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Abstract

INTRODUCTION—We studied the replication and generalization of previously identified 

metabolites potentially associated with global cognitive function in multiple race/ethnicities and 

assessed the contribution of diet to these associations.

METHODS: We tested metabolite-cognitive function associations in the U.S.A. Hispanic/Latino 

adults (n= 2,222) from the Community Health Study/Study of Latinos (HCHS/SOL) and 

in European (n=1,365) and African (n=478) Americans from the Atherosclerosis Risk In 

Communities (ARIC) Study. We applied Mendelian Randomization (MR) analyses to assess 

causal associations between the metabolites and cognitive function and between Mediterranean 

diet and cognitive function.

RESULTS: Six metabolites were consistently associated with lower global cognitive function 

across all studies. Of these, four were sugar-related (e.g., ribitol). MR analyses provided weak 

evidence for a potential causal effect of ribitol on cognitive function and bi-directional effects of 

cognitive performance on diet.

DISCUSSION—Several diet-related metabolites were associated with global cognitive function 

across studies with different race/ethnicities.

Keywords

Metabolites; Global cognitive function; Puerto Rican; U.S. Hispanics/Latinos; Race/Ethnicities; 
Mediterranean diet

1. Background

Poor global cognitive function in older adults is a risk factor for morbidity and mortality[1]. 

In the last decade, metabolome profiling has emerged as a new approach for biomarker 

discovery, with metabolites used to evaluate the pathophysiology of health and disease[2]. 

Several studies have shown blood metabolite associations with cognitive function and 

dementia[3,4]. A recent study of untargeted mass-spectrometry based metabolomics analysis 

identified 13 metabolites potentially associated with either higher (3 metabolites) or lower 

(10 metabolites) global cognitive function in the Boston Puerto Rican Health Study 

(BPRHS), a cohort of 736 Puerto Rican older adults[5]. Many of the metabolites identified 

in the BPRHS implicate glycemic control and insulin resistance as key factors linked to 

cognition[5]. They also constructed a metabolite risk score, combining several metabolites 

as a single biomarker that could potentially discriminate good from poor extremes of 

cognition. Replication of these results in independent datasets is needed in order to validate 

the associations and to estimate more accurate effect size estimates, that do not suffer from 
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the Winner’s curse[6]. It is also important to study whether these associations are indeed 

specific to Puerto Ricans, or whether they are more generally applicable to other populations 

of varied race/ethnicities. Blood metabolites are influenced by genetics, health conditions, 

lifestyle, and environmental factors such as diet[7], all of which vary, potentially resulting in 

group-specific associations.

Diet is an important source for many of the metabolites identified by BPRHS, specifically 

fruits, and vegetables, which are major components of the Mediterranean diet[8]. Adherence 

to the Mediterranean diet has previously been associated with cognitive benefits[9]. The 

BPRHS findings suggest that a healthy diet, rich in fruits and vegetables, may have a 

potential causal effect on cognition via a mediating role of metabolites. The opposite may 

also hold; cognitive function determines the diet which affects the blood metabolites.

Here, we studied whether the associations reported by the BPRHS replicate and generalize 

to other race/ethnicities. We also sought evidence for causal effects of the replicated 

metabolites on global cognitive function, as well as evidence for causal effects of diet, 

a major determinant of the metabolites, on global cognitive function. Our investigation 

followed the steps in Figure 1. First, we used data from the Hispanic Community 

Health Study/Study of Latinos (HCHS/SOL), a population-based longitudinal cohort 

study of Hispanics/Latino adults in the U.S. who self-identified with six Hispanic/Latino 

background groups: Cuban, Dominican, Puerto Rican, Mexican, Central American, and 

South American[10]. We tested whether single blood-serum metabolite associations reported 

in BPRHS replicate in HCHS/SOL Puerto Ricans and generalize more broadly to Hispanics/

Latinos (Step A). We also assessed whether the metabolite risk score (MRS) developed in 

BPRHS is associated with extremes of global cognition (Step B). Next, we further assessed 

whether metabolite associations with global cognitive function generalize to European 

and African Americans using the Atherosclerosis Risk in Communities (ARIC) study 

(Step C). We then applied two-sample Mendelian randomization (MR) to test whether the 

associated metabolites are causally associated with global cognitive function (Step D). We 

then studied the role of diet in the observed associations between metabolites and global 

cognitive function. We first tested the association between the Mediterranean diet (derived 

from dietary recalls) and single metabolites (Step E) and then evaluated cause-and-effect 

relationships between the Mediterranean diet and cognitive performance using bidirectional 

MR (Step F).

2. Methods

2.1 HCHS/SOL Study population

The HCHS/SOL is a population-based longitudinal multisite cohort study of Hispanic/

Latino adults in the U.S. that enrolled participants from primarily six self-identified 

backgrounds: Cuban, Central American, Dominican, Mexican, Puerto Rican, and South 

American[10,11]. A total of 16,415 adults, 18 to 74-year-old, were enrolled at baseline 

visit 1 at four field centers (Bronx, NY, Chicago, IL, Miami, FL, and San Diego, CA) 

(2008–2011). A detailed description of the sampling design, including the generation and 

use of survey weights for the HCHS/SOL, was previously published[10,11]. Anthropometry, 

biospecimens, and health information about risk/protective factors were collected. Cognitive 
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function was assessed in 9,714 individuals aged ≥45 years via a battery of 4 tests: Six-Item 

Screener (SIS; mental status)[12]; Brief-Spanish English Verbal Learning Test (B-SEVLT; 

verbal episodic learning and memory)[13]; Word Fluency (WF; verbal functioning)[14]; and 

Digit Symbol Substitution test (DSS; processing speed, executive function)[15]. Metabolites 

were measured in serum, after fasting, on a random subset of 3,978 participants from visit 

1, of which 2,366 also had cognitive data. We included individuals with cognitive data, with 

<25% missing measured metabolites, with genetic consent, with APOE genotype and no 

missing covariates. Overall, our HCHS/SOL analytic sample included 2,222 participants, 

of which 426 were of Puerto-Rican background. All participants in this analysis signed 

informed consent in their preferred language (Spanish/English). The study was reviewed and 

approved by the Institutional Review Boards at all collaborating institutions.

2.2 Neurocognitive outcome

We mimicked the analysis performed in BPRHS[5] and calculated a global cognitive 

function score as the mean of the z-scores for each of the available cognitive tests: SIS 

(rank normalized prior to z-score computation to achieve a more symmetric distribution 

compared to its raw values), WF, DSS, and two B-SEVLT scores (recall and delayed recall). 

We determined good and poor extremes of global cognition by including individuals with 

≤1SD below the mean and individuals with ≥1SD above the mean, totaling in n=172 Puerto 

Ricans (109 high and 63 low global cognition scores) and n=724 in the total HCHS/SOL 

analytical sample (361 high and 363 low global cognition scores).

2.3 Metabolomics measurement and processing

Metabolites were measured in blood serum drawn after ≥8 hours of overnight fasting. 

Profiling was done using untargeted liquid chromatography-mass spectrometry (LC-MS) 

using the discovery HD4 platform in 2017 at Metabolon Inc. (Durham, NC)[16]. This 

platform surveys a broad set of potential markers, spanning the following super-pathways: 

amino acid, peptide, carbohydrate, energy, lipid, nucleotide, cofactors and vitamins, and 

xenobiotics. Of 1,136 metabolites quantified, 784 were identified as known compounds, and 

352 were unidentified. Out of 13 previously identified single metabolite associations with 

global cognitive function in the BPRHS, 11 metabolites were available in the HCHS/SOL 

(Supplementary Table 1). Out of 51 metabolites included in model 1 MRS associated with 

global cognitive function in the BPRHS, 36 metabolites were available in the HCHS/SOL 

(Supplementary Table 2). MRS for the HCHS/SOL participants was calculated based 

on these metabolites and their concordant estimated effects. Metabolites were treated as 

continuous measures and missing values were imputed with half the minimum observed 

value (that is not zero) in the sample, for the primary analyses. For a secondary analysis 

of single metabolites’ association, we used only complete cases. Next, the metabolites 

were rank-based inverse normalized across the sample. All identified metabolites had <26% 

missing values.

2.4 Genotyping

APOE genotyping was performed using commercial TaqMan assays previously 

described[17]. For individuals with missing APOE genotypes, we determined APOE 
genotypes based on phased whole-genome sequencing (WGS) data from TOPMed Freeze 
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8. Other genetic data were used based on genotyping (rather than WGS) using an 

Illumina custom array, as previously reported. Principal Components (PCs) were previously 

computed using PC-Relate[18], and the kinship matrix was computed using the genetic 

data. ‘Genetic analysis groups’ were constructed based on a combination of self-identified 

Hispanic/Latino background and genetic similarity, and are classified as Central American, 

Cuban, Dominican, Mexican, Puerto Rican, and South American[19]. Genome-wide 

imputation was conducted using the TOPMed Freeze 5b as a reference panel[20].

2.5 Statistical Analyses

We characterized our HCHS/SOL analytic sample of individuals with cognitive and 

metabolomic data, stratified by Hispanic/Latino background, and compared it to the 

HCHS/SOL subset of individuals with cognitive data without metabolomic data.

2.5.1 Replication and generalization of metabolite and MRS associations in 
HCHS/SOL—We tested the cross-sectional association between each of the 11 metabolites 

and MRS with global cognitive function in the HCHS/SOL Puerto-Ricans and the total 

HCHS/SOL analytical sample (Figure 1, Step A). We used generalized linear mixed models 

with the ‘GENESIS’ R package with correlations modeled via kinship, household, and 

census block unit sharing matrices. We used this approach to account for the correlation 

structure between individuals in the sample and included genetic relatedness because some 

metabolites are highly heritable. Similar to the BPRHS, we adjusted for age, sex, study 

center, education (<12,12,12< years), BMI (normal, overweight, obese), smoking (never, 

past, current), APOE-ɛ4 carrier status (dominant mode), and Mediterranean dietary score. 

Because many metabolites are highly heritable, we also adjusted for the first five PCs of 

genetic data, as it was previously shown that control for 5 PCs is appropriate to account 

for population stratification in HCHS/SOL [19]. The Mediterranean dietary score is derived 

from the mean intakes of food groups/nutrients from two 24-hour dietary recalls, ranging 

between 0 (lowest adherence to the diet) and 9 (highest adherence to the diet) [21]. The food 

groups/nutrients include nine scores: legume, fruit, vegetable, wholegrain, nuts, red meat, 

fish, monounsaturated fatty acids (MUFA)/saturated fatty acids (SFA) ratio, and alcohol. 

When estimating associations in the total HCHS/SOL analytical sample, we also adjusted 

for self-identified Hispanic/Latino background groups. We combined previous association 

results for single-metabolite association with global cognitive function in BPRHS with the 

results in the HCHS/SOL Puerto-Ricans and total HCHS/SOL analytic sample in an inverse-

variance weighted, fixed-effect meta-analysis, using a one-sided p-value for HCHS/SOL 

results. We mimicked the analysis performed in BPRHS and tested whether the MRS could 

discriminate good from poor extremes of global cognition by using the generalized linear 

mixed models with a logistic link function adjusted for the above-listed covariates (Figure 1, 

Step B). An association was significant if its one-sided p-value was < 0.05. For a secondary 

analysis, we stratified the single metabolites’ association by sex, and by categories of years 

of education.

2.5.2 Sensitivity analyses—We mimicked the BPRHS sensitivity analyses and 

restricted the analyses to participants without diabetes (based on American Diabetes 

Association definition) (Puerto Rican n=295, total n=1,631) or participants with good 
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adherence to the Mediterranean diet (diet-score 4 or above) (Puerto Rican n=143, total 

n=1,101) or participants aged 60 or more years (Puerto Rican n=139, total n=603) or to 

non-APOE-ɛ4 carriers (Puerto Rican n=317, total n=1,724).

2.5.3 Generalization analysis of metabolite associations in ARIC study and 
meta-analysis—We further evaluated the generalizability of the discovered single 

metabolite associations in the ARIC study (Figure 1, Step C) which is comprised of other 

major U.S. race/ethnic groups, European and African Americans. ARIC is a longitudinal 

cohort study with cognitive measures and metabolite profiling based on a similar Metabolon 

platform[22,23]. A global cognitive function score was derived from the mean of the z-

scores for each of the following cognitive tests administered at visit 2 (1990–1992): Delayed 

Word Recall Test (DWRT), Word Fluency Test (WFT), and Digit Symbol Substitution Test 

(DSST)[24]. Adherence to a Mediterranean diet was evaluated by calculating the alternate 

Mediterranean diet (aMed) score using data obtained by administering a semiquantitative 

food frequency questionnaire to assess dietary intake at visit 1 (1987–1989)[25,26]. Further 

details are provided in the Supplementary Materials and Table 1. Out of 13 previously 

identified single metabolite associations with global cognitive function in the BPRHS, 

10 metabolites were available in ARIC. We meta-analyzed the results from BPRHS, 

HCHS/SOL Hispanics/Latinos, ARIC European, and African Americans in an inverse-

variance, fixed-effect meta-analysis.

2.5.4 Mendelian Randomization analysis to assess a causal effect of 
metabolites on global cognitive function—We performed a two-sample MR to 

estimate the causal effect of each of the replicated metabolites (exposures) on global 

cognitive function (outcome) using the ‘TwoSampleMR’ R package[27] (Figure 1, Step 

D). Further details are described in the supplemental data.

2.5.5 Assessment of dietary contributions to the association between 
metabolites and cognitive function—In the Supplementary Material, we provide 

information regarding a secondary analysis studying the association effect of Mediterranean 

diet on the replicated and/or generalized metabolite associations and the potential causal 

effect of diet on cognitive function and vice versa using bi-directional MR.

2.5.6 Data availability—HCHS/SOL genetic, phenotypic, and metabolomics data can 

be obtained through the study’s Data Coordinating Center using an approved data 

use agreement. Information is provided in https://sites.cscc.unc.edu/hchs/. HCHS/SOL 

genetic and phenotypic data can also be obtained from dbGaP under accession number 

phs000810.v1.p1. ARIC genetic, phenotypic, and metabolomics data can be obtained 

through the study’s Data Coordinating Center using an approved data use agreement. 

Information is provided in https://sites.cscc.unc.edu/aric/distribution-agreements.

3. Results

Table 1 characterizes the demographic, health, and lifestyle characteristics of the study 

population, stratified by Hispanic/Latino background groups. Overall, the HCHS/SOL 

analytic dataset included 2,222 individuals (912 men; 1,310 women), with a mean age 
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of 54.9 (SD=7.4) years at visit 1. Out of these, 426 individuals were Puerto-Rican (172 

men; 254 women), with a mean age of 56.1 (SD=7.5) years at visit 1. Supplementary 

Table 3 further characterizes the HCHS/SOL study population analytic sample, composed 

of participants with cognitive data and metabolomic data, compared with HCHS/SOL 

participants with cognitive data but without metabolomic data. No major differences 

are seen in demographic, lifestyle, and health characteristics, including cardiometabolic 

comorbidities.

3.1 Replication, generalization, and meta-analysis of metabolite and MRS association 
analyses in HCHS/SOL

Figure 2 and Supplementary Table 4 summarize previous association results of the 11 

metabolite associations with global cognitive function in the BPRHS, together with 

replication results in the HCHS/SOL Puerto-Rican background group and generalization 

results in the total HCHS/SOL analytic sample, and their meta-analyses with BPRHS. 

In general, 10 out of 11 metabolite associations had a consistent direction of estimated 

effects between BPRHS and HCHS/SOL Puerto-Ricans, and 9 out of 11 for the 

total HCHS/SOL analytic sample. Three metabolite associations, beta-Cryptoxanthin, 

gamma-CEHC glucuronide, and Tyramine-O-sulfate, were replicated (p-value<0.05) in 

HCHS/SOL Puerto Ricans. Two of these metabolites, beta-Cryptoxanthin and gamma-

CEHC glucuronide, and one other metabolite, 5’-Methylthioadenosine, generalized (p-

value<0.05) to the total HCHS/SOL dataset. Figure 3 visualizes the Pearson correlations 

between the 11 available metabolites in the HCHS/SOL analytic sample. Results from the 

complete-cases metabolite analyses presented in Supplementary Table 5 show similar results 

to the analyses of the imputed metabolites, and an additional statistically significant negative 

association between ribitol and global cognitive function in the total HCHS/SOL analytic 

sample. Across the 11 metabolites, the highest missing rate was 7% when focusing on the 

Puerto Rican group, and 9% in the total analytic sample.

Secondary analysis results of stratification by sex or years of education categories are 

presented in Supplementary Table 6. The subgroups are small therefore the power is low and 

as expected many of the associations do not remain significant.

The MRS, based on 36 identified metabolites out of 51 metabolites included in the BPRHS 

MRS, did not significantly discriminate good from poor extremes of global cognition, 

neither in the Puerto Rican from HCHS/SOL (OR=1.28, 95% confidence interval= 

[0.77,2.13]) nor in the total HCHS/SOL analytic samples (beta=1.16, 95% confidence 

interval= [0.92,1.46]).

3.2 Sensitivity analyses

In sensitivity analyses restricted to non-diabetic participants, both in the HCHS/SOL Puerto-

Rican and the total HCHS/SOL analytic sample, the association of betacryptoxanthin with 

higher cognitive function strengthened, similar to the sensitivity results in BPRHS. It also 

strengthened when restricting the HCHS/SOL Puerto Ricans to non-carriers of APOE-Ɛ4 or 

participants age 60 and above, and when restricting the total HCHS/SOL analytic sample to 

participants with high adherence to the Mediterranean diet or participants age 60 and above. 
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In sensitivity analyses restricted to HCHS/SOL Puerto-Rican non-carriers of APOE-Ɛ4, 

glucose was inversely associated with cognitive function similar to the sensitivity results in 

BPRHS. Glucose was also inversely associated with cognitive function when restricting the 

HCHS/SOL Puerto-Rican and the total HCHS/SOL analytic sample to participants age 60 

and above and restricting HCHS/SOL Puerto Ricans to participants with high adherence to 

the Mediterranean diet. All sensitivity analyses are presented in Supplementary Figures 1 & 

2 and summarized in Supplementary Table 7.

3.3 Generalization analysis of metabolite associations in ARIC and meta-analysis

Figure 4 and Supplementary Table 8 summarize previous association results of metabolite 

associations with global cognitive function in the BPRHS, together with generalization 

results in the total HCHS/SOL population and the European and African American ARIC 

populations, and their meta-analyses with BPRHS. In general, 6 out of 10 metabolite 

associations had a consistent negative direction of estimated effects i.e., worse cognitive 

function, between BPRHS, HCHS/SOL, and ARIC, for both Europeans and African 

Americans, with a significant meta-analysis p-value: 5’-Methylthioadenosine, glucose, 

mannose, ribitol, gamma-CEHC glucuronide, mannitol/sorbitol. The first four metabolites 

were nominally significant in ARIC Europeans, and glucose was also nominally significant 

in ARIC African Americans.

3.4 Mendelian Randomization - Single metabolites and global cognitive function

MR analyses based on GWAS of general cognitive function from Europeans (n=300,486)

[28] did not support causal effects of metabolites on general cognitive function 

(Supplementary Table 9). MR analyses based on metabolite GWAS summary statistics from 

Hispanics/Latinos and cognitive performance from Europeans (n=257,841)[29] resulted in 

weak evidence for a potential causal effect of ribitol on cognitive performance using two 

variants as instrumental variables with the IVW multiplicative random-effects method (p-

value= 0.03) (Supplementary Table 10). The 2 instrumental variables explained R2= 3.69% 

of the ribitol (exposure) variance. For all other metabolites, we found no evidence for 

causal effects on cognitive performance (Supplementary Table 10). Across metabolites, the 

explained variance by the instrumental variables ranged between 0.94–12.43%.

3.4 Assessment of dietary contributions to the association between metabolites and 
cognitive function

Diet scores and metabolites’ association results in HCHS/SOL are presented in 

Supplementary Table 11. Mediterranean diet and its dietary scores components presented 

significant associations with many of the metabolites, with the strongest positive 

association between the fruit score and beta-Cryptoxanthin (beta=0.38, p-value=2.69E-26). 

Bi-directional MR results for single-food intake scores and cognitive performance are 

presented in Supplementary Tables 12 & 13. Suggestive evidence for causality was 

detected for both directions, with stronger significant associations for a causal effect of 

cognitive performance on single-food intake scores. Further details are summarized in the 

supplemental data.
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4. Discussion

In this study, we replicated previously reported metabolite associations with general 

cognitive function in older U.S. Puerto-Rican adults and generalized them to other 

population groups, including Hispanics/Latinos in the U.S., European Americans, and 

African Americans. Higher blood plasma levels of six metabolites were associated 

with lower general cognitive function in all populations: gamma-CEHC glucuronide, 

5’-Methylthioadenosine, glucose, mannose, ribitol, mannitol/sorbitol. In addition, beta-

Cryptoxanthin and Tyramine-O-sulfate, were associated with higher and lower global 

cognitive function in the HCHS/SOL Puerto-Ricans respectively, and beta-Cryptoxanthin 

association also generalized to the total analytic HCHS/SOL dataset (data for these 

two metabolites was not available in ARIC). Assessing causal association using MR 

for metabolites and cognitive performance suggested that the association with ribitol 

is potentially causal, but the evidence is weak given multiple testing (unadjusted p-

value=0.03). All metabolites with replicated and/or generalized association with global 

cognitive function, other than mannitol/sorbitol, were associated with the Mediterranean diet 

and/or its component food groups/nutrients scores.

The six generalized metabolites that were negatively associated with cognitive function 

across race/ethnicities are positively correlated with each other in the HCHS/SOL, as shown 

in Figure 3. Four of them are sugars or sugar derivatives: glucose, mannose, ribitol, and 

mannitol/sorbitol. Glucose is the main source of energy of the human brain, and glucose 

metabolism monitoring is critical for brain physiology[30]. In the secondary analysis 

excluding individuals with Diabetes, there was no negative association between glucose 

and cognitive function. Dysregulation of blood sugars was previously linked to cognitive 

impairment; however, clinical studies have not demonstrated a beneficial effect of glucose 

regulation on cognitive outcomes[31]. This is compatible with the mostly null results from 

MR causality assessment between the metabolites and cognitive function. Nevertheless, MR 

analysis did suggest that ribitol may have a causal effect on cognitive performance using 

strong genetic instrumental variables (R2= 3.69%). Ribitol is pentose alcohol formed by the 

reduction of ribose. A recent study in China of serum metabolomic profiling in patients 

with Alzheimer’s disease and amnestic mild cognitive impairment included ribitol as one of 

the metabolites discriminating between the disease groups and the normal healthy control 

group[32]. Ribitol concentrations were lower in the disease groups and ribitol was positively 

correlated with cognitive assessment scores. The incompatibility of these results with our 

results could be due to genetic and environmental differences, potentially influencing the 

metabolite levels and cognitive function differently, or the published association may be a 

false positive association. Further studies are needed to elucidate the effect of ribitol on 

cognitive function across race/ethnicities.

Beta-Cryptoxanthin, which was positively associated with cognition in both Puerto Ricans 

and the total HCHS/SOL population, is an antioxidant, pre-vitamin A carotenoid found 

in fruits and vegetables. It was previously suggested it may be involved with cancer 

prevention and decreased risk of insulin resistance and liver dysfunction[33]. MR analysis, 

with limited power, using one instrumental variable which explained <1% of the metabolite 

variance, did not support a causal effect of beta-Cryptoxanthin on cognitive performance. 
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Beta-Cryptoxanthin was associated with multiple diet scores in HCHS/SOL, with fruit score 

being the most prominent association (beta=0.42, p-value=4.56E-30). This supports the 

important role of a healthy diet in cognitive health.

Based on our analysis, the evidence for a causal association between the specific metabolites 

and cognitive function is weak. However, it is possible that these metabolites are markers of 

an underlying causal relationship between diet and cognitive function. For example, dietary 

factors may cause changes in serum metabolite levels and influence cognitive function 

in parallel processes, resulting in metabolite-cognitive function associations. In the other 

direction, cognitive function may influence the choices of dietary intake (via its association 

with other socioeconomic factors), which induces metabolite levels, again, resulting in 

metabolite-cognitive function associations. Observational studies suggest a beneficial effect 

of the Mediterranean diet on older adults’ global cognition[34]. A recent longitudinal 

prevention trial showed that better adherence to an energy-restricted Mediterranean diet 

is associated with improved global cognition three years later[9]. However, our analysis of 

bi-directional MR for single-food intake scores and cognitive performance mainly supports 

the reverse association, where cognitive function influences nutrition. The causal effect 

of cognitive performance on alcohol consumption was the strongest effect of all single 

food-intake scores.

Overall, we demonstrated high validity and generalizability of several metabolite 

associations with global cognitive function across diverse race/ethnicities, specifically 

metabolites related to sugars. Other metabolites may be specific to race/ethnic groups. The 

associated metabolites also highlight the importance of a healthy diet, specifically fruit and 

vegetable consumption, in the association with global cognitive function in adults. Future 

work should study the usefulness of metabolomics biomarkers of global cognitive function 

across diverse race/ethnicities, preferably in study designs allowing causal inference. Our 

study has a few limitations. The global cognitive function score was calculated based on 

a different set of cognitive tests in each of the datasets, BPRHS, SOL, and ARIC. Despite 

this limitation, our results showed strong consistency which strengthens the validity of 

the findings. In addition, our study design is cross-sectional, therefore causal inference is 

limited. We attempted causal inference by using MR analyses that overcome unmeasured 

confounding. Our results showed weak causal effects, but this may be due to the differences 

in measurements of studied exposures and/or outcomes. Future studies are needed to 

evaluate metabolite associations and evaluate causal associations more precisely.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Metabolite - global cognitive function analyses flowchart. Step A: Replication and 

generalization analysis in HCHS/SOL of previously reported single metabolites associated 

with global cognitive function in BPRHS (Step A). Step B: Replication and generalization 

testing in HCHS/SOL of association of the metabolite risk score (MRS) constructed in 

BPRHS with extremes of global cognition. Step C: Generalization of single metabolite 

associations with global cognitive function in the Atherosclerosis Risk In Communities 

(ARIC) dataset. Step D: Two-sample Mendelian randomization (MR) analysis to evaluate 

causal relationships between the single metabolites and global cognitive function. Step E: 

Associations between the Mediterranean diet and single metabolites. Step F: Bidirectional 

MR to understand the cause-and-effect relationships between the single-food intake scores 

and global cognitive function.
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Figure 2: 
A. The number of participants in each study and/or combination of studies. B. Estimated 

effects and 95% confidence intervals for single metabolite associations with global cognitive 

function, in BPRHS (previously reported), HCHS/SOL Puerto-Ricans, and total HCHS/SOL 

analytical sample. Meta-analysis of the BPRHS with each of these groups is presented as 

well. Models are adjusted for age, sex, study center, education, BMI, smoking, APOE-ɛ4 

carrier status, smoking, and Mediterranean diet score.
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Figure 3: 
Correlations between the 11 metabolites associated with global cognitive function, 

previously identified in the BPRHS, and available in the HCHS/SOL. The metabolite 

correlations were computed within the HCHS/SOL current analytic sample (n=2,222).
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Figure 4: 
A. The number of participants in each study and/or combination of studies. B. Estimated 

effects and 95% confidence intervals for single metabolite associations with global cognitive 

function, in BPRHS (previously reported), in HCHS/SOL total analytical dataset, and ARIC 

Europeans and African Americans. Meta-analysis of all the groups together is presented 

as well (total sample sizes vary by metabolite, due to missing metabolite data in specific 

studies). Models are adjusted for age, sex, study center, education, BMI, smoking, APOE-ɛ4 

carrier status, smoking, and Mediterranean diet score.
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Table 1:

Demographics, health, and lifestyle characteristics of the HCHS/SOL and ARIC analytic study samples, 

stratified by background or ancestry.

HCHS/SOL ARIC

Dominican
Central 

American Cuban Mexican
Puerto-
Rican

South 
American

More 
than one 
heritage/

Other Total
European 
American

African 
American

N (%) 217 (9.8) 213 (9.6)
433 

(19.5)
749 

(33.7)
426 

(19.2) 136 (6.1) 48 (2.2) 2,222 1,365 478

SEX = M (%) 84 (38.7) 80 (37.6)
209 

(48.3)
286 

(38.2)
172 

(40.4) 56 (41.2) 25 (52.1)
912 

(41.0) 620 (45.4) 164 (34.3)

AGE (years) 
(mean (SD))

53.88 
(7.44)

55.01 
(7.20)

55.43 
(7.43)

54.26 
(7.29)

56.07 
(7.49)

54.67 
(7.36)

55.04 
(8.04)

54.91 
(7.41)

57.47 
(5.74)

56.29 
(5.41)

Education 
years (%)

<12 97 (44.7) 92 (43.2)
111 

(25.6)
357 

(47.7)
180 

(42.3) 29 (21.3) 20 (41.7)
886 

(39.9) 223 (16.3) 195 (40.8)

12 41 (18.9) 40 (18.8)
109 

(25.2)
154 

(20.6)
101 

(23.7) 31 (22.8) 9 (18.8)
485 

(21.8) 454 (33.3) 95 (19.9)

>12 79 (36.4) 81 (38.0)
213 

(49.2)
238 

(31.8)
145 

(34.0) 76 (55.9) 19 (39.6)
851 

(38.3) 688 (50.4) 188 (39.3)

BMI (kg/m2) 
(%)

Normal weight 
(< 25.0) 30 (13.8) 28 (13.1)

93 
(21.5)

111 
(14.8)

69 
(16.2) 31 (22.8) 6 (12.5)

368 
(16.6) 452 (33.1) 86 (18.0)

Overweight 
(25.0 – 30.0) 87 (40.1) 89 (41.8)

178 
(41.1)

296 
(39.5)

148 
(34.7) 56 (41.2) 12 (25.0)

866 
(39.0) 568 (41.6) 183 (38.3)

Obese (> 30) 100 (46.1) 96 (45.1)
162 

(37.4)
342 

(45.7)
209 

(49.1) 49 (36.0) 30 (62.5)
988 

(44.5) 345 (25.3) 209 (43.7)

Smoking (%)

Never 145 (66.8) 127 (59.6)
176 

(40.6)
438 

(58.5)
206 

(48.4) 75 (55.1) 28 (58.3)
1,195 
(53.8) 300 (22.0) 131 (27.4)

Former 46 (21.2) 53 (24.9)
114 

(26.3)
206 

(27.5)
104 

(24.4) 37 (27.2) 13 (27.1)
573 

(25.8) 555 (40.7) 142 (29.7)

Current 26 (12.0) 33 (15.5)
143 

(33.0)
105 

(14.0)
116 

(27.2) 24 (17.6) 7 (14.6)
454 

(20.4) 510 (37.4) 205 (42.9)

Mediterranean 
diet score 
(mean (SD))* 4.45 (1.54)

4.67 
(1.56)

4.14 
(1.44)

5.05 
(1.53)

3.85 
(1.55)

4.66 
(1.55)

4.58 
(1.60)

4.51 
(1.59) 4.25 (1.8) 4.29 (1.7)

APOE-Ɛ4 
carriers (%) 75 (34.6) 50 (23.5)

96 
(22.2)

142 
(19.0)

109 
(25.6) 17 (12.5) 9 (18.8)

498 
(22.4) 406 (29.7) 196 (41.0)

Global 
cognitive score 
(mean (SD))

−0.19 
(0.70)

−0.04 
(0.67)

−0.01 
(0.70)

0.17 
(0.71)

−0.13 
(0.74)

0.32 
(0.66)

0.04 
(0.74)

0.03 
(0.72) 0.18 (0.7)

−0.58 
(0.8)

Type II 
Diabetes (%) 53 (24.4) 53 (24.9)

108 
(24.9)

215 
(28.7)

131 
(30.8) 17 (12.5) 14 (29.2)

591 
(26.6) 147 (10.8) 134 (28.2)

Hypertension 
(%)** 108 (49.8) 103 (48.4)

209 
(48.5)

296 
(39.6)

211 
(49.9) 48 (35.3) 20 (42.6)

995 
(44.9)

604 
(44.28)

293 
(61.43)

Total 
cholesterol 
(mg/dL) (mean 
(SD))***

211.90 
(42.07)

221.54 
(52.19)

222.77 
(48.09)

216.67 
(45.81)

209.16 
(47.10)

221.39 
(46.37)

230.67 
(49.22)

216.99 
(47.15)

211.45 
(39.16)

209.99 
(41.26)
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HCHS/SOL ARIC

Dominican
Central 

American Cuban Mexican
Puerto-
Rican

South 
American

More 
than one 
heritage/

Other Total
European 
American

African 
American

Triglyceride 
(mg/dL) (mean 
(SD))

123.78 
(67.48)

178.86 
(136.85)

151.77 
(91.99)

152.30 
(114.60)

134.69 
(81.64)

146.68 
(77.27)

153.65 
(85.25)

148.25 
(101.42)

144.74 
(86.29)

121.32 
(90.71)

High-density 
lipoprotein 
(HDL) (mean 
(SD))

51.47 
(12.37)

49.68 
(14.98)

49.49 
(13.42)

50.37 
(13.58)

49.57 
(14.01)

50.90 
(13.35)

51.50 
(16.79)

50.14 
(13.72)

48.73 
(16.28)

52.68 
(16.96)

Low-density 
lipoprotein 
(LDL) (mean 
(SD))

135.67 
(37.01)

136.09 
(40.65)

142.92 
(42.75)

136.05 
(38.78)

132.65 
(41.33)

141.15 
(39.50)

148.44 
(48.74)

137.27 
(40.48)

134.31 
(36.78)

133.59 
(38.14)

CKD (Chronic 
Kidney 
Disease)****

GFR≥90 
(Normal) (%) 81 (37.3) 86 (40.4)

160 
(37.0)

325 
(43.4)

112 
(26.3) 60 (44.1) 14 (29.2)

838 
(37.7)

844 
(61.88)

367 
(76.94)

60≤GFR<90 
(Mild) (%) 120 (55.3) 114 (53.5)

239 
(55.2)

382 
(51.0)

274 
(64.3) 68 (50.0) 31 (64.6)

1228 
(55.3)

484 
(35.48)

102 
(21.38)

30≤GFR<60 
(Moderate) 

(%) 16 (7.4) 13 (6.1)
31 

(7.2) 37 (4.9) 37 (8.7) 8 (5.9) 2 (4.2)
144 
(6.5) 36 (2.64) 6 (1.26)

15≤GFR<30 
(Severe) (%) 0 (0.0) 0 (0.0) 2 (0.5) 0 (0.0) 1 (0.2) 0 (0.0) 0 (0.0) 3 (0.1) 0 (0.0) 1 (0.22)

GFR<15 (End-
Stage) (%) 0 (0.0) 0 (0.0) 1 (0.2) 5 (0.7) 2 (0.5) 0 (0.0) 1 (2.1) 9 (0.4) 0 (0.0) 1 (0.22)

Abbreviations: HCHS/SOL; Hispanic Community Health Study/Study of Latinos; ARIC, Atherosclerosis Risk In Communities study, GFR; 
glomerular filtration rate.

*
For ARIC we used an alternate Mediterranean diet (aMed) score, Fung TT et al. Am J Clin Nutr 82:163–173, 2005.

**
Hypertension was determined as SBP≥130 or DBP≥80, or the current use of antihypertensive medication.

***
For individuals with lipid treatment medications, their TC measurements were divided by 0.8 for HCHS/SOL participants.

****
This variable is estimated based on the estimated GFR value and is defined using NIDDK guidelines
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