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Abstract

Objective

To explore potential interactions between folate-cycle factors and Helicobacter pylori sero-

positivity in the prediction of cognitive function.

Methods

We used data obtained from the 1999–2000 continuous National Health and Nutrition

Examination Survey produced by the United States’ Centers for Disease Control and Pre-

vention. Using Ordinary Least Squares regression, we tested for associations between mul-

tiple folate-cycle factors, Helicobacter pylori seropositivity, and cognitive function assessed

by the digit symbol coding subtest of the Wechsler Adult Intelligence Scale-III. We then

tested for interactions between each of the folate-cycle factors and Helicobacter pylori in the

prediction of cognitive function.

Results

Although Helicobacter pylori seropositivity, 5-methyltetrahydrofolate, vitamin B-12, and

homocysteine were not associated with performance on the digit symbol coding task, Heli-

cobacter pylori seropositivity interacted with 5-methyltetrahydrofolate concentration to pre-

dict performance on the digit symbol coding task. The Helicobacter pylori seropositive group

performed worse on the digit symbol coding task as 5-methyltetrahydrofolate concentration

decreased.

Conclusion

The interaction between Helicobacter pylori seropositivity and reduced folate-cycle factor 5-

methyltetrahydrofolate might impair aspects of cognitive function.
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Introduction

Helicobacter pylori (H. pylori) is a Gram-negative bacterium that resides in the gastrointestinal

tract of a significant portion of the worldwide population [1]. The bacterium selectively inhab-

its the gastric epithelium of compatible hosts to initiate a persistent, latent infection. The

release of urease, an ammonia-rich substance, allows H. pylori to safely reside in the highly

acidic gastric environment [2]. Following infection, gastritis may occur and persist until suc-

cessful treatment [3]. Infection with H. pylori has been associated with impaired or altered

metabolism of nutrients such as folate and iron [4–6]. In addition, the presence of H. pylori in

the gut initiates an ongoing inflammatory response with regional and systemic effects. Indeed,

interactions between H. pylori and both folate and biomarkers of inflammation might predict

cognitive function [7]. However, the degree to which H. pylori directly affects cognitive func-

tion [6, 8, 9] and the specific mechanisms by which H. pylori influences cognitive function

remain unclear, including situations in which more than one mechanism might impair folate

metabolism or inflammation.

Apart from H. pylori seropositivity, genetic variants might impair folate metabolism and

consequent cognitive function. In particular, polymorphisms of the enzyme methylenetetrahy-

drofolate reductase (MTHFR), a key regulatory factor in the conversion of homocysteine to

methionine, have been associated with cognitive deficits [10–12]. The MTHFR enzyme is

responsible for the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate

(5-MTHF) and the eventual donation of a methyl group to vitamin B-12. A co-factor in the

folate cycle, vitamin B-12 then uses the methyl group in the conversion of homocysteine to

methionine. Although several identified polymorphisms can affect the MTHFR enzyme, the

C677T polymorphism is considered to be one of the most common. The prevalence of the

C677T MTHFR mutation is variable and depends heavily upon ethnicity [13]. However, previ-

ous reports suggest that approximately 45% of the U.S. population may be CC homozygous

(the normal variant), 45% CT heterozygous, and 10% TT homozygous [12, 14, 15]. This poly-

morphism results in reduced thermostability and efficiency of the MTHFR enzyme. In fact,

one report suggested that MTHFR efficiency might be reduced by upwards of 40 to 50 percent

in homozygous mutants [16]. Impaired MTHFR efficiency results in a stepwise decrease in

5-MTHF availability and a subsequent elevation of homocysteine, which might negatively

affect cognitive function [17].

Although Helicobacter pylori seropositivity and MTHFR mutation likely affect folate metab-

olism and cognitive function by different mechanisms, they are not necessarily mutually exclu-

sive of one another. An individual could be H. pylori seropositive and heterozygous or

homozygous for the C677T MTHFR polymorphism. Indeed, with the relatively high preva-

lence of both H. pylori infection and MTHFR mutation, it is possible for both factors could

interact to influence folate metabolism in a significant portion of the population. Since both

MTHFR mutation and H. pylori infection negatively influence the same biochemical pathway,

an interaction between both factors could impair folate metabolism and, subsequently, cogni-

tive function beyond the effects of each factor alone. With this in mind, we considered whether

interactions between H. pylori seropositivity and MTHFR polymorphisms are associated with

cognitive function in older adults.

We used the continuous 1999–2000 National Health and Nutrition Examination Survey

(NHANES) to obtain data for serum concentrations of 5-MTHF (a reduced form of folate and

the direct product of the MTHFR enzyme), vitamin B-12, and homocysteine. Each of these

folate-cycle factors is involved with folate metabolism, and 5-MTHF, in particular, provides a

unique estimate of MTHFR efficiency in that low 5-MTHF concentrations suggest poor

MTHFR function. Though genetic data were available in the NHANES data sets, access to the
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data is restricted and requires funding to access. Therefore, due to the direct relationship

between 5-MTHF concentration and MTHFR function, we determined to use serum 5-MTHF

concentration as a reasonable alternative. We hypothesized that reduced concentrations of

serum 5-MTHF or vitamin B-12 or an increased concentration of homocysteine would be

associated with worse cognitive function and that H. pylori seropositivity would moderate

these associations.

Materials and methods

Study sample

The 1999–2000 continuous NHANES recruited 9,965 participants and used a variety of eligi-

bility criteria to screen subsamples for data collection of the various measures we included in

this study. The most restrictive criterion, for instance, was for the cognitive assessments, where

only respondents aged 60 years or older were eligible. After taking into account eligibility for

each of the study measures, a sample of 1,354 remained. We excluded three of these partici-

pants from the analyses because their elevated measures of homocysteine or folate suggested

the possibility that the respondents were ill. The final analytic sample included 1,351

participants.

Helicobacter pylori

CDC laboratory technicians determined seropositivity for H. pylori using an enzyme-linked

immunosorbent assay kit from Wampole Laboratories (Wampole Laboratories, Division of

Carter Wallace, Inc., Cranbury, NJ). The process requires the combination of participant

serum with H. pylori specific antigens, goat anti-human IgG conjugated with horseradish per-

oxidase, and chromogen substrate serum. The result is a color change proportional to the con-

centration of H. pylori antibody in the participant’s serum that can be interpreted by a

spectrophotometer. The 1999–2000 continuous NHANES did not publish raw IgG results as

part of the 1999–2000 NHANES dataset, considering instead values less than .90 as negative

for infection, values between .91 and 1.09 as equivocal, and values above 1.10 as positive for

infection [18]. We treated subjects with equivocal results as negative for the purposes of these

analyses. Importantly, positive IgG results do not necessarily indicate current H. pylori infec-

tion. For example, an individual previously infected with H. pylori but who has since elimi-

nated it from the body can still test positive for H. pylori as IgG antibodies will remain after the

infection. Additional details on this assay and its performance characteristics specific for U.S.

adults in the 1999–2000 NHANES survey are available in NHANES documentation [18].

5-Methyltetrahydrofolate

5-MTHF (ng/mL) serum concentration was determined from stored sera specimens using an

affinity/high performance liquid chromatography system. Calculation of 5-MTHF concentra-

tion was achieved by comparison to external and internal standards of known concentration

[19]. We log transformed the 5-MTHF variable to adjust for a positive skew in the data.

Vitamin B-12

Serum vitamin B-12 (pg/mL) concentrations were determined through the use of a Quanta-

phase II Folate/vitamin B-12 radioassay kit provided by Bio-Rad Laboratories [20]. Following

preparation, labelled and unlabelled folate and vitamin B-12 compete for binding sites.

Unbound folate and vitamin B-12 are discarded while bound substrate collects in pellet form.

Radioactivity from the pellets is measured and compared to a standard curve to determine the
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concentration of vitamin B-12 in the participant’s blood. We log transformed the vitamin B-12

variable to adjust for a positive skew.

Homocysteine

Homocysteine concentration (μmol/L) was determined through the use of a fluorescence

polarization immunoassay (FPIA) from Abbott Diagnostics. The assay is performed automati-

cally through the use of the Abbott IMX Immunoassay Analyzer and involves the reduction of

homocysteine to S-adenosylhomocysteine (SAH), which is subsequently exposed to a specific

monoclonal antibody and tracer. Total plasma homocysteine concentrations are calculated by

the use of a machine-stored calibration curve [21]. We also log transformed homocysteine to

account for a positive skew.

Cognitive function

Survey participants 60 years or older completed the digit symbol coding (DSC) subtest of the

Wechsler Adult Intelligence Scale–Third Edition [22]. Generally considered a measure of cog-

nitive processing speed [23], the DSC is a timed test requiring participants to match symbols

with their corresponding numbers as outlined by a key placed at the top of the form. Beyond

processing speed, the DSC also requires sufficient ability in memory, attention, executive func-

tion, and visuomotor coordination in order to perform well in the task. Therefore, this task is a

useful measure of overall cognitive ability and has been used as such in various psychiatric or

neurologic populations [24–26]. In this study, the score on the DSC was the number of cor-

rectly completed matches. Participants with physical limitations such as blindness or those

who could not successfully complete an initial practice phase did not participate in this test.

Additionally, the 1999–2000 continuous NHANES did not report data from participants who

stopped the test before the allotted time [27].

Covariates

We included a number of covariates in our analyses to control for potential confounding. Cat-

egorical covariates included sex, race-ethnicity, education, tobacco-smoking status, gastroin-

testinal conditions, and food security. The race-ethnicity variable included categories for non-

Hispanic whites, non-Hispanic blacks, Mexican Americans, and other ethnicities as suggested

by NHANES documentation [28]. The education variable divided participants into groups

based on whether they had a less than high-school, high-school, or more than high-school edu-

cation at the time of the survey. Tobacco-smoking status categorized subjects into three

groups: those who had never smoked tobacco, those who had smoked at least 100 cigarettes

within their lifetime but who were no longer smokers, and those who had smoked at least 100

cigarettes in their lifetime and who were current smokers. Subjects were asked to indicate if

they had previously experienced ulcers, colon cancer, rectal cancer, or stomach cancer at any

point in their lives. Finally, to control for potential malnutrition, we included a food-security

variable that gives four response options ranging from fully secure to insecure with hunger.

Continuous covariates were the poverty-to-income ratio PIR, age, number of dietary supple-

ments taken daily, and systolic blood pressure. PIR is the ratio between household income and

the federally established poverty level at the time of the survey. Values above 1 are above the

poverty threshold whereas values below 1 are in poverty. Age was recorded in years. NHANES

top codes ages to 85 years; therefore, the reported age range in the data is 60 to 85 years. Daily

supplement use data provides a general control for unnaturally high or low concentrations of

key vitamins and minerals. Finally, especially in elderly populations, elevated blood pressure

Helicobacter pylori, 5-MTHF, and cognitive function
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can be an indicator of increased risk for vascular disorders that could affect brain health and

function [29, 30].

Statistical analysis

We used Stata release 14.1 for all statistical analyses [31] and did all analyses using Stata’s svy
command prefix, which allows for the inclusion of sampling weights to adjust parameter esti-

mates to be representative of the U.S. civilian non-institutionalized population. In addition,

the svy prefix allows for the inclusion of strata and cluster variables, which adjust standard-

error estimates to account for the complex-sampling design of NHANES datasets.

We treated missing data with multiple imputation using chained equations. The chained

equations approach allows the distribution of variables to be modelled appropriately in the

imputation phase (e.g., continuous variables imputed using Ordinary Least Squares regression

(OLS), dichotomous variables imputed using logistic regression, etc.) [32]. To allow imputed

values to be sensitive to interactions of H. pylori with the folate-cycle factors, we estimated sep-

arate imputation models for respondents who were seropositive and seronegative for H. pylori.
We created twenty imputed datasets because the variable with the highest amount of missing

data was below 20 percent [33]. The imputed datasets were separated by 400 iterations because

diagnostics indicated that the imputation model converged before that point [32]. We con-

ducted all analyses using Stata’s mi estimate prefix, which uses Rubin’s rules to combine the

results from each imputed dataset into a single set of estimates [34].

We used OLS regression to test whether individual folate-cycle factors (5-MTHF, homocys-

teine, and vitamin B-12) or H. pylori infection were independently associated with cognitive

function. We then tested for potential interactions between H. pylori infection and serum con-

centrations of 5-MTHF, homocysteine, and vitamin B-12 in predicting cognitive function as

assessed by the number of correct responses on the DSC. All analyses included sex, race-eth-

nicity, education, tobacco-smoking status, history of gastrointestinal conditions, food security,

PIR, age, number of dietary supplements taken daily, and systolic blood pressure as controls.

Results

Forty-one percent of the sample was seropositive for H. pylori, 45% was male, and the large

majority (80%) was non-Hispanic white. The average age was 70 years. Table 1 shows other

sample characteristics.

There were no associations between 5-MTHF concentration, homocysteine concentration,

vitamin B-12 concentration, and H. pylori seropositivity and DSC performance (Table 2).

To determine whether H. pylori seropositivity moderates the associations between any of

the folate-cycle factors and cognitive function, we did three separate analyses testing for inter-

actions between H. pylori and each of the folate-cycle factors in the prediction of DSC perfor-

mance. In these analyses, only 5-MTHF significantly interacted with H. pylori seropositivity to

predict DSC performance (β = 3.35 [.01, 6.90]; p = .049) (Table 3, Model 1). Specifically, with

less available serum 5-MTHF, performance on the DSC progressively worsened in subjects

seropositive for H. pylori, suggesting that subjects seropositive for H. pylori and who simulta-

neously also had less bioavailability of 5-MTHF at the time of examination performed worse

on the DSC when compared to uninfected subjects (Fig 1). There were no significant interac-

tions between H. pylori infection status and vitamin B-12 or homocysteine (Table 3). To

account for potential confounding interactions between the folate cycle factors explored in this

study, we repeated each interaction analysis with the other folate factors added as controls. For

example, we repeated the test for an interaction effect between H. pylori and 5-MTHF while

controlling for vitamin B-12 and homocysteine as well as the other controls previously

Helicobacter pylori, 5-MTHF, and cognitive function
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incorporated. These analyses produced nearly identical results to our original estimations (not

reported).

Discussion

The main results of this study show that in older US adults, reduced 5-MTHF availability and

H. pylori seropositivity interact to reduce cognitive function assessed with the DSC. In con-

trast, there were no main effects for 5-MTHF, vitamin B-12, homocysteine, and H. pylori sero-

positivity in predicting performance on the DST, although there was weak support for an

Table 1. Weighted summary statistics of U.S. adults 60 to 85-year-olds, National Health and Nutrition

Examination Survey 1999–2000.

Mean or Frequency

DSC Number Correct 45.38 (.90)

H. pylori Seropositive 548 (40.55%)

Folate Cycle Factors

5-MTHF (ng/mL) 22.90 (.37)

Vitamin B-12 (pg/mL) 555.91 (11.42)

Homocysteine (μmol/L) 9.80 (.12)

Age 70.40 (.38)

Poverty-to-income Ratio 2.61 (.12)

Dietary Supplement Count 1.88 (.13)

Systolic Blood Pressure 139.74 (.86)

Male 602 (44.54%)

Education

Less than High School 472 (34.95%)

High School 386 (28.60%)

More than High School 492 (36.45%)

Race-ethnicity

Non-Hispanic white 1084 (80.21%)

Non-Hispanic black 103 (7.59%)

Mexican American 40 (2.95%)

Other 125 (9.25%)

Cigarette Smoking

Never smoked 641 (47.41%)

Former smoker 535 (39.58%)

Current smoker 176 (13.02%)

Gastrointestinal Conditions

Ulcers 216 (15.96%)

Cancera 22 (1.60%)

Food Security

Fully secure 1242 (91.93%)

Marginally secure 46 (3.38%)

Insecure without hunger 41 (3.05%)

Insecure with hunger 22 (1.64%)

aIncluding stomach, rectal, and colon cancers.

Note: Means (SE) or frequencies (%) are reported for each variable.

Abbreviations: DSC = Digit symbol coding, H. pylori = Helicobacter pylori, SE = Standard error

N = 1,351

https://doi.org/10.1371/journal.pone.0190475.t001
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association between higher 5-MTHF concentration and better performance on the DSC with a

p value of 0.053. Neither vitamin B-12 nor homocysteine interacted with H. pylori seropositiv-

ity to predict DSC performance.

In contrast to other studies, we did not find a statistically significant association between

homocysteine and cognitive function. In a study of community dwelling elderly subjects in

Dublin, Chin et al. [35] found that homocysteine was inversely associated with cognitive func-

tion. However, the average age in the Chin et al. [35] study was higher than in our study (75

years vs. 70 years), as was the average homocysteine level (13.9 μmol/L vs. 9.75 μmol/L). Differ-

ences in age and average homocysteine concentration might account for some of the differ-

ences between our findings and those of Chin et al. [35]. Some evidence suggests that higher

homocysteine levels may be more closely associated with certain cognitive domains, such as

Table 2. Linear regression analysis of folate cycle factor concentrations and Helicobacter pylori

infection status predicting cognitive function in U.S. 60 to 85-year-olds.

DSC Correct

β 95% CI p

Model 1: 5-MTHF 1.73 [-.03, 3.48] .053

Model 2: Vitamin B-12 -1.05 [-2.92, .83] .240

Model 3: Homocysteine -2.69 [-5.83, .44] .085

Model 4: H. pylori -.53 [-3.07, 2.01] .656

Note: Age, sex, education, race-ethnicity, poverty-to-income ratio, smoking status, dietary supplement use,

systolic blood pressure, food security, and prior history of ulcers, stomach cancer, colon cancer, and rectal

cancer included as controls in all models.

Abbreviations: DSC = Digit Symbol Coding; CI = Confidence interval; MTHF = Methyltetrahydrofolate; H.

pylori = Helicobacter pylori

N = 1,351

https://doi.org/10.1371/journal.pone.0190475.t002

Table 3. Two-way interaction effects of folate cycle factor concentrations and Helicobacter pylori infection status predicting cognitive function in

U.S. 60 to 85-year-olds.

DSC Correct

β 95% CI p

Model 1:

5-MTHF .31 [-1.93,2.55] .768

H. pylori -10.00 [-20.30, .31] .056

H. pylori x 5-MTHF 3.35 [.01, 6.90] .049

Model 2:

Vitamin B-12 -1.44 [-4.14, 1.27] .264

H. pylori -5.97 [-35.62, 23.67] .666

H. pylori x Vitamin B-12 .89 [-3.95, 5.73] .694

Model 3:

Homocysteine -3.01 [-6.37, .35] .074

H. pylori -2.29 [-15.81, 11.23] .714

H. pylori x Homocysteine .78 [-5.29, 6.84] .781

Note: Age, sex, education, race-ethnicity, poverty-to-income ratio, smoking status, dietary supplement use, systolic blood pressure, food security, and prior

history of ulcers, stomach cancer, colon cancer, and rectal cancer included as controls in all models.

Abbreviations: DSC = Digit Symbol Coding; CI = Confidence interval; MTHF = Methyltetrahydrofolate; H. pylori = Helicobacter pylori

N = 1,351

https://doi.org/10.1371/journal.pone.0190475.t003
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executive functioning and processing speed than with other cognitive domains [36, 37]. The

limited cognitive testing available in the NHANES dataset we used might have precluded our

finding an association between homocysteine concentration and cognitive function, in that we

assessed cognitive function with only the DSC [38].

In testing for an association between H. pylori seropositivity and cognitive function, we

found no significant differences between seropositive and seronegative groups, adding to the

already mixed literature on whether H. pylori seropositivity alone is associated with cognitive

functioning [7–9, 39–41]. Despite the uncertainty about the independent effects of H. pylori on

cognitive function, our findings suggest that H. pylori seropositivity might contribute to other

processes or conditions in which cognitive function might already be susceptible, such as with

reduced 5-MTHF availability affecting key pathways related to the metabolism of important

nutrients like folate. Our findings suggest that H. pylori seropositivity might be an important

moderating factor in determining cognitive function related to 5-MTHF availability.

The exact mechanism by which H. pylori seropositivity and reduced 5-MTHF availability

might interact to influence folate metabolism is unclear. It is possible that the chronic gastritis

associated with H. pylori infection could lead to impaired folate or vitamin B-12 uptake or

both [42]. In either case, polymorphisms in enzymes related to folate metabolism could exacer-

bate the already decreased folate concentration, resulting in fewer available folate metabolites

and less efficient enzymatic processes. Indeed, efficiency of the MTHFR enzyme is reduced by

about 40 to 50% in TT homozygous individuals [16]. Therefore, reduced enzymatic activity

due to an MTHFR polymorphism coupled with reduced serum folate availability due to H.

pylori infection could result in less available 5-MTHF than in either situation alone.

Reduced folate and/or 5-MTHF availability are associated with several clinical conditions

including developmental defects and various psychological and cognitive outcomes. For

Fig 1. Number of correct DSC responses predicted from interactions of H. pylori infection status and multiple folate-cycle factors in adults aged

60 to 85 years. Note: Shaded plots indicate statistical significance at the p = .05 level.

https://doi.org/10.1371/journal.pone.0190475.g001
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example, embryos developing in an environment with reduced availability of folate are at

greater risk of neural tube defects and spontaneous abortion [43]. In addition, higher preva-

lences of both autism spectrum disorder and Down syndrome are associated with MTHFR

polymorphisms [44–46]. These developmental risks motivate the recommendation for preg-

nant mothers to regularly supplement with folate throughout pregnancy. While proton-pump

inhibitors and antibiotics can treat H. pylori infection [47] and folate supplementation can

improve low concentrations of folate metabolites [48], it is unclear whether these solutions are

sufficient to overcome the combined deleterious effects of H. pylori infection and reduced

5-MTHF availability. It is possible that even with regular folate supplementation, a pregnant

woman infected with H. pylori and homozygous or heterozygous for an MTHFR polymor-

phism could still have low concentrations of available folate metabolites. In this case, a fetus

could remain at risk of developmental issues despite the mother following the traditional clini-

cal recommendations.

Beyond brain development, MTHFR polymorphisms are also potentially associated with

Parkinson’s disease, Alzheimer’s disease, migraine, and depression [11, 49–52]. Further,

multiple reports show associations between folate deficiency and each of these disorders in

older adults [53–55]. Similar to the case of pregnant women, an interaction between

5-MTHF concentration and H. pylori infection might accelerate or enhance the associations

between age-related folate deficiency and the onset of neurological or cognitive disorders.

Also, it is unknown whether folate supplementation is sufficient to overcome the potential

effects of an interaction between an MTHFR polymorphism and H. pylori infection in older

adults. With the number of associations between deficiencies in folate metabolism and vari-

ous brain disorders, our findings indicate a need for continued investigation into the com-

pounding effects of simultaneous MTHFR mutation and H. pylori infection and in in

determining whether folate supplementation is sufficient to overcome the effects of this

interaction.

This study has a number of limitations and strengths. Due to the cross-sectional nature of

the NHANES datasets, we were unable to determine the time of H. pylori infection, precluding

understanding how infection duration might affect cognition. Also, serum 5-MTHF concen-

tration or concentrations of other folate-cycle factors are not direct indicators of MTHFR

polymorphisms as only genetic testing can determine MTHFR genotype. Although the 1999–

2000 NHANES dataset does contain MTHFR genotype data, the genotype data are restricted

and require funding to access. In a future study, we intend to obtain the restricted NHANES

genetic data to analyse directly associations between MTHFR variants, infections, and cogni-

tive function. Another factor to consider in interpreting these findings is that the sample

consisted of adults aged 60 to 85 years. The interaction betweeen5-MTHF and H. pylori sero-

positivity in predicting cognitive function might be different in other age groups. In addition,

the DSC was the only measure of cognitive function available in the 1999–2000 NHANES

dataset. Future studies could use additional measures of cognitive function to ensure the find-

ings of this study are not specific to the DSC. Strengths of the study, however, included the

large sample size and good generalizability to the US population due to the complex multi-

stage design the NHANES surveys use. Also, the use of multiple folate-cycle factors allowed for

better identification of the relationships between H. pylori seropositivity and folate-cycle fac-

tors in predicting cognitive function.

In conclusion, this study presents preliminary evidence of a potential interaction between

the availability of serum 5-MTHF and H. pylori seropositivity in predicting decreased cognitive

function in US adults aged 60 years and older. This finding might be especially relevant to vul-

nerable groups such as pregnant women and the elderly.

Helicobacter pylori, 5-MTHF, and cognitive function

PLOS ONE | https://doi.org/10.1371/journal.pone.0190475 January 24, 2018 9 / 12

https://doi.org/10.1371/journal.pone.0190475


Author Contributions

Conceptualization: Andrew N. Berrett, Dawson W. Hedges.

Data curation: Andrew N. Berrett.

Formal analysis: Andrew N. Berrett, Lance D. Erickson.

Investigation: Andrew N. Berrett.

Methodology: Lance D. Erickson, Bruce L. Brown.

Project administration: Andrew N. Berrett, Shawn D. Gale, Dawson W. Hedges.

Supervision: Shawn D. Gale, Lance D. Erickson, Bruce L. Brown, Dawson W. Hedges.

Visualization: Andrew N. Berrett, Lance D. Erickson.

Writing – original draft: Andrew N. Berrett, Shawn D. Gale, Lance D. Erickson, Dawson W.

Hedges.

Writing – review & editing: Andrew N. Berrett, Shawn D. Gale, Lance D. Erickson, Bruce L.

Brown, Dawson W. Hedges.

References
1. Grad YH, Lipsitch M, Aiello AE. Secular trends in Helicobacter pylori seroprevalence in adults in the

United States: Evidence for sustained race/ethnic disparities. Am J Epidemiol. 2012; 175(1):54–9.

https://doi.org/10.1093/aje/kwr288 PMID: 22085628

2. Helicobacter pylori: Physiology and genetics. Washington, District of Columbia: ASM Press; 2001.

3. Bernard M, Josenhans C. Pathogenesis of Helicobacter pylori infection. Helicobacter. 2014; 19 Suppl

1:11–8.

4. Kountouras J, Gavalas E, Boziki M, Zavos C. Helicobacter pylori may be involved in cognitive

impairment and dementia development through induction of atrophic gastritis, vitamin B-12–folate defi-

ciency, and hyperhomocysteinemia sequence. American Journal of Clinical Nutrition. 2007; 86:805–9.

PMID: 17823449

5. Chen J, Yuan L, Duan YQ, Jiang JQ, Zhang R, Huang ZJ, et al. Impact of methylenetetrahydrofolate

reductase polymorphisms and folate intake on the risk of gastric cancer and their association with Heli-

cobacter pylori infection and tumor site. Genet Mol Res. 2014; 13(4):9718–26. https://doi.org/10.4238/

2014.January.24.2 PMID: 24615072

6. Beydoun MA, Dore GA, Canas JA, Beydoun HA, Zonderman AB. Helicobacter pylori seropositivity’s

association with markers of iron, 1-carbon metabolism, and antioxidant status among US adults: A

structural equations modeling approach. PloS One. 2015; 10(3):e0121390. https://doi.org/10.1371/

journal.pone.0121390 PMID: 25815731

7. Berrett AN, Gale SD, Erickson LD, Brown BL, Hedges DW. Folate and inflammatory markers moderate

the association between Helicobacter pylori exposure and cognitive function in US adults. Helicobacter.

2016; 21(6):471–480. https://doi.org/10.1111/hel.12303 PMID: 26935014

8. Gale SD, Erickson LD, Brown BL, Hedges DW. Interaction between Helicobacter pylori and latent toxo-

plasmosis and demographic variables on cognitive function in young to middle-aged adults. PLoS One.

2015; 10(1):e0116874. https://doi.org/10.1371/journal.pone.0116874 PMID: 25590622

9. Beydoun MA, Beydoun HA, Shroff MR, Kitner-Triolo MH, Zonderman AB. Helicobacter pylori seroposi-

tivity and cognitive performance among US adults: Evidence from a large national survey. Psychosom

Med. 2013; 75(5):486–96. https://doi.org/10.1097/PSY.0b013e31829108c3 PMID: 23697465

10. Cheng DM, Jiang YG, Huang CY, Kong HY, Pang W, Yang HP. Polymorphism of MTHFR C677T,

serum vitamin levels and cognition in subjects with hyperhomocysteinemia in China. Nutr Neurosci.

2010; 13(4):175–82. https://doi.org/10.1179/147683010X12611460764200 PMID: 20670473

11. Hua Y, Zhao H, Kong Y, Ye M. Association between the MTHFR gene and Alzheimer’s disease: A

meta-analysis. Int J Neurosci. 2011; 121(8):462–71. https://doi.org/10.3109/00207454.2011.578778

PMID: 21663380

12. Schiepers OJ, van Boxtel MP, Harris SE, Gow AJ, Pattie A, Brett CE, et al. MTHFR polymorphisms and

cognitive ageing in the ninth decade: The Lothian Birth Cohort 1921. Genes Brain Behav. 2011; 10

(3):354–64. https://doi.org/10.1111/j.1601-183X.2010.00675.x PMID: 21255267

Helicobacter pylori, 5-MTHF, and cognitive function

PLOS ONE | https://doi.org/10.1371/journal.pone.0190475 January 24, 2018 10 / 12

https://doi.org/10.1093/aje/kwr288
http://www.ncbi.nlm.nih.gov/pubmed/22085628
http://www.ncbi.nlm.nih.gov/pubmed/17823449
https://doi.org/10.4238/2014.January.24.2
https://doi.org/10.4238/2014.January.24.2
http://www.ncbi.nlm.nih.gov/pubmed/24615072
https://doi.org/10.1371/journal.pone.0121390
https://doi.org/10.1371/journal.pone.0121390
http://www.ncbi.nlm.nih.gov/pubmed/25815731
https://doi.org/10.1111/hel.12303
http://www.ncbi.nlm.nih.gov/pubmed/26935014
https://doi.org/10.1371/journal.pone.0116874
http://www.ncbi.nlm.nih.gov/pubmed/25590622
https://doi.org/10.1097/PSY.0b013e31829108c3
http://www.ncbi.nlm.nih.gov/pubmed/23697465
https://doi.org/10.1179/147683010X12611460764200
http://www.ncbi.nlm.nih.gov/pubmed/20670473
https://doi.org/10.3109/00207454.2011.578778
http://www.ncbi.nlm.nih.gov/pubmed/21663380
https://doi.org/10.1111/j.1601-183X.2010.00675.x
http://www.ncbi.nlm.nih.gov/pubmed/21255267
https://doi.org/10.1371/journal.pone.0190475


13. Wilcken B, Bamforth F, Li Z, Zhu H, Ritvanen A, Redlund M, et al. Geographical and ethnic variation of

the 677C>T allele of 5,10 methylenetetrahydrofolate reductase (MTHFR): Findings from over 7000

newborns from 16 areas world wide. Journal of Medical Genetics. 2003; 40:619–25. https://doi.org/10.

1136/jmg.40.8.619 PMID: 12920077

14. Ho V, Massey TE, King WD. Effects of methionine synthase and methylenetetrahydrofolate reductase

gene polymorphisms on markers of one-carbon metabolism. Genes Nutr. 2013; 8(6):571–80. https://

doi.org/10.1007/s12263-013-0358-2 PMID: 24101362

15. Chieffi PP, Aquino RT, Pasqualotti MA, Ribeiro MC, Nasello AG. Behavioral changes in Rattus norvegi-

cus experimentally infected by Toxocara canis larvae. Rev Inst Med Trop Sao Paulo. 2010; 52(5):243–

6. PMID: 21049227

16. Rai V. Methylenetetrahydrofolate Reductase (MTHFR) C677T Polymorphism and Alzheimer Disease

Risk: A Meta-Analysis. Molecular Neurobiology. 2016; 54(2):1173–1186. https://doi.org/10.1007/

s12035-016-9722-8 PMID: 26820674

17. Liew SC, Gupta ED. Methylenetetrahydrofolate reductase (MTHFR) C677T polymorphism: Epidemiol-

ogy, metabolism and the associated diseases. Eur J Med Genet. 2015; 58(1):1–10. https://doi.org/10.

1016/j.ejmg.2014.10.004 PMID: 25449138

18. Foley J. Helicobacter pylori IgG antibodies in serum by enzyme immunoassay. Hyattsville, MD: U.S.

Department of Health and Human Services, Centers for Disease Control and Prevention (CDC); 2008.

19. Bagley PJ, Selhub J. Analysis of folates using combined affinity and ion-pair chromatography. Methods

In Enzymology. 1997; 281:16–25. PMID: 9250962

20. Instruction Manual, Bio-Rad Quantaphase II Folate Radioassay Kit. Bio-Rad Laboratories, Hercules,

CA; 1993.

21. Shipchandler M, Moore E. Rapid, fully automated measurement of plasma homocysteine with the

Abbott IMx analyzer. Clinical Chemistry. 1995; 47(7):991–4.

22. Wechsler D. Wechsler Adult Intelligence Scale— Third Edition. San Antonio, TX: The Psychological

Corporation; 1997.

23. Lezak MD, Howieson DB, Bigler ED, Tranel D. Neuropsychological Assessment. 5th ed: Oxford Uni-

versity Press; 2012.

24. Kim DH, Grodstein F, Newman AB, Chaves PH, Odden MC, Klein R, et al. Microvascular and macro-

vascular abnormalities and cognitive and physical function in older adults: Cardiovascular Health Study.

J Am Geriatr Soc. 2015; 63(9):1886–93. https://doi.org/10.1111/jgs.13594 PMID: 26338279

25. Knowles EE, Weiser M, David AS, Glahn DC, Davidson M, Reichenberg A. The puzzle of processing

speed, memory, and executive function impairments in schizophrenia: Fitting the pieces together. Bio-

logical Psychiatry. 2015; 78(11):786–93. https://doi.org/10.1016/j.biopsych.2015.01.018 PMID:

25863361

26. Wilson VK, Houston DK, Kilpatrick L, Lovato J, Yaffe K, Cauley JA, et al. Relationship between 25-

hydroxyvitamin D and cognitive function in older adults: The Health, Aging and Body Composition

Study. J Am Geriatr Soc. 2014; 62(4):636–41. https://doi.org/10.1111/jgs.12765 PMID: 24635412

27. Digital symbol substitution exercise. Hyatville, MD: U.S. Department of Health and Human Services,

Centers for Disease Control and Prevention (CDC); 1998.

28. Analytic Note Regarding 2007–2010 Survey Design Changes and Combining Data Across other Survey

Cycles: Centers for Disease Control and Prevention; 2011. Available from: http://www.cdc.gov/nchs/

data/nhanes/analyticnote_2007-2010.pdf

29. Brown JP, Sollers JJ 3rd, Thayer JF, Zonderman AB, Waldstein SR. Blood pressure reactivity and cog-

nitive function in the Baltimore Longitudinal Study of Aging. Health Psychol. 2009; 28(5):641–6. https://

doi.org/10.1037/a0015215 PMID: 19751091

30. Oberlin LE, Manuck SB, Gianaros PJ, Ferrell RE, Muldoon MF, Jennings JR, et al. Blood pressure inter-

acts with APOE epsilon4 to predict memory performance in a midlife sample. Neuropsychology. 2015;

29(5):693–702. https://doi.org/10.1037/neu0000177 PMID: 25730733

31. StataCorp. Stata Statistical Software: Release 14. College Station, TX: StataCorp LP; 2014.

32. Enders CK. Applied Missing Data Analysis. New York: The Guilford Press; 2010.

33. Graham JW, Olchowski AE, Gilreath TD. How many imputations are really needed? Some practical

clarifications of multiple imputation theory. Prevention Science. 2007; 8(3):206–13. https://doi.org/10.

1007/s11121-007-0070-9 PMID: 17549635

34. Rubin DB. Multiple imputation for nonresponse in surveys. New York: Wiley; 1987. xxix, p. 258

35. Chin AV, Robinson DJ, O’Connell H, Hamilton F, Bruce I, Coen R, et al. Vascular biomarkers of cogni-

tive performance in a community-based elderly population: The Dublin Healthy Ageing study. Age and

Ageing. 2008; 37(5):559–64. https://doi.org/10.1093/ageing/afn144 PMID: 18667454

Helicobacter pylori, 5-MTHF, and cognitive function

PLOS ONE | https://doi.org/10.1371/journal.pone.0190475 January 24, 2018 11 / 12

https://doi.org/10.1136/jmg.40.8.619
https://doi.org/10.1136/jmg.40.8.619
http://www.ncbi.nlm.nih.gov/pubmed/12920077
https://doi.org/10.1007/s12263-013-0358-2
https://doi.org/10.1007/s12263-013-0358-2
http://www.ncbi.nlm.nih.gov/pubmed/24101362
http://www.ncbi.nlm.nih.gov/pubmed/21049227
https://doi.org/10.1007/s12035-016-9722-8
https://doi.org/10.1007/s12035-016-9722-8
http://www.ncbi.nlm.nih.gov/pubmed/26820674
https://doi.org/10.1016/j.ejmg.2014.10.004
https://doi.org/10.1016/j.ejmg.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25449138
http://www.ncbi.nlm.nih.gov/pubmed/9250962
https://doi.org/10.1111/jgs.13594
http://www.ncbi.nlm.nih.gov/pubmed/26338279
https://doi.org/10.1016/j.biopsych.2015.01.018
http://www.ncbi.nlm.nih.gov/pubmed/25863361
https://doi.org/10.1111/jgs.12765
http://www.ncbi.nlm.nih.gov/pubmed/24635412
http://www.cdc.gov/nchs/data/nhanes/analyticnote_2007-2010.pdf
http://www.cdc.gov/nchs/data/nhanes/analyticnote_2007-2010.pdf
https://doi.org/10.1037/a0015215
https://doi.org/10.1037/a0015215
http://www.ncbi.nlm.nih.gov/pubmed/19751091
https://doi.org/10.1037/neu0000177
http://www.ncbi.nlm.nih.gov/pubmed/25730733
https://doi.org/10.1007/s11121-007-0070-9
https://doi.org/10.1007/s11121-007-0070-9
http://www.ncbi.nlm.nih.gov/pubmed/17549635
https://doi.org/10.1093/ageing/afn144
http://www.ncbi.nlm.nih.gov/pubmed/18667454
https://doi.org/10.1371/journal.pone.0190475


36. West RK, Beeri MS, Schmeidler J, Mitchell DB, Carlisle KR, Angelo G, et al. Homocysteine and cogni-

tive function in very elderly nondemented subjects. Am J Geriatr Psychiatry. 2011; 19(7):673–7. https://

doi.org/10.1097/JGP.0b013e3181faee37 PMID: 21709613

37. Polito L, Poloni TE, Vaccaro R, Abbondanza S, Mangieri M, Davin A, et al. High homocysteine and epis-

tasis between MTHFR and APOE: Association with cognitive performance in the elderly. Exp Gerontol.

2016; 76:9–16. https://doi.org/10.1016/j.exger.2016.01.005 PMID: 26774227

38. van den Kommer TN, Dik MG, Comijs HC, Jonker C, Deeg DJ. Homocysteine and inflammation: Predic-

tors of cognitive decline in older persons? Neurobiology of aging. 2010; 31(10):1700–9. https://doi.org/

10.1016/j.neurobiolaging.2008.09.009 PMID: 19004529

39. Roubaud Baudron C, Letenneur L, Langlais A, Buissonniere A, Megraud F, Dartigues JF, et al. Does

Helicobacter pylori infection increase incidence of dementia? The Personnes Agees QUID Study. J Am

Geriatr Soc. 2013; 61(1):74–8. https://doi.org/10.1111/jgs.12065 PMID: 23252507

40. Malaguarnera M, Bella R, Alagona G, Ferri R, Carnemolla A, Pennisi G. Helicobacter pylori and Alzhei-

mer’s disease: A possible link. Eur J Intern Med. 2004; 15(6):381–6. https://doi.org/10.1016/j.ejim.2004.

05.008 PMID: 15522573

41. Kountouras J, Gavalas E, Zavos C, Stergiopoulos C, Chatzopoulos D, Kapetanakis N, et al. Alzheimer’s

disease and Helicobacter pylori infection: Defective immune regulation and apoptosis as proposed

common links. Med Hypotheses. 2007; 68(2):378–88. https://doi.org/10.1016/j.mehy.2006.06.052

PMID: 16979298

42. Akcam M. Helicobacter pylori and Micronutrients. Indian Pediatrics. 2010; 47:119–26. PMID: 20228425

43. Liu J, Qi J, Yu X, Zhu J, Zhang L, Ning Q, et al. Investigations of single nucleotide polymorphisms in

folate pathway genes in Chinese families with neural tube defects. Journal of the Neurological Sciences.

2014; 337:61–6. https://doi.org/10.1016/j.jns.2013.11.017 PMID: 24326202

44. Wu X, Wang X, Chan Y, Jia S, Luo Y, Tang W. Folate metabolism gene polymorphisms MTHFR C677T

and A1298C and risk for Down syndrome offspring: A meta-analysis. European Journal of Obstetrics &

Gynecology and Reproductive Biology. 2013; 167:154–9.

45. Liu X, Solehdin F, Cohen IL, Gonzalez MG, Jenkins EC, Lewis ME, et al. Population- and family-based

studies associate the MTHFR gene with idiopathic autism in simplex families. J Autism Dev Disord.

2011; 41(7):938–44. https://doi.org/10.1007/s10803-010-1120-x PMID: 21069446

46. Pu D, Shen Y, Wu J. Association between MTHFR gene polymorphisms and the risk of autism spec-

trum disorders: A meta-analysis. Autism Res. 2013; 6(5):384–92. https://doi.org/10.1002/aur.1300

PMID: 23653228

47. Marcus EA, Sachs G, Scott DR. Eradication of Helicobacter pylori infection. Curr Gastroenterol Rep.

2016; 18(7):33. https://doi.org/10.1007/s11894-016-0509-x PMID: 27177639

48. Kwok T, Lee J, Law CB, Pan PC, Yung CY, Choi KC, et al. A randomized placebo controlled trial of

homocysteine lowering to reduce cognitive decline in older demented people. Clin Nutr. 2011; 30

(3):297–302. https://doi.org/10.1016/j.clnu.2010.12.004 PMID: 21216507

49. Azimova JE, Sergeev AV, Korobeynikova LA, Kondratieva NS, Kokaeva ZG, Shaikhaev GO, et al.

Effects of MTHFR gene polymorphism on the clinical and electrophysiological characteristics of

migraine. BMC Neurology. 2013; 13(103).

50. Vallelunga A, Pegoraro V, Pilleri M, Biundo R, De Iuliis A, Marchetti M, et al. The MTHFR C677T poly-

morphism modifies age at onset in Parkinson’s disease. Neurol Sci. 2014; 35(1):73–7. https://doi.org/

10.1007/s10072-013-1545-z PMID: 24052451

51. Lok A, Mocking RJ, Assies J, Koeter MW, Bockting CL, de Vries GJ, et al. The one-carbon-cycle and

methylenetetrahydrofolate reductase (MTHFR) C677T polymorphism in recurrent major depressive dis-

order; influence of antidepressant use and depressive state? Journal of Affective Disorders. 2014;

166:115–23. https://doi.org/10.1016/j.jad.2014.04.048 PMID: 25012419

52. Bousman CA, Potiriadis M, Everall IP, Gunn JM. Methylenetetrahydrofolate reductase (MTHFR)

genetic variation and major depressive disorder prognosis: A five-year prospective cohort study of pri-

mary care attendees. Am J Med Genet B Neuropsychiatr Genet. 2014; 165B(1):68–76. https://doi.org/

10.1002/ajmg.b.32209 PMID: 24123968

53. Hultberg B, Isaksson A, Nilsson K, Gustafson L. Markers for the functional availability of cobalamin/

folate and their association with neuropsychiatric symptoms in the elderly. International Journal of Geri-

atric Psychiatry. 2001; 16:873–8. PMID: 11571767

54. Tiemeier H, Tuijl HRv, Hofman A, Meijer J, Kiliaan AJ, Breteler MMB. Vitamin B12, folate, and homocys-

teine in depression: The Rotterdam Study. American Journal of Psychiatry. 2002; 159(12):2099–101.

https://doi.org/10.1176/appi.ajp.159.12.2099 PMID: 12450964

55. Reutens S, Sachdev P. Homocysteine in neuropsychiatric disorders of the elderly. Int J Geriatr Psychia-

try. 2002; 17(9):859–64. https://doi.org/10.1002/gps.723 PMID: 12221661

Helicobacter pylori, 5-MTHF, and cognitive function

PLOS ONE | https://doi.org/10.1371/journal.pone.0190475 January 24, 2018 12 / 12

https://doi.org/10.1097/JGP.0b013e3181faee37
https://doi.org/10.1097/JGP.0b013e3181faee37
http://www.ncbi.nlm.nih.gov/pubmed/21709613
https://doi.org/10.1016/j.exger.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26774227
https://doi.org/10.1016/j.neurobiolaging.2008.09.009
https://doi.org/10.1016/j.neurobiolaging.2008.09.009
http://www.ncbi.nlm.nih.gov/pubmed/19004529
https://doi.org/10.1111/jgs.12065
http://www.ncbi.nlm.nih.gov/pubmed/23252507
https://doi.org/10.1016/j.ejim.2004.05.008
https://doi.org/10.1016/j.ejim.2004.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15522573
https://doi.org/10.1016/j.mehy.2006.06.052
http://www.ncbi.nlm.nih.gov/pubmed/16979298
http://www.ncbi.nlm.nih.gov/pubmed/20228425
https://doi.org/10.1016/j.jns.2013.11.017
http://www.ncbi.nlm.nih.gov/pubmed/24326202
https://doi.org/10.1007/s10803-010-1120-x
http://www.ncbi.nlm.nih.gov/pubmed/21069446
https://doi.org/10.1002/aur.1300
http://www.ncbi.nlm.nih.gov/pubmed/23653228
https://doi.org/10.1007/s11894-016-0509-x
http://www.ncbi.nlm.nih.gov/pubmed/27177639
https://doi.org/10.1016/j.clnu.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21216507
https://doi.org/10.1007/s10072-013-1545-z
https://doi.org/10.1007/s10072-013-1545-z
http://www.ncbi.nlm.nih.gov/pubmed/24052451
https://doi.org/10.1016/j.jad.2014.04.048
http://www.ncbi.nlm.nih.gov/pubmed/25012419
https://doi.org/10.1002/ajmg.b.32209
https://doi.org/10.1002/ajmg.b.32209
http://www.ncbi.nlm.nih.gov/pubmed/24123968
http://www.ncbi.nlm.nih.gov/pubmed/11571767
https://doi.org/10.1176/appi.ajp.159.12.2099
http://www.ncbi.nlm.nih.gov/pubmed/12450964
https://doi.org/10.1002/gps.723
http://www.ncbi.nlm.nih.gov/pubmed/12221661
https://doi.org/10.1371/journal.pone.0190475

