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ABSTRACT
Background: Folate status has been positively associated with cog-
nitive function in many studies; however, some studies have ob-
served associations of poor cognitive outcomes with high folate.
In search of an explanation, we hypothesized that the association
of folate with cognition would be modified by the interaction of
high-folate status with a common 19-bp deletion polymorphism in
the dihydrofolate reductase (DHFR) gene. To our knowledge, the
cognitive effects of this gene have not been studied previously.

Objective: We examined the association between cognitive out-
comes with the 19-bp deletion DHFR polymorphism, folate status,
and their interaction with high or normal plasma folate.

Design: This was a pooled cross-sectional study of the following 2
Boston-based cohorts of community living adults: the Boston Puerto
Rican Health Study and the Nutrition, Aging, and Memory in Elders
study. Individuals were genotyped for the DHFR 19-bp deletion ge-
notype, and plasma folate status was determined. Cognitive outcomes
included the Mini-Mental State Examination, Center for Epidemio-
logic Studies Depression Scale, and factor scores for the domains of
memory, executive function, and attention from a set of cognitive tests.

Results: The prevalence of the homozygous deletion (del/del) ge-
notype was 23%. In a multivariable analysis, high folate status
(.17.8 ng/mL) was associated with better memory scores than
was normal-folate status (fourth–fifth quintiles compared with first–
third quintiles: b 6 SE = 20.22 6 0.06, P , 0.01). Carriers of the
DHFR del/del genotype had worse memory scores (b6 SE =20.246
0.10, P, 0.05) and worse executive scores (b =20.19, P, 0.05) than
did those with the del/ins and ins/ins genotypes. Finally, we observed
an interaction such that carriers of the del/del genotype with high
folate had significantly worse memory scores than those of both
noncarriers with high-folate and del/del carriers with normal-folate
(b-interaction = 0.26 6 0.13, P , 0.05).

Conclusions: This study identifies a putative gene-nutrient interac-
tion that, if confirmed, would predict that a sizable minority carry-
ing the del/del genotype might not benefit from high-folate status
and could see a worsening of memory. An understanding of how
genetic variation affects responses to high-folate exposure will help
weigh risks and benefits of folate supplementation for individuals and
public health. Am J Clin Nutr 2015;102:1279–88.

Keywords: cognition, dihydrofolate reductase, folate, gene-nutrient
interaction, memory

INTRODUCTION

Folate status and metabolism have long been recognized as
important nutritional determinants of cognitive function in older
adults. Most studies in human populations have reported asso-
ciations between low folate status and high plasma total homo-
cysteine (tHcy)10 with poor cognitive function (1–8). However,
some studies have shown an inverse association of high folate
status with worse cognitive outcomes either as a function of
poor vitamin B-12 status (9) or independent of vitamin B-12
status (10). Such inconsistencies may be explained partly by
study designs that tended to focus on low rather than high folate
status as the reference group, by differences between study
populations with respect to the prevalence of low and high folic
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acid (FA) intake, by the genetic background of the study pop-
ulation, and by gene-nutrient interactions.

The enzyme dihydrofolate reductase (DHFR) is one potential
nexus for such an interaction. The natural function of DHFR is to
reduce endogenous dihydrofolate to form tetrahydrofolate, the
derivatives of which are cofactors of one-carbon metabolism, and
the synthesis of thymidylate. DHFR can also reduce FA (the
synthetic form of folate used in dietary supplements and fortified
foods) to dihydrofolate, thereby allowing its assimilation into the
body’s folate pool. However, this latter reaction occurs in the
following 2 steps: a slow first step where synthetic FA is reduced
to the natural vitamer dihydrofolate and a subsequent second
step that proceeds quickly in which dihydrofolate is reduced to
tetrahydrofolate. Because the initial reduction of FA to dihy-
drofolate in humans is very slow, excess FA may compete for the
enzyme with the endogenous substrate dihydrofolate, thereby
disrupting the normal cycling of the folate pool through dihy-
drofolate to tetrahydrofolate (11). Theoretically, this effect could
interfere with downstream brain processes that require normal
folate and one-carbon metabolism.

Although severe congenital mutations in the DHFR gene can
cause hematologic and neurologic symptoms of folate deficiency
(12, 13), the functional significance of other polymorphisms is
less certain. In 2004, Johnson et al. (14) described a 19-bp de-
letion polymorphism in the sequence of the DHFR gene intron
1. The polymorphism is highly prevalent, with the frequency of
the del/del genotype reported between 10.5% and 48% in vari-
ous populations (15–19). Although the deletion falls in a non-
coding intronic region, the missing segment causes the loss of
potential binding sites for transcription factors such as mothers
against decapentaplegic homolog 4 (SMAD4) and specificity
protein 1 transcription factor (SP1), which could alter its regu-
lation (Supplemental Table 1). There have been conflicting
reports on the association between the del/del genotype with
homocysteine, neural tube defects, and early birth in populations
from different ethnic backgrounds (18–22). However, the de-
letion has been reported to result in elevated messenger RNA
expression of DHFR in lymphocytes (18, 22) and in higher
plasma concentrations of unmetabolized FA (20). Theoretically,
DHFR could also have indirect vascular effects because of its
capacity to reduce dihydrobiopterin to tetrahydrobiopterin, which is
a necessary cofactor in the synthesis of nitric oxide by endothelial
nitric oxide synthase (23–25). Thus, it is possible that any cognitive
effects of the DHFR del/del genotype may depend on gene-nutrient
interactions between the enzyme and folate status and, particularly,
on high FA intake.

To examine this hypothesis, we used a cross-sectional study of
2 pooled cohorts of adults who were living in Boston in whom
folate status, DHFR 19-bp deletion genotype, and cognitive
status were determined.

METHODS

Subjects and study design

The current analysis was performed in a pooled cross-sectional
study of the following 2 Boston-based cohorts: the BPRHS
(Boston Puerto Rican Health Study) and the NAME (Nutrition,
Aging, andMemory in Elders) study, which were both initiated in
2004. A detailed description of the cohorts and methods are given

elsewhere in our previous investigations (26–28). Briefly, the
BPRHS consists of Boston-area residents of Puerto Rican origin
aged 45–75 y. The NAME study is a cohort of community-based
African American and non-Hispanic white elderly participants
aged $60 y. Extensive data on nutritional and health outcomes
were obtained from both cohorts, including identical neuro-
psychological tests and blood biochemical measurements. The
DHFR genotype was obtained for this study from 1164 partic-
ipants of the BPRHS and 872 participants of the NAME cohorts,
which provided an initial sample size of n = 2036, 1402 subjects
of whom had complete data for a full multivariable analysis.
Neither cohort was powered a priori to study gene-nutrient in-
teractions; however, the pooled data set allowed for the explo-
ration of such interactions as described in our study of the
C677T polymorphism in the methylenetetrahydrofolate reductase
(MTHFR) gene, folate status, and cognition (27). Both study
populations were exposed to FA fortification of flour and grain
products. Ethical approval for the studies was granted by the
Institutional Review Board of the Tufts Medical Center and Tufts
University, and all participants gave informed consent for all tests
including genotyping.

DNA isolation and genotyping

DNAwas isolated with the use QIAamp DNA Blood Mini kits
(Qiagen). The genotype was determined with the use of a 7300
Real-Time PCR system (Applied Biosystems). The following
polymerase chain reaction primers were used: a forward primer
(5#-TCGCTGTGTCCCAGAACATG-3#) and a reverse primer
(5#-AGCGCAGACCGCAAGTCTG-3#). Two TaqMan TAMRA
probes (Applied Biosystems) were used to target the 19-bp de-
letion. The assay identifies the DHFR alleles by measuring the
change in fluorescence of the dyes associated with the probes. A
FAM fluorescent probe was used to identify the insertion allele
(ACC TGG GCG GGACGC G TAMRA), and a VIC fluorescent
probe was used for the deleted allele (TGG CCG ACT CCCGGCG
TAMRA). The polymerase chain reaction consisted of a 3-ng
template (genomic DNA), 950 nmol/L for forward and back-
ward primers, 250 nmol/L of each probe and a TaqMan Uni-
versal PCR Master mix (Applied Biosystems) in a total reaction
volume of 20 mL. Samples were denatured at 958C for 10 min
followed by 50 cycles of 928C for 15 s and 608C for 1 min. For
all genotyping, blinded no-template controls and replicates of
DNA samples were incorporated in each of the DNA sample
plates, which were routinely checked. Apolipoprotein E was
genotyped as described elsewhere (29).

Primary outcome: cognition

TheMini-Mental State Examination (MMSE) is a 30-point test
designed to assess global cognition and screen for dementia; this
examination was administered in both cohorts to determine el-
igibility (30). No participants in the current study had an MMSE
score#10 because this was an exclusion criterion of the original
cohorts to prevent floor effects. The cognitive testing battery for
the NAME study (31) consisted of subtests from the Wechsler
Memory Scale–III (Logical Memory and Word List Learning)
and Wechsler Adult Intelligence Scale–III (Digit Span, Digit
Symbol Coding, Block Design, and Matrix Reasoning) (32, 33),
Trail Making Tests A and B (34), the Controlled Oral Word
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Association test (35), and the North American Adult Reading
Test (36). The testing battery for the BPRHS cohort consisted of
Word List Learning, Stroop Color-Word, Digit Span, and Letter
Fluency subtests (37) as well as adaptations of the clock-drawing
task (38) and figure-copying task (39). Both cohorts were
administered the Center for Epidemiologic Studies Depression
Scale (CESD) (32). The testing in both cohorts was supervised
by the same research team and neuropsychologist.

A principal components analysis of cognitive testing scores
was used to derive composite scores for each cohort separately
(28–30). The analysis of cognitive factors was completed with
the use of an orthogonal rotational procedure (Varimax). The
adequacy of the correlation was assessed with the sue of
Bartlett’s test and the Kaiser-Meyer-Olkin measure. Compo-
nents with Eigen values .1.0 were interpreted in terms of the
cognitive domain by items with component loading scores.│0.4│.
The principal components analysis for both cohorts resulted in
3 components that were interpreted as measuring memory, at-
tention, and executive function. By definition, the components
had a mean 6 SD of 0 6 1. Component scores for each domain
were pooled to combine the 2 cohorts and were used in sub-
sequent data analyses to avoid issues associated with multiple
testing.

Covariates

General demographic information including age, sex, eth-
nicity, education, and health history and behaviors was elicited by
a questionnaire. Kidney function was evaluated by calculating the
estimated glomerular filtration rate (eGFR) from serum creati-
nine with the use of the Modification of Diet in Renal Disease
Study equation (40). The apolipoprotein E genotype was clas-
sified as carriers of the E4 allele (E3E4 and E4E4) and others
(E3E3, E2E3, and E2E2). Thirty individuals with the E2E4
genotype were excluded from the analysis as per convention.
Multivitamin use was classified as a dichotomous variable. For
the BPRHS cohort only, the genetic admixture of the population
was also examined as a covariate with the use of a first principal
component derived from an EIGENSTRAT analysis of 100 an-
cestry informative markers (41). Ancestry informative markers
were not available for the NAME cohort.

Biochemical measurements

Nutritional predictors included fasting plasma folate, vitamin
B-12, vitamin B-6, and tHcy. tHcy was determined with the use
of HPLC (42). Plasma creatinine was measured with the use
of a modified Jaffe method (43). Plasma folate and vitamin
B-12 were measured with an Immulite chemiluminescent assay
(Diagnostic Products Corp./Siemens). Pyridoxal 5-phosphate
(vitamin B-6) was determined with the use of the tyrosine
decarboxylase apoenzyme method (44). Analyses in both cohorts
were carried out by the same laboratory.

Statistical analysis

Descriptive statistics were performed for the individual and
pooled cohorts with stratification for ethnicity and DHFR ge-
notype. All variables were analyzed for normal distribution
before and after transformation of any skewed variables that
were log transformed as appropriate. Univariate analyses were

performed for categorical variables with the use of the chi-
square test, and continuous variables were analyzed with the use
of an independent samples t test for comparison of homozygotes
for the del/del genotype with all others (heterozygotes and ho-
mozygotes for the insertion variant; del/ins plus ins/ins). A
2-sided a = 0.05 was used to determine significance. A multi-
variable linear regression was performed to determine the as-
sociation of cognitive outcomes with folate and DHFR status.
Cognitive outcomes adjusted for covariates were compared
across folate quintiles with the use of a 1-factor ANOVA with
the Tukey post hoc test. General linear modeling (GLM) was
used with the DHFR genotype and/or folate as fixed factors with
and without an interaction term for folate 3 DHFR, where log-
transformed folate was analyzed with the use of a cutoff for high
folate (quintiles 4–5: .17.8 ng/mL) vs. normal folate (quintiles
1–3: #17.8 ng/mL). Outcome measures included the derived
cognitive domains of memory, executive function, and attention
as well as the MMSE and CESD scores. The following co-
variates were included in the models: self- identified ethnicity,
age, sex, a reduced-category variable for education, eGFR,
diabetes, hypertension, apolipoprotein E4 genotype, tHcy (log
transformed), vitamin B-12 (log transformed), and vitamin B-6
(log transformed). Mean values are described as means 6 SDs
unless specified otherwise. All statistical analyses were per-
formed with the use of SPSS 21 software (IBM SPSS Statistics
for Windows, Version 21.0; IBM Corp.).

RESULTS

Table 1 shows unadjusted demographic and descriptive sta-
tistics for subjects of our pooled study population, who were
genotyped for the DHFR gene, stratified by ethnicity and ge-
notype. As described in our previous study (27), NAME par-
ticipants were older and better educated and had a higher
proportion of women than did the BPRHS cohort, and the in-
dividual cohorts had high burdens of chronic conditions in-
cluding hypertension and diabetes. Stratified by ethnicity alone,
the overall prevalence of diabetes and hypertension was highest
in African Americans (42.2% and 90.2%, respectively). A high
variability was shown in ethnic groups, including in education,
the sex ratio, the prevalence of chronic conditions, concentra-
tions of B vitamins, frequencies of genetic variants, and cog-
nitive function. Cognitive impairment, as measured by the cutoff
of 24 in the MMSE, was more-significantly more prevalent in
African Americans (50.3%) and Puerto Ricans (58.1%) than in
non-Hispanic whites (24.6%, P , 0.001). Elevated depressive
symptoms (CESD score $16) were more prevalent in the Puerto
Rican population (61.1%) than in the African American or non-
Hispanic white population (37.3% and 32.2%, respectively, P ,
0.001). Puerto Ricans had higher mean folate (19.36 8.9 ng/mL)
than did African Americans and non-Hispanic whites (14.5 6
11.1 and 15.66 9 ng/mL, respectively; P, 0.001). tHcy differed
between all 3 ethnicities with lower means displayed by Puerto
Ricans (9.2 6 4.7 mmol/L) than by non-Hispanic whites and Af-
rican Americans (11.6 6 4.3 and 12.6 6 6.3 mmol/L, respectively
(P, 0.001). These data, which were further stratified by genotype,
are given in Table 1.

The prevalence of the DHFR del/del genotype in the pooled
cohort was 23.2%; however, it varied significantly between
ethnic groups, ranging from 32.9% in African Americans to

DHFR 19-BP DELETION, FOLATE, AND MEMORY IN ADULTS 1281



22.1% and 20.0% in Hispanics and non-Hispanic whites,
respectively (P = 0.003).

The population was stratified by both ethnicity and the DHFR
genotype of homozygotes for the del/del variant and the group
combining heterozygotes and homozygotes for the insertion
variant (del/ins plus ins/ins) (Table 1). The prevalence of di-
abetes was lower in del/del carriers than in others only in Af-
rican Americans (32.4% and 47.0%, respectively; P , 0.05),
and the prevalence of hypertension was lower in del/del carriers
than in the others only in Hispanics (61.3% and 70.3%, re-
spectively; P , 0.01). The prevalence of cognitive impairment
(MMSE score ,24) or depressive symptoms (CESD score $16)
did not differ significantly by genotype within any ethnic group.

Plasma folate and tHcy concentrations did not differ signifi-
cantly in the groups. Folate deficiency was infrequent in both
cohorts and all ethnic groups because this population was ex-
posed to FA fortification of flour and grain products. The overall
median and mean folate concentrations were 16.1 ng/mL and
17.6 6 9.5 ng/mL, respectively. The prevalence of folate de-
ficiency was low. Only 0.4% of subjects (n = 8) displayed severe

folate deficiency (,3 ng/mL), and 7.3% of subjects (n = 147)
showed mild folate deficiency (,7 ng/mL) (45).

Multivitamin use was more frequent in the NAME cohort than
in the BPHRS cohort. Fifty percent of African Americans and
57% of non-Hispanic whites took multivitamins compared with
only 22% of Puerto Ricans who did so. Overall, plasma folate in
multivitamin users was higher than in nonusers (20.1 6 10.0 vs.
16.0 6 8. ng/mL, respectively; P , 0.01). However, neither the
frequency of multivitamin use nor plasma folate differed by
genotype (Table 1).

Neither log-transformed folate, as a continuous variable, nor
dichotomous DHFR genotype was significantly correlated with
any cognitive outcome in multivariable linear regression models
(data not shown). As in the subsequent GLM analysis, cognitive
outcomes were significantly associated with age, sex, ethnicity,
and level of education. As previously reported for these cohorts,
a lower vitamin B-12 status was associated with higher CESD
scores, which indicated a greater frequency of depressive
symptoms; vitamin B-6 status was positively associated with
MMSE, attention, and executive function; and diabetes and

TABLE 1

Description of NAME and BPRHS populations1

NAME

African Americans Non-Hispanic whites BPRHS, Puerto Ricans

del/del del/ins + ins/ins del/del del/ins + ins/ins del/del del/ins + ins/ins

n (% within group) 74 (32.9) 151 (67.1) 93 (22.0) 329 (78.0) 160 (22.1) 565 (77.9)

Demographic

Age, y 72.9 6 8.82 72.7 6 8.3 75.4 6 8.2 76.0 6 8.3 56.7 6 7.4 57.3 6 7.5

Female, % 82.4 82.1 67.7 72.9 71.3 71.8

Education, %

Zero to fifth grade 1.4 2.6 0.0 1.5 21.9 18.0

Fifth to ninth grade 21.6 15.9 6.5 10.0 25.0 26.9

Ninth to 12th grade 28.4 29.1 18.3 17.3 41.3 38.5

College 29.7 26.5 39.8 34.7 10.0 13.8

Graduate school 18.9 22.5 26.9 33.1 1.3 2.9

Blood biochemistry

eGFR, mL $ min21 $ 1.73 m22 89.1 6 35.7 85.6 6 35.6 79.0 6 30.8 81.2 6 32.2 91.0 6 32.2* 86.8 6 22.7*

Folate, ng/mL 14.1 6 10.6 14.0 6 7.5 15.6 6 7.7 15.5 6 9.1 18.7 6 8.1 19.6 6 9.5

Vitamin B-12, pg/mL 657 6 540 716 6 1059 521 6 238 530 6 263 540 6 311 552 6 282

Vitamin B-6,3 nmol/L 62.0 6 74.9 54.7 6 48.6 78.4 6 73.5 70.7 6 73.2 61.1 6 61.4 62.6 6 68.4

tHcy, mmol/L 12.9 6 9.2 12.0 6 4.8 11.8 6 4.4 11.6 6 4.2 9.2 6 5.0 9.2 6 5.0

Multivitamin use, % 48.1 51.9 49.8 50.2 20.3** 21.9**

Chronic condition

Diabetes, % 32.4* 47.0* 34.4 28.6 40.6 37.3

Hypertension, % 93.2 88.7 88.2 83.3 61.3* 70.3*

MMSE score 24.5 6 3.1 24.2 6 3.6 26.0 6 2.9 26.1 6 3.0 23.6 6 3.6 23.9 6 3.1

Cognitive impairment % 47.3 51.7 26.9 24.0 60.0 57.6

CESD score 15.0 6 10.9 13.7 6 11.4 11.8 6 9.5 12.6 6 10.2 20.9 6 13.2 20.6 6 13.6

Depressive symptoms % 40.5 35.8 28.0 33.4 60.6 61.2

Genetic background,%

apoE4 carriers 29.7 27.2 23.7 17.9 21.3 24.5

1Unadjusted demographic and descriptive statistics for subjects of the pooled study population who were genotyped for the DHFR gene are shown

stratified by ethnicity and genotype. Univariate analyses were performed for categorical variables with the use of the chi-square test, and continuous variables

were analyzed with the use of an independent samples t test. The cutoff for cognitive impairment was an MMSE score #24; the cutoff for depressive

symptoms was a CESD score $16. *,**Significant pairwise comparisons between del/del and del/ins + ins/ins genotypes within separate ethnic subgroups:

*P , 0.05, **P , 0.01. An independent samples t test and chi-square test were used to test significance in the 3 ethnicities. apoE4, apolipoprotein E4 allele;

BPRHS, Boston Puerto Rican Health Study; CESD, Center for Epidemiologic Studies Depression Scale; DHFR, dihydrofolate reductase; eGFR, estimated

glomerular filtration rate; MMSE, Mini-Mental State Examination; NAME, Nutrition, Aging, and Memory in Elders; tHcy, plasma total homocysteine.
2Unadjusted mean 6 SD (all such values).
3Measured as pyridoxyl 5-phosphate.
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hypertension were associated with lower MMSE scores. Kidney
function (eGFR) and apolipoprotein E genotype were not sig-
nificantly associated with cognition (Table 2) (27).

To test the hypothesis that the effects of folate and the DHFR
del/del genotype would manifest under conditions of high folate
status rather than in a linear fashion, we examined the effects of
folate quintiles on the adjusted cognitive outcomes in the pooled
cohort. Although the linear regression across quintiles was NS,
an ANOVA analysis of the resulting adjusted memory scores
showed significantly lower memory scores for the first 3 quin-
tiles of folate than for the 2 upper quintiles (Figure 1, P, 0.01).
The descriptive analysis showed that the 2 upper quintiles of the
pooled population had relatively high plasma folate (.17.8 ng/mL;
mean: 26 6 9.1 ng/mL; range: 17.9–114.4 ng/mL) than did the
lower 3 quintiles, which on average, had normal plasma folate
(#17.8 ng/mL; mean: 11.9 6 3.8 ng/mL; range: 2–17.8 ng/mL).
This value (17.8 ng/mL) was very close to the mean folate
concentration of the study population (17.6 ng/mL). Therefore,
we chose 17.8 ng/mL as a cutoff to explore the effect of high vs.
normal folate status on cognitive function. To test the hypothesis
that high vs. normal folate status and the DHFR genotype can
modify cognitive outcomes through the interaction with each
other, we used this cutoff and the DHFR genotype as fixed
factors in a full GLM model as previously described.

Table 3 shows the effect of genotype on cognitive outcomes
for pooled and ethnicity-stratified results. The pooled analysis
showed that carriers of the del/del genotype had significantly
worse adjusted mean memory scores (20.03 vs. 0.04; P ,
0.0001) and executive function (20.08 vs. 0.02; P = 0.001) than
did noncarriers. Although these differences in memory in the
pooled results appeared to have been driven largely by non-
Hispanic whites, the trends for worse function in the del/del
genotype were similar but NS in African Americans. Adjusted

attention scores and indicators of clinical cognitive impairment
or depression (MMSE and CESD scores) in the pooled results did
not differ by genotype (Table 2). Because only the BPRHS had
data on genetic admixture, we could only adjust for this variable
in the stratified analysis of the BPRHS cohort. The addition of
admixture as a covariate in the model enlarged the difference in
memory between genotypes (Supplemental Table 2).

Variable estimates for the GLM models are given in Table 3,
Both the del/del genotype and plasma folate concentrations less
than the cutoff were significantly and negatively associated
with memory (b = 20.24, P , 0.05; b = -0.22, P , 0.01, re-
spectively). The interaction between the DHFR genotype and
folate status was significant (b = 0.26, P , 0.05; Table 3).
Carriers of the del/del genotype in the high-folate category had
significantly lower memory scores than did others with high
folate (P , 0.001; Figure 2) and also compared with those of
carriers with normal folate (P , 0.05, Figure 2). After adjust-
ment for folate and DHFR, tHcy (log transformed) showed
a significant inverse association with executive function but not
with memory (b = 20.18, P , 0.05; Table 3). Neither folate nor
tHcy was significantly associated with the cognitive domain of
attention. Multivitamin use was not associated with any cogni-
tive outcome and did not alter the interaction between high fo-
late and genotype and was, therefore, excluded from the final
models to avoid overfitting.

DISCUSSION

In this cross-sectional study, we tested the hypothesis that the
genetic variation in the folate metabolic pathway, namely a 19-bp
deletion in the DHFR gene, would be directly associated with
cognitive function or would modify the association of folate
status and cognition through the interaction with a high

TABLE 2

Variable estimates for the GLM model of cognitive outcomes by folate status and DHFR genotype in the pooled cohort1

Variable MMSE2 CESD2 FACattn2 FACexec2 FACmem2 FACmem3

DHFR del/del genotype 20.13 6 0.19 0.05 6 0.75 0.01 6 0.06 0.07 6 0.05 20.08 6 0.06 20.24 6 0.1*

,17.8 ng folate/mL 20.05 6 0.18 1.02 6 0.71 0.06 6 0.06 20.09 6 0.06 20.16 6 0.06** 20.22 6 0.06**

DHFR del/del genotype 3
,17.8 ng folate/mL

0.26 6 0.13*

Ethnicity 20.21 6 0.15 0.79 6 0.59 0.22 6 0.05y 20.03 6 0.04 20.19 6 0.05y 20.19 6 0.05y

Age 20.008 6 0.009 20.33 6 0.04y 0.006 6 0.003* 20.02 6 0.003y 20.02 6 0.003y 20.02 6 0.003y

Sex 20.59 6 0.18** 3.73 6 0.74y 20.18 6 0.06** 0.03 6 0.06 0.34 6 0.06y 0.34 6 0.06y

Education 1.02 6 0.06y 21.02 6 0.25y 0.19 6 0.02y 0.27 6 0.02y 0.12 6 0.02y 0.12 6 0.02y

apoE4 genotype 20.01 6 0.19 0.33 6 0.75 20.03 6 0.06 20.005 6 0.06 20.1 6 0.06 20.1 6 0.06

eGFR 0.005 6 0.003 20.02 6 0.01 20.001 6 0.001 0.001 6 0.001 0.001 6 0.001 0.001 6 0.001

tHcy4 0.13 6 0.26 20.78 6 1.05 20.05 6 0.09 20.18 6 0.08* 0.004 6 0.09 0.01 6 0.09

Vitamin B-124 0.34 6 0.18 21.51 6 0.71* 0.01 6 0.06 20.08 6 0.05 0.06 6 0.06 0.07 6 0.06

Vitamin B-64 0.24 6 0.12* 20.73 6 0.46 0.13 6 0.04y 0.1 6 0.03** 20.05 6 0.04 20.05 6 0.04

Diabetes 20.46 6 0.17** 20.37 6 0.68 20.12 6 0.06* 20.12 6 0.06 * 20.18 6 0.05y 20.08 6 0.06

Hypertension 0.42 6 0.20* 1.27 6 0.80 0.09 6 0.07 20.06 6 0.06 0.06 6 0.06 0.06 6 0.07

1All values are bs (variable estimates)6 SEs. The table shows variable estimates for the association of the listed variables with cognitive outcomes in the

pooled cohort as analyzed with the use of GLM. Covariates included self-identified ethnicity, age, sex, education, eGFR, diabetes, hypertension, apoE4

genotype, tHcy, vitamin B-12, and vitamin B-6. *P , 0.05, **P , 0.01, yP , 0.001. apoE4, apolipoprotein E4; CESD, Center for Epidemiologic Studies

Depression Scale; DHFR, dihydrofolate reductase; eGFR, estimated glomerular filtration rate; FACattn, factor score for attention; FACexec, factor score for

executive function; FACmem, factor score for memory; GLM, general linear modeling; MMSE, Mini-Mental State Examination; tHcy, plasma total

homocysteine.
2Variable estimates for the main-effects model without the interaction term DHFR del/del genotype 3 ,17.8 ng folate/mL.
3Variable estimates for the full GLM model with an interaction term.
4Plasma analytes were log transformed.
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concentration of circulating folate. The significant interaction
shown between folate and DHFR genotype and memory func-
tion is supportive of this hypothesis.

Although an increased folate status across the population
should have a net benefit for memory in older adults, a causal
interaction would predict that a sizable minority carrying the
del/del genotype may not share the benefit and could see
a worsening of memory. We observed that the 23% of our study
population carrying the DHFR del/del variant had poorer ad-
justed memory scores than did those of the other genotypes

(Tables 2 and 3). Moreover, in subjects in the high-folate cate-
gory, approximately one of 5 individuals corresponding to those
who carried the del/del genotype did not appear to benefit from
high folate (Figure 2). Instead, these subjects had significantly
worse memory. In other words, causality would predict that, in
a population with a similar distribution of the genotype and
folate, for every 4 individuals who stand to benefit from high
folate, one individual might incur risk.

The functional cognitive effect of DHFR could help to explain
the findings of adverse associations between high folate and

FIGURE 1 Mean (95% CI) adjusted memory scores by quintiles of folate in the pooled cohort. The graph shows results of an ANOVAwith Tukey post
hoc testing for differences between mean adjusted memory scores by quintiles of plasma folate concentrations. n = 280/quintile. Memory scores were adjusted
with the use of a multivariate linear regression for ethnicity, age, sex, education, estimated glomerular filtration rate, diabetes, hypertension, apolipoprotein E4
genotype, plasma total homocysteine, vitamin B-12, and vitamin B-6. Cutoff values between quintiles are marked on the x axis. ***P , 0.001. FACmem,
factor score for memory.

TABLE 3

Cognitive outcomes by ethnicity and genotype in the NAME, BPRHS, and pooled cohorts1

NAME

African Americans Non-Hispanic whites BPRHS, Puerto Ricans Pooled cohort

del/del del/ins + ins/ins del/del del/ins + ins/ins del/del del/ins + ins/ins del/del del/ins + ins/ins

FACmem2 0.12 6 0.27 0.18 6 0.27 20.10 6 0.23* 20.03 6 0.26* 20.07 6 0.30y 0.04 6 0.31y 20.03 6 0.29y 0.04 6 0.30y

FACmem3 0.09 6 0.26** 0.20 6 0.27** 20.11 6 0.25** 20.03 6 0.26** 20.05 6 0.31y 0.04 6 0.30y 20.04 6 0.30y 0.04 6 0.30y

FACexec3 20.18 6 0.42 20.07 6 0.42 20.04 6 0.38 20.002 6 0.39 20.06 6 0.47* 0.04 6 0.48* 20.08 6 0.44** 0.02 6 0.45**

FACattn3 20.27 6 0.26 20.27 6 0.26 0.15 6 0.28 0.09 6 0.27 20.06 6 0.31 20.02 6 0.30 20.05 6 0.33 20.03 6 0.31

MMSE3 24.9 6 1.3 25.1 6 1.3 25.4 6 1.3 25.7 6 0.2 23.8 6 1.6* 24.1 6 1.6* 24.5 6 1.6 24.6 6 1.6

CESD3 14.1 6 3.5 13.7 6 3.4 12.8 6 3.4 13.0 6 0.5 20.8 6 3.4 20.1 6 3.2 17.0 6 5.1 17.2 6 5.0

1All values are adjusted estimated means 6 SDs. The table shows comparisons of differences in cognitive function by genotype in African Americans,

non-Hispanic whites, and Puerto Ricans in the NAME, BPRHS, and pooled cohort. *,**,ySignificant pairwise comparisons between del/del and del/ins +

ins/ins genotypes within separate ethnic subgroups: *P , 0.05, **P , 0.01, yP , 0.001. CESD, Center for Epidemiologic Studies Depression Scale; DHFR,

dihydrofolate reductase; FACattn, factor score for attention; FACexec, factor score for executive function; FACmem, factor score for memory; MMSE, Mini-

Mental State Examination.
2Cognitive outcome values for the full general linear modeling model including an interaction term for the DHFR del/del genotype 3 ,17.8 ng

folate/mL.
3Cognitive outcome values for the main model without the interaction term.
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poor cognitive outcomes in some studies. For example, in
the Framingham cohort, the accelerated cognitive decline that
was associated with the lower 2 quartiles of vitamin B-12
(,258 pmol/L) was significantly exacerbated by a higher folate
status (.8.9 ng/mL), and in the Chicago Health and Aging
Project, the rate of cognitive decline in individuals with folate
intake in the top quintile of total intake (median: 742 mg/d) was
more than double that of those in the lowest quintile of intake
(median: 186 mg/d) even after adjustment for vitamin B-12 (9,
10). In our study, the association and interaction of folate and
DHFR genotype with memory were independent of vitamin B-12.
We were underpowered to examine a potential 3-way interaction
with low vitamin B-12 status because relatively few subjects had
sufficiently low vitamin B-12: Compared with the Framingham
study, in which 40% of the population had vitamin B-12 con-
centrations ,258 pmol/L, only 7.6% of the population in our
study had concentrations below this value.

A gene-nutrient interaction between excessive FAwith DHFR
might also explain inconsistencies in the results of clinical trials
that studied the efficacy of B-vitamin supplementation for
lowering homocysteine and preventing cognitive decline, par-
ticularly when high doses of FA were used in the treatment arm
(46). Note that, although many of the null trials used high doses
of FA (1000–5000 mg/d) (47–49), trials that showed benefit used
more-modest doses of FA (800 mg/d) (50, 51). If this association
were causal, memory outcomes would tend to the null in pop-
ulations with high FA intake and a high prevalence of the del/del
genotype. The elucidation of the interplay of such genetic and
nutritional heterogeneity is likely to prove more informative
than would obscuring the complexity of the phenomena in meta-
analyses (46, 52–54).

Notably, the nutritional and genetic associations in the current
study differed with the cognitive domain. Although folate was

specifically associated with memory, homocysteine was in-
dependently associated with executive function, and neither was
associated with attention. These seemingly specific associations
have been observed before (51, 55–58) and suggest that the
possibility of different underlying mechanisms should be ex-
plored, and differences should be elucidated. These findings on
the relation of homocysteine to cognition differed slightly from
our previous analysis of this study population in which no sig-
nificant association was shown between folate or tHcy status and
cognitive outcomes. Several factors may explain these differ-
ences. Apart from analyzing the DHFR polymorphism rather
than theMTHFR genotype, our previous analysis focused on low
folate status, which is known to destabilize the MTHFR C677T
variant. Consequently, we did not make a dichotomous com-
parison between normal folate status and high folate status. In
the current study, adjustment for DHFR and high folate may
have allowed the association of tHcy with executive function to
reach significance. Moreover, the significant effect of tHcy could
be explained by the fact that the current analysis was restricted
to individuals genotyped for the DHFR 19-bp polymorphism
with complete data.

Since 1996, the fortification of cereal grain products in the
United States has led to significant increases in the intake of
FA. As expected in a population exposed to FA fortification, the
plasma folate concentration in our study was relatively high but
with a median that was only 0.5 ng/mL higher than the National
Health and Nutrition Examination Survey’s median for Ameri-
can adults .60 y of age measured at the time of our study. The
prevalence of a high serum folate concentration (.20 ng/mL) in
the US population rose in older persons from 7% before forti-
fication to 38% after fortification and decreased to 31.8% during
the period of our study (59). Although fortification has appar-
ently reached its original goals (60), questions remain about its

FIGURE 2 Interaction of dihydrofolate reductase genotype and plasma folate with respect to memory in the pooled cohort. The graph shows results of
a comparison of mean (95% CI) adjusted memory scores by genotype below and above the plasma folate cutoff of 17.8 ng folate/mL. Memory scores were
adjusted in the general linear model for ethnicity, age, sex, education, estimated glomerular filtration rate, diabetes, hypertension, apolipoprotein E4 genotype,
plasma total homocysteine, vitamin B-12, and vitamin B-6. *P , 0.05, ** P , 0.01. FACmem, factor score for memory.
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safety for untargeted subpopulations, especially cancer patients
with malignant and premalignant tumors, and with respect to
possible long-term effects of fetal exposure to high folate in
utero (61–67). Some countries have revised and lowered their
recommended daily intake FA (68). Despite concerns regarding
possible negative effects of FA supplementation, an upper limit
for plasma folate has yet to be determined. The WHO, e.g., set
the upper limit at 20 ng/mL, relying on “the assay’s upper limit
capabilities without dilutions, and not on biological implications
for health” (69).

Evidence has suggested that humans have a limited capacity to
metabolize high doses of FA efficiently (11, 70), which results in
the appearance of unmetabolized FA in the circulation. Concern
that this unmetabolized FA could have adverse effects on health
has, thus far, only limited evidence (71–73). Our findings suggest
that the appearance of FA in circulation may be determined in
part by interactions between exposure and genetic variation. If
FA intake alone cannot explain the variability in unmetabolized
FA in the plasma, genetic variation that can influence the in-
dividual’s ability to metabolize the fortified FA should be ex-
amined. Although observational studies cannot establish cause
and effect, our study suggests that the DHFR 19-bp poly-
morphism may interact with FA intake to entrain metabolic
events in one-carbon metabolism than can alter cognition.

By virtue of its cross-sectional design, the study had several
limitations. The observational findings did not indicate a cause
and effect; findings were generated on a subset of the general
population at a specific point in time; and although this was
a multi-ethnic population, ethnic, genetic, and socioeconomic
backgrounds could have influenced the results, despite our
efforts to adjust the analysis for known confounders and for all
relevant variables.

Future work to replicate these findings in prospective studies
will need to account for ethnicity, nonlinear effects, cutoffs for
high folate, and potentially specific associations with different
cognitive domains and other outcomes. Studies that distinguish
different folate forms in blood, such as unmetabolized FA, and
possibly measure biopterin and nitrate could help elucidate
a mechanism of action. Finally, additional research is needed to
probe the functionality of the 19-bp polymorphism and what
molecular mechanisms may allow it to interact with different
metabolites to exert normal and pathological effects.

In conclusion, this study identifies a putative gene-nutrient
interaction that, if confirmed, could help account for conflicting
outcomes in observational and interventional studies of how
folate affects cognition. The study underscores the need for
a nuanced understanding of how genetic variation in the gene
affects individual responses to folate status so that we can
more-adequately weigh risks and benefits of folate supple-
mentation for individuals and make necessary adjustments in
public health policy.
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Bärlocher K, Elmadfa I, Leschik-Bonnet E, Heseker H. Revised D-A-
CH intake recommendations for folate: how much is needed? Eur J
Clin Nutr 2014;68:719–23.

69. WHO/NMH/NHD/EPG/12.1. Serum and red blood cell folate con-
centrations for assessing folate status in populations. 2012.

70. Patanwala I, King MJ, Barrett DA, Rose J, Jackson R, Hudson M, Philo
M, Dainty JR, Wright AJ, Finglas PM, Jones DE. Folic acid handling
by the human gut: implications for food fortification and supplemen-
tation. Am J Clin Nutr 2014;100:593–9.

71. Morris MS, Jacques PF, Rosenberg IH, Selhub J. Circulating un-
metabolized folic acid and 5-methyltetrahydrofolate in relation to
anemia, macrocytosis, and cognitive test performance in American
seniors. Am J Clin Nutr 2010;91:1733–44.

72. Obeid R, Herrmann W. The emerging role of unmetabolized folic
acid in human diseases: myth or reality? Curr Drug Metab 2012;13:
1184–95.

73. Troen AM, Mitchell B, Sorensen B, Wener MH, Johnston A, Wood B,
Selhub J, McTiernan A, Yasui Y, Oral E, Potter JD, et al. Unmetabolized
folic acid in plasma is associated with reduced natural killer cell cyto-
toxicity among postmenopausal women. J Nutr 2006;136:189–94.

1288 PHILIP ET AL.


