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Abstract 

Background  The role of one-carbon metabolism and related B-vitamins in cognitive function in ageing is well-doc-
umented, particularly for folate and vitamin B12, with vitamin B6 and riboflavin receiving much less attention. ApoE 
is a well-established genetic risk factor for Alzheimer’s disease, but the role of B-vitamins in modifying this risk remains 
largely unexplored. We examined associations between folate, B12, B6, riboflavin, and cognitive function in older 
adults, including interactions with the ApoE ε4 genotype.

Methods  Community-dwelling older adults (≥ 60 years) from the Trinity-Ulster-Department of Agriculture (TUDA) 
study were stratified as ApoE ε4 carriers (ε3/ε4 and ε4/ε4 genotypes; n = 1205) or non-ε4 carriers (n = 3348). Cognitive 
function was assessed using the Repeatable Battery for Assessment of Neuropsychological Status (RBANS), the Fron-
tal Assessment Battery, and the Mini-Mental State Examination. Logistic regression models were used to evaluate 
the association between cognitive dysfunction (defined as RBANS score < 80) and a range of variables, including bio-
markers of folate, vitamins B12, B6, and riboflavin status, plasma homocysteine levels, and ApoE ε4 genotype.

Results  Lower status of vitamin B12 (holotranscobalamin; adjusted odds ratio (ORadj 1.30; 95% CI: 1.08–1.58, 
p = 0.007), vitamin B6 (ORadj 1.37; 95% CI: 1.12–1.67, p = 0.002), riboflavin (ORadj 1.73; 95% CI: 1.44–2.09, p < 0.001), 
and higher plasma homocysteine (ORadj 1.50; 95% CI: 1.22–1.83, p < 0.001) were each associated with higher risk 
of cognitive dysfunction. The ApoE ε4 genotype interacted adversely with low B12 status (p = 0.030) and elevated 
homocysteine (p = 0.008) in relation to cognitive outcomes.

Conclusions  Low status of vitamin B12, B6, riboflavin, and/or elevated homocysteine were each associated 
with a greater risk of cognitive dysfunction. A novel interaction between ApoE ε4 and low B12 or higher homocyst-
eine was associated with an increased risk of cognitive dysfunction. Improving B-vitamin status may have impor-
tant public health benefits for dementia prevention. Further investigation, ideally in the form of randomised trials, 
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is however required to demonstrate a causative relationship and confirm whether intervention with B-vitamins can 
confer a beneficial effect in maintaining better cognitive health in at-risk older people.

Trial registration  TUDA study: ClinicalTrials.gov no. NCT02664584 (27/01/2016).

Keywords  Cognitive function, Folate, Vitamin B12, Vitamin B6, Riboflavin, Homocysteine, Apolipoprotein E (ApoE ε4), 
One-carbon metabolism, Trinity-Ulster-Department of Agriculture (TUDA)

Background
Dementia is a complex multifactorial condition that 
results from the interaction of a variety of modifiable and 
non-modifiable factors [1, 2]. Although there is no cure 
for dementia, there have been significant advancements 
in disease-modifying treatments; results to date, however, 
have been mixed [1]. Identifying risk factors and under-
standing their potential interactions continue to be cru-
cial for effective dementia prevention [3]. Genetic factors 
are known to play a role in the development of dementia, 
but only a small number of directly causative genetic var-
iants have been identified [4]. These variants, which are 
typically associated with early-onset Alzheimer’s disease 
(AD) or frontotemporal dementia, account for less than 
1% of cases [5], but individuals carrying these variants are 
recognised to have a lifetime risk of developing dementia 
exceeding 95% [4].

At the population level, a genetic mutation of the apoli-
poprotein E (ApoE) gene is the strongest genetic risk fac-
tor for AD [6], the most common form of dementia. The 
ApoE gene, located on chromosome 19, has three iso-
forms, ε2, ε3, and ε4, that influence the function of the 
ApoE cholesterol transporter [7]. Approximately 14% of 
the global population—rising to around 25% in North-
ern Europe—carry a single copy of the ε4 allele, whereas 
around 2% carry two copies [8–10]. Notably, carrying at 
least one ε4 allele is associated with a threefold increased 
risk of AD, and up to 12-fold in homozygotes (ε4/ε4), 
compared to the ε3/ε3 genotype [11]. Although 40–65% 
of people living with AD do not have the ε4 genotype 
[5], not all ε4 carriers develop AD, suggesting that nutri-
tion and healthier lifestyle factors may help mitigate this 
genetic risk [12].

Nutrients such as omega-3 fatty acids, vitamin D, and 
B-vitamins have each been associated with a reduced 
risk of dementia [13, 14]. In particular, a substantial 
body of research indicates that folate and related B-vita-
mins involved in one-carbon metabolism may help 
promote better cognitive health in ageing [2, 15, 16]. 
One recent meta-analysis of 25 randomised controlled 
trials (RCTs) reported that B-vitamin supplementa-
tion resulted in a small but significant improvement in 
cognitive function, particularly in populations without 
dementia and when the intervention lasted longer than 

12 months [17]. The most robust evidence comes from 
the VITACOG trial, which showed that 2 years of com-
bined B-vitamin supplementation lowered homocyst-
eine concentrations, slowed cognitive decline, and most 
importantly, reduced brain atrophy by 40% in individu-
als with mild cognitive impairment, as measured by 
MRI scans [18–20]. However, the majority of studies to 
date investigating the role of B-vitamins on cognitive 
health have not considered the impact of the ApoE ε4 
genotype. Limited evidence indicates that the ApoE ε4 
phenotype may be influenced by B-vitamin status. One 
such study conducted in older Chinese adults reported 
that vitamin B12 was positively associated with Mini-
Mental State Examination (MMSE) scores and that 
this association was more pronounced in ApoE ε4 car-
riers [21]. This study, however, relied solely on serum 
total vitamin B12. Assessing B12 status using a single 
biomarker is not recommended; combining a direct 
marker (e.g. total B12 or holotranscobalamin) with a 
functional marker (e.g. homocysteine or methylmalonic 
acid) is preferred [22]. Furthermore, the MMSE is a 
cognitive screening tool only and is often criticised for 
its lack of sensitivity and ‘ceiling’ effects [23]. Neverthe-
less, another study in older adults reported that ApoE 
ε4 carriers with low vitamin B12 concentrations had 
impaired recognition of ‘dated famous faces’, but not 
short-term memory or visuospatial abilities [24]. Fur-
ther evidence from brain imaging studies suggests that 
ApoE ε4 status may modify the effects of vitamin B12 
and homocysteine on grey matter volumes. In a Korean 
cohort, a positive correlation was observed between 
serum vitamin B12 concentrations and grey matter vol-
ume in ApoE ε4 carriers with AD, whereas homocyst-
eine was negatively correlated with grey matter volume 
in non-carriers [25].

To date, no study has examined the roles of the ApoE 
ε4 genotype and all the relevant B-vitamins involved in 
one-carbon metabolism in relation to cognitive health. 
Therefore, the objective of this study was to investigate 
the associations of folate, B12, B6, and riboflavin with 
cognitive function in older adults and to determine the 
interaction, if any, between the ApoE ε4 genotype and 
low status of one or more B-vitamins in determining 
cognitive outcomes.
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Methods
Study cohort
This study utilised data from the Trinity-Ulster-Depart-
ment of Agriculture (TUDA) cohort, a large, all-Ireland, 
population-based study that explores the impact of nutri-
tional, genetic, and lifestyle factors on age-related dis-
eases, with a specific focus on cardiovascular disease, 
osteoporosis, and dementia. As described in detail else-
where [26], a total of 5186 adults aged ≥ 60 years were 
recruited between 2008 and 2012 from general prac-
tice surgeries and cardiology clinics in the Northern 
and Western Health and Social Care Trust in Northern 
Ireland (NI; n = 2100) and hospital outpatient clinics 
at St James Hospital Dublin, Republic of Ireland (RoI; 
n = 3086). The inclusion criteria were: age ≥ 60 years, 
born on the island of Ireland, and free from demen-
tia at recruitment. Ethical approval was granted by the 
Office for Research Ethics Committees Northern Ireland 
(ORECNI; 26 March 2009; reference 08/NI/RO3113), 
with corresponding approvals from the Northern and 
Western Health and Social Care Trust and the Research 
Ethics Committee of St James Hospital and The Adelaide 
and Meath Hospital in Dublin (7 November 2008). All 
participants provided written informed consent at the 
time of recruitment. This study is reported as per the 
Strengthening the Reporting of Observational Studies 
in Epidemiology (STROBE) guidelines (Additional file 1: 
Table S1).

Health and lifestyle measures
Anthropometric measurements were obtained using 
standardised techniques, and body mass index (BMI) was 
calculated as weight (kg) divided by height (m2). Func-
tional assessments included the Instrumental Activi-
ties of Daily Living test, the Physical Self-Maintenance 
Scale, and the Timed Up-and-Go (TUG) frailty test. For 
the TUG test, participants rise from a standard-height 
chair, walk 3 m before turning around and return to the 
chair to sit down [27]. A time of ≥ 12 s to complete this 
test indicates frailty [28]. Detailed information on medi-
cal history, smoking, alcohol consumption, and prescrip-
tion medication use was collected. A food frequency 
questionnaire was used to assess fortified food and sup-
plement use. In accordance with clinical guidelines [29], 
two blood pressure measurements were taken from the 
reference arm, with a 5–10-min interval between each 
measurement to calculate a mean value. If the difference 
between the two measurements exceeded 5 mmHg, a 
third measurement was taken after 10–15 min. The mean 
of the two blood pressure measurements that were clos-
est in value was used.

Socioeconomic deprivation was determined using 
a novel, geo-referenced, address-based system linked 

to deprivation indices. In NI, deprivation scores were 
based on income, employment, health, education, prox-
imity to services, living environment, and crime. In the 
RoI, scores were based on demographic profile, social 
class composition, and labour market situation. Socio-
economic deprivation scores from both regions were 
combined into one standardised score and categorised 
into quintiles (quintile 1: least deprived; quintile 5: most 
deprived), as explained elsewhere [30].

Neuropsychological tests
Neuropsychological performance was assessed by trained 
researchers using the Repeatable Battery for Assess-
ment of Neuropsychological Status (RBANS), the Frontal 
Assessment Battery (FAB), and the MMSE. The RBANS 
is a comprehensive age-standardised tool that measures 
global cognitive function, along with five subdomains: 
immediate memory, which measures the ability to recall 
information immediately after presentation; visuospatial/
constructional skills, which evaluate spatial perception 
and visual processing; language, which assesses nam-
ing abilities and verbal fluency; attention, which focuses 
on sustained and selective attention; and delayed mem-
ory, which evaluates the capacity to retain and retrieve 
information over time [31]. An RBANS total score < 80 
indicates cognitive dysfunction. The MMSE is the most 
widely used clinical screening tool for assessing global 
cognitive function [32]. It has a maximum score of 30, 
with a score below 25 typically indicating cognitive dys-
function. Finally, the FAB is specifically designed to 
evaluate executive functioning associated with the fron-
tal lobe by assessing six key domains: conceptualisation, 
verbal fluency, motor programming, resistance to inter-
ference, inhibitory control, and environmental autonomy 
[33]. The maximum score for the FAB is 18, with a score 
of 12 and below indicating cognitive dysfunction [34].

Anxiety and depression were measured using the 
7-item Hospital Anxiety and Depression Scale [35] and 
the Center for Epidemiological Studies-Depression scale 
[36]. A cut-off score of ≥ 11 was used for anxiety, and a 
cut-off score of ≥ 16 was used for depression. Permis-
sion with relevant licenses for CES-D and HADS scales, 
as well as the neuropsychological scales (RBANS, MMSE 
and FAB), as used in this study, was obtained at the time 
of initial registration of the TUDA study. Additional self-
reported diagnoses and medication/s used for anxiety 
and depression were also collected.

Clinical and nutritional biomarkers
Non-fasting blood samples were obtained and analysed 
in hospital laboratories in Dublin and Northern Ireland 
for routine clinical health markers including a full blood 
count, renal and lipid profiles, glucose, and glycated 



Page 4 of 14Gordon et al. BMC Medicine          (2025) 23:440 

haemoglobin (HbA1c). The samples for B-vitamin bio-
marker analysis were prepared and fractionated within 
4 h of collection and were stored at −70 °C for batch 
analysis. Folate, vitamin B12, and homocysteine were 
analysed at Trinity College Dublin, whereas vitamin B6 
and riboflavin were analysed at Ulster University, Col-
eraine. Serum and red blood cell (RBC) folate concen-
trations were determined via microbiological assays 
using Lactobacillus leichmanni [37]. Vitamin B12 status 
was assessed via total serum cobalamin concentrations, 
measured using a microbiological assay with Lactobacil-
lus delbrueckii, whereas holotranscobalamin (holoTC) 
was measured by immunofluorescence [38]. Plasma pyri-
doxal 5′-phosphate (PLP; vitamin B6) was assessed using 
high-performance liquid chromatography [39]. Ribo-
flavin was measured using the erythrocyte glutathione 
reductase activation coefficient (EGRac) before and after 
in vitro reactivation with flavin adenine dinucleotide, the 
active cofactor form of riboflavin [40]. The results are 
reported as a ratio; a lower EGRac ratio indicates a higher 
riboflavin status. Plasma total homocysteine was meas-
ured using a fluorescence polarisation immunoassay [41]. 
Lastly, serum 25-hydroxyvitamin D concentrations were 
quantified using liquid chromatography–tandem mass 
spectrometry.

ApoE genotyping
DNA was extracted from the buffy coat, a component of 
whole blood, by Genuity Science (Dublin, Ireland), using 
an automated precipitation-based method on the Auto-
gen FlexSTAR Plus. This system enables fully traceable 
and automated liquid handling for sample volumes rang-
ing from 0.5 to 10 mL, with the DNA yield varying based 
on selected parameters. Up to 30 samples were processed 
simultaneously, with DNA eluted into a matrix tube com-
patible with both two-dimensional and one-dimensional 
barcode reading. Following extraction, quality control 
was performed using a high-throughput automated 
workflow on the Hamilton Microlab STAR. The DNA 
concentration was determined via spectrofluorometry 
using the quantitative PicoGreen Assay on the Varioskan 
Lux microplate reader. The samples were measured in 
triplicate against a standard curve, and the mean concen-
tration was determined by the Hamilton system to nor-
malise samples to 20 ng/µL for downstream applications.

Variant calling of single nucleotide polymorphisms 
(SNPs) was conducted by Genuity Science. ApoE geno-
types were called from the Illumina Global Screen-
ing Array (n = 40) and the Axiom Precision Medicine 
Research Array (n = 4682), with a per-sample call rate 
of 97%. For 84 participants whose ApoE SNPs (rs7412 
and rs429358) were not directly genotyped, imputation 
was performed using the Michigan Imputation Server 

with the 1000 Genomes reference panel. In total, 4676 
individuals were successfully genotyped for rs7412 and 
rs429358, whose combinations define the three common 
ApoE alleles: ε2 (rs7412-T, rs429358-T), ε3 (rs7412-C, 
rs429358-T), and ε4 (rs7412-C, rs429358-C). The ApoE 
genotypes were grouped into non-ε4 carriers (n = 3348; 
ε2/ε2, ε2/ε3, and ε3/ε3) and ε4 carriers (n = 1205; ε3/ε4 
and ε4/ε4). Participants with the ApoE ε2/ε4 genotype 
(n = 93) were excluded from further analysis, as this gen-
otype contains both the protective ε2 allele and the risk 
ε4 allele [7], resulting in a final analytic sample of 4,553 
TUDA participants.

Statistical analysis
Data preparation was conducted using R (version 4.4.3), 
focusing on non-SNP variables, including winsorisation 
of extreme values (DeskTools package), assessment of 
missing values, and imputation of missing values using 
the Multiple Imputation by Chained Equations package 
to ensure data completeness before merging with the 
ApoE SNP data. Statistical analyses were then performed 
using the Statistical Package for the Social Sciences (ver-
sion 29.0.1.0), with transformations applied where neces-
sary to meet the assumption of normality.

Independent samples t-tests were performed to com-
pare baseline characteristics by sex and those stratified 
by ApoE ε4 status, whereas chi-square tests were applied 
to categorical variables. Adjusted means were calculated 
and displayed for neuropsychological test scores, control-
ling for age, sex, education, socioeconomic deprivation 
(most deprived), obesity (waist circumference of ≥ 102 
cm for males; ≥ 88 cm for females), LDL cholesterol, and 
depression.

Logistic regression models were used to assess asso-
ciations between B-vitamin biomarkers (categorised 
into quartiles) and cognitive dysfunction (RBANS total 
score < 80), with quartile 1 (highest status) as the refer-
ence for each biomarker. Logistic regression models were 
also used to assess potential interactions between ApoE 
ε4 carrier status and low B-vitamin status (lower quar-
tiles) to explore whether ApoE ε4 influences the relation-
ship between B-vitamin status and cognitive dysfunction, 
adjusting for relevant covariates. P-values < 0.05 were 
considered statistically significant.

Results
Among the total TUDA sample, 4553 participants gen-
otyped for ApoE were selected for this analysis (Fig. 1). 
As shown in Table  1, females were significantly older 
than males, but there were no differences in educa-
tion or socioeconomic deprivation. Male participants 
had significantly higher BMI, but a greater proportion 
of females were classified as living with obesity using 



Page 5 of 14Gordon et al. BMC Medicine          (2025) 23:440 	

sex-specific cut-offs (waist circumference of ≥ 102 cm 
for males; ≥ 88 cm for females). Males exhibited sig-
nificantly higher blood pressure, triglycerides, HbA1c, 
and c-reactive protein, whereas females had signifi-
cantly higher HDL and LDL cholesterol concentra-
tions and had a significantly better B-vitamin status. No 
significant differences were observed between males 
and females for cognitive performance, as measured 
by MMSE and FAB, but females scored higher on the 
RBANS even after adjusting for relevant covariates. 
Also, females had higher rates of depression and anxi-
ety scores. Overall, 25.8% of males and 24.1% of females 
were ApoE ε4 carriers.

Health and lifestyle determinants of cognitive dysfunc-
tion were examined in Table 2 using logistic regression. 
The risk of cognitive dysfunction increased with age and 
decreased with education; each additional year spent in 
formal education was associated with a 21% lower risk of 
cognitive dysfunction. Greater socioeconomic depriva-
tion was associated with a 51% greater risk of cognitive 
dysfunction (adjusted odds ratio (ORadj  1.51; 95% CI: 
1.30–1.77; p < 0.001). Among all the determinants, ApoE 
ε4 carrier status was associated with the highest risk of 
cognitive dysfunction, with carriers being 56% more 
likely to experience cognitive dysfunction compared to 
non-carriers (ORadj 1.56; 95% CI: 1.34–1.83; p < 0.001). 

Fig. 1  Flow diagram of study participants from the TUDA study. 1 Participants were excluded as a diagnosis of dementia was made 
since recruitment as per the TUDA study exclusion criteria. 2 The ε2/ε4 genotype was excluded from the analysis, as it contains both the protective 
ε2 allele and the risk ε4 allele [7]. Abbreviations: RBANS, Repeatable Battery for Neuropsychological Status; TUDA, Trinity-Ulster-Department 
of Agriculture
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Table 1  General characteristics of TUDA study participants

Data is presented as mean ± SD unless otherwise stated. P-values obtained from independent samples t-test for continuous variables and chi-squared analysis for 
categorical variables. P < 0.05 denotes statistical significance

Abbreviations: CES-D Center for Epidemiological Studies-Depression, CI confidence interval, EGRac erythrocyte glutathione reductase activation coefficient, FAB Frontal 
Assessment Battery, HADS Hospital Anxiety and Depression Scale, IADL Instrumental Activities of Daily Living, MMSE Mini-Mental State Examination, RBANS Repeatable 
Battery for Neuropsychological Status, TUDA Trinity-Ulster-Department of Agriculture
a Age formal education ended
b Waist circumference of ≥ 102 cm for males; ≥ 88 cm for females
c Systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg)
d Displays adjusted means, 95% CIs; controlling for age, education, socioeconomic deprivation, obesity, LDL cholesterol, depression and ApoE status

Males
(n = 1440)

Females
(n = 3113)

P

Age, years 73.6 ± 8.0 74.5 ± 8.4  < 0.001

Educationa, years 16.0 ± 3.2 16.0 ± 2.8 0.905

Socioeconomic deprivation, n (%)

  Quintile 1 (least deprived) 276 (19.2) 660 (21.2) 0.166

  Quintile 5 (most deprived) 379 (26.3) 791 (25.4)

Health and lifestyle factors

  Waist circumference (cm) 102.4 ± 12.4 91.8 ± 13.6  < 0.001

  Obesityb, n (%) 718 (49.9) 1895 (60.9)  < 0.001

  Body mass index, kg/m2 28.5 ± 4.5 27.6 ± 5.8  < 0.001

  Timed Up-and-Go, seconds 14.0 ± 9.4 14.7 ± 9.2  < 0.001

  PSMS total score 23.2 ± 1.7 22.9 ± 2.0  < 0.001

  IADL total score 23.9 ± 4.2 24.2 ± 4.6  < 0.001

Clinical markers

  Systolic blood pressure, mmHg 147.3 ± 20.4 142.7 ± 21.2  < 0.001

  Diastolic blood pressure, mmHg 79.4 ± 11.5 77.4 ± 11.0  < 0.001

  Hypertensionc, n (%) 1144 (80.4) 2090 (67.6)  < 0.001

  Triglycerides, mmol/L 1.5 ± 0.8 1.4 ± 0.6  < 0.001

  LDL cholesterol, mmol/L 2.2 ± 0.8 2.6 ± 0.9  < 0.001

  HDL cholesterol, mmol/L 1.2 ± 0.3 1.5 ± 0.4  < 0.001

  Glycated haemoglobin (HbA1c; mmol/mol) 41.3 ± 8.9 40.0 ± 7.0  < 0.001

  C-reactive protein (CRP; mg/L) 3.2 ± 3.6 2.9 ± 3.0 0.017

Nutritional biomarkers

  Red blood cell folate, nmol/L 920 ± 480 977 ± 536  < 0.001

  Serum folate, nmol/L 23.6 ± 15.9 28.6 ± 21.0  < 0.001

  Total vitamin B12, pmol/L 239 ± 109 267 ± 127  < 0.001

  Holotranscobalamin, pmol/L 53.1 ± 28.5 61.0 ± 35.9  < 0.001

  Plasma pyridoxal 5′-phosphate (B6), nmol/L 58.7 ± 34.9 62.7 ± 41.8  < 0.001

  EGRac (riboflavin) 1.34 ± 0.19 1.33 ± 0.19 0.047

  Plasma total homocysteine, µmol/L 14.7 ± 4.7 13.7 ± 4.5  < 0.001

  Serum 25-hydroxyvitamin D, nmol/L 52.5 ± 27.7 62.3 ± 32.4  < 0.001

Neuropsychological testsd

  MMSE total score 26.9 (26.8–27.1) 27.0 (27.0–27.1) 0.118

  FAB total score 15.1 (15.0–15.2) 15.2 (15.2–15.3) 0.119

  RBANS total score 84.2 (83.4–85.0) 85.8 (85.2–86.3) 0.002

  Cognitive dysfunction, n (%) 268 (18.6) 618 (19.9) 0.345

  Depression (CES-D total score) 3.0 ± 5.2 4.0 ± 6.3  < 0.001

  Self-reported depression, n (%) 279 (19.4) 826 (26.5)  < 0.001

  Anxiety (HADS total score) 1.5 ± 2.7 2.2 ± 3.3  < 0.001

  Self-reported anxiety, n (%) 224 (15.6) 758 (24.3)  < 0.001

ApoE ε4 genotype

  Non ε4 carrier, n (%) 1030 (71.5) 2318 (74.5)

  ε4 carrier, n (%) 372 (25.8) 751 (24.1) 0.005

  ε4/ε4 carrier, n (%) 38 (2.6) 44 (1.4)
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Factors such as sex, living alone, hypertension, obesity, 
and anxiety were not significantly associated with cogni-
tive dysfunction in this cohort.

Cognitive function scores, as well as general health 
and lifestyle characteristics of participants stratified by 
ApoE ε4 genotype, are shown in Table 3. ApoE ε4 carri-
ers were significantly younger than non-carriers and had 
significantly higher LDL cholesterol concentrations. With 
regards to cognitive function, ApoE ε4 carriers had sig-
nificantly lower total scores of MMSE, FAB and RBANS 
(RBANS score: 81.9, 95% CI: 81.0–82.7) compared with 
non ε4 carriers (85.7, 95% CI: 85.2–86.2) after adjusting 
for relevant covariates. In total, 42% of ε4 carriers were 
classified as having cognitive dysfunction, compared with 
35% of non-carriers.

The association between B-vitamin biomarker status 
and cognitive dysfunction after adjustment for cogni-
tion-related covariates, including ApoE status (Fig.  2). 
Lower holoTC concentrations, the active form of vitamin 

B12, were associated with a significantly higher risk of 
cognitive dysfunction (ORadj 1.30; 95% CI: 1.08–1.58; 
p = 0.007). Lower vitamin B6 concentrations (quartiles 3 
and 4) were associated with a higher risk of cognitive dys-
function (ORadj 1.35; 95% CI: 1.11–1.65; p = 0.002; ORadj 
1.37 95% CI: 1.12–1.66; p = 0.002, respectively). Poorer 
riboflavin status (as indicated by higher EGRac values) 
was strongly associated with cognitive dysfunction, with 
the highest quartile (indicative of worst riboflavin status) 
showing a markedly increased risk (ORadj 1.73; 95% CI: 
1.44–2.09; p < 0.001). Similarly, homocysteine, indicative 
of low B-vitamin status, was also associated with higher 
risk of cognitive dysfunction. Conversely, RBC folate 
and total vitamin B12 were not associated with cognitive 
dysfunction in this cohort (Additional file  2: Table  S1). 
Plasma homocysteine concentrations showed significant 
negative correlations with RBC folate, total serum B12, 
holo-transcobalamin, and vitamin B6. Riboflavin status, 
assessed by EGRac, was positively correlated with homo-
cysteine (data not shown).

Table  4 presents the interactions between B-vitamins 
and ApoE ε4 on cognitive dysfunction. The ApoE ε4 gen-
otype interacted adversely with low holoTC (β = 0.336, 
ORadj 1.40, 95% CI: 1.03–1.90, p = 0.030), indicating a 40% 
increased risk of cognitive dysfunction. There was also an 
adverse interaction between ApoE ε4 status and higher 
homocysteine, indicative of low B-vitamin status, with 
a 51% increased risk of cognitive dysfunction (β = 0.413, 
ORadj 1.51, 95% CI: 1.11–2.05, p = 0.008). There were no 
significant interactions observed between the remaining 
B-vitamins and ApoE ε4 on cognitive dysfunction.

Discussion
This study investigated the associations of one-carbon 
metabolism, related B-vitamins and ApoE genotype with 
cognitive function in older adults. The findings, from a 
large, well-characterised cohort of community-dwelling 
adults, indicate that lower status of vitamin B12, B6, and 
riboflavin were each associated with an increased risk of 
cognitive dysfunction. Also, a novel interaction between 
ApoE and low vitamin B12 as determinants of cognitive 
dysfunction was identified, suggesting that low B12 status 
has the potential to modulate the risk of cognitive dys-
function posed by the ApoE ε4 genotype. This is one of 
the first studies to examine the interaction between the 
ApoE genotype with all the B-vitamins involved in one-
carbon metabolism in one analysis. Our findings under-
score the importance of considering both nutritional and 
genetic factors when assessing the risk of cognitive dys-
function in ageing populations.

Lower biomarker status of vitamin B12, vitamin B6, 
and riboflavin were each independently associated with 
a 30–73% increased risk of cognitive dysfunction, after 

Table 2  General health and lifestyle determinants of cognitive 
dysfunction

P-values were obtained from logistic regression analysis of cognitive dysfunction 
(RBANS total score < 80). P < 0.05 denotes statistical significance

Abbreviations: CES-D Center for Epidemiological Studies-Depression, 
CI confidence interval, HADS Hospital Anxiety and Depression Scale, 
HbA1c glycated haemoglobin, LDL low-density lipoprotein, ORadj adjusted odds 
ratio, RBANS Repeatable Battery for Neuropsychological Status
a Age formal education ended
b Most deprived quintile
c Systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 
mmHg)
d No exercise in previous 2 weeks
e ApoE ε4 carriers (ε3/ε4 and ε4/ε4)

β ORadj 95% CI P

Sociodemographic factors

  Age, years 0.070 1.07 1.06–1.08  < 0.001

  Female sex  − 0.143 0.87 0.74–1.01 0.073

  Educationa, years  − 0.236 0.79 0.76–0.82  < 0.001

  Socioeconomic deprivationb 0.414 1.51 1.30–1.77  < 0.001

  Living alone 0.052 1.05 0.91–1.22 0.494

Health and lifestyle factors

  Visual impairment 0.401 1.49 1.12–1.99 0.007

  Hypertensivec  − 0.006 0.99 0.85–1.17 0.944

  Obesity (waist circumference)  − 0.045 0.96 0.83–1.11 0.551

  LDL cholesterol, mmol/L  − 0.097 0.91 0.84–0.99 0.022

  HbA1c, mmol/mol 0.008 1.01 1.00–1.02 0.046

  Alcohol consumer (current)  − 0.219 0.80 0.70–0.93 0.002

  Smoking status (current) 0.345 1.41 1.14–1.75 0.001

  Physical inactivityd 0.316 1.37 1.17–1.61  < 0.001

  Depression (CES-D total score) 0.037 1.04 1.03–1.05  < 0.001

  Anxiety (HADS total score)  − 0.006 0.99 0.97–1.01 0.555

  ApoE ε4 carriere 0.447 1.56 1.34–1.83  < 0.001
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adjustment for age, sex, obesity, education, socioeco-
nomic deprivation, and ApoE ε4 status in this study. 
Although lower RBC folate status was not associated 
with cognitive dysfunction, this may be attributed to 
the generally high folate status among participants in 
the current study, with only ~ 2% having RBC folate 
concentrations below the cut-off for deficiency (< 340 

nmol/L) [42]. Meta-analyses of observational studies 
are generally in agreement that lower dietary and more 
objectively biomarker status of B-vitamins are associ-
ated with higher risks of cognitive decline and demen-
tia [43, 44]. In addition, our previous longitudinal study 
of older adults reported that lower baseline vitamin 
B6 status (plasma PLP) was associated with a 3.5-fold 

Table 3  Comparison of clinical, metabolic, and cognitive characteristics by ApoE genotype

Data is presented as mean ± SD unless otherwise stated. P-values obtained from independent samples t-test for continuous data and chi-square test for categorical 
data. P < 0.05 denotes statistical significance

Abbreviations: CES-D Center for Epidemiological Studies-Depression Scale, CI confidence interval, EGRac erythrocyte glutathione reductase activation coefficient, 
FAB Frontal Assessment Battery, HADS Hospital Anxiety and Depression Scale, HDL high-density lipoprotein, LDL low-density lipoprotein, MMSE Mini-Mental State 
Examination, PLP pyridoxal 5′-phosphate, RBANS Repeatable Battery for Neuropsychological Status
a ApoE ε4 carriers (ε3/ε4 and ε4/ε4)
b Age formal education ended
c Waist circumference of ≥ 102 cm for males; ≥ 88 cm for females
d Displays adjusted means, 95% CIs, controlling for age, sex, education, socioeconomic deprivation, obesity, LDL cholesterol, and depression

ApoE non-ε4 carrier
(n = 3348)

ApoE ε4 carriera

(n = 1205)
P

Age, years 74.4 ± 8.4 73.7 ± 7.9 0.009

Female sex, n (%) 2318 (69.2) 795 (66.0) 0.040

Educationb, years 16.0 ± 2.9 16.1 ± 2.9 0.507

Health and lifestyle factors

  Waist circumference, cm 95.4 ± 14.0 94.4 ± 14.2 0.033

  Obesityc, n (%) 1969 (58.8) 644 (53.4)  < 0.001

  Timed-Up-and-Go, seconds 14.6 ± 9.3 14.2 ± 9.1 0.200

Clinical markers

  Triglycerides, mmol/L 1.4 ± 0.7 1.4 ± 0.7 0.107

  LDL cholesterol, mmol/L 2.4 ± 0.9 2.5 ± 0.9  < 0.001

  HDL cholesterol, mmol/L 1.4 ± 0.4 1.4 ± 0.4 0.414

B-vitamin biomarkers

  Red blood cell folate, nmol/L 955 ± 520 967 ± 516 0.473

  Serum folate, nmol/L 26.6 ± 19.2 27.7 ± 20.0 0.095

  Total vitamin B12, pmol/L 256 ± 121 261 ± 124 0.982

  Holotranscobalamin, pmol/L 58.4 ± 33.3 58.4 ± 34.5 0.247

  PLP (vitamin B6), nmol/L 61.6 ± 39.2 60.9 ± 40.8 0.568

  EGRac (riboflavin) 1.33 ± 0.19 1.33 ± 0.19 0.348

  Plasma homocysteine, µmol/L 14.0 ± 4.6 13.8 ± 4.6 0.248

Neuropsychological testsd

  MMSE total score 27.1 (27.1–27.2) 26.6 (26.5–26.7)  < 0.001

  FAB total score 15.3 (15.2–15.4) 15.0 (14.8–15.1)  < 0.001

  RBANS total score 85.7 (85.2–86.2) 81.9 (81.0–82.7)  < 0.001

  Cognitive dysfunction, n (%) 1170 (34.9) 506 (42.0)  < 0.001

RBANS subdomain score

  Immediate memory 90.4 (89.9–91.0) 86.6 (85.7–87.5)  < 0.001

  Visuospatial 88.3 (87.7–88.9) 86.5 (85.5–87.5) 0.002

  Language 90.5 (90.1–91.0) 88.3 (87.6–89.1)  < 0.001

  Attention 88.5 (88.0–89.1) 86.2 (85.3–87.1)  < 0.001

  Delayed memory 88.1 (87.5–88.7) 82.4 (81.4–83.3)  < 0.001

  Depression (CES-D total score) 3.7 ± 5.9 3.7 ± 5.9 0.989

  Anxiety (HADS total score) 1.9 ± 3.1 2.0 ± 3.1 0.628
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increased risk of cognitive decline over a 4-year fol-
low-up period [45]. In the current study, higher homo-
cysteine concentrations were associated with a 50% 
increased risk of cognitive dysfunction, aligning with 
existing evidence suggesting an association between 
elevated plasma homocysteine and/or low B-vitamin 
status with cognitive dysfunction [17, 46, 47]. Consist-
ent with such associations, meta-analyses of interven-
tion studies suggest that B-vitamin supplementation, 
particularly with folate, B12, and B6, is beneficial for 
cognitive function and helps to slow the rate of cogni-
tive decline with age [17, 44]. The most robust evidence 
comes from the 2-year VITACOG RCT which high-
lighted the efficacy of B-vitamin supplementation in 
individuals with mild cognitive impairment. Notably, 
participants with higher baseline homocysteine con-
centrations (> 11.3 μmol/L) who received B-vitamins 
experienced a 53% reduction in brain atrophy rates over 

the 2 years, as measured by MRI [18]. Further analyses 
from this study [19] demonstrated significant improve-
ments in response to intervention in global cognition, 
episodic memory, and semantic memory among those 
with elevated baseline homocysteine (indicative of 
lower B-vitamin status).

As expected, carriers of the ApoE ε4 allele had lower 
scores on all three of the cognitive assessment tools used 
in this study, namely, MMSE, FAB and RBANS, and there 
was a higher prevalence of cognitive dysfunction in the 
ε4 carriers (42%) compared to non-ε4 carriers (35%). 
RBANS total scores, as well as scores in the cognitive 
subdomains—immediate memory, visuospatial, language, 
attention, and delayed memory—were all significantly 
lower in ε4 carriers compared to non-ε4 carriers, and 
the ApoE ε4 allele was associated with a 56% increased 
risk of cognitive dysfunction (based on the RBANS total 
score < 80). Likewise, the ApoE ε4 genotype has been 

Fig. 2  Association of B-vitamin biomarker status with cognitive dysfunction. Data presented as adjusted odds ratios and 95% CIs from logistic 
regression of cognitive dysfunction (RBANS total score < 80). Biomarkers were categorised into quartiles, with the reference category set at high 
B-vitamin status. For homocysteine, the reference category equates with high B-vitamin status. Each B-vitamin biomarker was included in separate 
logistic regression models, adjusted for age, sex, obesity (waist circumference), education, socioeconomic deprivation, and ApoE ε4 status (ε3/ε4 
and ε4/ε4). Additional adjustments for other covariates, including depressive symptoms, did not materially alter the results.* p < 0.05; ** p < 0.01; *** 
p < 0.001. Abbreviations: EGRac, erythrocyte glutathione reductase activation coefficient; HoloTC, holotranscobalamin; PLP, pyridoxal 5′-phosphate; 
RBANS, Repeatable Battery for Neuropsychological Status; RBC, red blood cell; ref, reference category
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associated with a 15–70% increased risk of cognitive dys-
function in other cohort studies, including a US-based 
study of individuals of European ancestry [48] and two 
Chinese cohort studies [49, 50]. The lower risk reported 
from the China-based studies compared to the current 
study may be explained by the use in these studies of the 
MMSE screening tool to assess cognitive function, which 
has been criticised for its low sensitivity [23]. Overall, the 
ApoE ε4 allele is the best established common genetic 
risk factor for cognitive dysfunction and AD [7, 51, 52]. 
A 15-year follow-up study from two cohorts in the UK 
and France reported that carrying the ApoE ε4 allele was 
associated with an 89% increased risk of dementia com-
pared to non-carriers [53]. Additionally, a single ε4 allele 
increases the risk of AD threefold compared to the ε3/ε3 
genotype, with 40–65% of AD cases carrying this variant 
[5, 11]. However, not all ε4 carriers develop AD, suggest-
ing that environmental factors may play a role in modu-
lating disease risk [54].

A novel finding of the current study is that ApoE ε4 
carriers with low B12 status were found to have a higher 
risk of cognitive dysfunction. Specifically, the combina-
tion of ApoE ε4 status and low B12 status as measured by 
holoTC (but not serum total B12) was associated with a 
40% increased risk of having cognitive dysfunction after 
adjustment for relevant covariates. One small study pre-
viously reported a significant interaction between serum 
total B12 and ApoE ε4 on cognitive performance in a 
Chinese population [21]. Similarly, another study in an 

older Norwegian cohort reported a positive association 
between serum total B12 and global cognition, specifi-
cally among ApoE ε4 carriers [55]. The increased risk of 
cognitive dysfunction observed in the TUDA cohort was 
further influenced by elevated total homocysteine con-
centrations (≥ 13.6 µmol/L), which was associated with a 
51% increased risk for ApoE ε4 carriers. Given that B12 is 
a key regulator of homocysteine concentrations [56, 57], 
these findings are particularly concerning as vitamin B12 
deficiency is widespread in older adults [57, 58] and an 
estimated 25% of the global population carries the ApoE 
ε4 allele [59]. Notably, low B12 status in older adults more 
typically arises as a result of food-bound malabsorption, 
rather than low dietary intakes (at least in high income 
countries), and we previously reported that this may be 
potentially alleviated by consuming fortified foods which 
provide the crystalline B12 form rather than protein-
bound B12 as found in natural food sources [60]. Of note, 
we have previously reported an important gene-nutrient 
interaction in this cohort in BMC Medicine [61], in that 
case with implications for blood pressure and prevent-
ing hypertension in genetically at-risk individuals. Taken 
together, these studies drawing on the data from the well 
characterised TUDA cohort suggest that there may be 
important benefits from targeted nutrition strategies for 
preventing disease in ageing.

In the present analysis, the lowest quartile of holoTC 
was associated with cognitive dysfunction, whereas this 
relationship was not evident with total vitamin B12 con-
centrations. HoloTC (normal range > 40 pmol/L), which 
represents the biologically active fraction of vitamin B12, 
is generally considered to be a more sensitive indicator 
of functional B12 status compared to total vitamin B12 
(normal range > 221 pmol/L) which is reported to lack 
sensitivity and specificity for detecting deficiency [58, 
62]. Whereas both folate and vitamin B12 have been 
widely studied for their relationship with cognitive per-
formance in ageing, the evidence for vitamin B12 is less 
consistent than for folate [63, 64]. Furthermore, many 
studies have relied solely on serum total vitamin B12 as 
a biomarker of status, and although some have demon-
strated associations with cognitive outcomes [21, 55], the 
utilisation of methylmalonic acid or holoTC as biomark-
ers of B12 status tends to provide stronger support [65–
67]. Moreover, lower concentrations of holoTC have been 
associated with larger volumes of white matter hyperin-
tensities in the brain [68], which are linked with cogni-
tion and dementia [69]. In the current study, the lowest 
holoTC concentrations (< 42 pmol/L) were associated 
with a significantly increased risk of cognitive dysfunc-
tion, whereas no such association was observed when 
using serum total vitamin B12 as the biomarker of status.

Table 4  Interactions between B-vitamins and ApoE ε4 on 
cognitive dysfunction in older adults

Data presented as standardised β coefficients, adjusted odds ratios and 95% CIs. 
P-values were obtained from logistic regression analysis of cognitive dysfunction 
(RBANS total score < 80). P < 0.05 denotes statistical significance. ApoE ε4 status 
(ε3/ε4 and ε4/ε4) and each B-vitamin biomarker were analysed in separate 
regression models, comparing the lower quartiles (quartiles 1 and 2) to the 
higher quartiles (quartile 3 and 4) of B-vitamin status. For homocysteine, lower 
quartiles were used as the reference category, which equates to high B-vitamin 
status. Each model was adjusted for age, sex, education and socioeconomic 
deprivation. For further statistical details related to this analysis, please see the 
Methods section

Abbreviations: CI confidence interval, EGRac erythrocyte glutathione reductase 
activation coefficient, ORadj adjusted odds ratio, PLP pyridoxal 5′-phosphate, 
RBANS Repeatable Battery for Neuropsychological Status, RBC red blood cell

β ORadj 95% CI P

ApoE ε4 x lowest B-vitamin status
  RBC folate 0.188 1.21 0.89–1.63 0.222

  Serum folate  − 0.068 0.93 0.69–1.27 0.662

  Total vitamin B12 0.184 1.20 0.89–1.63 0.231

  Holotranscobalamin 0.336 1.40 1.03–1.90 0.030

  Plasma PLP (vitamin B6) 0.107 1.11 0.82–1.51 0.488

  EGRac (riboflavin) 0.041 1.04 0.77–1.41 0.789

  Plasma total homocysteine 0.413 1.51 1.11–2.05 0.008
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The mechanism by which the ApoE genotype increases 
the risk of AD is not fully understood, but a number of 
interrelated factors may be implicated. Deficiencies in 
folate, vitamin B12, and B6 in AD mouse models (Tg2576 
and TgCRND8) increase Aβ deposition, likely through 
hyperhomocysteinemia affecting γ-secretase activity and 
presenilin-1 (Psen1) promoter methylation. The Psen1 
gene encodes the protein Psen1, a key component of 
γ-secretase involved in Aβ production. However, sup-
plementation with S-adenosylmethionine, a key methyl 
donor in one-carbon metabolism, reversed Psen1 overex-
pression [70]. The ApoE protein plays a crucial role in AD 
pathogenesis through various mechanisms, including its 
promotion of amyloid-β (Aβ) accumulation, its influence 
on the blood–brain barrier, and through neuroinflam-
matory effects [71]. ApoE ε4 accelerates amyloid accu-
mulation, with its effects becoming more pronounced 
with age. Experimental evidence suggests that ApoE iso-
forms, especially ApoE ε4, may modulate Aβ production 
and clearance, with ApoE ε4 being the most detrimental 
[72]. In addition, ApoE ɛ4 carriers exhibit an accelerated 
breakdown of the blood–brain barrier in the hippocam-
pus and medial temporal lobe, which is linked to cogni-
tive decline independently of Aβ and tau pathology [73]. 
This breakdown may help explain the lower cognitive 
scores seen in ɛ4 carriers, particularly as the blood–brain 
barrier has recently been identified as an early indicator 
in the clinical stages of AD [74]. Lastly, neuroinflamma-
tion is driven by microglia and astrocytes, cells primar-
ily found in the brain and central nervous system, but 
these cells respond to Aβ accumulation by releasing 
pro-inflammatory cytokines and engaging in Aβ clear-
ance. However, when microglial and astrocytic activ-
ity becomes dysregulated, Aβ phagocytosis can become 
impaired, leading to persistent inflammation, which may 
exacerbate AD pathology and contribute to neurodegen-
eration [72].

This study has several strengths. The TUDA study, 
with its large, well-characterised cohort, enabled statis-
tical adjustment for a broad range of covariates, which 
strengthened the validity of the findings. Furthermore, 
whereas the majority of research to date has used the 
MMSE as a measure of cognitive dysfunction, the pri-
mary outcome in this study was based on the RBANS, a 
validated, age-adjusted cognitive assessment tool, which 
provides a reliable and accurate measure of global cogni-
tion as well as five cognitive subdomains. Moreover, the 
inclusion of a comprehensive set of B-vitamin biomark-
ers (including riboflavin, very rarely measured in human 
studies) allowed for a much more robust evaluation of 
B-vitamin status compared to dietary intake measure-
ment and evaluation of their potential roles in cogni-
tive dysfunction than in previous research. However, the 

study also has limitations. As a cross-sectional study, no 
causal relationships can be demonstrated, and interven-
tion studies are needed to further explore these find-
ings. This is especially the case in relation to the role of 
nutritional factors on cognitive outcomes, as poor diet is 
well recognised both as a cause and consequence of cog-
nitive dysfunction. However, we consider it unlikely that 
the current findings linking deficiency of specific B-vita-
mins with cognitive dysfunction are explained simply by 
poorer dietary intakes in cognitively impaired partici-
pants, given that certain biomarkers (e.g. folate) showed 
no significant relationship.

Conclusions
In conclusion, this study demonstrated that lower status 
of vitamin B12, B6, riboflavin, and/or elevated homocyst-
eine concentrations are each associated with a greater 
risk of cognitive dysfunction, independent of ApoE sta-
tus. The findings also point to a novel gene–nutrient 
interaction of ApoE ε4 genotype with low B12 status (and 
higher homocysteine) contributing to further risk. Whilst 
the current findings are based on a cohort of older Irish 
adults, the results may be generalisable to older popula-
tions worldwide and suggest that improving B-vitamin 
status, either independently or through its modulatory 
role with the common ApoE gene, may have important 
public health benefits for dementia prevention. Further 
investigation, ideally in the form of randomised trials, is 
however required to demonstrate a causative relationship 
and confirm whether intervention with B-vitamins can 
confer a beneficial effect in maintaining better cognitive 
health in at-risk older people.

Abbreviations
Aβ	� Amyloid-β
AD	� Alzheimer’s disease
ApoE	� Apolipoprotein E
BMI	� Body mass index
EGRac	� Erythrocyte glutathione reductase activation coefficient
FAB	� Frontal Assessment Battery
holoTC	� Holotranscobalamin
MMSE	� Mini-Mental State Examination
NI	� Northern Ireland
ORadj	� Adjusted odds ratio
PLP	� Pyridoxal 5′-phosphate
Psen1	� Presenilin-1
RBANS	� Repeatable Battery for Assessment of Neuropsychological Status
RBC	� Red blood cell
RoI	� Republic of Ireland
TUDA	� Trinity-Ulster-Department of Agriculture

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​025-​04276-8.

Additional file 1: Table S1. STROBE Checklist for Cross-Sectional Stud-
ies. Outlines how the manuscript complies with the STROBE (Strengthen-
ing the Reporting of Observational Studies in Epidemiology) checklist. 

https://doi.org/10.1186/s12916-025-04276-8
https://doi.org/10.1186/s12916-025-04276-8


Page 12 of 14Gordon et al. BMC Medicine          (2025) 23:440 

Each reporting item is listed alongside the corresponding page number in 
the main manuscript to ensure transparency in reporting.

Additional file 2: Table S1. Association of B-vitamin biomarker status with 
cognitive dysfunction Description of data: Table S1 presents the associa-
tions between individual B-vitamin biomarkers and cognitive dysfunction, 
expressed as standardised β coefficients, adjusted odds ratios (ORadj), and 
95% confidence intervals (CIs). The table includes two models: Model 1 
adjusted for age, sex, obesity, education, and socioeconomic depriva-
tion; Model 2 additionally adjusted for ApoE ε4 status. Biomarkers were 
categorised into quartiles, and Quartile 1 (high B-vitamin status) served as 
the reference. A graphical summary of these results is shown in Fig. 2 of 
the main manuscript.

Acknowledgements
The authors thank the TUDA study participants throughout the island of 
Ireland and the wider TUDA research teams in both jurisdictions who made 
this study possible. FP and LCB were supported by the intramural programme 
of the National Human Genome Research Institute.

Authors’contributions
The authors’ responsibilities were as follows - CFH, HM, LH, and MW concep-
tualised and designed the study; HM, JJS, MW, AMM and CC obtained study 
funding; CFH and LH collected the data; HM, MW, CFH, LH, JJS, CC, KM, AMM, 
LM and AM were responsible for the methodology; SG and JK analysed the 
data; CC, KM: provided clinical expertise; SG, CFH and HMN drafted the original 
manuscript; MW, LH, JJS, CC, KM, FP, LCB and AMM provided critical feedback 
to improve the intellectual content; HM had primary responsibility for the final 
content. All authors read and approved the final manuscript.

Funding
This study was supported initially (2007–2011) by funding from the Irish 
Department of Agriculture, Food and the Marine and Health Research Board 
(under the FIRM initiative; awarded to Michael J Gibney), and the Northern Ire-
land Department for Employment and Learning (‘Strengthening the All-Island 
Research Base’ initiative; awarded to Helene McNulty). The study also received 
funding (2017–2020) from UKRI–BBSRC Biotechnology and Biological Sciences 
Research Council (Award No BB/P028225/1; Awarded to Helene McNulty) 
under the international Joint Programming Initiative (JPI) co-funded ERA-
HDHL call on ‘Biomarkers for Nutrition and Health’. The funders had no role in 
the conceptualisation, design, data collection, analysis, decision to publish, 
or preparation of this manuscript. For the purpose of open access, the author 
has applied a ‘Creative Commons Attribution (CC BY) licence’ to any Author 
Accepted Manuscript version arising.
UKRI – BBSRC Biotechnology and Biological Sciences Research Council,BB/
P028225/1.

Data availability
The data cannot be shared publicly because of ethical restrictions on sharing 
sensitive data. Access to the data will be provided following a successful 
application to the TUDA Consortium. Ulster University’s Research Portal will 
contain metadata on the dataset and instructions on how to request access to 
this dataset. The genetic data are currently under embargo.

Declarations

Ethics approval and consent to participate
Ethical approval was granted by the Office for Research Ethics Committees 
Northern Ireland (ORECNI; 26 March 2009; reference 08/NI/RO3113), with 
corresponding approvals from the Northern and Western Health and Social 
Care Trust and the Research Ethics Committee of St James Hospital and The 
Adelaide and Meath Hospital in Dublin (7 November 2008). All participants 
provided written informed consent at the time of recruitment.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Nutrition Innovation Centre for Food & Health (NICHE), School of Biomedical 
Sciences, Ulster University, Coleraine, Northern Ireland BT52 1SA, UK. 2 Genetics 
and Environment Interaction Section, National Human Genome Research 
Institute, National Institutes of Health, Bethesda, MD, USA. 3 Bevital AS, Bergen, 
Norway. 4 School of Medicine, Trinity College Dublin, Dublin, Ireland. 5 Mercer’s 
Institute for Successful Ageing, St James’s Hospital, Dublin, Ireland. 6 Depart-
ment of Medical Gerontology, School of Medicine, Trinity College Dublin, 
Dublin, Ireland. 

Received: 4 May 2025   Accepted: 14 July 2025

References
	1.	 Livingston G, Huntley J, Liu KY, Costafreda SG, Selbæk G, Alladi S, et al. 

Dementia prevention, intervention, and care: 2024 report of the Lancet 
standing Commission. Lancet. 2024;404(10452):572–628.

	2.	 Smith AD, Refsum H, Bottiglieri T, Fenech M, Hooshmand B, McCaddon 
A, et al. Homocysteine and dementia: an international consensus state-
ment. J Alzheimers Dis. 2018;62(2):561–70.

	3.	 Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H. Sum-
mary of the evidence on modifiable risk factors for cognitive decline 
and dementia: A population-based perspective. Alzheimers Dement. 
2015;11(6):718–26.

	4.	 Loy CT, Schofield PR, Turner AM, Kwok JB. Genetics of dementia. Lan-
cet. 2014;383(9919):828–40.

	5.	 Van Cauwenberghe C, Van Broeckhoven C, Sleegers K. The genetic 
landscape of Alzheimer disease: clinical implications and perspectives. 
Genet Med. 2016;18(5):421–30.

	6.	 Jiao B, Liu H, Guo L, Xiao X, Liao X, Zhou Y, et al. The role of genetics in 
neurodegenerative dementia: a large cohort study in South China. NPJ 
Genom Med. 2021;6(1):1–10.

	7.	 Liu CC, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer disease: 
risk, mechanisms and therapy. Nat Rev Neurol. 2013;9(2):106–18.

	8.	 Ferguson AC, Tank R, Lyall LM, Strawbridge R, Ward J, Celis-Morales C, 
et al. Alzheimer’s disease susceptibility gene apolipoprotein e (APOE) 
and blood biomarkers in UK Biobank (N=395,769). J Alzheimers Dis. 
2020;76(4):1541–51.

	9.	 Pires M, Rego AC. Apoe4 and Alzheimer’s Disease Pathogenesis—Mito-
chondrial Deregulation and Targeted Therapeutic Strategies. Int J Mol 
Sci. 2023;24(1):1–20.

	10.	 Troutwine BR, Hamid L, Lysaker CR, Strope TA, Wilkins HM. Apolipopro-
tein E and Alzheimer’s disease. Acta Pharm Sin B. 2022;12(2):496–510.

	11.	 Chen Y, Strickland MR, Soranno A, Holtzman DM. Apolipoprotein E: 
Structural Insights and Links to Alzheimer Disease Pathogenesis. Neu-
ron. 2021;109(2):205–21.

	12.	 Jia J, Zhao T, Liu Z, Liang Y, Li F, Li Y, et al. Association between healthy 
lifestyle and memory decline in older adults: 10 year, population based, 
prospective cohort study. BMJ. 2023;380:1–11.

	13.	 Sydenham E, Dangour AD, Lim WS. Omega 3 fatty acid for the preven-
tion of cognitive decline and dementia. Cochrane Database Syst Rev. 
2012;2012(6):1–35.

	14.	 Moore K, Hughes CF, Ward M, Hoey L, McNulty H. Diet, nutrition and 
the ageing brain: current evidence and new directions. Proc Nutr Soc. 
2018;77(2):152–63.

	15.	 Smith AD, Refsum H. Homocysteine, B Vitamins, and Cognitive Impair-
ment. Annu Rev Nutr. 2016;36(1):211–39.

	16.	 Vogiatzoglou A, Smith AD, Nurk E, Drevon CA, Ueland PM, Vollset SE, 
et al. Cognitive function in an elderly population: interaction between 
vitamin B12 status, depression, and apolipoprotein E ε4: the Hordaland 
Homocysteine Study. Psychosom Med. 2013;75(1):20–9.

	17.	 Suh SW, Kim HS, Han JH, Bae JB, Oh DJ, Han JW, et al. Efficacy of Vitamins 
on Cognitive Function of Non-Demented People: A Systematic Review 
and Meta-Analysis. Nutrients. 2020;12(4):1168.

	18.	 Smith AD, Smith SM, De Jager CA, Whitbread P, Johnston C, Agacinski G, 
et al. Homocysteine-lowering by B vitamins slows the rate of accelerated 
brain atrophy in mild cognitive impairment: a randomized controlled 
trial. PLoS ONE. 2010;5(9):1–10.



Page 13 of 14Gordon et al. BMC Medicine          (2025) 23:440 	

	19.	 De Jager CA, Oulhaj A, Jacoby R, Refsum H, Smith AD. Cognitive and 
clinical outcomes of homocysteine-lowering B-vitamin treatment in mild 
cognitive impairment: a randomized controlled trial. Int J Geriatr Psychia-
try. 2012;27(6):592–600.

	20.	 Douaud G, Refsum H, de Jager CA, Jacoby R, Nichols TE, Smith SM, et al. 
Preventing Alzheimer’s disease-related gray matter atrophy by B-vitamin 
treatment. Proc Natl Acad Sci U S A. 2013;110(23):9523–8.

	21.	 Feng L, Li J, Yap KB, Kua EH, Ng TP. Vitamin B-12, apolipoprotein E 
genotype, and cognitive performance in community-living older 
adults: evidence of a gene-micronutrient interaction. Am J Clin Nutr. 
2009;89(4):1263–8.

	22.	 Hughes CF, McNulty H. Assessing biomarker status of vitamin B12 in the 
laboratory: no simple solution. Ann Clin Biochem. 2018;55(2):188–9.

	23.	 Chan JYC, Yau STY, Kwok TCY, Tsoi KKF. Diagnostic performance of digital 
cognitive tests for the identification of MCI and dementia: A systematic 
review. Ageing Res Rev. 2021;72:1–10.

	24.	 Bunce D, Kivipelto M, Wahlin Å, Apolipoprotein E. B Vitamins, and Cogni-
tive Function in Older Adults. J Gerontol Ser B. 2005;60(1):41–8.

	25.	 Lee YM, Ha JK, Park JM, Lee BD, Moon E, Chung YI, et al. Apolipoprotein E 
genotype modulates effects of vitamin B12 and homocysteine on grey 
matter volume in Alzheimer’s disease. Psychogeriatrics. 2016;16(1):3–11.

	26.	 Moore K, Hughes CF, Hoey L, Ward M, Cunningham C, Molloy AM, et al. 
B-vitamins in Relation to Depression in Older Adults Over 60 Years of Age: 
The Trinity Ulster Department of Agriculture (TUDA) Cohort Study. J Am 
Med Dir Assoc. 2019;20(5):551–7.

	27.	 Podsiadlo D, Richardson S. The timed ‘Up & Go’: a test of basic functional 
mobility for frail elderly persons. J Am Geriatr Soc. 1991;39(2):142–8.

	28.	 Gatenio-Hefling O, Tzemah-Shahar R, Asraf K, Dilian O, Gil E, Agmon M. 
Revisiting the “Timed Up and Go” test: a 12-s cut-off can predict Hospi-
talization Associated Functional Decline in older adults. GeroScience. 
2024;47:1–10.

	29.	 McCormack T, Krause T, O’Flynn N. Management of hypertension in 
adults in primary care: NICE guideline. Br J Gen Pract. 2012;62(596):163–4.

	30.	 McCann A, McNulty H, Rigby J, Hughes CF, Hoey L, Molloy AM, et al. Effect 
of Area-Level Socioeconomic Deprivation on Risk of Cognitive Dysfunc-
tion in Older Adults. J Am Geriatr Soc. 2018;66(7):1269–75.

	31.	 Randolph C, Tierney MC, Mohr E, Chase TN. The Repeatable Battery for 
the Assessment of Neuropsychological Status (RBANS): Preliminary Clini-
cal Validity. J Clin Exp Neuropsychol. 1998;20(3):310–9.

	32.	 Arevalo-Rodriguez I, Smailagic N, Roqué-Figuls M, Ciapponi A, Sanchez-
Perez E, Giannakou A, et al. Mini-Mental State Examination (MMSE) for the 
early detection of dementia in people with mild cognitive impairment 
(MCI). Cochrane Database Syst Rev. 2021;7(7):1–70.

	33.	 Dubois B, Slachevsky A, Litvan I, Pillon B. The FAB: A frontal assessment 
battery at bedside. Neurology. 2000;55(11):1621–6.

	34.	 Coen RF, McCarroll K, Casey M, McNulty H, Laird E, Molloy AM, et al. The 
Frontal Assessment Battery: Normative Performance in a Large Sample of 
Older Community-Dwelling Hospital Outpatient or General Practitioner 
Attenders. J Geriatr Psychiatry Neurol. 2016;29(6):338–43.

	35.	 Zigmond AS, Snaith RP. The Hospital Anxiety and Depression Scale. Acta 
Psychiatr Scand. 1983;67(6):361–70.

	36.	 Radloff LS. The CES-D Scale: A Self-Report Depression Scale for Research 
in the General Population. Appl Psychol Meas. 1977;1(3):385–401.

	37.	 Molloy AM, Scott JM. Microbiological assay for serum, plasma, and red 
cell folate using cryopreserved, microtiter plate method. Methods Enzy-
mol. 1997;281:43–53.

	38.	 Brady J, Wilson L, McGregor L, Valente E, Orning L. Active B12: A Rapid, 
Automated Assay for Holotranscobalamin on the Abbott AxSYM Analyzer. 
Clin Chem. 2008;54(3):567–73.

	39.	 Bates CJ, Pentieva KD, Matthews N, Macdonald A. A simple, sensitive and 
reproducible assay for pyridoxal 5′-phosphate and 4-pyridoxic acid in 
human plasma. Clin Chim Acta. 1999;280(1):101–11.

	40.	 Jungert A, McNulty H, Hoey L, Ward M, Strain J, Hughes CF, et al. Ribofla-
vin Is an Important Determinant of Vitamin B-6 Status in Healthy Adults. J 
Nutr. 2020;150(10):2699–706.

	41.	 Leino A. Fully Automated Measurement of Total Homocysteine in Plasma 
and Serum on the Abbott IMx Analyzer. Clin Chem. 1999;45(4):569–71.

	42.	 Bailey LB, Stover PJ, McNulty H, Fenech MF, Gregory JF, Mills JL, et al. 
Biomarkers of Nutrition for Development—Folate Review. J Nutr. 
2015;145(7):1636–80.

	43.	 Wang Y, Mi N, Liao K, Li Y, Sun Y, Xie P, et al. Associations among dietary 
1-carbon metabolism nutrients, genetic risk, and Alzheimer disease: a 
prospective cohort study. Am J Clin Nutr. 2024;120(5):1009–18.

	44.	 Wang Z, Zhu W, Xing Y, Jia J, Tang Y. B vitamins and prevention of cogni-
tive decline and incident dementia: a systematic review and meta-analy-
sis. Nutr Rev. 2022;80(4):931–49.

	45.	 Hughes CF, Ward M, Tracey F, Hoey L, Molloy AM, Pentieva K, et al. 
B-Vitamin Intake and Biomarker Status in Relation to Cognitive 
Decline in Healthy Older Adults in a 4-Year Follow-Up Study. Nutrients. 
2017;9(1):1–14.

	46.	 Hu Q, Teng W, Li J, Hao F, Wang N. Homocysteine and Alzheimer’s Disease: 
Evidence for a Causal Link from Mendelian Randomization. J Alzheimers 
Dis. 2016;52(2):747–56.

	47.	 McCaddon A, Miller JW. Assessing the association between homocyst-
eine and cognition: reflections on Bradford Hill, meta-analyses, and 
causality. Nutr Rev. 2015;73(10):723–35.

	48.	 Bakulski KM, Vadari HS, Faul JD, Heeringa SG, Kardia SLR, Langa KM, et al. 
Cumulative Genetic Risk and APOE ε4 Are Independently Associated With 
Dementia Status in a Multiethnic. Population-Based Cohort Neurol Genet. 
2021;7(2):1–12.

	49.	 Jin X, He W, Zhang Y, Gong E, Niu Z, Ji J, et al. Association of APOE ε4 gen-
otype and lifestyle with cognitive function among Chinese adults aged 
80 years and older: A cross-sectional study. PLoS Med. 2021;18(6):1–18.

	50.	 Zhu A, Yan L, Shu C, Zeng Y, Ji JS. APOE ε4 Modifies Effect of Residential 
Greenness on Cognitive Function among Older Adults: A Longitudinal 
Analysis in China. Sci Rep. 2020;10(1):1–8.

	51.	 Gharbi-Meliani A, Dugravot A, Sabia S, Regy M, Fayosse A, Schnitzler A, 
et al. The association of APOE ε4 with cognitive function over the adult 
life course and incidence of dementia: 20 years follow-up of the Whitehall 
II study. Alzheimers Res Ther. 2021;13(1):1–11.

	52.	 Rawle MJ, Davis D, Bendayan R, Wong A, Kuh D, Richards M. Apolipopro-
tein-E (Apoe) ε4 and cognitive decline over the adult life course. Transl 
Psychiatry. 2018;8(1):1–8.

	53.	 Régy M, Dugravot A, Sabia S, Helmer C, Tzourio C, Hanseeuw B, et al. The 
role of dementia in the association between APOE4 and all-cause mortal-
ity: pooled analyses of two population-based cohort studies. Lancet 
Healthy Longev. 2024;5(6):422–30.

	54.	 Bos MM, Noordam R, Blauw GJ, Slagboom PE, Rensen PCN, van Heemst D. 
The ApoE ε4 Isoform: Can the Risk of Diseases be Reduced by Environ-
mental Factors? J Gerontol A Biol Sci Med Sci. 2019;74(1):99–107.

	55.	 Vogiatzoglou A, Smith AD, Nurk E, Drevon CA, Ueland PM, Vollset SE, 
et al. Cognitive function in an elderly population: interaction between 
vitamin B12 status, depression, and apolipoprotein E ε4: the Hordaland 
Homocysteine Study. Psychosom Med. 2013;75(1):20–9.

	56.	 Quinlivan EP, McPartlin J, McNulty H, Ward M, Strain JJ, Weir DG, et al. 
Importance of both folic acid and vitamin B12 in reduction of risk of 
vascular disease. Lancet. 2002;359(9302):227–8.

	57.	 Green R, Allen LH, Bjørke-Monsen AL, Brito A, Guéant JL, Miller JW, et al. 
Vitamin B12 deficiency. Nat Rev Dis Primers. 2017;3(1):1–19.

	58.	 Allen LH, Miller JW, de Groot L, Rosenberg IH, Smith AD, Refsum H, et al. 
Biomarkers of Nutrition for Development (BOND): Vitamin B-12 Review. J 
Nutr. 2018;148(4):1995–2027.

	59.	 Wang YY, Ge YJ, Tan CC, Cao XP, Tan L, Xu W. The Proportion of APOE4 
Carriers Among Non-Demented Individuals: A Pooled Analysis of 389,000 
Community-Dwellers. J Alzheimers Dis. 2021;81(3):1331–9.

	60.	 Porter KM, Hoey L, Hughes CF, Ward M, Clements M, Strain J, et al. Asso-
ciations of atrophic gastritis and proton-pump inhibitor drug use with 
vitamin B-12 status, and the impact of fortified foods, in older adults. Am 
J Clin Nutr. 2021;114(4):1286–94.

	61.	 Ward M, Hughes CF, Strain JJ, Reilly R, Cunningham C, Molloy AM, et al. 
Impact of the common MTHFR 677C→T polymorphism on blood 
pressure in adulthood and role of riboflavin in modifying the genetic 
risk of hypertension: evidence from the JINGO project. BMC Med. 
2020;18(1):318–29.

	62.	 Hughes CF, McNulty H. Assessing biomarker status of vitamin B12 in the 
laboratory: no simple solution. Ann Clin Biochem. 2018;55(2):188–9.

	63.	 Mooijaart SP, Gussekloo J, Frölich M, Jolles J, Stott DJ, Westendorp 
RG, et al. Homocysteine, vitamin B-12, and folic acid and the risk of 
cognitive decline in old age: the Leiden 85-Plus Study. Am J Clin Nutr. 
2005;82(4):866–71.



Page 14 of 14Gordon et al. BMC Medicine          (2025) 23:440 

	64.	 Soh Y, Lee DH, Won CW. Association between Vitamin B12 levels 
and cognitive function in the elderly Korean population. Medicine. 
2020;99(30):1–6.

	65.	 Clarke R, Birks J, Nexo E, Ueland PM, Schneede J, Scott J, et al. Low vitamin 
B-12 status and risk of cognitive decline in older adults. Am J Clin Nutr. 
2007;86(5):1384–91.

	66.	 Hooshmand B, Solomon A, Kåreholt I, Leiviskä J, Rusanen M, Ahtiluoto S, 
et al. Homocysteine and holotranscobalamin and the risk of Alzheimer 
disease: A longitudinal study. Neurology. 2010;75(16):1408–14.

	67.	 McCracken C, Hudson P, Ellis R, McCaddon A. Methylmalonic acid and 
cognitive function in the Medical Research Council Cognitive Function 
and Ageing Study. Am J Clin Nutr. 2006;84(6):1406–11.

	68.	 Beaudry-Richard A, Abdelhak A, Saloner R, Sacco S, Montes SC, Oertel 
FC, et al. Vitamin B12 Levels Association with Functional and Structural 
Biomarkers of Central Nervous System Injury in Older Adults. Ann Neurol. 
2025;97(6):1190–204.

	69.	 Prins ND, Scheltens P. White matter hyperintensities, cognitive impair-
ment and dementia: an update. Nat Rev Neurol. 2015;11(3):157–65.

	70.	 Lauer AA, Grimm HS, Apel B, Golobrodska N, Kruse L, Ratanski E, et al. 
Mechanistic Link between Vitamin B12 and Alzheimer’s Disease. Biomol-
ecules. 2022;12(1):1–34.

	71.	 Huynh TPV, Davis AA, Ulrich JD, Holtzman DM. Apolipoprotein E and 
Alzheimer’s disease: the influence of apolipoprotein E on amyloid-β and 
other amyloidogenic proteins: Thematic Review Series: ApoE and Lipid 
Homeostasis in Alzheimer’s Disease. J Lipid Res. 2017;58(5):824–36.

	72.	 Hampel H, Hardy J, Blennow K, Chen C, Perry G, Kim SH, et al. 
The Amyloid-β Pathway in Alzheimer’s Disease. Mol Psychiatry. 
2021;26(10):5481–503.

	73.	 Montagne A, Nation DA, Sagare AP, Barisano G, Sweeney MD, Chakhoyan 
A, et al. APOE4 leads to blood–brain barrier dysfunction predicting cogni-
tive decline. Nature. 2020;581(7806):71–6.

	74.	 Sweeney MD, Sagare AP, Zlokovic BV. Blood–brain barrier breakdown 
in Alzheimer’s disease and other neurodegenerative disorders. Nat Rev 
Neurol. 2018;14(3):133–50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Associations of one-carbon metabolism, related B-vitamins and ApoE genotype with cognitive function in older adults: identification of a novel gene-nutrient interaction
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Background
	Methods
	Study cohort
	Health and lifestyle measures
	Neuropsychological tests
	Clinical and nutritional biomarkers
	ApoE genotyping
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


