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ABSTRACT 

Background. MTHFR encodes 5,10-methylenetetrahydrofolate reductase, the enzyme that 
irreversibly converts 5,10-methylenetetrahydrofolate into 5-methyltetrahydrofolate (5-MTHF, L-
methylfolate), the predominant circulating folate form and the methyl donor required for the 
remethylation of homocysteine to methionine. Dietary and supplemental folic acid is 
metabolically inactive until it is reduced and ultimately channelled through this MTHFR-
dependent step, which links folate utilisation, one-carbon metabolism, blood-cell formation, 
and cell division. Two common functional variants, the 677C>T (rs1801133) and 1298A>C 
(rs1801131) polymorphisms, reduce enzyme activity and thereby constrain the conversion of folic 
acid into its active form. Against this background, common variation in MTHFR is biologically 
relevant because reduced reductase activity lowers the efficiency with which ingested folic acid 
is converted into usable methylfolate (van der Put et al., 1998; Ulvik et al., 2006; Tsang et al., 2015). 

Methods. Peer-reviewed evidence on MTHFR-dependent folate activation, the functional 
consequences of the rs1801133 and rs1801131 polymorphisms, and the metabolic distinction 
between folic acid and 5-methyltetrahydrofolate was critically evaluated. Emphasis was placed 
on human observational, intervention, and meta-analytic studies that contrasted wild-type 
homozygotes / reference genotype carriers and risk-allele carriers with respect to enzyme 
activity, serum and red-cell folate, and plasma homocysteine, and on the mechanistic basis for 
bypassing the reductase step with L-methylfolate (Ashfield-Watt et al., 2002; Colson et al., 2017; 
Tsang et al., 2015). 

Results. Literature consistently supports rs1801133 as a missense variant that produces a 
thermolabile enzyme with reduced activity, with the homozygous risk genotype showing lower 
serum and red-cell folate, higher plasma homocysteine, and an attenuated response to folic 
acid supplementation relative to wild-type homozygotes / reference genotype carriers (van der 
Put et al., 1998; Colson et al., 2017; Tsang et al., 2015). The rs1801131 variant exerts a milder effect 
alone but contributes to reduced activity in combination with rs1801133 (Foedinger et al., 2000; 
Zappacosta et al., 2013). Because the activity loss occurs specifically at the MTHFR-catalysed 
conversion step, 5-methyltetrahydrofolate, the direct enzymatic product, emerges as the 



 

principal mechanism-based intervention, since it does not require MTHFR-dependent 
activation (Ulvik et al., 2006; Tsang et al., 2015). 

Discussion. Taken together, the evidence indicates that the functional consequences of 
MTHFR variation are best addressed by supplying folate in a form that bypasses the rate-
limiting reductase step. Within this framework, L-methylfolate is of central importance because 
it is the immediate product of the reaction impaired by the risk alleles and is therefore available 
for one-carbon transfer while bypassing the MTHFR-dependent activation step. The most 
informative findings arise consistently from genotype-stratified comparisons of folate status 
and homocysteine, which show that risk-allele carriers reach the same biochemical targets only 
at higher folate exposure. Collectively, these observations provide a coherent mechanistic basis 
for genotype-informed folate supplementation and support the integration of MTHFR 
genotyping with standardised folate and homocysteine endpoints in future studies (Qin et al., 
2020; Colson et al., 2017; Tsang et al., 2015). 
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INTRODUCTION 

Folate is essential for nucleotide synthesis, blood-cell formation, and the methylation reactions of 
one-carbon metabolism, and its biological utilisation depends on a defined sequence of enzymatic 
conversions. A central and rate-limiting step in this sequence is catalysed by 5,10-
methylenetetrahydrofolate reductase, the product of the MTHFR gene, which generates the active 
circulating folate species required for the remethylation of homocysteine to methionine. Because 
dietary and supplemental folic acid is itself metabolically inactive, the efficiency of this MTHFR-
dependent step is a key determinant of whether ingested folate can be effectively used (van der Put 
et al., 1998; Ulvik et al., 2006; Tsang et al., 2015). 

Common genetic variation in MTHFR is therefore most appropriately interpreted as a determinant 
of functional heterogeneity in folate activation. Two well-characterised polymorphisms, rs1801133 
(677C>T) and rs1801131 (1298A>C), are associated with reduced enzyme activity and, for the former, 
with measurable differences in folate status and plasma homocysteine. Genotype-stratified human 
studies show that carriers of the risk alleles differ systematically from wild-type homozygotes / 
reference genotype carriers in these biochemical endpoints, indicating that the biological effect of 
folate intake is not uniform across individuals (Ashfield-Watt et al., 2002; Tsang et al., 2015; Zappacosta 
et al., 2013). 

Accordingly, evidence on MTHFR variation, folate activation, and the metabolic distinction between 
folic acid and 5-methyltetrahydrofolate is examined here in relation to the rationale for genotype-
informed supplementation (Colson et al., 2017; Tsang et al., 2015; Qin et al., 2020). 



 

THE FUNCTION OF MTHFR IN FOLATE ACTIVATION AND ONE-CARBON 
METABOLISM 

MTHFR encodes 5,10-methylenetetrahydrofolate reductase, a flavoprotein that catalyses the 
irreversible reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate (5-MTHF). This 
product, also termed L-methylfolate, is the predominant form of folate in the circulation and serves 
as the methyl donor for the vitamin B12-dependent remethylation of homocysteine to methionine. 
Through this reaction the enzyme occupies a pivotal position at the intersection of the folate cycle 
and the methionine cycle, coupling folate availability to cellular methylation capacity and to the 
disposal of homocysteine (van der Put et al., 1998; Ulvik et al., 2006). 

A central consequence of this biochemistry is that folic acid, the synthetic and dietary precursor, has 
no intrinsic biological activity until it is reduced and converted into 5-methyltetrahydrofolate. The 
MTHFR-catalysed step is rate-limiting in the generation of the active methyl-donor form, so the 
capacity of this enzyme effectively governs the proportion of ingested folic acid that becomes 
metabolically usable. When reductase activity is high, folic acid is efficiently converted and 
homocysteine remethylation proceeds normally; when activity is constrained, the same intake yields 
less active folate and homocysteine disposal is correspondingly impaired (Ulvik et al., 2006; Tsang et 
al., 2015). 

The physiological importance of this pathway is reflected in its established links to blood-cell 
formation, cell division, and homocysteine homeostasis, the last of which is relevant because 
elevated homocysteine is an established correlate of vascular risk. Adequate flux through the MTHFR 
reaction is thus required not only to maintain folate-dependent biosynthetic processes but also to 
keep plasma homocysteine within a physiological range, providing the mechanistic context in which 
functional variation in the gene becomes meaningful (Qin et al., 2020; Tsang et al., 2015). 

FUNCTIONAL SIGNIFICANCE OF RS1801133 AND RS1801131: WILD-TYPE VERSUS 
RISK-ALLELE CARRIERS 

rs1801133 is a missense variant (677C>T, Ala222Val) in MTHFR that is best interpreted as a functional 
modifier rather than a loss-of-function change, since it does not abolish the enzyme but renders it 
thermolabile and reduces its catalytic activity. The reference C allele (wild-type) encodes the fully 
active enzyme, whereas each additional T (risk) allele lowers activity in a graded manner, with the 
homozygous risk genotype retaining the least residual function. This gene-dose relationship is 
mirrored at the level of folate status: in genotype-stratified human studies, homozygous risk-allele 
carriers show lower serum and red-cell folate and higher plasma homocysteine than wild-type 
homozygotes / reference genotype carriers, with heterozygotes occupying an intermediate position 
(van der Put et al., 1998; Tsang et al., 2015; Zappacosta et al., 2013). 

The functional consequence of this variant is most clearly exposed under conditions of folate 
supplementation. A meta-analysis of intervention studies showed that homozygous risk-allele 
carriers begin with lower folate status and exhibit a smaller increase in serum folate after 
supplementation with folic acid than wild-type homozygotes / reference genotype carriers, 
indicating that the reduced reductase activity limits the conversion of supplemental folic acid into 



 

the active form. A randomised controlled trial similarly demonstrated that homozygous risk-allele 
carriers require higher folate intakes than wild-type homozygotes / reference genotype carriers to 
reach comparable homocysteine concentrations, while remaining responsive to increased folate 
exposure (Colson et al., 2017; Ashfield-Watt et al., 2002). 

rs1801131 (1298A>C, Glu429Ala) is a second common variant in the same gene. In isolation it produces 
a milder reduction in enzyme activity and, unlike rs1801133, is not consistently associated with 
elevated homocysteine or reduced folate in carriers of the reference allele. Its functional relevance 
becomes most apparent in combination with rs1801133, where compound carriage of both risk alleles 
is associated with reduced specific activity and a biochemical profile resembling that of the rs1801133 
homozygote. Thus the reference A allele represents the wild-type state, the C allele a modest activity-
reducing risk allele, and the combined genotype a configuration in which folate activation is further 
constrained (van der Put et al., 1998; Foedinger et al., 2000; Zappacosta et al., 2013). 

Interpreted together, these data describe a coherent gradient in which inherited variation at 
rs1801133 and rs1801131 modulates the efficiency of folate activation rather than eliminating it. The 
distinction between wild-type homozygotes / reference genotype carriers and risk-allele carriers is 
therefore quantitative: risk-allele carriers retain the capacity to use folate but do so less efficiently, 
and this reduced efficiency becomes biologically significant when the demand for active folate is 
high or when intake is supplied predominantly as folic acid (Ulvik et al., 2006; Tsang et al., 2015). 

L-METHYLFOLATE AS A MECHANISM-BASED STRATEGY IN CARRIERS OF 
REDUCED-ACTIVITY MTHFR GENOTYPES 

Because the rs1801133 and rs1801131 variants cannot be corrected at the genetic level, mechanism-

based strategy is directed at the specific step they impair, namely the conversion of folic acid into 5-
methyltetrahydrofolate. The most direct intervention is therefore the administration of 5-
methyltetrahydrofolate (L-methylfolate) itself, which is the immediate product of the MTHFR 
reaction. Because it is supplied in the already-reduced, active form, L-methylfolate bypasses the 
MTHFR-dependent activation step and can enter one-carbon metabolism and homocysteine 
remethylation without first being processed through the reduced-activity enzyme (Ulvik et al., 2006; 
Tsang et al., 2015). 

This rationale follows directly from the genotype-stratified evidence. Since the biochemical penalty 
associated with the risk alleles arises specifically because folic acid must be processed through the 
reduced-activity enzyme, providing folate downstream of that step removes the rate-limiting 
constraint. Whereas wild-type homozygotes / reference genotype carriers convert folic acid 

efficiently and reach target folate and homocysteine values at standard intakes, risk-allele carriers 
achieve comparable status only at higher folic acid doses; supplying the active form is the 
mechanism-based means of closing this gap without relying on residual reductase capacity (Colson 
et al., 2017; Ashfield-Watt et al., 2002; Tsang et al., 2015). 

The argument for preferential use of L-methylfolate in carriers of reduced-activity genotypes is thus 
grounded in the location of the metabolic defect rather than in any single clinical endpoint. By 
delivering folate in the form that the impaired enzyme would otherwise have to generate, this 



 

strategy aligns the supplemented species with the precise point of constraint, supports 
homocysteine remethylation, and provides active folate for blood-cell formation and cell division 
while bypassing the MTHFR-dependent activation step. On this basis, L-methylfolate represents the 
principal mechanism-based intervention for individuals whose MTHFR genotype limits the activation 
of conventional folic acid (Ulvik et al., 2006; Tsang et al., 2015; Qin et al., 2020). 

TABLE 1 — REPRESENTATIVE STUDIES RELEVANT TO MTHFR RS1801133 AND RS1801131, 
FOLATE STATUS, AND HOMOCYSTEINE 

STUDY (AUTHOR, 
YEAR) 

DESIGN · POPULATION · SNP PRIMARY OUTCOME / KEY FINDINGS 

van der Put et 
al., 1998 

Design: Human molecular and 
genetic association study. 

Population: Adults; neural-tube-
defect families and controls. 

SNP: MTHFR 1298A>C (rs1801131) and 
677C>T (rs1801133). 

Characterised 1298A>C as a second 
common variant reducing MTHFR 
activity, more pronounced in 
homozygotes; combined 
heterozygosity for both variants 
lowered specific activity and 
produced a profile resembling 
677TT, supporting an interaction 
between the two polymorphisms. 

Foedinger et al., 
2000 

Design: Observational cohort with 
genotype-stratified biochemistry. 

Population: 733 kidney graft 
recipients. 

SNP: MTHFR 677C>T (rs1801133) and 
1298A>C (rs1801131). 

The 677TT/1298AA and compound 
677CT/1298AC genotypes predicted 
higher total homocysteine and 
lower folate than other genotype 
combinations, confirming a gene-
dose effect of the risk alleles on 
folate status. 

Ashfield-Watt et 
al., 2002 

Design: Randomised controlled 
dietary-intervention trial. 

Population: 126 healthy adults (42 TT, 
42 CT, 42 CC). 

SNP: MTHFR 677C>T (rs1801133). 

Homozygous risk-allele (TT) carriers 
had higher homocysteine and lower 
folate than wild-type (CC) after a 
folic-acid-exclusion diet and 
required higher folate intake to 
match wild-type homocysteine, 
while remaining responsive to folate 
intervention. 



 

STUDY (AUTHOR, 
YEAR) 

DESIGN · POPULATION · SNP PRIMARY OUTCOME / KEY FINDINGS 

Tsang et al., 2015 Design: Systematic review and 
meta-analysis (trials and 
observational studies). 

Population: Healthy women aged 12-
49 y across 40 studies. 

SNP: MTHFR 677C>T (rs1801133). 

Blood folate followed a clear wild-
type-to-risk gradient (CC > CT > TT), 
with the risk homozygote showing 
the lowest serum and red-cell folate, 
consistent with reduced folate-
processing capacity of the T allele. 

Colson et al., 
2017 

Design: Meta-analysis of folic-acid 
intervention studies. 

Population: Participants across ten 
supplementation trials. 

SNP: MTHFR 677C>T (rs1801133). 

The risk homozygote (TT) was 
associated with higher 
homocysteine and lower serum 
folate and showed a smaller serum-
folate response to short-term folic-
acid supplementation than wild-
type homozygotes / reference 
genotype carriers, indicating 
constrained activation of 
supplemental folic acid. 

Zappacosta et 
al., 2013 

Design: Cross-sectional genotype-
phenotype association study. 

Population: 197 adult blood donors, 
middle-southern Italy. 

SNP: MTHFR 677C>T (rs1801133) and 
1298A>C (rs1801131). 

Homocysteine rose and serum 
folate fell across 677 genotypes from 
reference genotype to risk 
homozygote; the 1298 variant 
showed a milder, opposite-direction 
trend, supporting differing 
functional weights of the two 
polymorphisms. 

Ulvik et al., 2006 Design: Large-scale epidemiological 
functional-inference study. 

Population: 10,034 middle-aged 
adults (50-64 y). 

SNP: MTHFR 677C>T (rs1801133) and 
1298A>C (rs1801131). 

Both variants reduced enzyme 
activity in vitro; the 677TT/1298AA 
genotype showed the lowest serum 
folate and highest homocysteine, 
and genotype effects were largest at 
low folate, identifying configurations 
most sensitive to limited folate 
supply. 



 

STUDY (AUTHOR, 
YEAR) 

DESIGN · POPULATION · SNP PRIMARY OUTCOME / KEY FINDINGS 

Qin et al., 2020 Design: Randomised, double-blind 
controlled trial (genotype 
interaction). 

Population: 20,702 hypertensive 
adults. 

SNP: MTHFR 677C>T (rs1801133). 

Baseline folate and B12 interacted 
with genotype on stroke risk and on 
folic-acid efficacy, underscoring that 
the relationship between folate 
status and outcome differs between 
reference genotype and risk-allele 
carriers. 

CONCLUSION 

Collectively, the available evidence identifies MTHFR as the gene encoding the rate-limiting enzyme 
of folate activation and supports rs1801133 and rs1801131 as functional modifiers of that activation 
rather than loss-of-function changes. By determining the efficiency with which folic acid is converted 
into 5-methyltetrahydrofolate, these polymorphisms shape interindividual differences in folate 
status and homocysteine, although the two variants differ in the consistency and magnitude of their 
effects. For rs1801133, carriers of the risk allele consistently show lower folate, higher homocysteine, 
and a reduced response to folic acid relative to wild-type homozygotes / reference genotype carriers, 
with the homozygous risk genotype showing the most pronounced changes. For rs1801131, the effect 
of the risk allele is milder and less consistent in isolation, becoming biochemically relevant mainly in 
combination with rs1801133, where compound carriage further constrains enzyme activity. Risk-allele 
carriers should therefore not be treated as a uniform group: the functional penalty depends on which 
variant is present, on allele dose, and on whether both variants are co-inherited (van der Put et al., 
1998; Tsang et al., 2015; Colson et al., 2017; Zappacosta et al., 2013). 

Within this framework, L-methylfolate emerges as the principal mechanism-based intervention 
because it is the immediate product of the reaction impaired by the risk alleles. Supplying folate in 
this already-active form bypasses the MTHFR-dependent activation step and allows one-carbon 
metabolism, homocysteine remethylation, blood-cell formation, and cell division to proceed without 
reliance on the reduced-activity reductase reaction. This interpretation indicates that the biological 
consequences of the variants should be regarded as quantitative and context-dependent, with folate 
form and dose acting as major determinants of how the genotype is functionally expressed (Ulvik et 
al., 2006; Tsang et al., 2015; Ashfield-Watt et al., 2002). 

From a translational perspective, these observations support the incorporation of MTHFR genotyping 

together with standardised folate and homocysteine endpoints into the study of interindividual 
differences in folate utilisation. Such an approach strengthens the biological basis for genotype-
informed supplementation strategies and provides a coherent rationale for preferring the active 
methylfolate form in carriers of reduced-activity MTHFR genotypes (Qin et al., 2020; Colson et al., 2017; 
Tsang et al., 2015). 
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