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Abstract: Metabolic syndrome (MetS) affects an increasing number of older adults worldwide.
Cross-cultural comparisons can provide insight into how factors, including genetic, environmental,
and lifestyle, may influence MetS prevalence. Metabolomics, which measures the biochemical
products of cell processes, can be used to enhance a mechanistic understanding of how biological
factors influence metabolic outcomes. In this study we examined associations between serum
metabolite concentrations, representing a range of biochemical pathways and metabolic syndrome in
two older adult cohorts: The Tsuruoka Metabolomics Cohort Study (TMCS) from Japan (1 = 104)
and the Baltimore Longitudinal Study of Aging (BLSA) from the United States (n = 146). We used
logistic regression to model associations between MetS and metabolite concentrations. We found
that metabolites from the phosphatidylcholines-acyl-alkyl, sphingomyelin, and hexose classes were
significantly associated with MetS and risk factor outcomes in both cohorts. In BLSA, metabolites
across all classes were uniquely associated with all outcomes. In TMCS, metabolites from the amino
acid, biogenic amines, and free fatty acid classes were uniquely associated with MetS, and metabolites
from the sphingomyelin class were uniquely associated with elevated triglycerides. The metabolites
and metabolite classes we identified may be relevant for future studies exploring disease mechanisms
and identifying novel precision therapy targets for individualized medicine.

Keywords: metabolomics; metabolic syndrome; hypertension; diabetes; obesity; triglycerides;
phosphatidylcholines; sphingomyelins; amino acids; ceramides; acylcarnitines

1. Introduction

Over one third of adults in the United States suffer from metabolic syndrome, including conditions
such as diabetes, obesity, hypertension, and hyperlipidemia [1]. The prevalence of these chronic
diseases increases with age, and are associated with significant health care and other costs [2]. Evidence
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suggests that there are distinct ethnic and racial differences in prevalence, disease course, and risk
factors associated with metabolic diseases [3]. Comparative population studies may enable better
understanding of factors that underlie such differences. Insights from such comparative studies may
also hold promise for the development of precision therapies for individualized medicine [4].

Japanese and American older adult cohorts have been extensively compared in relation to health
outcomes because of known lifestyle and genetic differences. The Japanese population has also been
studied as a comparison model of exceptional longevity [5]. Large, longitudinal studies including the
Honolulu-Asia Aging Study (HAAS) [6] and the International Population Study on Macronutrients
and Blood Pressure (INTERMAP) Study [7] have explored factors that affect metabolic risk as well as
how cardiovascular risk factors may affect other health outcomes including dementia and cognitive
impairment across Japanese, American, and other populations. Broadly, these studies have found a
higher prevalence of metabolic diseases and conditions in the U.S compared to Japan, including higher
body mass index (BMI) [8], diabetes [9], atherosclerosis [10], cardiovascular disease mortality [11],
as well as higher blood cholesterol levels [12] and a differing prevalence of hypertension [13,14].
Lifestyle factors play key roles in mediating these differences [15]. While these cross-national studies
provide insight into how environmental, cultural, and genetic factors may influence metabolic
disease prevalence, they provide limited insight into the plausible mechanistic underpinnings of such
population differences.

Metabolomics allows for the large-scale study of disparate small molecules that provide an
indication of the biochemical products of cell processes. These tools can be used to better understand
the functional and physiologic state of various tissues and can be used to measure alterations in biological
pathways related to metabolic disease. The emergence of high-throughput metabolomics for analysis
of molecular phenotypes, such as blood metabolite concentration levels, may enhance mechanistic
understanding of how biological factors influence metabolic outcomes. Understanding the differences
and similarities in the biological mechanisms underlying metabolic diseases across populations can
provide important insights into treatment and prevention of these conditions. Recent studies have
begun to explore cross-population and cross-ethnic differences in the metabolite signatures of various
diseases. Two studies in Surinamese and Dutch cohorts [16] and South Asian and European cohorts [17],
identified associations between type 2 diabetes and sphingolipids, acylcarnitines, and amino acids.
Another study in overweight/obese Caucasians and African Americans identified differences in
associations between small-molecule metabolites and metabolic hormones and overweight/obesity [18].
To our knowledge, no study has yet compared differences in serum metabolite concentrations in
American and Japanese older adults.

In this study, we examined associations between serum metabolite concentrations, representing a
diverse range of biochemical pathways and prevalent metabolic syndrome in two well-characterized
older adult cohorts: The Tsuruoka Metabolomics Cohort Study (TMCS) from Japan and the Baltimore
Longitudinal Study of Aging (BLSA) from the United States.

2. Results

2.1. Participants

The demographic characteristics of the BLSA participants and TMCS participants included in
this study are summarized in Table 1. BLSA participants were significantly older and less likely to
have never smoked. Measures used for assessing alcohol consumption and physical activity were
different in BLSA and TMCS and therefore comparisons between groups are not presented. BLSA
participants had higher levels of aspartate aminotransferase (AST) compared to TMCS participants
while TMCS participants had higher levels of alanine aminotransferase (ALT) compared to BLSA
participants. For both studies, the average AST and ALT were within the normal range [19]. BLSA and
TMCS participants did not vary significantly in percent female, and in diet quality.
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Table 1. Participant demographics.

30f16

TMCS

Demographic Variable BLSA (n = 146) (= 104) p Value
Female, n (%) 77 (52.74) 66 (63.46) 0.0913
White, n (%) 112 (76.71) - -
Storage time (years), Mean (SD) 4.36 (2.33) - -
Age (years), Mean (SD) 76.08 (8.54) 69.67 (2.57) <0.0001
Never smoke, 1 (%) 74 (50.68) 74 (71.15) 0.0012
DASH (no Mg), Mean (SD) 2.62 (0.78) 2.80 (1.21) 0.1459
Drinker, 1 (%) 128 (88.28) 41 (39.42) *
Physical Activity (METs/week), Mean (SD) 77.77 (66.01) 17.77 (15.32) *
Metabolic syndrome
Metabolic syndrome, 1 (%) 67 (45.89) 43 (41.35) 0.4756
Waist circumference
Elevated waist circumference, 1 (%) 53 (36.3) 47 (45.19) 0.1573
Waist circumference (in), Mean (SD) 35.82 (4.65) 32.43 (3.37) <0.0001
Fasting glucose
Elevated fasting glucose, 1 (%) 61 (42.07) 50 (48.08) 0.3469
Fasting glucose (mg/dL), Mean (SD) 101.04 (20.68) 102.3 (15.03) 0.5794
Diabetes drug use, 1 (%) 14 (9.72) 9 (8.65) 0.7747
Triglycerides
Elevated triglyceride level, 1 (%) 90 (61.64) 37 (35.58) <0.0001
Triglyceride level (mg/dL), Mean (SD) 97.88 (42.15) 102.4 (60.05) 0.5092
LMT use, 1 (%) 82 (56.94) 29 (27.88) <0.0001
HDL cholesterol
Reduced HDL cholesterol, n (%) 88 (60.27) 33 (31.73) <0.0001
HDL cholesterol (mg/dL), Mean (SD) 61.36 (15.12) 68.97 (23.76) 0.0046
LMT drug use, 1 (%) 82 (56.94) 29 (27.88) <.0001
Blood Pressure
Elevated Blood Pressure, 1 (%) 58 (39.73) 71 (68.27) <0.0001
SBP (mm Hg), Mean (SD) 114.32 (12.88) 130.87 (16.95) <0.0001
DBP (mm Hg), Mean (SD) 64.32 (9.06) 74.83 (10.28) <0.0001
Hypertension drug use, 1 (%) 44 (30.56) 46 (44.23) 0.0271
Liver Enzymes
Aspartate aminotransferase (AST) (U/L), Mean (SD) 27.11 (10.25) 20.57 (11.17) 0.0059
21.73 (8.88) 24.59 (7.37) <0.0001

Alanine aminotransferase (ALT) (U/L), Mean (SD)

* The questionnaires used to measure alcohol consumption and physical activity were different in BLSA compared
to TMCS therefore comparisons between groups are not presented. Two-sample t-tests were used to compare
continuous variables and chi-squared tests were used to compare categorical variables between the two cohorts.
BLSA: Baltimore Longitudinal Study of Aging; TMCS: Tsuruoka Metabolomics Cohort Study; SD: standard
deviation; LMT: lipid modifying treatment; METs: metabolic equivalents; DASH: Dietary Approaches to Stop
Hypertension score; SBP: systolic blood pressure; DBP: diastolic blood pressure; HDL: high-density lipoproteins;
mg/dL: milligrams/deciliter; in: inches; mm HG: millimeters mercury; U/L: units/liter.

Figure 1 and Table 1 indicate differences by study in the proportion of participants with metabolic
syndrome (MetS) and each individual MetS risk factor. BLSA participants and TMCS participants did
not vary significantly in percentage with MetS, elevated waist circumference, and elevated fasting
glucose. BLSA participants had a significantly higher percentage with elevated triglyceride level, a
higher percentage with reduced high-density lipoproteins (HDL) cholesterol, and a lower percentage
with elevated blood pressure. With regard to mean values of individual risk factors, BLSA participants
had significantly larger waist circumference, lower HDL cholesterol, and lower systolic and diastolic
blood pressure. With regard to drug use, BLSA participants had a higher percentage using lipid
modifying therapies (LMTs) and a lower percentage using anti-hypertensive drugs; BLSA and TMCS
participants did not vary in percent using diabetes medications.
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Figure 1. Distribution of metabolic syndrome (MetS) and individual MetS risk factors in each cohort.
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* indicates a significant difference at p < 0.05 between risk factor prevalence in BLSA compared to
TMCS according to chi-square tests. BLSA: Baltimore Longitudinal Study of Aging; TMCS: Tsuruoka
Metabolomics Cohort Study.

2.2. Metabolite Concentrations: BLSA versus TMCS Differences

Supplementary Table S1 includes the mean metabolite concentrations for BLSA and TMCS and
unadjusted and false discovery rate (FDR)-adjusted p values indicating whether differences between
the two cohorts were significant. The majority of metabolites in each class were significantly different
between the two cohorts. Out of 167 metabolites, 143 were significantly different between cohorts after
FDR adjustment.

2.3. Associations with Metabolic Risk Factors

In Tables 2 and 3 and visualized in Figure 2a we present metabolites that were associated
(FDR-adjusted p value) with either a diagnosis of MetS or with individual risk factors in both the BLSA
and TMCS cohorts. Metabolites from the phosphatidylcholines-acyl-alkyl, sphingomyelin, and hexose
classes were significantly associated with these outcomes in both cohorts. There were no metabolites
significantly associated with waist circumference and blood pressure in both cohorts. In Supplementary
Table 52 and visualized in Figure 2, we present metabolites that were associated (FDR adjusted p value)
with either MetS or individual risk factors that are unique to BLSA (Supplementary Table S2a—f and
Figure 2b) and TMCS (Supplementary Table S2g—h and Figure 2c), respectively. These were metabolites
that were significantly associated with outcomes in one cohort and not the other. In BLSA, metabolites
across all classes were uniquely associated with all outcomes (MetS and five individual risk factors).
In TMCS, metabolites from the amino acid, biogenic amines, and free fatty acid classes were uniquely
associated with MetS, and metabolites from the sphingomyelin class were uniquely associated with
elevated triglycerides. There were no unique significant metabolite associations in TMCS for elevated
glucose, elevated waist circumference, elevated blood pressure, and reduced HDL. All metabolite
associations in both BLSA and TMCS are presented in Supplementary Files 3 (BLSA) and 4 (TMCS).
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Table 2. Adjusted significant associations in both BLSA and TMCS: MetS.

BLSA TMCS
Metabolite Category Od¢.15 Lower Upper FDR- Od(.is Lower Upper FDR- Direction
Ratio o o p Value  Adjusted Ratio o o p Value Adjusted of Assoc.
. 95% CI  95% CI . 95% CI 95% CI
Estimate p Value Estimate p Value
Met S
H1* Hexoses 3.4 1.863 6.207 <0.0001 <0.0001 1.918 1.121 3.28 0.0174 0.01743 +
PC ae C34:2*  Phosphatidylcholines-acyl-alkyl ~ 0.246 0.129 0.468 <0.0001 0.00014 0.24 0.108 0.533 <0.0001 0.01429 -
PC ae C34:3*  Phosphatidylcholines-acyl-alkyl ~ 0.249 0.128 0.484 <0.0001 0.00019 0.285 0.136 0.598 <0.0001 0.01429 -
PCae C36:3*  Phosphatidylcholines-acyl-alkyl ~ 0.221 0.112 0.436 <0.0001 0.00012 0.326 0.163 0.654 0.0016 0.01429 -
PCae(C38:22* Phosphatidylcholines-acyl-alkyl ~ 0.218 0.114 0.417 <0.0001 <0.0001 0.298 0.142 0.623 0.0013 0.01429 -
SM C16:0 * Sphingomyelins 0.339 0.191 0.602 0.0002 0.00299 0.369 0.196 0.697 0.0021 0.02956 -

* Associations that remain significant after adjustment with additional covariates smoking and DASH score. Multivariate logistic regression models were used to test for significance.
Negative (-) Direction of Association (Assoc.): odds ratio < 1 at 0.05 significance level indicating that higher concentration of the metabolite is associated with lower odds of the outcome/risk
factor. Positive (+) Direction of Association: odds ratio > 1 at 0.05 significance level indicating that higher concentration of the metabolite is associated with higher odds of the outcome/risk
factor. BLSA: Baltimore Longitudinal Study of Aging; TMCS: Tsuruoka Metabolomics Cohort Study; FDR: false discovery rate; CI: confidence interval.
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Table 3. Adjusted significant associations in both BLSA and TMCS: glucose, HDL, and triglyceride levels.
BLSA TMCS
Metabolite Category (Izdc?s Lower Upper F.DR- Od(.is Lower Upper F.DR- D;rzction
atio o o p Value  Adjusted Ratio o o p Value Adjusted or Assoc.
Estimate 95% CL . 95% CI p Value Estimate 95% C1 95% C1 p Value
Glucose
H1* Hexoses 24.297 7.99 73.892 <0.0001 <0.0001 70.821 12.211 410.741 <0.0001 <0.0001 +
HDL
PCaeC32:1*  Phosphatidylcholines-acyl-alkyl ~ 0.271 0.142 0.515 <0.0001 0.00125 0.405 0.208 0.788 0.0078 0.04004 -
PCae(C34:2* Phosphatidylcholines-acyl-alkyl ~ 0.417 0.241 0.721 0.0018 0.01105 0.286 0.129 0.637 0.0022 0.03163 -
PCae C34:3* Phosphatidylcholines-acyl-alkyl ~ 0.455 0.263 0.785 0.0047 0.01369 0.253 0.109 0.586 0.0013 0.03163 -
PCae C36:3*  Phosphatidylcholines-acyl-alkyl ~ 0.363 0.2 0.657 0.0008 0.00609 0.331 0.157 0.695 0.0035 0.03163 -
PCaeC38:2* Phosphatidylcholines-acyl-alkyl ~ 0.285 0.156 0.52 <0.0001 0.00125 0.309 0.143 0.67 0.0029 0.03163 -
PC ae C40:1*  Phosphatidylcholines-acyl-alkyl ~ 0.474 0.283 0.794 0.0046 0.01349 0.388 0.197 0.765 0.0063 0.03755 -
PC ae C42:3*  Phosphatidylcholines-acyl-alkyl ~ 0.433 0.243 0.773 0.0046 0.01349 0.385 0.195 0.761 0.006 0.03755 -
PC ae C44:4*  Phosphatidylcholines-acyl-alkyl ~ 0.561 0.357 0.88 0.0119 0.02359 0.402 0.2 0.807 0.0104 0.04673 -
SM C16:0 * Sphingomyelins 0.407 0.236 0.703 0.0013 0.01741 0.293 0.144 0.594 <0.0001 0.00934 -
SM C16:1* Sphingomyelins 0.448 0.245 0.816 0.0087 0.02928 0.419 0.218 0.805 0.0091 0.04231 -
SM C24:1% Sphingomyelins 0.42 0.237 0.745 0.003 0.02039 0.376 0.194 0.73 0.0039 0.02695 -
Triglycerides

PCae C34:2*  Phosphatidylcholines-acyl-alkyl ~ 0.437 0.252 0.758 0.0032 0.01378 0.3 0.141 0.641 0.0019 0.03356 -
PCaeC34:3  Phosphatidylcholines-acyl-alkyl ~ 0.535 0.313 0.914 0.0221 0.04221 0.294 0.138 0.63 0.0016 0.03356 -
PCae C38:2* Phosphatidylcholines-acyl-alkyl ~ 0.301 0.165 0.55 <0.0001 0.00343 0.344 0.168 0.708 0.0037 0.04498 -
SM C16:0 Sphingomyelins 0.446 0.26 0.766 0.0034 0.04703 0.328 0.168 0.638 0.001 0.00722 -

* Associations that remain significant after adjustment with additional covariates smoking and DASH score. Multivariate logistic regression models were used to test for significance.
Negative (-) Direction of Association: odds ratio < 1 at 0.05 significance level indicating that higher concentration of the metabolite is associated with lower odds of the outcome/risk factor.
Positive (+) Direction of Association: odds ratio > 1 at 0.05 significance level indicating that higher concentration of the metabolite is associated with higher odds of the outcome/risk factor.
BLSA: Baltimore Longitudinal Study of Aging; TMCS: Tsuruoka Metabolomics Cohort Study; FDR: false discovery rate; CI: confidence interval.
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Figure 2. (a) Circos plot of overlapping significant associations in BLSA and TMCS; (b) Circos plot of significant associations unique to BLSA; (c) Circos plot of
significant associations unique to TMCS. Outcomes, including MetS and individual risk factors, and metabolite classes are presented in bold and separated by
black bold lines. Each color represents a different risk factor or metabolite class. BLSA: Baltimore Longitudinal Study of Aging; TMCS: Tsuruoka Metabolomics
Cohort Study; AA: amino acids; BAm: biogenic amines; AC: acylcarnitines; H: hexoses; LC: lysophosphatidylcholines; PC-DA: phosphatidylcholines-diacyl;
PC-AA: phosphatidylcholines-acyl-alkyl; SM: sphingomyelins; BAc: bile acids; FFA: free fatty acids; Cer: ceramides; BP: blood pressure; FG: fasting glucose;
HDL-C: high-density lipoprotein cholesterol; Trig: triglycerides; WC: waist circumference; MetS: metabolic syndrome. Orange lines represent odds ratio < 1 at 0.05
FDR-adjusted significance level indicating that higher concentration of the metabolite is associated with a lower odds of the outcome. Turquoise lines represent odds
ratio > 1 at 0.05 FDR-adjusted significance level indicating that higher concentration of the metabolite is associated with higher odds of the outcome.
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In Supplementary Files 5 (BLSA) and 6 (TMCS) we present all associations in both BLSA
and TMCS from sensitivity analyses including additional covariates (lifestyle factors including
smoking and diet quality) in multivariate logistic models. The majority of associations reported in
Tables 2 and 3 (20/22 associations) and in Supplementary Table S2 (174/200 associations) remained
statistically significant in these sensitivity analyses; metabolites that remained significant after sensitivity
analyses are indicated with a * in Tables 2 and 3 and Supplementary Table S2. In Supplementary
Files 7 (BLSA) and 8 (TMCS) we present sensitivity analyses indicating whether the association
between metabolite concentrations and outcomes differed by sex. We include results (coefficient,
standard error, p value, and FDR-adjusted p value) for the sex x metabolite term. In BLSA, the
association between MetS/blood pressure and taurochenodeoxycholic acid (TCDCA) (FDR-corrected
p value = 0.01909 and 0.02918, respectively) was significantly different by sex, and the association
between fasting glucose and cis-11-Eicosenoic acid (c-C20:1w9) (FDR- corrected p value = 0.03907)
was also significantly different by sex. In TMCS, the association between blood pressure and the
acylcarnitines: tetradecenoylcarnitine (C14:1), tetradecadienoylcarnitine (C14:2), propionylcarnitine
(C3), and butyrylcarnitine (C4) (FDR-corrected p value = 0.0495 for all four metabolites) were
significantly different by sex.

3. Discussion

Participants in the American and Japanese cohorts examined in this study did not vary in
percentage of individuals with MetS, however, the cohorts varied significantly across individual
vascular risk factors. The American cohort had a significantly higher percentage of individuals with
elevated triglycerides and reduced HDL despite a significantly higher percentage of individuals being
on lipid modifying treatments (LMTs). The Japanese cohort had significantly elevated blood pressure
despite a significantly higher percentage of individuals being on anti-hypertensive medications.
There were no differences in percentage of individuals with high waist circumference or percent of
individuals with elevated fasting glucose.

Prior studies have reported significant lifestyle differences between American and Japanese
cohorts, including a healthier diet—lower fat consumption and higher omega-3 fatty acids—as well as
increased physical activity across the lifespan among Japanese [7,20]. Diet is an important component
of lifestyle and a potential mediator of cohort differences. In this study, we assessed diet using the
Dietary Approaches to Stop Hypertension (DASH) score- an indicator of a dietary pattern rich in fruits,
vegetables, and low-fat dairy produce and low in meats and sweets. This dietary pattern has been
shown to protect against risk factors of metabolic syndrome [21] in multiple ethnic groups [22,23].
We did not see significant differences in DASH scores between the BLSA and TMCS cohorts, suggesting
that diet may not be a significant driver of differences in vascular risk profiles and may explain
the lack of a difference in MetS between the American and Japanese cohorts included in this study.
We additionally found that smoking rates were higher in the American cohort despite prior studies
indicating that Japanese men have higher smoking rates than American men [24].

Despite similarities in the prevalence of MetS in the BLSA and TMCS cohorts as well as similarities
in diet, we found differences between cohorts for over 85% of metabolites included in the analyses.
These differences are likely a reflection of both biological and environmental variability between
the cohorts.

We identified significant cohort differences across concentrations of the majority of metabolites
as well as differences in lifestyle factors, including smoking prevalence. We additionally identified
significant differences in important biologic factors, including AST and ALT, that have been shown to
be elevated in nonalcoholic fatty liver disease (NAFLD), a disorder with a bi-directional association
with MetS and individual risk factors [25,26]. Despite these differences, it is striking that there is
a distinct subset of metabolites that are associated with MetS and individual risk factors in both
cohorts. These metabolites included phosphatidylcholines-acyl-alkyls, sphingomyelins, and hexoses,
suggesting that metabolites in these three classes may represent fundamental markers of MetS and
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vascular risk. Serum concentrations of these metabolites may be important indicators of disease
mechanisms that may also provide insights into effective treatments.

A large body of work has shown that phosphatidylcholines are important regulators of energy
metabolism [27], and perturbations in phosphatidylcholine levels may be associated with mitochondrial
dysfunction and a number of metabolic diseases including diabetes and cardiovascular disease [27-29],
as well as NAFLD [30]. Phosphatidylcholines-acyl-alkyls have specifically been shown to be associated
with obesity and metabolic syndrome in a Canadian cohort [31]. Two phosphatidylcholine metabolites
identified in this study (PCaec34:3 and PCaec36:3) were also associated with diabetes mellitus
progression and risk of onset of diabetes in Taiwanese [32] and Korean [33] cohorts, respectively.
Interestingly, we previously reported that two metabolites also identified in this study (PC ae C34:2
and PC ae C36:3) were among a panel of metabolites that discriminated between Alzheimer’s
disease and control samples [34]. These converging results suggest that aberrations in specific
phosphatidylcholines-acyl-alkyls may be intrinsic to diseases associated with vascular risk and,
therefore, potentially important targets for disease intervention [35].

Our results additionally indicate that sphingomyelins are associated with MetS (i.e., SM C16:0)
as well as with individual vascular risk factors (i.e., SM C16:0, SM C16:1, SM C24:1) in both cohorts.
Similar to phosphatidylcholines-acyl-alkyls, sphingomyelins are major components of cell membranes
and participate in cell-signaling pathways. Elevated levels of sphingomyelins have been shown to
play a critical role in cardiovascular dysfunction including insulin resistance, atherosclerosis, and
cardiomyopathy [36]. While levels of SM C16:0 were not shown to be associated with the clinical
features of MetS in a young Japanese sample [37], SM C16:0 was shown to be associated with insulin
resistance in a Southern European cohort at high risk for cardiovascular disease [38]. Sphingomyelins
likely play a significant role in chronic inflammation and may therefore be implicated in multiple
metabolic diseases, including those of old age such as dementia [34,39-41].

Our finding that hexose (the sum of all hexoses, which is predominantly glucose) was associated
with MetS and fasting glucose was to be expected considering that fasting glucose and the serum
concentration of total hexoses are highly correlated values. Additionally, increased concentration of
hexoses was uniquely associated with an increased odds of elevated waist circumference and elevated
blood pressure in BLSA only. This suggests that in the BLSA cohort, elevated peripheral hexoses, likely
representing predominantly glucose, may be a more significant indicator of vascular risk than in the
TMCS cohort. Prior work has suggested that increased serum hexoses may indicate poor glycemic
control and insulin resistance [42].

We additionally found metabolites significantly associated with outcomes that were cohort specific.

One amino acid, valine, was associated with increased odds of MetS in TMCS. A number of
recent studies have indicated the emerging importance of essential and non-essential amino acids in the
development of obesity and diabetes mellitus [43—47]. Valine in particular was one of three essential amino
acids associated with obesity and visceral obesity in a Japanese volunteer sample (age range 20-60) [48];
valine was also identified as associated with MetS in another Japanese sample (average age: 55) [43].
Interestingly, a previous study using plasma samples from post-menopausal women in the TMCS assayed
metabolites using capillary electrophoresis time-of-flight mass spectrometry (CE-TOF MS) and reported
higher concentrations of the branched chain amino acids (BCAAs) including valine in participants with
MetS. [49]. Our observation of a similar association between serum concentration of valine and MetS in
the TMCS cohort using LC-MS/MS confirms the prior findings reported by lida et al. [49]. Together with
prior studies showing that valine is associated with vascular risk factors [50] and NAFLD [30] even in
non-Japanese populations, our work suggests the importance of exploring the role of valine as a biomarker
of vascular risk as well as a focus of targeted therapies.

A biogenic amine, alpha-aminoadipic acid (alpha-AAA), was associated with increased odds of
MetS and increased triglycerides in the BLSA cohort. A study utilizing LC-MS/MS in the Framingham
Heart Study found that this metabolite was positively associated with risk of developing diabetes, and
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individuals with alpha-AAA concentrations in the top quartile had greater than a four-fold risk of
developing diabetes [51].

There are several important limitations to our work. In this study, the Japanese group had a more
restricted age range and were all recruited from the same city and prefecture in Japan whereas the
United States (U.S.) group was more diverse, which may have partially driven differences in total
number of unique associations between metabolites and outcomes. While the Japanese group is a
more population-representative sample, the BLSA is a predominantly Caucasian sample of highly
educated and relatively healthy older adults. Additionally, our metabolomic assays only detected
a limited number of classes of metabolites in the serum metabolome. Also, we were only able to
include lifestyle factors derived from comparable questionnaires between studies. Important lifestyle
variables including physical activity and alcohol consumption were not measured similarly in the
BLSA and TMCS studies and therefore could not be compared or included in our analyses. Finally,
the cross-sectional nature of our analyses does not allow us to assess how alterations in metabolite
concentrations over time may be related to the risk of MetS.

4. Methods and Materials

4.1. Participants

The National Institute on Aging’s (NIA) BLSA is one of the longest running scientific studies of
human aging in the U.S. [52]. The individuals in this study were participants in the neuroimaging
substudy of the BLSA [53]. Written informed consent was obtained at each visit for all BLSA participants.
The BLSA study protocol has ongoing approval from the Institutional Review Board of the National
Institute of Environmental Health Science, National Institutes of Health (“Early Markers of Alzheimer’s
Disease (BLSA)”, Institutional Review Board number 2009-074). The Tsuruoka Metabolomics Cohort
Study (TMCS) is a population-based study of residents from Tsuruoka City, Yamagata Prefecture, Japan
that began in 2012. The individuals in this study were a subset from the baseline survey participants of
the TMCS [54]. Written informed consent was obtained for all TMCS participants. The TMCS study
protocol has ongoing approval from the Medical Ethics Committee of the School of Medicine, Keio
University, Tokyo, Japan (Approval No. 20110264; original date of approval: 12/06/2011; latest update:
12/02/2019).

4.2. Blood Samples

Blood serum samples were collected from BLSA participants at the NIA Clinical Research Unit
in Harbor Hospital, Baltimore. Details on serum collection and processing have been published
previously [55]. The sample included 146 participants.

Blood serum samples were collected from TMCS participants during annual health check-ups.
Details on serum collection and processing have been published previously [49,54]. The sample
included 104 participants.

Additional details on sample collection are included in Supplementary Text S1.

4.3. Other Outcomes

For the BLSA and TMCS samples, a description of data collection details for plasma/serum
triglycerides, glucose, HDL-C, waist circumference, and systolic and diastolic blood pressures is
included in Supplementary Text S1.

4.4. Metabolites

After data cleaning (see Statistical Analyses section for details), a total of 167 metabolites across
11 categories were assayed for BLSA and TMCS serum samples. Metabolite categories included amino acids
(21 metabolites), biogenic amines (10 metabolites), acylcarnitines (12 metabolites), hexoses (1 metabolite;
includes the sum of all hexoses and is 90-95% glucose), lysophosphatidylcholines (11 metabolites),
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phosphatidylcholines with diacyl residue (34 metabolites), phosphatidylcholines with acyl-alkyl residue
(36 metabolites), sphingomyelins (14 metabolites), bile acids (10 metabolites), free fatty acids (8 metabolites),
and ceramides (10 metabolites).

Quantitative metabolomics in BLSA serum samples was performed on the Biocrates AbsoluteIDQ
p180 platform. Details on the assays have been published previously [34]. The quantification of bile
acids and targeted lipid metabolomics in the BLSA sample are described in detail in Supplementary
Text S1.

Quantitative metabolomics in TMCS serum samples was also performed with the Biocrates
AbsoluteIDQ p180 platform. For additional metabolites including bile acids and additional lipids,
assays were performed with the Biocrates MxP® Quant 500 kit described in detail in Supplementary
Text S1.

P180 and Q500 platforms included redundant metabolites across multiple metabolite categories
including amino acids, acylcarnitines, sphingomyelins, phosphatidylcholines, hexoses, and biogenic
amines. The correlation (Pearson’s r) between the two values (i.e., P180 and Q500 estimated metabolite
concentrations on the same participant blood sample) varied between 0.465-0.991 (p values all < 0.001)
with over 75% of metabolites with a correlation of > 0.900. For redundant metabolites we preferentially
used P180 data, similar to the procedure used in BLSA.

Concentration of each metabolite is indicated in uM.

4.5. Metabolic Syndrome Risk Factors

Metabolic syndrome (MetS) was defined using the Third Adults Treatment Panel of the National
Cholesterol Education Program (NCEP ATP III) criteria, revised by the American Heart Association and
National Heart, Lung, and Blood Institute (AHA/NHLBI). Briefly, a diagnosis of MetS was made in the
presence of at least three of five criteria/risk factors, including elevated waist circumference, elevated
fasting glucose, elevated triglyceride levels, reduced HDL cholesterol, and elevated blood pressure.

Elevated waist circumference was defined in BLSA as greater than 40 inches in males, and greater
than 35 inches in females. For the TMCS participants, the criterion was modified for a Japanese
population and was defined as greater than or equal to 90 cm (35.433 inches) in males, and greater than
or equal to 80 cm (31.496 inches) in females [49].

Elevated fasting glucose was defined as greater than or equal to 100 mg/dl, or the use of prescription
diabetes medications.

Elevated triglyceride level was defined as greater than or equal to 150 mg/dl, or the use of
prescription lipid modifying treatments (LMTs).

Reduced HDL cholesterol was defined as less than to 40 mg/dl in males, less than 50 mg/dl in
females, or the use of prescription LMTs medications.

Elevated blood pressure was defined as greater than or equal to 130 mm Hg systolic blood
pressure, greater than or equal to 85 mm Hg diastolic blood pressure, or the use of prescription
anti-hypertensive medications.

Recording of prescription medications in both cohorts was based on self-reported information
collected through a standardized questionnaire.

4.6. Additional Demographic Variables and Covariates

Smoking status and diet quality were used in the sensitivity analyses described below. Smoking
history was dichotomized as ‘never smoker’ vs. ‘current/former smoker.” Diet quality was measured
using the Dietary Approaches to Stop Hypertension (DASH) score [56]. The DASH score indicates
adherence to the DASH dietary pattern by measuring consumption of nine target nutrients including
total fat, saturated fat, protein, fiber, cholesterol, calcium, potassium, and magnesium. We excluded
magnesium as this target was not included in TMCS data collection. The DASH score therefore was
the sum of eight nutrient components with higher values indicating a higher quality diet.
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Liver function tests, physical activity, and alcohol consumption were included as additional
demographic variables to describe BLSA and TMCS participants. Liver function tests included
aspartate aminotransferase (AST) and alanine aminotransferase (ALT), both shown to be elevated
in non-alcohol fatty liver disease [57] and associated with MetS, insulin resistance, hypertension,
and dyslipidemia [58,59]. Physical activity (PA) was measured using two different questionnaires in
BLSA and TMCS. The PA questionnaire in BLSA has been described previously [60]; total PA was
determined by summing physical activity across three intensity categories (low, medium, high) and
multiplying the hours spent in each activity/week by the assigned metabolic equivalent (MET) value.
The PA questionnaire used in TMCS has been described previously [61]; total PA was determined
by summing all domains of activity (occupational activity, leisure time activity, sleeping, and other
activities) and multiplying the hours spent in each activity/week by the assigned MET value. PA in
both studies was summarized as ‘"METs/week.” Alcohol consumption in BLSA was dichotomized as
‘never’ vs. ‘ever drank’ any alcoholic beverages in the past 12 months. Alcohol consumption in TMCS
was dichotomized as ‘current drinker’ vs. ‘never/ex-drinker.’

4.7. Statistical Analyses

We first excluded all metabolites with > 30% missing values (i.e., values indicated as lower than
the limit of detection (LOD)) resulting in 167 total metabolites that were included in our analyses.
We then imputed all missing values as the LOD threshold/2. Finally, we excluded all outliers defined
as values outside the 3 interquartile region (IQR) (i.e., 3 X IQR).

Next, we compared demographic characteristics as well as prevalence of MetS and its individual
risk factors (as well as mean values) between BLSA and TMCS using two-sample t-tests for continuous
variables and chi-squared tests for categorical variables. We compared differences in metabolite
concentrations between BLSA and TMCS. To account for multiple comparisons, we corrected for each of
the 11 metabolite classes separately using false discovery rate (FDR)-adjusted p value [62]. We then used
multivariate logistic regression models to explore the associations between the binary indicators of MetS
(i.e., present/absent) and its five individual risk factors with metabolite concentrations. These models
tested whether individuals with MetS or the five individual risk factors had different metabolite
concentrations compared to control participants (i.e., without MetS or the five individual risk factors).
This included six separate models, each with the following outcomes/dependent variables: MetS,
elevated waist circumference, elevated fasting glucose, elevated triglycerides, reduced HDL cholesterol,
and elevated blood pressure. Metabolite concentrations, which were the predictors/independent
variables, were IQR normalized by subtracting the median from the metabolite value and dividing by
the IQR. Model results indicate an increase or decrease in the odds of having MetS or an individual
risk factor associated with a one-unit increase in the normalized metabolite concentration(s). Sex and
age at blood draw were included as covariates in the model. We performed two sensitivity analyses:
First, we explored associations controlling for additional lifestyle factors including smoking status
and diet quality. We ran multivariate logistic models including both covariates, in addition to age and
sex. Second, we explored associations in the main model including an additional sex interaction term
(sex x metabolite) to explore whether the association between the metabolite and outcome differed
by sex. For all multivariate models, we reported odds ratios with 95% confidence intervals. Type I
error level was set to 0.05 for unadjusted p values. We also accounted for multiple comparisons using
FDR-adjusted p values as described above. We used SAS version 9.4 (Cary, NC, United States) for all
data analyses and R Studio 1.1.453 for data visualization.

5. Conclusions

Our results indicate the importance of identifying similarities as well as differences in associations
between alterations in the serum metabolome and metabolic syndrome across ethnic groups.
We identified several classes of metabolites that may be intrinsic to MetS, independent of significant
differences across two ethnically distinct cohorts. Biologic pathways associated with these metabolites
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(e.g., phosphatidylcholines-acyl-alkyl, sphingomyelin, and hexoses) may be targets for future studies
exploring unique disease mechanisms as well as for identifying novel targets for person-centered
pharmacotherapeutic interventions.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/4/1324/s1.
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