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ABSTRACT

Background. Homocysteine is a sulfur-containing amino acid central to one-carbon
metabolism, and elevated plasma homocysteine (hyperhomocysteinemia) has been implicated
in cardiovascular and other disorders. Two riboflavin-dependent enzymes govern its
remethylation to methionine: methylenetetrahydrofolate reductase (MTHFR) regenerates the
active folate form required for remethylation, while methionine synthase reductase (MTRR)
maintains the methylcobalamin cofactor of methionine synthase. Common functional variants
in these enzymes — MTHFR Ce77T (rs1801133) and MTRR A66G (rs1801394) — reduce catalytic
efficiency and, together with B-vitamin status, modulate homocysteine concentrations (Klerk
et al.,, 2002; Brown et al., 2000; Steluti et al., 2017).

Methods. Mechanistic and epidemiological studies addressing the MTHFR C677T and MTRR
AG6G polymorphisms and their interaction with folate, vitamin B12, vitamin B6 and riboflavin
were reviewed. For each variant the wild-type and risk allele were distinguished, and
biochemical effects on homocysteine, gene-nutrient interactions, and clinical associations
were assessed.

Results. The MTHFR 677T and MTRR 66G risk alleles are associated with elevated plasma
homocysteine, most markedly when folate, B12 or riboflavin intake is low (Klerk et al., 2002;
Steluti et al., 2017; Garcia-Minguillan et al., 2014; Cheng et al,, 2022). Riboflavin status modifies
the homocysteine-raising effect of both variants, and folate and vitamin B12 are broadly
effective in lowering homocysteine across genotypes (Garcia-Minguillan et al,, 2014; Bouzidi et
al., 2020).

Discussion. The functional consequences of these polymorphisms are highly modifiable by B-
vitamin intake, providing a mechanistic basis for nutrition-guided strategies in individuals
carrying the risk alleles (Garcia-Minguillan et al, 2014; Steluti et al., 2017). The interaction
between genotype and riboflavin status is of particular interest, since adequate riboflavin can
attenuate the homocysteine-raising effect of the MTHFR 677T allele (Garcia-Minguillan et al,,
2014).
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INTRODUCTION

Homocysteine (Hcy) is a non-proteinogenic amino acid formed as an intermediate of methionine
metabolism. Under physiological conditions it is efficiently removed either by remethylation to
methionine or by transsulfuration to cysteine. When these routes are impaired, homocysteine
accumulates in the blood, a state termed hyperhomocysteinemia. Even moderate elevations are of
clinical interest because epidemiological studies link them to increased cardiovascular risk (Klerk et
al., 2002; Bouzidi et al., 2020).

Plasma homocysteine is shaped by both nutritional and genetic factors. The B-vitamins that act as
cofactors or substrates in homocysteine metabolismn — folate, cobalamin (vitamin B12), pyridoxine
(vitamin B6) and riboflavin (vitamin B2) — are central determinants of circulating concentrations.
Superimposed on nutrition, common functional polymorphisms in the enzymes that metabolise
homocysteine produce inter-individual differences in baseline homocysteine and in the response to
these vitamins (Steluti et al., 2017; Garcia-Minguillan et al., 2014).

The two variants considered here are MTHFR C677T (rs1801133) and MTRR A66G (rs1801394). For
MTHFR Ce77T, the C (677C) allele encodes the fully active, wild-type enzyme, whereas the T (677T)
risk allele produces a thermolabile enzyme with reduced activity, especially under low folate or
riboflavin status (Steluti et al.,, 2017; Garcia-Minguillan et al,, 2014). For MTRR A66G, the A (66A) allele
is the wild-type form, while the G (66G) risk allele yields a reductase with lower affinity for methionine
synthase, compromising regeneration of the methylcobalamin cofactor (Brown et al,, 2000; Han et
al., 2012).

This review examines the molecular function of these two enzymes, the way each polymorphism
alters that function, and the B-vitamin cofactors that act directly on the affected step. We then
summarise the argument that, in carriers of the risk alleles, optimisation of these specific cofactorsis
a mechanistically targeted means of normalising homocysteine.

FUNCTION OF THE MTHFR AND MTRR GENES

Homocysteine remethylation to methionine proceeds through methionine synthase (MTR), a
vitamin Bl12-dependent enzyme that transfers a methyl group from 5-methyltetrahydrofolate to
homocysteine. Two upstream enzymes determine how efficiently this reaction can run. MTHFR
converts 510-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the active folate species that
supplies the methyl group; without sufficient MTHFR activity, the folate-bound methyl donor for
remethylation becomes limiting (Steluti et al., 2017; Klerk et al., 2002).

MTRR serves a complementary role: it regenerates methylcobalamin, the activated B12 cofactor that
methionine synthase requires. Over successive catalytic cycles the cobalamin cofactor becomes
oxidised and inactive, and MTRR restores it. When MTRR activity is reduced, methionine synthase
loses cofactor support, remethylation slows, and homocysteine rises (Brown et al.,, 2000; Han et al,,



2012). The two genes therefore act on the same remethylation pathway from different angles —
MTHFR on the folate-derived methyl donor and MTRR on the B12 cofactor.

HOW THE SNPS ALTER ENZYME FUNCTION

MTHFR C677T (rs1801133)

The 677C>T substitution replaces an alanine with a valine in the catalytic domain, producing a
thermolabile enzyme. Carriers of the 677T risk allele — particularly 677TT homozygotes — retain a
substantially smaller fraction of enzyme activity than 677C wild-type individuals, and the deficit is
most pronounced when folate status is marginal (Steluti et al.,, 2017; Klerk et al., 2002). Population
data confirm that homocysteine concentrations rise progressively from the wild-type to the
heterozygous to the risk-allele homozygous genotype, an effect that persists even under adequate
folate fortification (Steluti et al., 2017).

Functionally, the reduced MTHFR activity in 677T carriers limits the supply of b5-
methyltetrahydrofolate, the methyl donor for homocysteine remethylation. The clinical correlate is
consistent: the 677TT genotype is associated with higher plasma homocysteine and, in meta-analysis,
modestly higher coronary heart disease risk, especially against a background of low folate (Klerk et
al,, 2002; Bouzidi et al., 2020).

MTRR A66G (rs1801394)

The 66A>G substitution exchanges isoleucine for methionine and lowers the affinity of methionine
synthase reductase for methionine synthase. The 66G risk allele therefore impairs regeneration of
methylcobalamin and slows homocysteine remethylation, whereas the 66A wild-type allele supports
full cofactor turnover (Brown et al., 2000; Han et al,, 2012). The 66G risk allele raises homocysteine and
its effect becomes most evident when vitamin B12 or riboflavin status is suboptimal, underscoring
the central role of MTRR and its vitamin B12 cofactor in keeping homocysteine low (Garcia-Minguillan
et al,, 2014).

Across cancer and cardiovascular cohorts, the 66G risk allele and the 66GG genotype have
consistently been associated with increased risk relative to the 66A wild-type, reflecting a
reproducible reduction in remethylation capacity (Han et al,, 2012; Brown et al,, 2000; Pardini et al,
2011; Zhou et al., 2012; Wu et al., 2015; Guimaraes et al., 2011).

B-VITAMIN COFACTORS THAT ACT ON THE AFFECTED STEP

Because MTHFR and MTRR are riboflavin-dependent flavoenzymes that operate within the folate-
B12 remethylation cycle, four B-vitamins act directly on the steps these variants impair. Folate
supplies the substrate processed by MTHFR; raising folate availability partially compensates for the
reduced activity of the 677T enzyme and lowers homocysteine across genotypes (Steluti et al., 2017;
Cheng et al,, 2022). Vitamin B12 is the cofactor of methionine synthase, the enzyme that MTRR keeps
active; adequate B12 supports remethylation and is a standard means of lowering homocysteine
(Brown et al.,, 2000; Al-Batayneh et al., 2018).



Riboflavin (vitamin B2) is the flavin cofactor (FAD) of both MTHFR and MTRR. Its status modifies the
homocysteine-raising effect of the risk alleles: in 677T carriers the elevation in homocysteine is
attenuated when riboflavin status is optimal, and the influence of the MTRR 66G allele likewise
depends on riboflavin and cobalamin status (Garcia-Minguillan et al., 2014). This provides a direct
mechanistic rationale for riboflavin as a targeted cofactor in carriers of these specific variants. Vitamin
B6 supports the alternative transsulfuration route, through which homocysteine is converted to
cysteine, contributing a parallel means of clearance.

Taken together, the evidence supports a focused argument: where the genotype indicates a risk
allele at MTHFR C677T or MTRR A66G, optimisation of the cofactors acting on the impaired step —
folate and riboflavin for MTHFR, vitamin B12 and riboflavin for MTRR — is a mechanistically matched
strategy for normalising homocysteine, rather than a generic supplementation approach (Garcia-

Minguillan et al,, 2014; Steluti et al., 2017; Cheng et al., 2022).

TABLE 1— HUMAN STUDIES ON MTHFR C677T AND MTRR A66G IN HOMOCYSTEINE

REGULATION

STUDY (AUTHOR, DESIGN - POPULATION - SNP PRIMARY OUTCOME / KEY FINDINGS
YEAR)

Klerk et al., 2002

Steluti et al., 2017

Garcia-
Minguillan et al.,
2014

Design: Meta-analysis (individual-
participant data)

Population: 11,162 CHD cases vs 12,758
controls

SNP: MTHFR C677T (rs1801133)

Design: Population-based cross-
sectional (post-fortification)
Population: 750 Brazilians 212 y

SNP: MTHFR Ce77T (rs1801133); MTRR
AG6G (rs1801394)

Design: Cross-sectional gene—
nutrient interaction

Population: 771 adults (Spain), 18-75y
SNP: MTHFR C677T (rs1801133); MTRR
A66G (rs1801394)

677TT genotype carried ~16% higher
odds of coronary heart disease than
677CC wild-type, the excess risk
being greatest under low folate
status (Klerk, 2002).

Homocysteine rose from 677CC to
CT to TT and remained elevated in
677T carriers despite adequate
folate; risk-allele frequencies differed
across groups (Steluti, 2017).

Optimal riboflavin status eliminated
the homocysteine elevation of 677T
carriers; the MTRR 66G effect
depended on cobalamin and
riboflavin status (Garcia-Minguillan,
2014).



STUDY (AUTHOR, DESIGN - POPULATION - SNP PRIMARY OUTCOME / KEY FINDINGS
YEAR)

Cheng et al,,
2022

Bouzidi et al.,
2020

Shivkar et al.,
2022

Zhang et al.,
2022

Al-Batayneh et
al., 2018

Chmurzynska et
al., 2019

Design: Cross-sectional (trial
baseline)

Population: 2,328 hypertensive adults

(China)
SNP: MTHFR C677T (rs1801133)

Design: Case—control

Population: 310 CAD patients vs 210
controls (Tunisia)

SNP: MTHFR C677T (rs1801133)

Design: Case—control

Population: 200 young CAD vs 200
controls (India)

SNP: MTHFR C677T (rs1801133)

Design: Prospective cohort (2-week
follow-up)

Population: 212 ischaemic stroke
patients (China)

SNP: MTHFR C677T (rs1801133)

Design: Case-control

Population: 100 B12-deficient vs 100
controls (Jordan)

SNP: MTHFR C677T (rs1801133)

Design: Cross-sectional (pregnancy
cohort)

Population: 103 healthy pregnant
women (Poland)

SNP: MTHFR C677T (rs1801133)

The inverse folate-homocysteine
relationship was steepest in 677TT,
so low folate raised homocysteine
disproportionately in risk-allele
homozygotes vs 677CC (Cheng,
2022).

677TT was associated with higher
homocysteine and markedly higher
odds of severe CAD (OR ~9.1) relative
to 677CC wild-type (Bouzidi, 2020).

The 677T allele was associated with
hyperhomocysteinemia and young-
onset CAD; carriers showed higher
homocysteine than 677CC wild-type
(Shivkar, 2022).

677AA risk genotype (A=677T
strand) and A allele were associated
with post-stroke depression, an
effect mediated by elevated
homocysteine vs wild-type (Zhang,
2022).

Homozygous 677T and the T allele
were significantly more frequent in
vitamin Bl12-deficient individuals
than in 677C wild-type controls (Al-
Batayneh, 2018).

Folic-acid supplement users had
lower total homocysteine; folate
intake interacted with one-carbon
genotypes to determine
homocysteine (Chmurzynska, 2019).



STUDY (AUTHOR, DESIGN - POPULATION - SNP PRIMARY OUTCOME / KEY FINDINGS
YEAR)

Brown et al.,,
2000

Han et al., 2012

Pardini et al.,
2011

Zhou et al., 2012

Wu et al., 2015

Guimaraes et al.,,
2011

Design: Case—control (angiography)
Population: 180 patients <58 y, CAD
vs no CAD

SNP: MTRR A66G (rs1801394)

Design: Meta-analysis
Population: 18,661 cases vs 27,678
controls (35 studies)

SNP: MTRR AG6G (rs1801394)

Design: Case—control (haplotype
analysis)

Population: 666 CRC cases vs 1,377
controls (Czech Republic)

SNP: MTHFR C677T (rs1801133); MTRR
AB6G (rs1801394)

Design: Meta-analysis
Population: 17,552 cases vs 26,238
controls (41 studies)

SNP: MTHFR C677T (rs1801133); MTRR
AB6G (rs1801394)

Design: Meta-analysis
Population: 6,020 cases vs 8,317
controls (15 studies)

SNP: MTRR A66G (rs1801394)

Design: Case-control

Population: 113 colorectal
adenocarcinoma vs 188 controls
(Brazil)

SNP: MTRR A66G (rs1801394)

The 66GG risk genotype was
associated with higher premature
CAD risk (RR ~1.5) than the 66AA
wild-type; in this particular cohort
the homocysteine difference
between genotypes did not reach
significance (Brown, 2000).

The 66G allele and 66GG genotype
were associated with modestly
increased tumour susceptibility
relative to the 66A wild-type allele
(Han, 2012).

677TT was associated with lower
colorectal cancer risk, while MTRR
66GG risk homozygotes showed
higher risk vs the 66A wild-type
(Pardini, 2011).

The 677T allele was associated with
reduced colorectal cancer risk,
whereas the MTRR 66G risk allele
was associated with increased risk in
Caucasians (Zhou, 2012).

Pooled data showed the 66G risk
allele was associated with a small
increase in colorectal cancer
susceptibility vs 66A, notably in
Caucasians (Wu, 2015).

The 66GG risk genotype was
associated with increased sporadic
colorectal adenocarcinoma risk
relative to carriers of the 66A wild-
type allele (Guimaraes, 2011).



CONCLUSION

MTHFR Ce77T (rs1801133) and MTRR A66G (rs1801394) are among the most influential common
genetic determinants of homocysteine metabolism. Both act on the folate-B12 remethylation
pathway: the MTHFR 677T risk allele encodes a thermolabile enzyme that limits the active folate
methyl donor, while the MTRR 66G risk allele impairs regeneration of the methylcobalamin cofactor
of methionine synthase (Klerk et al.,, 2002; Brown et al,, 2000; Han et al., 2012).

The functional impact of both risk alleles is closely modulated by the B-vitamin cofactors that act on
the impaired step — folate and riboflavin for MTHFR, vitamin B12 and riboflavin for MTRR, with
vitamin B6 supporting the transsulfuration route. Adequate intake of these cofactors can offset
reduced enzyme activity and help normalise homocysteine, with riboflavin status emerging as a
specific modifier of the genotype effect (Garcia-Minguillan et al., 2014; Steluti et al,, 2017, Cheng et al,,
2022).

These observations support a targeted, genotype-informed argument: in individuals carrying the
MTHFR 677T or MTRR 66G risk allele, optimisation of the directly relevant B-vitamin cofactors is a
mechanistically matched intervention for homocysteine management, distinct from generic
supplementation in wild-type carriers (Garcia-Minguillan et al., 2014; Bouzidi et al., 2020; Steluti et al.,
2017).
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