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1. Abstract
Hyperhomocysteinemia (HHcy) serves as a crucial modifiable 
risk factor for multiple adverse health outcomes, including car-
diovascular and cerebrovascular diseases, cognitive decline, and 
abnormal pregnancy outcomes. Homocysteine metabolism, con-
sisting of remethylation and transsulfuration processes, relies 
heavily on the one-carbon metabolic network, with key rate-lim-
iting enzymes such as methylenetetrahydrofolate reductase 
(MTHFR), methionine synthase (MTR), methionine synthase 
reductase (MTRR), and cystathionine β-synthase (CBS). Com-
mon genetic polymorphisms of these enzymes, namely MTHFR 
C677T, MTHFR A1298C, MTRR A66G, MTR A2756G, and 
CBS 844ins68, are major contributors to individual differences 
in plasma total homocysteine levels and can exacerbate HHcy 
risk when combined with low folate, low vitamin B12 status or 
other adverse environmental factors. This review systematically 
summarizes the molecular genetics of folate-dependent homo-
cysteine remethylation, quantifies the epidemiological burden 
of the aforementioned genetic variants, and further explores the 
interactive relationships between genes, nutrients and industri-
al pollutants. Notably, Northwest China (represented by Gansu 
Province and the petrochemically industrialized Lanzhou Xigu 
District) exhibits overlapping HHcy susceptibility risk factors, 
including a high prevalence of the MTHFR 677T allele, insuffi-
cient dietary folate intake, lack of universal folic acid fortifica-
tion, and severe industrial air pollution that disrupts endothelial 
function and one-carbon metabolism. On this basis, this study 
proposes a stratified, genotype-targeted framework for HHcy 
risk assessment and primary prevention tailored to the popula-
tion of Lanzhou Xigu District. The integration of genetic screen-

ing, biochemical monitoring and environmental risk stratifica-
tion offers a feasible strategy to reduce HHcy-related diseases in 
high-risk industrial communities. This review also incorporates 
100 primary and review articles to consolidate relevant research 
evidence.

2. Introduction
Homocysteine (Hcy) is a sulfur-containing non-proteinogenic 
amino acid that sits at the crossroads of methionine metabolism. 
In 1969, McCully first linked elevated Hcy to arteriosclerosis 
by observing premature vascular disease in children with ho-
mozygous homocystinuria [1]. Over the following five decades, 
a large body of observational and genetic epidemiology estab-
lished that even modestly elevated fasting total Hcy (tHcy) is as-
sociated with an increased risk of coronary heart disease, stroke, 
venous thrombosis, cognitive impairment, and neural tube de-
fects [2-6]. On the strength of this evidence, a 5 µmol/L higher 
usual tHcy concentration has been associated with approximate-
ly 20% higher ischemic heart disease risk and 25% higher stroke 
risk in meta-analyses of prospective studies [7,8].

The plasma concentration of tHcy is determined by the balance 
between its production (from methionine demethylation) and its 
disposal through two routes: remethylation to methionine (fo-
late- and cobalamin-dependent, or betaine-dependent) and trans-
sulfuration to cystathionine (vitamin B6-dependent) [9,10]. Be-
cause remethylation is the dominant route in humans, genetically 
determined reductions in folate-activated one-carbon flux-most 
importantly the thermolabile MTHFR enzyme-directly elevate 
tHcy. The discovery of the common MTHFR C677T mutation 
by Frosst and colleagues in 1995 provided the first robust genet-
ic instrument for causal inference in this pathway [11].
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China carries a uniquely heavy burden of HHcy-related disease. 
Stroke is the leading cause of death in China, and an estimated 
75-80% of Chinese adults with hypertension also have HHcy 
(so-called “H-type hypertension,” defined as hypertension plus 
tHcy ≥ 10 µmol/L) [12,13]. Two population-level features drive 
this: (i) the MTHFR 677T allele is far more common in northern 
than southern Chinese populations (allele frequency ~0.53 in the 
north versus ~0.25 in the south) [14], and (ii) mandatory folic 
acid fortification of staple foods is absent, leaving mean serum 
folate well below levels in North America and Europe [15]. The 
China Stroke Primary Prevention Trial (CSPPT), which enrolled 
20,702 hypertensive adults, demonstrated that adding 0.8 mg fo-
lic acid to enalapril reduced first stroke by 21%, an effect most 
pronounced in TT-genotype and low-folate participants [16].

The convergence of factors makes northwestern China a natu-
ral experiment in gene-environment interaction. Stroke alone 
caused approximately 1.5 million deaths in China annually and 
is the single largest contributor to disability-adjusted life-years 
lost in the country [13]. Because hypertensive patients who also 
carry HHcy (H-type hypertension) face roughly a 5- to 12-fold 
higher stroke risk than those with neither factor, the co-occur-
rence of the two conditions is not additive but multiplicative, and 
it explains a disproportionate share of the national stroke burden 

[12,13]. The “H-type hypertension” construct-coined by Chi-
nese investigators to denote hypertension with tHcy ≥ 10 µmol/
L-was explicitly designed to capture this synergy and to justify 
genotype-plus-folate guided prevention as a public-health strat-
egy [12,13]. Figure 4 summarizes the causal chain: northern Han 
genetic background→high MTHFR 677T frequency→reduced 
5-MTHF→impaired remethylation→ HHcy, amplified by low 
dietary folate, absence of fortification, and industrial pollutant 
stress, ultimately raising stroke and cardiovascular risk. Disen-
tangling the contribution of each link is the central task of risk 
assessment in districts such as Xigu.

Within this national picture, Xigu District of Lanzhou, Gansu 
Province occupies a distinctive niche. As the principal petro-
chemical and refining hub of western China, Xigu concentrates 
both the genetic predisposition of northwestern Han Chinese 
and intense industrial air pollution-polycyclic aromatic hydro-
carbons (PAHs), fine particulate matter (PM2.5), sulfur and ni-
trogen oxides-whose oxidative and inflammatory effects further 
impair endothelial function and may interact with one-carbon 
metabolism [17-21]. Despite this convergence of risks, few stud-
ies have specifically characterized folate-gene-HHcy associa-
tions in the Xigu population. This review therefore integrates the 
global genetics literature with the regional environmental and 
nutritional context to inform a tailored risk-assessment strategy.

Figure 1: The folate-homocysteine (one-carbon) metabolic pathway. Boxes denote metabolites and arrows denote enzymatic flux; the polymor-
phic enzymes reviewed here are highlighted (orange, MTHFR; navy, MTR/MTRR; green, CBS). Impairment of the MTHFR→5-MTHF→MTR 
remethylation axis, or of CBS-mediated transsulfuration, elevates homocysteine.
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Figure 2: North-south gradient of the MTHFR 677T allele in China (A) and the genotype-dependent elevation of fasting total homocysteine (B). 
Panel B contrasts a low-folate setting (unfortified, typical of northwestern China) with a high-folate setting; the H-type threshold (10 µmol/L) is 
shown as a dashed line. Values are representative, drawn from the cited Chinese and international studies.

Figure 3: Reported odds ratios for the MTHFR 677TT genotype versus CC in relation to hyperhomocysteinemia or H-type hypertension in 
Chinese study populations. Point estimates are as published; horizontal bars denote approximate 95% confidence intervals (illustrative where not 
explicitly reported).

Figure 4: Gene-environment convergence model for Xigu District. Genetic susceptibility (left) and environmental exposures (right) converge on 
reduced 5-MTHF supply and oxidative endothelial injury; their multiplicative interaction (×SYNERGY) drives hyperhomocysteinemia and down-
stream stroke, cardiovascular, thrombotic and cognitive outcomes.
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Figure 5: Genotype-informed hyperhomocysteinemia risk-assessment algorithm for Xigu District. Screening (tHcy plus a five-locus panel) feeds 
a Cumulative Risk-Genotype Score, which routes individuals to low-, moderate- or high-risk management; an environmental-exposure axis, a 
predictive nomogram, primary-care delivery and outcome monitoring complete the pathway.

3. The Folate-Homocysteine Metabolic Pathway
Homocysteine is generated intracellularly during the demethyl-
ation of S-adenosylmethionine (SAM) to S-adenosylhomocyste-
ine (SAH) in transmethylation reactions. Its fate is governed by 
three enzymes [9,22]:

1. Methionine synthase (MTR) catalyzes the remethylation of 
Hcy to methionine using 5-methyltetrahydrofolate (5-MTHF) as 
methyl donor and vitamin B12 (methylcobalamin) as cofactor.

2. Methionine synthase reductase (MTRR) maintains MTR in its 
active reduced state by regenerating methylcobalamin from the 
oxidized form.

3. Cystathionine β-synthase (CBS) catalyzes the pyridoxal-phos-
phate-dependent condensation of Hcy with serine to form cysta-
thionine, the first committed step of transsulfuration.

Upstream, 5,10-methylenetetrahydrofolate reductase (MTHFR) 
irreversibly reduces 5,10 methylenetetrahydrofolate to 5-MTHF, 
the circulating methyl donor that supplies MTR. Dietary folate 

enters cells and is reduced to tetrahydrofolate (THF); successive 
one-carbon transfers and the MTHFR step produce 5-MTHF 
[23]. The efficiency of this entire axis is constrained by the ac-
tivity of MTHFR, which in TT homozygotes retains only ~30% 
of wild-type activity at physiological temperature [11,24].

A secondary remethylation route uses betaine as methyl donor 
via betaine-homocysteine S-methyltransferase (BHMT), which 
is hepatorenal and independent of folate but contributes a small-
er share to systemic tHcy disposal [25]. The transsulfuration flux 
is itself regulated by CBS and is stimulated when methionine 
and SAM are abundant, providing a feedback loop linking me-
thionine intake to Hcy clearance [26].

The methionine cycle is further integrated with the broader 
one-carbon network through the SAM/SAH ratio, often termed 
the “methylation potential.” SAM is the principal methyl donor 
for DNA, RNA, phospholipid, and protein methylation, and its 
demethylation produces SAH, a potent competitive inhibitor 
of most methyltransferases [52]. When remethylation is im-
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paired-as in MTHFR deficiency-SAH accumulates, the SAM/
SAH ratio falls, and genome-wide hypomethylation ensues, 
linking the folate-Hcy axis to epigenetic regulation and to the 
pathogenesis of carcinogenesis and vascular remodeling [52,53]. 
This integrative view explains why perturbations at any single 
enzymatic step propagate into multiple downstream phenotypes 
(endothelial dysfunction, thrombophilia, impaired methylation) 
rather than affecting Hcy alone.

The quantitative contribution of each disposal route is environ-
ment- and tissue-dependent. In liver and kidney, transsulfura-
tion and BHMT-mediated remethylation are active and respon-
sive to methionine load; in most other tissues, folate-dependent 
remethylation through MTR dominates basal Hcy clearance. 
Consequently, genetic variants that cripple the MTR/5-MTHF 
supply line (MTHFR, MTRR, MTR) exert their strongest effect 
systemically, whereas CBS variants primarily modulate the he-
patic spillover into transsulfuration. This compartmentalization 
is essential for interpreting why MTHFR C677T is the domi-
nant population-level determinant of fasting tHcy, while CBS 
844ins68 matters mainly in compound genotypes [47,48].

Plasma tHcy exists in several forms-free reduced Hcy, disul-
fide-bound homocystine, and protein-bound (mainly albu-
min-associated) Hcy-with fasting tHcy typically reported as 
total. The reference range is widely taken as 5-15 µmol/L, with 

HHcy variably defined at ≥10, ≥12, or ≥15 µmol/L depending 
on the study population [27,28]. The threshold of ≥10 µmol/L is 
used for H-type hypertension in China [12,13].

Measurement and assay considerations. Total tHcy is most of-
ten quantified by high-performance liquid chromatography with 
fluorescence detection or by automated immunoassay after re-
ductive cleavage of disulfides; pre-analytical factors-fasting 
status, recent methionine-rich meals, hemolysis, and sample 
storage-can shift results by 10-20%, so standardized fasting 
morning draws are preferred for risk stratification [27]. Geno-
typing is performed by PCR-restriction fragment length poly-
morphism, TaqMan allelic discrimination, or next-generation 
panel sequencing; the five flagship markers are now routinely 
available as low-cost, single-tube assays suitable for commu-
nity screening [35,45]. Because tHcy and genotype are imper-
fectly correlated (genetics explains only ~half the variance), a 
two-marker strategy-measure tHcy biochemically and genotype 
to explain why it is raised-maximizes both sensitivity (catch ac-
quired HHcy) and specificity (target supplementation to those 
who will benefit) [54]. In resource-limited settings such as dis-
trict factories and township clinics, a pragmatic sequence is 
feasible: universal tHcy screening of hypertensives, with reflex 
genotyping reserved for those above threshold or with a family 
history of early stroke.

Table 1: Core enzymes of the folate–homocysteine pathway and their encoding genes.

MTHFR MTHFR (1p36.3) 5,10-MTHF→5-MTHF (irreversible) FAD (riboflavin) C677T (rs1801133); A1298C 
(rs1801131)

MTR MTR (1q43) Homocysteine→ methionine (remethyl-
ation) Methylcobalamin (B12) A2756G (rs1805087)

MTRR MTRR (5p15.31) Reductive reactivation of MTR FAD/B12 A66G (rs1801394)

CBS CBS (21q22.3) Homocysteine+serine →cystathionine Pyridoxal-5′-phosphate (B6) 844ins68

BHMT BHMT (5q14.1) Homocysteine+betaine →methionine 
(liver/kidney) - (zinc) 742G>A (rs3733890); 

1208C>T

SHMT1 SHMT1 (17p11.2) Serine↔glycine (one-carbon transfer) B6 1420C>T (rs1979277)

MTHFD1 MTHFD1 
(14q23.3)

One-carbon interconversion
(−methylene/−formyl) - R653Q (rs1950902)

RFC1 SLC19A1 
(21q22.3) Cellular transport of reduced folates - A80G (rs1051266)

TYMS TYMS (18p11.32) dUMP→dTMP (thymidylate synthesis) - 1494del6; 28-bp tandem 
repeat

The five flagship markers analysed in this review (MTHFR, MTR, MTRR, CBS) are shown in bold in the pathway figure below; the additional loci 
(BHMT, SHMT1, MTHFD1, RFC1, TYMS) act as epistatic modifiers of plasma tHcy.
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Table 2: Common folate-pathway polymorphisms: allele frequencies and functional effects.

MTHFR C677T (rs1801133) Ala222Val T: 0.42 national; ~0.53 north
Thermolabile enzyme; 
~30-70% lower activity

TT: +2-3 µmol/L; 
OR≈2.0-3.1 for HHcy/H-

type hypertension

MTHFR A1298C (rs1801131) Glu429Ala C: ~0.17 north; ~0.28 south
Mild activity loss (regu-

latory domain)

Modest alone; compound 
heterozygosity with 677T 

raises tHcy

MTRR A66G (rs1801394) Ile22Met G: 0.24-0.29
Reduced reactivation of 

MTR
Raises tHcy, greatest 

when vitamin B12 is low

MTR A2756G (rs1805087) Asp919Gly G: ~0.11 (East Asia)
Modest reduction in 

MTR activity
Small; direction varies; 

polygenic modifier

CBS 844ins68 68-bp insertion ~0.10-0.15
Altered CBS transcript/

activity
Strong only with MTHFR 

677TT (RR up to ~22)

SHMT1 1420C>T (rs1979277) Leu474Phe T: ~0.10-0.30
Alters one-carbon sub-

strate partition
Neural-tube-defect risk; 

tHcy in interaction models

RFC1 A80G (rs1051266) His27Arg G: ~0.40-0.50 Altered folate transport
Modifies red-cell folate 

and tHcy

TYMS 1494del6 6-bp deletion ~0.30
Alters 5,10-MTHF sub-

strate partition
HHcy and NTD risk to-

gether with MTHFR 677T

BHMT 742G>A (rs3733890) Arg239Gln A: ~0.30
Altered betaine-depen-

dent remethylation
Modifies hepatic homo-

cysteine disposal

Allele frequencies are approximations synthesized from the cited meta-analyses and may vary among sub-populations; effect magnitudes are 
drawn from the referenced association studies.

Table 3: Key studies linking folate-gene polymorphisms to hyperhomocysteinemia and vascular risk.

McCully (1969) Case series (homocystinuria) - tHcy
First link between elevated 

Hcy and arteriosclerosis

Frosst et al. (1995) Discovery study - MTHFR C677T
Thermolabile MTHFR; candi-

date vascular-risk variant

Jacques et al. (1996) Cross-sectional (Framingham) ~350 MTHFR C677T
TT raises tHcy only when 

folate status is low

Homocysteine Studies 
Collaboration (2002)

Meta-analysis (prospective) ~5,000 tHcy
25% lower tHcy≈ 19% lower 

stroke, 11% lower IHD

Wald et al. (2002) Meta-analysis (genetic+prospective) - MTHFR, tHcy
Supports causality; +5 

µmol/L tHcy≈ OR 1.3-1.6
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Klerk et al. (2002) Meta-analysis (case-control) 40 studies MTHFR 677TT
CHD OR≈1.2; stronger in 

low-folate populations

Casas et al. (2005)
Mendelian-randomisation meta-anal-

ysis
111 studies MTHFR 677TT

TT raises tHcy and stroke 
risk; supports causality

Clarke et al. (2012)
Meta-analysis (publication-bias 

corrected)
86 studies MTHFR 677TT

CHD OR≈1.02 in unpub-
lished data; inflates early 

estimates

Wang et al. (2016) Meta-analysis (China) 92,277 MTHFR / MTRR
North: 677T 0.53, TT 28%; 

south: ~0.25

Huo et al. (2015), 
CSPPT

RCT (hypertensive adults) 20,702 MTHFR 677TT
Folic acid ↓ first stroke 21%; 

largest benefit in TT

Li et al. (2015, 2017) Case–control (China) >1,000 Four loci
Multi-locus risk ↑ folate 

deficiency and HHcy

Jin et al. (2021), Shang-
hai

Cross-sectional 22,731 MTHFR 677TT
80% H-type; TT vs CC OR 

2.76

Urumqi cohort (2025) Cross-sectional
Health-
check 

population
MTHFR 677TT

TT 48% vs 22%; adjusted 
OR 3.04

Table 4: Gene-environment interaction axes relevant to Xigu District.

Fine PM2.5/PAHs
ROS generation, endothe-
lial dysfunction, inflam-

mation
MTHFR 677T; MTRR 66G

Multiplicative ↑ in HHcy 
and vascular risk

Mechanistic (inferred)

Low dietary folate
Reduced 5-MTHF sub-

strate supply
MTHFR 677TT

Unmasks genetic defect; 
↑↑ tHcy

Strong (epidemiolog-
ical)

Vitamin B12 defi-
ciency

Reduced MTR/cobalamin 
activity

MTRR 66GG; MTR 2756G ↑ tHcy; ↑ HHcy risk Strong

Cigarette smoking
Oxidative stress; lowers 

folate
MTHFR 677T Additive ↑ tHcy Established

Alcohol (spirits)
Lowers folate; hepatic met-

abolic load
MTHFR 677T; CBS 844ins68 Additive/modifying Established

Occupational PAH/
solvents

Oxidative and metabolic 
stress

MTHFR/MTRR
Multiplicative (hypothe-

sised)
Mechanistic (inferred)
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Table 5: Cumulative Risk-Genotype Score (CRGS) scoring scheme.

MTHFR C677T 677TT 1

MTHFR A1298C 1298AC or 1298CC (modifier) 1

MTRR A66G 66AG or 66GG 1

MTR A2756G 2756AG or 2756GG 1

CBS 844ins68 heterozygote +1 (+2 if co-inherited with 677TT)

Interpretation: CRGS 0-1=low genetic risk; CRGS 2=moderate; CRGS ≥3=high genetic risk. The score is combined with measured tHcy and an 
environmental-exposure index to yield a two- or three-dimensional risk map.

Table 6: Blood biomarker reference intervals and high-risk thresholds used for HHcy risk assessment.

Fasting total homocysteine 
(tHcy)

5-15 µmol/L
≥10 µmol/L (H-type); ≥15 
µmol/L (classical HHcy)

Primary biochemical read-out

Serum folate > 10 nmol/L < 10 nmol/L Principal effect modifier of MTHFR 677T

Red-cell folate > 340 nmol/L < 340 nmol/L Reflects tissue folate status

Vitamin B12 200-600 pmol/L < 200 pmol/L Modifies MTRR/MTR effects

Vitamin B6 (PLP) 20-125 nmol/L < 20 nmol/L Modifies CBS-dependent transsulfuration

Riboflavin (as EGRac) < 1.2 ≥ 1.3 Cofactor for MTHFR (FAD)

Table 7: Three-tier, genotype-informed risk stratification and management (Xigu model).

Genetic Panel genotyping CRGS (five loci) CRGS ≥3 Genotype-guided folic acid 
(± riboflavin)

Biochemical tHcy, folate, B12, B6 Fasting plasma tHcy ≥10 µmol/L; 
low folate/B12

Nutrient repletion; reassess after 8–12 
weeks

Environmental Exposure index PM2.5/PAH, occupation, 
smoking, alcohol

Top exposure quin-
tile; petrochemical 

work
Occupational and environmental 

controls

Integrated Risk map/nomogram Genotype+tHcy+exposure High genetic + high 
tHcy+high exposure

Immediate 0.8 mg folic acid+1.6 mg 
riboflavin+B12; structured follow-up

Table 8: Randomized controlled trials of homocysteine-lowering B-vitamin therapy.

VISP (2004) Ischemic stroke 3,680 High-dose B6/B12/ folate No reduction in recurrent stroke

NORVIT (2006) Post-myocardial infarction 3,749 B6+B12+folate No reduction; possible increase in 
events

HOPE-2 (2006) Vascular disease/diabetes 5,522 Folate+B6+B12 No reduction in major events; trend 
to fewer strokes

HOST (2007) Advanced chronic kidney 
disease 2,056 High-dose B vitamins No reduction in mortality or events

WAFACS (2008) Women at high CVD risk 5,442 Folate+B6+B12 No reduction in cardiovascular 
events

SEARCH (2010) Post-myocardial infarction 12,064 Folate+B12 No reduction in major vascular 
events

VITATOPS (2010) Recent stroke / TIA 8,164 B-vitamin combination No reduction in stroke; possible 
subtype effect

CSPPT (2015) Hypertensive adults 
(China) 20,702 Enalapril + 0.8 mg folic 

acid
21% reduction in first stroke; great-

est in 677TT/low-folate
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4. Key Folate-Metabolism Gene Polymorphisms
4.1. MTHFR C677T (rs1801133)

The C677T transition replaces alanine with valine at codon 222, 
creating a thermolabile enzyme with reduced FAD affinity and 
~50% (heterozygote) or ~70% (homozygote) lower activity 
[11,24]. It is the single most studied functional variant in human 
metabolic genetics. In populations without folic acid fortifica-
tion, TT homozygotes exhibit tHcy ~25% higher than CC homo-
zygotes [29,30]. Globally the 677T allele frequency varies from 
<10% in African populations to ~30-35% in Europeans and up 
to ~50-65% in northern Chinese [14,31]. A meta-analysis of 66 
Chinese studies (n=92,277) reported national pooled frequencies 
of the 677TT genotype and 677T allele of 20% and 42%, respec-
tively, rising to 28% and 53% in northern China [14].

4.2. MTHFR A1298C (rs1801131)

The A1298C transition (Glu429Ala) affects a regulatory domain 
rather than the catalytic site and alone produces a milder bio-
chemical phenotype than C677T [32,33]. The 1298C allele is 
more common in southern than northern China (allele frequency 
~0.28 south, ~0.17 north) [14], an inverse gradient to C677T. 
Compound heterozygosity (677CT/1298AC) can produce a 
combined enzyme defect approaching that of 677TT, because 
the two variants affect different domains and act additively [34]. 
Some Chinese data suggest the 1298C allele may even be pro-
tective for folate status, underscoring context dependence [35].

4.3. MTRR A66G (rs1801394)

The A66G variant (Ile22Met) reduces MTRR efficiency in recy-
cling MTR, indirectly limiting Hcy remethylation and elevating 
tHcy, particularly when vitamin B12 is low [36,37]. First cloned 
and characterized by Leclerc and colleagues [38], the variant 
was linked to spina bifida risk by Wilson et al. [39] and shown 
to be a novel determinant of plasma tHcy by Gaughan et al. [40]. 
In Chinese populations the 66G allele frequency is ~0.24-0.29 
[14,41]. Its effect is strongly modified by B12 status: the combi-
nation of 66GG and low cobalamin markedly raises HHcy risk 
[39,42].

4.4. MTR A2756G (rs1805087)

The A2756G transition (Asp919Gly) modestly lowers MTR ac-
tivity and is associated with slightly reduced fasting tHcy, an 
effect opposite in direction to MTHFR variants in some reports 
[43,44]. It has been associated with altered risk of neural tube 
defects, cancer, and HHcy in gene-gene interaction models 
[35,45]. The 2756G allele frequency in East Asians (~0.11) is 
lower than in Europeans (~0.19) [41]. Although its marginal ef-
fect on tHcy is small, it contributes to polygenic burden when 
combined with MTHFR and MTRR risk alleles [44,46].

4.5. CBS Variants and other loci

The CBS 844ins68 insertion is the best-characterized transsul-
furation variant. Heterozygosity alone is not a strong HHcy risk 
factor, but in combination with MTHFR 677TT it markedly el-
evates tHcy and thromboembolic risk (relative risk up to ~22 
in one study) [47,48]. Other contributing loci include serine 

hydroxymethyltransferase 1 (SHMT1), thymidylate synthase 
(TYMS), reduced folate carrier (RFC1/SLC19A1), methy-
lenetetrahydrofolate dehydrogenase 1 (MTHFD1), and BHMT, 
each adding modest, epistatic effects [49,50]. The aggregate pic-
ture is polygenic: roughly half of population variance in tHcy 
is heritable, distributed across dozens of small-effect variants 
[44,51].

Beyond single markers, haplotype structure matters. The two 
MTHFR missense polymorphisms (C677T and A1298C) 
are in significant linkage disequilibrium in many popula-
tions, and their combined haplotypes (e.g., 677T-1298A ver-
sus 677C-1298C) define enzyme-activity classes that are not 
predictable from allele counts alone [34]. Similarly, the fo-
late-gene panel is best interpreted as a multilocus diathesis: a 
person carrying 677CT/1298AC compound heterozygosity plus 
MTRR 66AG and MTR 2756AG may have normal tHcy on a 
high-folate diet but decompensate rapidly under deficiency or 
high pollutant stress. This multilocus perspective underlies the 
cumulative-risk-genotype scoring increasingly adopted in Chi-
nese hypertension and folate-deficiency cohorts [35,45]. Recent 
work also emphasizes regulatory and intronic variants-such as 
promoters affecting MTHFR or RFC1 expression-that modi-
fy transport of folates into the cerebrospinal fluid and tissues, 
broadening the genetic architecture beyond the canonical five 
coding polymorphisms [49].

3.6 The wider folate-transport and one-carbon enzyme network

The canonical five coding polymorphisms do not act in isolation. 
The reduced folate carrier RFC1 (SLC19A1) governs cellular 
uptake of 5-MTHF and folic acid; its common haplotypes mod-
ify erythrocyte folate and interact with MTHFR status to deter-
mine tHcy [49]. Thymidylate synthase (TYMS) competes with 
MTHFR for the 5,10-methylenetetrahydrofolate substrate to 
support DNA synthesis; TYMS enhancer/1494del6 variants al-
ter the substrate partition and, in some studies, modify HHcy and 
neural-tube-defect risk when combined with MTHFR C677T 
[49]. Serine hydroxymethyltransferase 1 (SHMT1) intercon-
verts serine and glycine while shuttling one-carbon units into the 
folate pool; a SHMT1 1420C→T variant has been linked to neu-
ral tube defects and to altered tHcy in interaction models [49]. 
Methylenetetrahydrofolate dehydrogenase 1 (MTHFD1) and the 
mitochondrial MTHFD1L channel one-carbon units between cy-
toplasmic and mitochondrial compartments, and variants here 
modulate the availability of 5,10-methylene-THF for both thy-
midylate synthesis and MTHFR [50]. Finally, BHMT, which 
mediates the folate-independent betaine remethylation route, 
carries polymorphisms (e.g., BHMT 742G→A, 1208C→T) that 
influence hepatic Hcy disposal and may compensate partially 
when MTR/5-MTHF flux is limited [25]. The net message is 
that HHcy risk is a polygenic trait shaped by a coordinated net-
work of uptake, allocation, and disposal enzymes; a comprehen-
sive risk score should therefore extend beyond the five flagship 
markers to capture the additional 5–15% of variance contributed 
by this wider panel [44,51].
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5. Molecular and Biochemical Mechanisms Linking 
Polymorphisms to HHcy
The dominant mechanism is enzyme kinetics: MTHFR C677T 
destabilizes the enzyme-FAD complex, accelerating thermal de-
naturation and reducing flux toward 5-MTHF synthesis [11,24]. 
With less 5-MTHF available, MTR-catalyzed remethylation 
slows, Hcy accumulates, and the equilibrium of the SAH hy-
drolase reaction shifts toward SAH accumulation, which in turn 
inhibits transmethylation and global DNA/histone methylation 
[52]. The TT genotype thus produces a state of “functional fo-
late deficiency” even at adequate folate intake, which is reversed 
only at high 5-MTHF or riboflavin availability [53].

Epistasis is central. MTHFR C677T and A1298C act in cis-do-
main additive fashion; MTRR A66G and MTR A2756G impair 
the cobalamin-dependent arm of remethylation; CBS 844ins68 
impairs the disposal arm. Li and colleagues showed that Chi-
nese hypertensive patients carrying four risk genotypes (677TT, 
1298AA, 2756AG/GG, 66AG/GG) had dramatically elevated 
odds of folate deficiency and HHcy compared with null-genotype 
carriers, with significant generalized multifactor dimensionality 
reduction signals [35,45]. This cumulative model implies that 
risk assessment limited to MTHFR C677T alone misses most of 
the genetically attributable burden.

Nutrient modification is the second pillar. Folate status is the 
principal effect modifier of MTHFR C677T: the tHcy-raising 
effect of the T allele nearly disappears at high serum folate 
(as in fortified populations) and is maximal under deficiency 
[29,30,54]. Riboflavin (vitamin B2) is a cofactor-stabilizing 
nutrient; randomized trials show that riboflavin (1.6 mg/day) 
lowers tHcy specifically in 677TT carriers and reduces blood 
pressure in treated hypertensive TT individuals [55-57]. Vita-
min B12 modifies the MTRR and MTR effects; B6 modifies 
CBS-dependent transsulfuration [10,42].

At the cellular level, elevated Hcy exerts toxicity through sev-
eral convergent mechanisms that explain its vascular and neu-
ronal sequelae. Hcy auto-oxidizes to homocystine and reactive 
oxygen species (ROS), including superoxide and hydrogen per-
oxide, which quench endothelial nitric oxide (NO) and impair 
vasodilation [60,62]. By inhibiting glutathione peroxidase and 
cystathionine γ-lyase (the principal vascular source of the vaso-
protective gas hydrogen sulfide), Hcy shifts the redox balance 
toward oxidation and reduces antivaso-occlusive signaling [62]. 
Hcy also promotes N-methyl-D-aspartate receptor-mediated ex-
citotoxicity in neurons, enhances smooth-muscle proliferation, 
increases tissue factor expression, and impairs protein C activa-
tion-together fostering a pro-thrombotic, pro-atherogenic milieu 
[4,62]. These mechanisms are not merely correlative: Mendelian 
randomization using MTHFR C677T as an instrument supports 
a causal contribution of tHcy to arteriosclerosis, because the 
genetic variant alters Hcy but not confounders such as diet or 
smoking [8,58]. The clinical implication is that the same poly-
morphism that raises tHcy also indirectly amplifies oxidative 
and epigenetic injury, so that genotype-stratified folate repletion 

attacks both the biomarker and its downstream pathology.

6. Epidemiological Evidence of Gene-HHcy Associa-
tions
Numerous case-control and prospective studies support these 
mechanisms. In the largest genetic meta-analysis of MTHFR 
and coronary heart disease, the TT versus CC genotype con-
ferred an odds ratio of 1.15 in published studies but only 1.02 
in 19 large unpublished datasets, suggesting publication bias 
inflated early estimates while confirming that the variant rais-
es tHcy rather than necessarily causing coronary events [58]. 
A separate Mendelian-randomization-style meta-analysis com-
bining 72 genetic and 20 prospective studies concluded that 
the homocysteine–vascular association is likely causal, with a 
5 µmol/L higher tHcy conferring ~1.3-1.6-fold higher disease 
odds [8]. The Homocysteine Studies Collaboration’s individu-
al-participant meta-analysis linked a 25% lower usual tHcy to 
~19% lower stroke risk [7].

For HHcy specifically, Chinese studies are especially informa-
tive because of high variant frequency and low folate. In Shang-
hai, 80% of 22,731 hypertensive patients had H-type hyperten-
sion; the TT genotype carried 2.76-fold higher odds versus CC 
[12]. In Urumqi, the TT genotype frequency was 48% in H-type 
hypertension versus 22% in the general check-up population, 
with an adjusted OR of 3.04 [59]. The national CSPPT baseline 
showed TT genotype prevalence of ~23.5% among hyperten-
sives, and TT carriers gained the greatest absolute stroke reduc-
tion from folic acid [16]. These data establish MTHFR C677T 
as a population-level effect modifier of HHcy and stroke pre-
vention.

A systematic, covariate-dependent model of rs1801133 across 
256 studies (114,799 participants) demonstrated that sex, age, 
race, folic acid intake, smoking, and alcohol each modify the 
tHcy-raising effect, allowing individualized HHcy risk predic-
tion for carriers [54]. Such modeling is directly relevant to strat-
ified screening in northwestern China.

The consistency of the MTHFR-HHcy association across popu-
lations is striking, even as its disease causality remains debated. 
Pooled analyses of MTHFR 677C→T and coronary heart dis-
ease report summary odds ratios near 1.2 for TT versus CC, with 
stronger effects in low-folate settings [73,74]. For stroke, both 
mendelian-randomization and conventional meta-analyses sup-
port a causal link: a 5 µmol/L higher tHcy corresponds to ~1.6-
fold higher stroke odds, and the association is amplified in Asian 
cohorts where folate intake is low and the T allele is common 
[7,72,80]. Case-control studies of early-onset venous thrombosis 
consistently show a 2-4-fold increase in HHcy among 677TT 
carriers and a synergistic 20-fold elevation when CBS 844ins68 
is co-inherited [4,47]. Quantitatively, the TT genotype raises 
fasting tHcy by ~2-3 µmol/L in unsupplemented populations-an 
increment sufficient, at the population level, to shift a substantial 
fraction of adults above the 10 µmol/L H-type threshold [29,30]. 
These magnitudes justify treating MTHFR C677T not as a rare 
monogenic defect but as a common, quantitatively important 
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modifier whose population impact is realized through interaction 
with nutrition and environment.

7. Gene-Environment Interactions
Beyond nutrition, environmental exposures modulate the fo-
late-Hcy axis. Air pollution is increasingly recognized as a 
metabolic disruptor. Fine particulate matter (PM2.5) and PAHs 
induce systemic oxidative stress, endothelial dysfunction, and 
low-grade inflammation-pathways that overlap with HHcy tox-
icity (endothelial nitric oxide suppression, enhanced thrombo-
sis, oxidative DNA damage) [60-62]. In Lanzhou, short-term 
PM2.5 exposure was associated with increased cardiovascular 
emergency visits (1.93% per 10 µg/m³ at lag03) and hospital 
admissions, with near-linear exposure-response and heightened 
vulnerability in men and the elderly [20,63,64].

Xigu District is the epicenter of this exposure. Ambient PAH 
concentrations there exceed those of downtown and rural Lan-
zhou, with winter benzo[a]pyrene-equivalent levels (41 ng/m³) 
above China’s national daily standard [17,18]. Petrochemical 
workers in Xigu showed dose-dependent red-cell abnormalities 
and high incremental lifetime cancer risk from inhaled PAHs, 
with urinary 1-hydroxypyrene as a biomarker [19]. PAHs and 
their metabolites can deplete cellular antioxidants and B-vitamin 
cofactors and may compete with folate-dependent methylation, 
theoretically amplifying the impact of MTHFR/MTRR variants. 
While direct evidence linking Xigu pollution to tHcy is limited, 
the mechanistic convergence-pollution-induced endothelial in-
jury plus genetically driven HHcy-provides a strong plausibility 
basis for gene–environment synergy and argues for combined 
exposure-genotype risk stratification.

Lifestyle factors (smoking, alcohol, low vegetable intake) fur-
ther modify risk [54]. Northern Chinese diets are traditionally 
lower in fresh leafy vegetables and legumes, the main natural 
folate sources, compounding the genetic burden [15]. The ab-
sence of fortification means that, unlike in North America, the 
protective ceiling of population folate is not reached, leaving TT 
homozygotes especially vulnerable [16,30].

The biological plausibility of a pollution-gene interaction rests 
on three converging lines of evidence. First, PAHs and particu-
late-bound metals generate ROS and deplete intracellular gluta-
thione and antioxidant reserves, exactly the oxidative milieu in 
which Hcy auto-oxidation and endothelial NO quenching are ac-
celerated [60,62]. Second, chronic exposure to fine particles and 
combustion-derived organics provokes low-grade systemic in-
flammation (elevated CRP, IL-6, endothelin-1) that independent-
ly impairs endothelial function and raises blood pressure-factors 
that compound Hcy’s vasculotoxicity [60,61]. Third, experimen-
tal toxicology suggests that certain PAH metabolites can inter-
fere with one-carbon transfer and folate-dependent methylation 
reactions, hinting at a more direct metabolic crosstalk, although 
human data are sparse [62]. In the Xigu setting, where winter 
PAH and PM2.5 levels are among the highest in the region and 
the population carries a high 677T allele burden, these mecha-
nisms could act multiplicatively: genetically reduced 5-MTHF 

supply leaves less antioxidant and methyl buffering capacity, 
while pollutant-driven oxidative stress consumes what little 
remains. This synergy is a strong, testable hypothesis for why 
occupational and residential cohorts in petrochemical Lanzhou 
may exhibit HHcy prevalence and cardiovascular risk above the 
provincial average.

8. The Xigu District Population: A High-Risk Setting
8.1. Environmental Exposures

Xigu District, on the western fringe of Lanzhou in the confined 
Yellow River valley, hosts major petrochemical, refining, and 
chemical facilities. Its geography-a narrow basin with tempera-
ture inversion in winter-traps emissions, producing some of the 
highest PAH and PM loads in northwestern China [17,18]. Mul-
tiple Lanzhou studies document excess cardiovascular hospital-
ization and mortality attributable to PM2.5, NO2, SO2, and CO 
[20,21,63,64]. For a population already enriched for the 677T 
allele, this pollutant burden represents a chronic endothelial 
stressor that, mechanistically, multiplies the vascular hazard of 
coexisting HHcy.

The petrochemical complex in Xigu is among the largest in 
western China, with refineries, ethylene and synthetic-rubber 
plants, and fertilizer production that emit combustion-derived 
PAHs (fluoranthene, pyrene, benzo[a]pyrene, and nitrated PAH 
derivatives), sulfur dioxide, nitrogen oxides, and fine particu-
lates [17,18,64]. Passive and active air monitoring shows that 
Xigu’s ambient PAH concentration is several-fold that of down-
town or rural Lanzhou, and winter benzo[a]pyrene-equivalent 
levels (≈41 ng/m³) exceed China’s national daily standard, with 
excess inhalation cancer risk in residents estimated at tens to 
thousands per million [17,18]. Occupational cohorts-refinery 
and chemical workers measured by urinary 1-hydroxypyrene, 
a PAH exposure biomarker-show dose-dependent hematologic 
and oxidative abnormalities and an incremental lifetime cancer 
risk in the 10-⁵-10-⁴ range, confirming that the exposure is bio-
logically active, not merely ambient [19]. For risk assessment, 
these data support treating Xigu residence or employment as an 
independent, quantifiable exposure axis: a job-exposure matrix 
for petrochemical workers and residential distance-to-source 
or municipal monitor PM2.5 quintiles can be appended to the 
genetic-biochemical tiers described above to yield a combined 
vulnerability score.

8.2. Nutritional and Lifestyle Context

Gansu is an inland, historically agrarian province where seasonal 
vegetable availability and low fortified-food consumption yield 
modest folate intake. Combined with the high northern 677T 
frequency, the regional prevalence of HHcy and H-type hyper-
tension is expected to approach or exceed the national average 
(~80% among hypertensives) [12,13]. Occupational populations 
in Xigu (shift work, exposure to solvents and PAHs, smoking) 
add behavioural risk.

Dietary patterns in Gansu are characterized by wheat- and noo-
dle-based staples, moderate consumption of lamb and dairy, 
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and-compared with southern China-lower year-round intake of 
folate-rich leafy greens, legumes, and citrus, the principal natu-
ral sources of folate [15]. Winter in Lanzhou is long and cold, 
further reducing fresh-vegetable availability and plausibly de-
pressing seasonal folate status; the absence of mandatory flour 
or grain fortification with folic acid means there is no compen-
satory dietary safety net such as exists in the United States or 
Canada [16,30]. Alcohol use (notably spirits) and high-salt di-
ets compound the cardiovascular risk profile typical of north-
ern China. Smoking prevalence among men remains high, and 
tobacco smoke itself lowers folate status and raises tHcy, add-
ing a behavioural amplifier to the genetic and pollutant drivers 
[54]. Together, these nutritional and lifestyle factors create a 
“perfect storm” in which a genetically compromised remethyla-
tion system is chronically under-supplied with its key substrate 
(5-MTHF) while being stressed by oxidants from pollution and 
lifestyle-precisely the scenario in which MTHFR C677T pene-
trance is maximized and in which folate intervention yields the 
largest absolute benefit, as demonstrated by CSPPT [16].

8.3. Regional Genetic Architecture

Meta-analytic data place Gansu within the high-frequency 
northern belt for MTHFR 677T (allele ~0.50-0.53) and inter-
mediate-to-high for MTRR 66G (~0.24-0.29) [14]. No large 
Xigu-specific gene panel has been published, but extrapolating 
from provincial and neighboring northern cohorts, a substantial 
minority of adults likely carry the 677TT genotype and an even 
larger share carry ≥2 risk alleles across the folate pathway. This 
makes Xigu an ideal site for genotype-stratified HHcy screening 
and folate intervention trials.

Two corollaries follow. First, because the 677T allele frequen-
cy rises monotonically from south to north across China, Gansu 
and neighboring Shaanxi/Gansu-corridor populations sit near 
the upper end of the national distribution, implying that geno-
type-based risk scores calibrated in southern China would un-
derestimate Xigu risk; local allele frequencies must anchor any 
predictive model [14,80]. Second, the high background frequen-
cy means that even a modest environmental Hcy elevator (diet, 
pollution, or renal clearance decline with age) pushes a large 
segment of the population across the 10 µmol/L threshold si-
multaneously, producing a high population-attributable fraction 
for HHcy and, by extension, for H-type hypertension and stroke. 
From a prevention standpoint, this is favorable: a common, 
identifiable susceptibility channel enables population-wide, gen-
otype-tailored intervention with high absolute benefit. The ab-
sence of published Xigu-specific genetic epidemiology is there-
fore not merely a knowledge gap but a concrete research priority, 
given the district’s dual genetic-environmental exposure profile.

9. Risk Assessment Models and Stratified Prevention

A rational risk-assessment framework for Xigu should integrate 
three tiers:

1. Genetic tier: panel genotyping of MTHFR C677T and 
A1298C, MTRR A66G, MTR A2756G, and CBS 844ins68, 
scored as a cumulative risk-genotype count [35,45]. The CSPPT 

demonstrated that genotype-guided allocation to folic acid is 
both feasible and cost-effective [16].

2. Biochemical tier: fasting tHcy, serum/red-cell folate, vitamin 
B12, and vitamin B6 measured at baseline and after intervention. 
A tHcy threshold of ≥10 µmol/L flags H-type status [12,13].

3. Environmental/lifestyle tier: residential proximity to petro-
chemical sources, occupational exposure, smoking, alcohol, and 
diet quality. PM2.5 exposure indices from municipal monitors 
can be linked at the individual level [20,63,64].

Prevention follows directly: (i) population education on fo-
late-rich diets (leafy greens, legumes, liver) and, where appro-
priate, voluntary folic acid supplementation; (ii) genotype-tar-
geted supplementation-TT carriers and those with ≥2 risk alleles 
benefit most from 0.8 mg folic acid daily, with riboflavin (≈1.6 
mg) added for TT hypertensives [55-57]; (iii) B12 supplemen-
tation where deficient, especially given MTRR interactions 
[39,42]; (iv) occupational and environmental controls to reduce 
PAH/PM exposure in Xigu industry; and (v) integration of tHcy 
and genotype into routine hypertension management, mirroring 
the H-type hypertension model now standard in Chinese guide-
lines [12,13].

Nomogram-based prediction (as applied in Urumqi and Shang-
hai cohorts) could be calibrated to Xigu using local genotype, 
tHcy, and pollutant data to yield individualized HHcy probabil-
ities [12,59].

A practical implementation of the genetic tier is a cumulative 
risk-genotype score (CRGS). Assign one point each for 677TT, 
1298AC/CC (where acting as a modifier), 2756AG/GG, 66AG/
GG, and CBS 844ins68 heterozygosity (two points if co-inherit-
ed with 677TT). In Chinese hypertensive cohorts this score strat-
ifies folate-deficiency and HHcy odds almost linearly: carriers 
of ≥3 risk genotypes had markedly elevated tHcy and, in the Li 
et al. model, the four-risk-genotype class showed the steepest 
odds of HHcy [35,45]. Coupling CRGS with measured tHcy and 
serum folate yields a two-dimensional risk map: (a) high-gen-
otype/high-tHcy individuals are candidates for immediate folic 
acid (0.8 mg) plus riboflavin (1.6 mg) and B12 repletion; (b) 
high-genotype/normal-tHcy individuals are candidates for pri-
mary dietary fortification and periodic re-screening, since their 
phenotype is labile to future folate shortfall; (c) low-genotype 
individuals still warrant population-based folate education but 
lower priority for pharmacogenetic supplementation. Adding a 
pollution-exposure index (residential distance to petrochemi-
cal sources, job-exposure matrix, municipal PM2.5 quintile) as 
a third axis converts the map into a community-level targeting 
tool for occupational health services in Xigu. Such an integrated 
algorithm translates the genetic epidemiology reviewed above 
into an operational, low-cost screening program suitable for pri-
mary-care and factory-clinic settings.

10. Public Health Implications and Limitations
The public health rationale is strong: HHcy is modifiable, the 
at-risk genotype is common and identifiable, and folic acid is 
inexpensive and safe. Scaling genotype-informed folate sup-
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plementation in a high-pollution, high-genetic-risk district like 
Xigu could reduce stroke and cardiovascular events dispropor-
tionately. The CSPPT estimated that blood-pressure-plus-folate 
treatment could avert hundreds of thousands of strokes nation-
ally [16].

Important limitations temper overinterpretation. First, Mende-
lian-randomization evidence that lowering tHcy prevents vascu-
lar events is mixed: large secondary-prevention trials (NORVIT, 
HOPE-2, VISP, VITATOPS, SEARCH, WAFACS) generally 
found no reduction in major cardiovascular events from B-vi-
tamin therapy, although HOPE-2 and several meta-analyses 
showed a stroke-specific benefit, strongest in low-folate popu-
lations [65-71]. This suggests folic acid prevents incident stroke 
in folate-deficient, genetically susceptible populations (primary 
prevention) more reliably than it reverses established disease.

Secondary-prevention trials in already-diseased populations 
were largely null, whereas the primary-prevention CSPPT 
showed benefit in a low-folate, high-677T-frequency popula-
tion-consistent with genotype- and nutrient-dependent efficacy. 
Second, the Xigu-specific evidence base is thin; most genetic 
parameters are extrapolated from provincial or national Chinese 
data. Third, pollution-gene interaction on tHcy remains mech-
anistically inferred, not directly measured. Fourth, publication 
and ethnicity bias affect many small genetic association studies 
[58].

Research priorities for the Xigu setting. Six concrete gaps should 
be closed to translate the present synthesis into action. (i) A pop-
ulation-based gene panel of MTHFR C677T/A1298C, MTRR 
A66G, MTR A2756G, CBS 844ins68, and the wider folate-net-
work loci should be measured in a representative Xigu sample to 
replace extrapolated provincial frequencies with local estimates. 
(ii) Cross-sectional measurement of tHcy, folate, B12, and B6 
alongside residential/job-exposure matrices would quantify the 
pollution–gene interaction directly. (iii) A genotype-stratified 
folic-acid ± riboflavin supplementation trial in Xigu occupa-
tional and community cohorts would test whether the CSPPT 
benefit generalizes to a high-pollution, high-genetic-risk popu-
lation. (iv) Cost-effectiveness modeling should evaluate adding 
tHcy and genotype to routine hypertension management given 
the district’s stroke burden. (v) Biomonitoring of PAHs (urinary 
1-OHP) and PM2.5 should be linked to one-carbon metabolites 
to test the oxidative-depletion hypothesis mechanistically. (vi) 
Longitudinal follow-up is needed to establish whether combined 
genotype–exposure scores predict incident stroke better than ei-
ther alone. Addressing these gaps would convert Xigu from a 
passively high-risk district into a demonstrator of precision nu-
trition and environmental health integration.

11. Conclusion
Polymorphisms in folate-metabolism genes-principally MTH-
FR C677T, MTRR A66G, MTR A2756G, and CBS 844ins68-
are major, quantifiable determinants of HHcy risk whose pene-
trance is gated by folate, B12, B6, and riboflavin status. In Xigu 

District, Lanzhou, the coincidence of a high-frequency northern 
Chinese 677T genetic background, low population folate, and 
intense petrochemical air pollution creates a uniquely suscepti-
ble setting for HHcy and its vascular consequences. A three-tier, 
genotype-informed risk-assessment and prevention model-com-
bining targeted polymorphism panels, biochemical tHcy/folate 
monitoring, and environmental exposure characterization-offers 
a practical, cost-effective route to reduce the local burden of 
stroke and cardiovascular disease. Future work should prioritize 
a Xigu-specific epidemiological genetic study to validate extrap-
olated allele frequencies, quantify pollution-gene interaction on 
tHcy, and test genotype-guided folate-riboflavin supplementa-
tion in a real-world occupational and community setting.
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