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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 Apof €4 genotype.

Methods Community-dwelling older adults (=60 years) from the Trinity-Ulster-Department of Agriculture (TUDA)
study were stratified as Apof €4 carriers (€3/e4 and €4/€4 genotypes; n=1205) or non-g4 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. Logjistic 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 €4 genotype.

Results Lower status of vitamin B12 (holotranscobalamin; adjusted odds ratio (OR,g; 1.30; 95% Cl: 1.08-1.58,
p=0.007), vitamin B6 (ORadj 1.37,95% Cl: 1.12-1.67, p=0.002), riboflavin (ORadj 1.73;95% Cl: 1.44-2.09, p < 0.001),
and higher plasma homocysteine (OR,q; 1.50; 95% Cl: 1.22-1.83, p<0.001) were each associated with higher risk
of cognitive dysfunction. The ApofE €4 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 ApoFE €4 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 €4),
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, €2, €3, and €4, 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 €4 allele, whereas
around 2% carry two copies [8—10]. Notably, carrying at
least one €4 allele is associated with a threefold increased
risk of AD, and up to 12-fold in homozygotes (e4/e4),
compared to the €3/e3 genotype [11]. Although 40-65%
of people living with AD do not have the €4 genotype
[5], not all €4 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 €4
genotype. Limited evidence indicates that the ApoE €4
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 €4 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
€4 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 €4 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 €4 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
€4 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 €4 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; #=2100) and hospital outpatient clinics
at St James Hospital Dublin, Republic of Ireland (Rol;
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
(ORECNIL; 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 (m?). 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
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to deprivation indices. In NI, deprivation scores were
based on income, employment, health, education, prox-
imity to services, living environment, and crime. In the
Rol, 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-oft 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
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haemoglobin (HbAlc). 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 vyield 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/pL 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
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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: €2 (rs7412-T, rs429358-T), €3 (rs7412-C,
rs429358-T), and &4 (rs7412-C, rs429358-C). The ApoE
genotypes were grouped into non-e4 carriers (n=23348;
€2/e2, €2/¢3, and €3/e3) and €4 carriers (n=1205; €3/4
and e4/e4). Participants with the ApoE €2/e4 genotype
(n=93) were excluded from further analysis, as this gen-
otype contains both the protective €2 allele and the risk
€4 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 ¢-tests were performed to com-
pare baseline characteristics by sex and those stratified
by ApoE €4 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
€4 carrier status and low B-vitamin status (lower quar-
tiles) to explore whether ApoE €4 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
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Fig. 1 Flow diagram of study participants from the TUDA study. ' Participants were excluded as a diagnosis of dementia was made
since recruitment as per the TUDA study exclusion criteria. 2 The £2/e4 genotype was excluded from the analysis, as it contains both the protective
€2 allele and the risk €4 allele [7]. Abbreviations: RBANS, Repeatable Battery for Neuropsychological Status; TUDA, Trinity-Ulster-Department

of Agriculture

sex-specific cut-offs (waist circumference of >102 cm
for males;>88 cm for females). Males exhibited sig-
nificantly higher blood pressure, triglycerides, HbAlc,
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 &4 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 (OR,q 1.51; 95% CIL:
1.30-1.77; p<0.001). Among all the determinants, ApoE
€4 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).
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Table 1 General characteristics of TUDA study participants
Males Females P
(n=1440) (n=3113)
Age, years 73.6+80 745+84 <0.001
Education?, years 160+32 160+28 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) 1024£124 91.8£13.6 <0.001
Obesityb, n (%) 718 (49.9) 1895 (60.9) <0.001
Body mass index, kg/m? 285+4.5 276+58 <0.001
Timed Up-and-Go, seconds 140+94 147492 <0.001
PSMS total score 23217 229+20 <0.001
IADL total score 239+42 242+46 <0.001
Clinical markers
Systolic blood pressure, mmHg 1473+204 142.7+21.2 <0.001
Diastolic blood pressure, mmHg 794+115 774+11.0 <0.001
Hypertension©, n (%) 1144 (80.4) 2090 (67.6) <0.001
Triglycerides, mmol/L 15+08 14+06 <0.001
LDL cholesterol, mmol/L 22+08 26+09 <0.001
HDL cholesterol, mmol/L 1.2+£03 1.5+04 <0.001
Glycated haemoglobin (HbA1c; mmol/mol) 413+89 400+70 <0.001
C-reactive protein (CRP; mg/L) 32+36 29+30 0.017
Nutritional biomarkers
Red blood cell folate, nmol/L 920+480 977+536 <0.001
Serum folate, nmol/L 236+159 286+210 <0.001
Total vitamin B12, pmol/L 239+109 267127 <0.001
Holotranscobalamin, pmol/L 53.1+£285 61.0+359 <0.001
Plasma pyridoxal 5'-phosphate (B6), nmol/L 58.7+349 62.7+41.8 <0.001
EGRac (riboflavin) 134+0.19 133+0.19 0.047
Plasma total homocysteine, umol/L 14.7+47 13.7+45 <0.001
Serum 25-hydroxyvitamin D, nmol/L 525%27.7 623+324 <0.001
Neuropsychological tests?
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) 152 (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) 30+52 40+63 <0.001
Self-reported depression, n (%) 279 (19.4) 826 (26.5) <0.001
Anxiety (HADS total score) 15427 22433 <0.001
Self-reported anxiety, n (%) 224 (15.6) 758 (24.3) <0.001
ApoE €4 genotype
Non €4 carrier, n (%) 1030 (71.5) 2318 (74.5)
&4 carrier, n (%) 372 (25.8) 751 (24.1) 0.005
€4/e4 carrier, n (%) 38 (26) 44(14)

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, IJADL Instrumental Activities of Daily Living, MMSE Mini-Mental State Examination, RBANS Repeatable

Battery for Neuropsychological Status, TUDA Trinity-Ulster-Department of Agriculture
2 Age formal education ended
b Waist circumference of > 102 cm for males; > 88 cm for females

¢ Systolic blood pressure > 140 mmHg and/or diastolic blood pressure > 90 mmHg)

9 Displays adjusted means, 95% Cls; controlling for age, education, socioeconomic deprivation, obesity, LDL cholesterol, depression and ApoE status
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Table 2 General health and lifestyle determinants of cognitive
dysfunction

B OR,y 95%Cl P
Sociodemographic factors
Age, years 0.070 1.07 1.06-1.08 <0.001
Female sex -0.143 087 0.74-1.01 0.073
Education?, years —-0.236 079 0.76-0.82 <0.001
Socioeconomic deprivationb 0414 1.51 1.30-1.77 <0.001
Living alone 0.052 105  091-122 049
Health and lifestyle factors
Visual impairment 0.401 1.49 1.12-1.99 0.007
Hypertensive® —-0.006 099 085-1.17 0944
Obesity (waist circumference)  —0.045 0.96 0.83-1.11 0.551
LDL cholesterol, mmol/L -0.097 091 0.84-099 0.022
HbA1c, mmol/mol 0.008 1.01 1.00-1.02 0.046
Alcohol consumer (current) -0219 080 0.70-093 0.002
Smoking status (current) 0.345 141 1.14-1.75 0.001
Physical inactivity® 0316 137 117-161 <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 €4 carrier® 0447 1.56 1.34-183 <0.001

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,

Cl confidence interval, HADS Hospital Anxiety and Depression Scale,

HbATc glycated haemoglobin, LDL low-density lipoprotein, OR,4; adjusted odds
ratio, RBANS Repeatable Battery for Neuropsychological Status

 Age formal education ended
b Most deprived quintile

¢ Systolic blood pressure > 140 mmHg and/or diastolic blood pressure > 90
mmHg)

9 No exercise in previous 2 weeks
€ ApOE €4 carriers (€3/e4 and g4/e4)

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 €4 genotype, are shown in Table 3. ApoE €4 carri-
ers were significantly younger than non-carriers and had
significantly higher LDL cholesterol concentrations. With
regards to cognitive function, ApoE €4 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 &4 carriers (85.7, 95% CI: 85.2-86.2) after adjusting
for relevant covariates. In total, 42% of €4 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

Page 7 of 14

B12, were associated with a significantly higher risk of
cognitive dysfunction (OR,q 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 (OR,q; 1.35; 95% CI: 1.11-1.65; p=0.002; OR,
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 (OR,q; 1.73; 95% CIL:
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 €4 on cognitive dysfunction. The ApoE €4 gen-
otype interacted adversely with low holoTC (5=0.336,
OR,4; 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 €4 status and higher
homocysteine, indicative of low B-vitamin status, with
a 51% increased risk of cognitive dysfunction (=0.413,
OR,q; 1.51, 95% CI: 1.11-2.05, p=0.008). There were no
significant interactions observed between the remaining
B-vitamins and ApoE €4 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 €4 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
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Table 3 Comparison of clinical, metabolic, and cognitive characteristics by ApoE genotype
ApoE non-g4 carrier ApOE €4 carrier® P
(n=3348) (n=1205)
Age, years 744+84 737+79 0.009
Female sex, n (%) 2318 (69.2) 795 (66.0) 0.040
Educationb, years 160+29 16.1+£29 0.507
Health and lifestyle factors
Waist circumference, cm 954+140 94.4+142 0.033
Obesity<, n (%) 1969 (58.8) 644 (53.4) <0.001
Timed-Up-and-Go, seconds 146+93 142491 0.200
Clinical markers
Triglycerides, mmol/L 14+07 14407 0.107
LDL cholesterol, mmol/L 24+09 25+09 <0.001
HDL cholesterol, mmol/L 14+04 14+£04 0414
B-vitamin biomarkers
Red blood cell folate, nmol/L 9554520 967+516 0473
Serum folate, nmol/L 266+192 27.7£20.0 0.095
Total vitamin B12, pmol/L 256+ 121 261+124 0.982
Holotranscobalamin, pmol/L 5844333 584+345 0.247
PLP (vitamin B6), nmol/L 61.6+392 60.9+40.8 0.568
EGRac (riboflavin) 1.33+0.19 133+0.19 0.348
Plasma homocysteine, pmol/L 140+4.6 138146 0.248
Neuropsychological tests?
MMSE total score 27.1(27.1-27.2) 26.6 (26.5-26.7) <0.001
FAB total score 153(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) 824 (81.4-83.3) <0.001
Depression (CES-D total score) 37459 37459 0.989
Anxiety (HADS total score) 19+3.1 20+3.1 0.628

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, C/ 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

2 ApoE €4 carriers (€3/€4 and g4/€4)
b Age formal education ended

€ Waist circumference of > 102 cm for males; > 88 cm for females

9 Displays adjusted means, 95% Cls, controlling for age, sex, education, socioeconomic deprivation, obesity, LDL cholesterol, and depression

adjustment for age, sex, obesity, education, socioeco-
nomic deprivation, and ApoE €4 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
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Fig. 2 Association of B-vitamin biomarker status with cognitive dysfunction. Data presented as adjusted odds ratios and 95% Cls 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 €4 status (€3/e4
and e4/¢4). 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

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 pumol/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 €4 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
€4 carriers (42%) compared to non-e4 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 €4 carriers compared to non-g4 carriers, and
the ApoE €4 allele was associated with a 56% increased
risk of cognitive dysfunction (based on the RBANS total
score<80). Likewise, the ApoE €4 genotype has been
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Table 4 Interactions between B-vitamins and Apof €4 on
cognitive dysfunction in older adults

B OR,y4 95%Cl P
ApoE €4 x lowest B-vitamin status
RBC folate 0.188 1.21 0.89-1.63 0222
Serum folate -0068 093 069-127 0662
Total vitamin B12 0.184 120  0.89-1.63 0231
Holotranscobalamin 0336 140  1.03-1.90 0.030
Plasma PLP (vitamin B6) 0.107 .11 0.82-1.51 0488
EGRac (riboflavin) 0.041 1.04  077-141 0789
Plasma total homocysteine 0413 151 1.11-205 0.008

Data presented as standardised S coefficients, adjusted odds ratios and 95% Cls.
P-values were obtained from logistic regression analysis of cognitive dysfunction
(RBANS total score < 80). P<0.05 denotes statistical significance. ApoE €4 status
(€3/€4 and €4/e4) 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: Cl confidence interval, EGRac erythrocyte glutathione reductase
activation coefficient, OR,g; adjusted odds ratio, PLP pyridoxal 5'-phosphate,
RBANS Repeatable Battery for Neuropsychological Status, RBC red blood cell

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 €4 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 €4 allele was
associated with an 89% increased risk of dementia com-
pared to non-carriers [53]. Additionally, a single €4 allele
increases the risk of AD threefold compared to the €3/e3
genotype, with 40-65% of AD cases carrying this variant
[5, 11]. However, not all €4 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 €4
carriers with low B12 status were found to have a higher
risk of cognitive dysfunction. Specifically, the combina-
tion of ApoE €4 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 €4 on cognitive performance in a
Chinese population [21]. Similarly, another study in an
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older Norwegian cohort reported a positive association
between serum total B12 and global cognition, specifi-
cally among ApoE €4 carriers [55]. The increased risk of
cognitive dysfunction observed in the TUDA cohort was
further influenced by elevated total homocysteine con-
centrations (>13.6 umol/L), which was associated with a
51% increased risk for ApoE €4 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
€4 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.
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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 TgCRNDS) increase AP deposition, likely through
hyperhomocysteinemia affecting y-secretase activity and
presenilin-1 (Psenl) promoter methylation. The Psenl
gene encodes the protein Psenl, a key component of
y-secretase involved in AP production. However, sup-
plementation with S-adenosylmethionine, a key methyl
donor in one-carbon metabolism, reversed Psenl overex-
pression [70]. The ApoE protein plays a crucial role in AD
pathogenesis through various mechanisms, including its
promotion of amyloid-p (AP) accumulation, its influence
on the blood-brain barrier, and through neuroinflam-
matory effects [71]. ApoE €4 accelerates amyloid accu-
mulation, with its effects becoming more pronounced
with age. Experimental evidence suggests that ApoE iso-
forms, especially ApoE €4, may modulate AP production
and clearance, with ApoE €4 being the most detrimental
[72]. In addition, ApoE &4 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 A and tau pathology [73].
This breakdown may help explain the lower cognitive
scores seen in e4 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 AP accumulation by releasing
pro-inflammatory cytokines and engaging in AP clear-
ance. However, when microglial and astrocytic activ-
ity becomes dysregulated, AP 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
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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 €4 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.
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