. In addition, individuals with the TT genotype 
may require a higher dosage of folic acid supplementation 
to overcome biologically insufficient levels. The results 
suggested that in some countries with folic acid fortifica-
tion and widespread use of folic acid supplements, namely 
United States and Canada, there might be room for further 
reduction of stroke incidence using more targeted folic acid 
therapy, in particular among the carriers of the TT geno-
type and low or moderate folate levels (Huo et al. 2015).

Neurodegenerative diseases

Low folate and raised homocysteine concentrations in 
blood have been associated with poor cognitive perfor-
mance in the general population (Brusolin et  al. 2010). 
Elevated homocysteine levels result in neurotoxic and vaso-
toxic effects in dementia and Alzheimer’s disease suggest-
ing that homocysteine is a direct marker for early cognitive 
decline (Ravaglia et  al. 2005). There is some evidence to 
suggest that changes in homocysteine levels may be also 
neurotoxic to dopaminergic neurons. A recent case–con-
trol study to assess the impact of MTHFR 677C>T and 
MTHFR 1298A>C variants on Parkinson’s disease, dem-
onstrated that the T allele of the first variant and AA/TT 
haplotype were protective against the risk of developing the 
disease (Yuan et al. 2016).

Autoimmune disorders

Autoimmune diseases are chronic inflammatory conditions, 
associated with premature mortality, severe morbidity and 
functional impairment, with a consequent high financial 
burden for both patients and society. Since disease progres-
sion and complications can considerably differ between 
the patients, genetic markers are of potential relevance for 
identifying those individuals at a higher risk of more severe 
presentation (Rodriguez–Rodriguez et  al. 2015). Rheuma-
toid arthritis is an autoimmune disease that affects between 
0.5 and 1% of the population. Again, the impact of MTHFR 
polymorphisms on the risk of rheumatoid arthritis is vari-
able across different ethnicities, and poor data are currently 

available in non-Asian populations. A recent meta-analysis 
to investigate the combined effects of C677T and A1298C 
polymorphisms and genetic susceptibility to rheumatoid 
arthritis highlighted a significant association of MTHFR 
C677T polymorphism T allele in Asians, and of MTHFR 
A1298C polymorphism A allele in the overall population 
(Cen et al. 2016).

Birth defects

Neural tube defects constitute a major health burden 
(0.5–2/1000 pregnancies worldwide), and still remain a 
preventable cause of birth, neonatal, and infant death, or 
significant lifelong handicaps. The malformations derive 
from failure of the neural folds to fuse in the midline, and 
to form the neural tube between the third and the fourth 
week of embryonic development. Most neural tube defects 
are sporadic, and either genetic or non-genetic environmen-
tal factors are involved in its aetiology. Consanguinity was 
suggested to contribute to the high incidence of neural tube 
defects in several countries. Genetic predisposition consti-
tutes the major underlying risk factor, with a strong impli-
cation of genes that regulate folate one-carbon metabolism 
and planar cell polarity (Salih et  al. 2014), even if some 
studies on small patient samples lacked finding significant 
correlations between the 677C>T and 1298A>C polymor-
phisms of the MTHFR gene and neural tube defects (Félix 
et  al. 2004). Orofacial clefts are one of the most com-
mon birth defects in humans, with dissimilar prevalences 
across geographical regions and ethnic groups. These dis-
eases have a complex, multifactorial inheritance involv-
ing genetic and environmental factors. Wilcox et  al. have 
proposed that periconceptional use of folate could prevent 
the occurrence of cleft lip and palate, but not of cleft palate 
alone (Wilcox et al. 2007). Other authors reported a signifi-
cant increase in the risk of having a child with cleft palate 
in mothers heterozygous for both functional MTHFR pol-
ymorphisms (Shotelersuk et al. 2003). The risk of a child 
with cleft palate is significantly increased if mothers, car-
rying MTHFR 677TT or MTHFR 1298CC genotype, also 
had a low periconceptional intake of dietary folate and/or 
folic acid supplements, suggesting that the two MTHFR 
polymorphisms are independent risk factors for cleft palate 
(Verkleij-Hagoort et al. 2007).

Diabetes

Type 2 diabetes mellitus is the most common form of dia-
betes with clinical consequences giving rise to chronic mul-
tiple organ complications. MTHFR polymorphisms have 
been implicated in diabetes and micro-/macrovascular com-
plications. The link between MTHFR genotype and diabe-
tes however is strongly dependent on the race. Recently, El 
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Hajj Chehadeh and colleagues observed no significant dif-
ferences in genotype and haplotype distributions between 
169 diabetes patients and 209 healthy controls in an Emi-
rati population (El Hajj Chehadeh et  al. 2016). An exten-
sive meta-analysis from a Chinese group focused on the 
relationship between the MTHFR A1298C genotypes and 
the susceptibility of diabetes confirmed the differences 
related to ethnicity. Using a systematic review of articles 
available in PubMed, Embase, Chinese Biomedical Litera-
ture Database (CBM, Chinese), China National Knowledge 
Infrastructure (CNKI), and Wangfang Database (Chinese), 
the authors found that MTHFR A1298C polymorphism sig-
nificantly affected diabetes susceptibility in Asian popula-
tion, but this association was not observed in Caucasians 
(Yan et al. 2014).

Neuropsychiatric disorders

A wide range of diseases, including neuropsychiatric disor-
ders and autism, has been associated with increased homo-
cysteine levels in biological fluids, even if this correlation is 
debated (Kałużna-Czaplińska et al. 2013). An Italian study 
found no significant relationship between MTHFR poly-
morphisms and age, cognitive status and type of dementia 
in a cohort of 72 subjects with cognitive disorders and 122 
healthy controls. Plasma total homocysteine did not differ 
significantly in relation to MTHFR genotypes, but subjects 
of all genotypes with low serum folate (<12 nmol/L) had 
higher plasma total homocysteine compared to subjects 
with high serum folate (>12 nmol/L). The study suggests 
that 677C>T and 1298A>C polymorphisms are common 
in Northern Italian population, but do not significantly 
affect plasma total homocysteine levels of elderly individ-
uals, even under conditions of low folate status (Ravaglia 
et al. 2004).

Cancer

Folate deficiency was suggested to increase the risk of can-
cer through impaired DNA repair synthesis and disruption 
of DNA methylation that may lead to proto-oncogene acti-
vation (Duthie 1999). It is biologically plausible that poly-
morphisms or gene-environment interactions rather than 
the folate intake alone might affect breast cancer risk, since 
functional polymorphisms in folate-related genes contrib-
ute to the alteration of folate metabolism. Nevertheless, 
MTHFR polymorphisms have been intensively studied in 
breast cancer and the results are inconsistent (Lewis et al. 
2006; Lissowska et al. 2007). A recent meta-analysis, per-
formed by pooling 20 eligible studies indicated a moder-
ately significant effect of 677C>T polymorphism on breast 
cancer risk. On the other hand, subgroup analysis based on 
ethnicity showed a strong association between TT genotype 

and breast cancer in Asian population, but not in Cauca-
sians (Lissowska et  al. 2007). The influence of MTHFR 
677C>T polymorphism on the renal cell carcinoma (RCC) 
are also contrasting. In a recent study by Lv et al., MTHFR 
677C>T polymorphism appeared to be protective against 
the occurrence of RCC, even if no association was found 
between MTHFR 677C>T genotypes with RCC suscepti-
bility (Lv et al. 2015). In spite of the paucity of data about 
this topic, previous evidence had indicated a significant 
influence of MTHFR 677C>T polymorphism genotypes 
and T allele on renal cancer risk, but this disagreement may 
be due from the differences in population race and sample 
size (Moore et al. 2008).

Renal disease

Chronic kidney disease (CKD) represents an increasing 
burden on the worldwide healthcare system leading to poor 
outcomes and high costs. CKD is above all a risk factor for 
cardiovascular disease; likewise, cardiovascular disease 
may promote CKD, resulting in a vicious cycle. This asso-
ciation between cardiovascular disease and CKD is present 
from the earliest stages of CKD, therefore delaying the 
evolution to end-stage renal disease (ESRD) remains a pri-
mary goal for CKD patients, since at present there are no 
specific treatments to avoid cardiovascular disease in this 
population (Turner et  al. 2012). This evidence has gener-
ated interest for hyperhomocysteinemia and folic acid defi-
ciency as risk factors for cardiovascular disease and their 
role in CKD progression (Marti et al. 2011). The renal and 
the vascular damage could be related to the effects on the 
cells of the vascular wall of the hyperhomocysteinemia and 
reduced availability of folic acid might be so amplifying 
the chronic inflammation of CKD patients (Akchurin and 
Kaskel 2015; Colì et al. 2011; Udeanu et al. 2014).

Although some studies seem to exclude a direct asso-
ciation between MTHFR 677C>T genotype and long–term 
kidney outcomes (Rady et  al. 2002), MTHFR 677C>T 
polymorphism has been shown to contribute to increased 
cardiovascular risk in ESRD patients (Wrone et al. 2004), 
similarly to the general population (Zee et  al. 2007). On 
the other hand, a recent study on 630 Italian Caucasian 
population found a lower frequency of MTHFR 677C>T 
and A1298A>C polymorphisms among dialysis patients 
in end-stage kidney failure compared to subjects with-
out or with slight-moderate renal impairment, suggesting 
a protective role of both polymorphisms on renal func-
tion (Trovato et  al. 2015). These results are in agreement 
with a recent investigation where the in silico analysis for 
nine SNPs commonly associated with ESRD, including 
the MTHFR 677C>T, performed with eight different algo-
rithms (PROVEAN, SIFT, Mutation Assessor, Polyphen 2, 
PhD-SNP, SNAP, MutationTaster, PMUT), revealed that 
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677C>T was not classified as deleterious (Prakash et  al. 
2016). A prespecified renal substudy of the CSPPT exam-
ines the effects of the combination of ACE inhibitors and 
folic acid with ACE inhibitors alone in reducing the risk 
of renal function decline in a hypertensive population (Xu 
et al. 2016). The distinctiveness of this study lies in the fact 
that it has been conducted in a population without folic acid 
fortification, including participants across a spectrum of 
renal function at baseline from normal to moderate CKD, 
and that cyanocobalamin was not used in the therapy. The 
authors found that treatment with ACE inhibitors plus folic 
acid, compared with ACE inhibitors alone, reduced the 
risk of progression of CKD by 21% and the rate of eGFR 
decline by 10% in hypertensive patients. Patients with CKD 
benefited most from the folic acid therapy, with a 56 and 
44% reduction in the risk for progression of CKD and the 
rate of eGFR decline, respectively. In the ACE inhibitors 
plus folic acid group, both the size of the increase in serum 
folate and the drop in homocysteine were greater in the 
participants with CKD than in those without CKD. In par-
ticular, the greatest drop in serum homocysteine was in TT 
homozygotes of MTHFR C677T polymorphism, while the 
magnitude of the homocysteine decrease in those with CC/
CT genotypes was relatively small. Similarly to the stroke 
risk found in the CSPPT study, the effect of MTHFR geno-
type on CKD progression is expected to be subject to modi-
fication by population dietary folate levels (Huo et al. 2015; 
Xu al. 2016).

In kidney transplant recipients, time of dialysis prior 
to transplantation, anemia, and chronic immunosuppres-
sion are likely to trigger a combination of immunologic 
responses, prothrombotic state, dysmetabolic alterations, 
and inflammatory abnormalities, which lead to a substan-
tially increased cardiovascular risk in comparison with the 
general population (La Manna et al. 2010). To the best of 
our knowledge, there are no studies that have analysed the 
impact of MTHFR polymorphism on cardiovascular risk in 
kidney transplant recipients. Besides, treatment of stable 
kidney transplant recipients with a multivitamin containing 
high-dose folic acid, B6, and B12 lowers tHcy levels but 
does not reduce cardiovascular disease outcomes or total 
mortality in these patients (Bostom et  al. 2011). In oppo-
site, Oetting et al. reported a correlation with the TT geno-
type of the MTHFR 677C>T polymorphism and the only 
risk of acute rejection (Oetting et al. 2012).

Pharmacogenetics

Genetic variants can affect pharmacokinetic or pharmaco-
dynamic properties of several drugs and account for inter-
individual differences in treatment response and adverse 
events among the patients. Ghodke-Puranik et  al. evalu-
ated the pharmacogenetic influence of gene polymorphisms 

in folate pathway genes in rheumatoid arthritis patients 
receiving methotrexate, proving that the SNPs 677C>T 
and 1298A>C were able to increase methotrexate treat-
ment efficacy (Ghodke-Puranik et al. 2015). Recently, Zhao 
et  al. described a significant association between MTHFR 
677C>T polymorphism and increased risk of methotrex-
ate hepatic and gastrointestinal toxicity, independent of 
methotrexate dosage in Caucasians. MTHFR 1298A>C 
polymorphism does not seem to affect significantly hepatic 
and hematological toxicity, and it might have a protective 
effect on mucositis and gastrointestinal toxicity (Zhao et al. 
2016).

Conclusion

Homocysteine levels and MTHFR polymorphisms have 
been investigated in association with a variety of diseases 
with a multifactorial etiology. MTHFR 677C>T SNP 
seems to be also as a predictor for methotrexate toxicity in 
a pharmacogenetic approach. Conflicting results have been 
reported about the association between MTHFR gene vari-
ants with diabetes, breast cancer, renal cell carcinoma and 
kidney failure. The neural tube defects and cognitive dis-
orders have not been proven to correlate with the carriage 
of MTHFR genotypes. Despite the well-established asso-
ciations described above, long follow–up studies in larger 
samples size are necessary to definitively confirm the role 
of MTHFR genotypes in several pathological conditions.

Furthermore, the correlation between the bioinformatics 
tools (e.g. PROVEAN, SIFT, Mutation Assessor, Polyphen 
2, PhD-SNP, SNAP, MutationTaster, PMUT, ExAc) and 
functional assay (e.g. in  vitro and in  vivo models) might 
unravel many unsolved queries that will be useful to dis-
close the genetic landscape for multifactorial diseases.
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