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Abstract

Background: Metabolomics profiling has shown promise in elucidating the biological

pathways underpinning mortality, but there are limited data in female populations.

Methods: We applied a liquid chromatography-tandem mass spectrometry metabolo-

mics platform to EDTA-plasma to measure 470 metabolites at baseline in a discovery set

of 943 postmenopausal women (including 417 incident deaths, median time to death of

10.6 years) with validation in an independent set of 1355 postmenopausal women (in-

cluding 685 deaths, median time to death of 9.1 years) in the Women’s Health Initiative.

Results: Eight new metabolites were discovered to be associated with all-cause mortal-

ity. Findings included protective effects of increased levels of three amino acids (aspara-

gine, homoarginine and tryptophan) and docosatrienoic acid; and detrimental effects of

increased levels of C4-OH-carnitine, hexadecanedioate and two purine/pyrimidines

(N2, N2-dimethylguanosine and N4-acetylcytidine). In addition, a set of nine previously

published metabolite associations were replicated. A metabolite score comprising

17 metabolites was associated with mortality (P<10–8) after adjustment for risk factors,

with a hazard ratio of 1.95 (95% CI: 1.46–2.62) for women in the highest quartile com-

pared with the lowest quartile of metabolite score. The score was robust among younger

women and older women, for both cardiovascular and non-cardiovascular mortality, and

associated with both early deaths (within the first 10 years of baseline) and later deaths.
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Conclusions: Our study fills a gap in the literature by identifying eight novel metabolite

associations with all-cause mortality in women, using a robust study design involving in-

dependent discovery and validation datasets.
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Introduction

The mechanisms underpinning mortality are multifactorial

but many involve metabolic processes such as inflamma-

tion and the generation of reactive oxygen species. For ex-

ample, caloric deprivation has been shown to have

dramatic effects on enhancing longevity in animal mod-

els.1,2 Metabolomic profiling, an emerging technology, has

shown promise in identifying small molecule metabolites

associated with mortality and longevity in animal models

and human populations.3

Previous studies have evaluated the association between

metabolic pathways and the risk of mortality in human

populations and in animal models.4–16 There is accruing

evidence of the associations of small molecule metabolites

with mortality and associated ageing processes, but the

data in human populations are limited both by sample size

and the number of metabolites profiled.

Recent literature documents substantial gender differences

in the metabolome, perhaps reflecting well-established sex

differences in disease susceptibility and clinical manifesta-

tion.17,18 Women also have relatively longer life expectancies

relative to men.19 Despite growing evidence of the role of the

metabolome with mortality and related processes, as well as

evidence of significant sex differences in both the metabo-

lome and disease pathways, data in women are lacking.

We measured metabolomic profiles in the Women’s

Health Initiative (WHI)20 to replicate previous findings

and to identify novel metabolic signatures for mortality,

with independent discovery and validation sets derived

from the Observational Study (WHI-OS)21 and the

Hormone Trials (WHI-HT),22 respectively.

Methods

The WHI recruited 161 808 postmenopausal women aged

50–79 at 40 clinical centres across the USA, from 1993 to

1998 with ongoing follow-up.23,24 The women were

recruited into an observational study (WHI-OS,

n¼ 93 676) and into three randomized controlled clinical

trials (n¼ 68 132).21 The two trials of hormone therapy

(WHI-HT) included a randomized, placebo-controlled trial

of conjugated equine estrogens plus medroxyprogesterone

acetate (CEEþMPA) in 16 608 postmenopausal women

aged 50–79 years with an intact uterus,22 and a random-

ized, double-blind, placebo-controlled disease prevention

trial of 0.625 mg/day of conjugated equine estrogens (CEE)

in 10 739 postmenopausal women, aged 50–79 years, with

previous hysterectomy.25

This nested case/control study of coronary heart disease

(CHD) within the WHI included 2306 participants.26 Of

these, 1362 participants were selected from each of the pla-

cebo and active arms of the CEE and CEEþMPA trials, with

roughly equal numbers of CHD cases and healthy controls

frequency-matched on 5-year age, race/ethnicity, hysterec-

tomy status and 2-year enrolment groups. The remaining 944

participants were selected from the WHI-OS with equal

Key Messages

• We discovered eight novel metabolites that were associated with all-cause mortality in a robust study using two inde-

pendent datasets of postmenopausal women.

• In addition, a previously published set of nie metabolite associations with all-cause mortality were replicated in our

study.

• A metabolite score comprising 17 metabolites was associated with all-cause mortality, after adjustment for risk fac-

tors. The metabolite score was robust for association with all-cause mortality in younger and older women, with both

cardiovascular and non-cardiovascular mortality and with both early (within the first 10 years following blood speci-

men) and later deaths.

• Our findings in comparison with the literature indicated the possibility of sex-specific metabolite associations with all-

cause mortality. More studies confirming these observations are needed in other populations.
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numbers of CHD cases frequency-matched to healthy con-

trols, as in the WHI-HT.

Figure 1 shows the scheme for the discovery of metabo-

lite associations with all-cause mortality in this study.

Of the 2306 subjects, eight subjects were excluded due to

missing data on one or more covariates. The dataset of

2298 subjects was divided into a ‘Discovery’ dataset of

943 subjects (including 417 deaths) who were enrolled in

the WHI-OS cohort and a ‘Validation’ dataset of 1355

subjects (including 685 deaths) who were enrolled in the

WHI-HT cohort. A sensitivity analysis was conducted in a

subset of 643 participants in the WHI-HT dataset, who

were randomized to placebo therapy to confirm findings.

Supplementary Figure 1, available as Supplementary data at

IJE online, shows the schema for the discovery of metabolite

associations with longevity in this study. Longevity was defined

as living to age 85. Of the 2306 participants, 1382 were in-

cluded in analysis after exclusions for ineligibility (based on age

at entry and duration of follow up) and censoring.

Metabolomic profiling

Metabolomic measurements were made using four comple-

mentary LC-MS methods in EDTA-plasma samples, resulting

in 470 metabolites for the WHI participants. Details on the

metabolomics assays can be found in the Supplementary

data, available at IJE online, and in a previous publication.26

Statistical analysis

The association of individual metabolites with all-cause

mortality was based on Cox proportional hazards (PH)

Figure 1. Discovery and validation of novel metabolite associations with all-cause mortality in the Women’s Health Initiative (n¼ 2298). FDR denotes

‘false-discovery rate’.

International Journal of Epidemiology, 2020, Vol. 49, No. 1 291

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz211#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz211#supplementary-data


models; the outcome was the time from baseline until

death (observed) or last contact (censored), and the pri-

mary exposure variable was the log-transformed and stan-

dardized levels of each metabolite (Figure 1). To account

for the case-control design of the WHI ancillary study, a

sensitivity analysis was conducted by weighting the Cox

PH model with inverse probability of sampling weights

(details in the Supplementary data, available at IJE online).

The association of individual metabolites with

longevity (living to age 85 years) was based on logistic re-

gression models (Supplementary Figure 1, available as

Supplementary data at IJE online). Effect estimates are

given in terms of hazard ratios (HR) from the Cox models

or odds ratios (OR) from the logistic regression models

corresponding to one standard deviation (SD) change in

metabolite levels.

The 470 metabolites were considered in two sets: (i) 12

metabolites previously reported as associated with all-

cause mortality were analysed separately in the combined

WHI-OS and WHI-HT dataset; and (ii) the remaining 458

metabolites were included in the two-stage procedure for

discovery (WHI-OS) and validation (WHI-HT) to discover

novel metabolite associations (Figure 1). To account for

the multiplicity of hypothesis tests, false-discovery rate

(FDR)-adjusted P-values were calculated using the two-

stage Benjamini and Hochberg (2006) step-up FDR-con-

trolling procedure. Each model was fit with: Model A)

(minimal adjustment) for age, WHI arm and CHD case/

control status; and Model B) (full adjustment)— with addi-

tional covariates including body mass index (BMI), systolic

blood pressure, hypertension treatment, diabetes, smoking

status, total cholesterol and high-density lipoprotein

(HDL) cholesterol. Age, BMI, systolic blood pressure and

total and HDL cholesterol were included as continuous

variables. Criteria for prioritizing metabolites for associa-

tions with all-cause mortality (longevity) are noted in

Figure 1 (and Supplementary Figure 1, available as

Supplementary data at IJE online).

The set of validated metabolites associated with all-

cause mortality were translated into a single metabolite

score [Mortality (M)-metabo-score] estimated in a LASSO

penalized Cox PH model.27 Similarly, the set of metabolites

associated with longevity were translated into a single me-

tabolite score, namely the Longevity (L)-metabo-score (see

Supplementary data, available at IJE online for details).

Results

The WHI-OS and WHI-HT cohorts were similar with re-

gard to mean systolic blood pressure but differed according

to other characteristics (Table 1). In the WHI-OS, 417 of

the 943 women died during the course of follow-up, due to

any cause, with a median time to death of 10.6 years (First

quartile (Q1)¼ 6.6 years; Third quartile (Q3)¼14.0

years). In the WHI-HT, 685 of 1355 women died during

the course of follow-up, due to any cause, with a median

time to death of 9.1 years (Q1¼ 5.2 years; Q3¼ 14.5 years,

P¼ 0.003).

We replicated the associations of a set of 12 metabolites

originally observed in the Framingham Heart Study (FHS)

with all-cause mortality in models adjusted for age, sex

and other risk factors.12 Protective effects were reported in

FHS for cotinine, aconitate, b-hydroxybutyrate, isocitrate,

malate and taurocholate; harmful effects were reported for

histidine, lysine, threonine, uridine, C22: 6 lysophoshati-

dylcholine (LPC) and C38: 6 phoshatidylcholine (PC).12

We replicated these findings in our study using both

minimally adjusted (age, WHI arm, CHD case control sta-

tus) and fully adjusted (including BMI, systolic blood pres-

sure, hypertension treatment, diabetes, smoking status,

total cholesterol and HDL cholesterol) models, consistent

with the previous report (Figure 2, Supplementary Table 1,

available as Supplementary data at IJE online). An FDR-

adjusted P-value threshold of 0.05 was satisfied in models

with both minimal and full adjustment for all but 3¼three

metabolites, namely taurocholate, cotinine and C22: 6

LPC. Cotinine was associated with all-cause mortality with

minimal adjustment, with HR¼ 1.19 (95% CI: 1.12–1.27,

P< 10–07). However, this association was attenuated after

additional adjustments including smoking status in the

fully adjusted model (HR¼1.07, 95% CI: 0.97–1.18,

P¼ 0.17). The association of C22: 6 LPC was similarly

weakened after full adjustment. Taurocholate was not

Table 1. Baseline characteristics of 2298 participants in the

Women’s Health Initiative

Characteristic WHI-OS WHI-HT P-value

(n¼943) (n¼1355)

Age (mean years) (SD) 67.4 (7.0) 66.7 (7.0) 0.020

Age (minimum–maximum) 50.0–79.0 50.0–79.0

BMI (kg/m2), mean (SD) 27.9 (6.0) 29.3 (6.0) 0.001

Systolic blood pressure,

mean (SD)

132.0 (19.0) 134.0 (18.0) 0.100

Race (%) <0.001

�White 74.0% 84.0%

� Black 15.0% 12.0%

�Hispanic 3.0% 3.0%

� Asian 3.0% 1.0%

Current smoking (%) 8.1% 14.2% <0.001

Diabetes (%) 10.9% 14.8% 0.009

Hypertension (%) 42.0% 47.5% <0.001

All-cause deaths (%) 44.2% 50.6% 0.003

Cardiovascular disease-

related deaths (%)

24.3% 27.5% 0.095
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associated with all-cause mortality, even with minimal ad-

justment (HR¼ 1.04, 95% CI: 0.98–1.11, P¼ 0.17).

Each of the remaining 458 metabolites was individually

assessed for its association with all-cause mortality in both

minimally and fully adjusted models (Figure 1). In the WHI-

OS dataset, 36 metabolites met the threshold of FDR-

adjusted P< 0.05 with minimal, and raw P< 0.05 with full,

adjustment; of these metabolites, eight associations were vali-

dated with FDR-adjusted P<0.05 with minimal, and FDR-

adjusted P<0.10 with full, adjustment (Figure 1) in the inde-

pendent WHI-HT dataset (Figure 3; Supplementary Table 2,

available as Supplementary data at IJE online). After full ad-

justment, these included protective effects of docosatrienoic

acid [HR¼ 0.83 (0.76–0.91) in the WHI-OS; HR¼ 0.88

(0.83–0.94) in WHI-HT], asparagine [HR¼ 0.86 (0.77–

0.96) in WHI-OS; HR¼ 0.91 (0.84–0.98) in WHI-HT], and

similar effects for amino acids homoarginine and tryptophan

(Supplementary Table 2, available as Supplementary data at

IJE online). Higher levels were associated with increased risk

of all-cause mortality for C4-OH carnitine [HR¼ 1.18

(1.06–1.32) in WHI-OS; HR¼1.10 (1.01–1.20) in WHI-

HT], hexadecanedioate [HR¼ 1.18(1.08–1.29) in WHI-OS;

HR¼ 1.14(1.06–1.23) in WHI-HT] and N2, N2 dimethyl-

guanosine [HR¼ 1.15 (1.04–1.26) in WHI-OS; HR¼ 1.10

(1.03–1.18) in WHI-HT] and N4 acetylcytidine [HR¼ 1.13

(1.02–1.25) in WHI-OS; HR¼ 1.14 (1.05–1.24]. The full set

of analysis results for the WHI-OS and WHI-HT are in

Supplementary Files 1 and 2, available as Supplementary

data at IJE online.

Since some of these metabolites may change due to active

hormone therapy, a sensitivity analysis was conducted in a

subset of 643 participants randomized to the placebo arms of

the WHI-HT. All eight metabolites remained associated with

all-cause mortality in the minimally adjusted model

(Supplementary Table 7, available as Supplementary data at

IJE online). Five of the eight metabolites also remained asso-

ciated with all-cause mortality after adjustment for sampling

weights to account for the case-control nature of the design

Figure 2. Replication of 12 metabolite associations discovered in the Framingham Heart Study (FHS). Model (A): adjusted for age, WHI arm, CHD

case/control status. Model (B): model (A) factors þ BMI, systolic blood pressure, hypertension treatment, diabetes, smoking status, total cholesterol

and HDL cholesterol.
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(Supplementary Table 8, available as Supplementary data at

IJE online).

A metabolite score associated with all-cause mortality

(M-metabo-score) was estimated as a linear combination

of the eight metabolites in Figure 3 and the nine replicated

FHS metabolites. The coefficients associated with each of

17 metabolites in the score estimated in a LASSO algo-

rithm are shown in Table 2.

The M-metabo-score was associated with all-cause

mortality after full adjustment (P< 10–8) with HR¼1.95

(95% CI: 1.46-2.62) for women in the fourth quartile com-

pared with the first quartile in the WHI-HT (Figure 4,

Supplementary Table 3, available as Supplementary data

at IJE online). Kaplan-Meier survival curves estimated

within M-metabo-score quartiles are shown in

Supplementary Figure 2, available as Supplementary data

at IJE online, showing clear visual separation of the fourth

quartile from the first (lowest) quartile.

In a stratified analysis by age at baseline (70 years) in

the combined WHI-OS and WHI-CT dataset, the M-

metabo-score was associated with all-cause mortality in

Figure 3. Eight novel metabolite associations with all-cause mortality in the Women’s Health Initiative Observational Study (WHI-OS) and the

Women’s Health Initiative Hormone Trials (WHI-HT). Model (A): adjusted for age, WHI arm, CHD case/control status. Model (B): model (A) factors þ
BMI, systolic blood pressure, hypertension treatment, diabetes, smoking status, total cholesterol and HDL cholesterol .

Table 2. Regression coefficients corresponding to 17 metabo-

lites, used in a linear combination to obtain the M-metabo-score

Metabolite Class Coefficient

C4-OH carnitine Acyl carnitines 0.11

Asparagine Amino acids �0.05

Histidine Amino acids �0.05

Homoarginine Amino acids �0.09

Lysine Amino acids �0.02

Threonine Amino acids �0.05

Tryptophan Amino acids �0.07

Docosatrienoic acid Fatty acids �0.16

Hexadecanedioate Fatty acids 0.13

Malate Organic acids (dicarboxylic acids) 0.05

b-hydroxybutyrate Organic acids (hydroxy acids) �0.14

Aconitate Organic acids (tricarboxylic acids) 0.02

Isocitrate Organic acids (tricarboxylic acids) 0.09

C38: 6 PC PC 0.05

N2, N2-

dimethylguanosine

Purines and pyrimidines 0.11

N4-acetylcytidine Purines and pyrimidines 0.09

Uridine Purines and pyrimidines �0.20

PC, phosphatidylcholine.

294 International Journal of Epidemiology, 2020, Vol. 49, No. 1

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz211#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz211#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz211#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz211#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz211#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz211#supplementary-data


both the younger women (HR¼ 2.08, 95% CI: 1.55–2.78

for the highest quartile) and the older women with

(HR¼ 1.75, 95% CI: 1.33–2.30). The M-metabo-score

was also associated with both deaths within 10 years of

baseline (HR¼2.08, 95% CI: 1.58–2.73 for the highest

quartile) and later deaths (HR¼ 2.08, 95% CI: 1.55–2.78

for the highest quartile).

As these data were profiled in a CHD nested case/con-

trol study, the datasets were enriched for cardiovascular

disease-related adverse events and deaths. Therefore, the

results were tested by specific cause of mortality in order to

assess the robustness to mortality type. Of the 1102 total

deaths, we observed 601 CHD-related deaths (54.5%)

and 501 non-CHD deaths (45.5%) in the combined WHI-

OS and WHI-HT dataset (n¼2298). The M-metabo-score

was robust for both CVD mortality (P< 10–7) and

non-CVD mortality (P< 10–9), with HRs for women in the

highest score quartile relative to the lowest of 2.11 (95%

CI: 1.58—2.84) for CVD mortality and 2.25 (95% CI:

1.68—3.02) for non-CVD mortality.

We separately examined metabolite associations with

longevity, defined as attaining 85 years of age. Eight of the

twelve metabolites associated with longevity in the FHS12

were also observed to be significantly associated with lon-

gevity in our study, after full adjustment. These replicated

metabolites included protective associations (i.e. increased

longevity with higher levels) for lysine, uridine, histidine,

C22: 6 LPC and threonine and negative associations for

isocitrate, aconitate and malate (Figure 2; Supplementary

Table 4, available as Supplementary data at IJE online).

C38: 6 PC, b-hydroxybutyrate and taurocholate were not

associated with longevity in our study even in the

Figure 4. M-Metabo-score comprising 17 metabolites associated with all-cause mortality in the Women’s Health Initiative Observational Study (WHI-

OS) and the Women’s Health Initiative Hormone Trials (WHI-HT). Models adjusted for age, WHI arm, CHD case/control status, BMI, systolic blood

pressure, hypertension treatment, diabetes, smoking status, total cholesterol and HDL cholesterol .
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minimally adjusted model. The association of cotinine

with longevity was diminished after full adjustment includ-

ing for smoking status.

In a longevity discovery analysis of 458 metabolites, 19

metabolites met an FDR P-value <0.05 in the model with

minimal adjustment and a raw P-value <0.05 with full ad-

justment (Figure 5; Supplementary Table 5, available as

Supplementary data at IJE online). These included harmful

associations, where high levels correspond to reduced like-

lihood of longevity, in the case of C4-OH-carnitine, amino

acids (cystathionine, trimethylamine-N-oxide), salicylu-

rate, carbohydrates (sorbitol, sucrose), inositol, pseudouri-

dine, four purines/pyrimidines (1-methyladenosine,

7-methylguanine, N2, N2-dimethylguanosine, N4-acetyl-

cytidine) and N-carbamoyl-beta-alanine. Protective associ-

ations included homoarginine, C14: 0 LPC, uracil and

3 PCs (C34: 4, C34: 5, C36: 5). The full set of analysis

results is in Supplementary File 3, available at IJE online.

A metabolite score associated with all-cause mortality

[Longevity (L)-metabo-score] was estimated as a linear

combination of the 19 metabolites in Figure 5 and the eight

replicated FHS metabolites. The coefficients associated

with each of 27 metabolites in the score estimated in a

LASSO algorithm are shown in Table 3; the final score in-

cluded 17 metabolites. Details of the LASSO model are in-

cluded in the Supplementary data available at IJE online.

The L-metabo-score was associated with longevity

(P< 10–11) in the fully adjusted model with an OR of 4.57

(95% CI: 3.03-6.90) for women with scores in the fourth

quartile when compared with those in the lowest quartile

(Figure 6; Supplementary Table 6, available as

Supplementary data at IJE online). In a stratified analysis

Figure 5. Nineteen metabolites associated with longevity in the Women’s Health Initiative Observational Study (WHI-OS) and the Women’s Health

Initiative Hormone Trials (WHI-HT). Longevity is defined as living to age 85 years. Model (A): adjusted for age, WHI arm, CHD case/control status.

Model (B): model (A) factors þ BMI, systolic blood pressure, hypertension treatment, diabetes, smoking status, total cholesterol and HDL cholesterol.
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by age at baseline (70 years), the L-metabo-score was asso-

ciated with longevity in both younger and older women

(Figure 6). Correlation plots of the sets of metabolites asso-

ciated with all-cause mortality and longevity are shown in

Supplementary Figures 3 and 4, available as

Supplementary data at IJE online. Coefficient of variation

(CV) metrics associated with each metabolite associated

with all-cause mortality and longevity are in

Supplementary data File 4, are available at IJE online.

Discussion

In this study of the association of the EDTA-plasma metabo-

lome with all-cause mortality in postmenopausal women, we

identified eight novel metabolites and confirmed associations

for nine metabolites originally reported in the FHS.12 We

used a robust study design that involved metabolite discovery

among 943 women in the WHI-OS, with independent valida-

tion in a dataset of 1355 women in the WHI-HT. The new

findings included protective associations of docosatrienoic

acid, asparagine, homoarginine and tryptophan where higher

levels were associated with reduced risk, and harmful associa-

tions of C4-OH-carnitine, hexadecanedioate, N2, N2 dime-

thylguanosine and N4 acetylcytidine where higher levels

were associated with increased risk. Moreover, an M-

metabo-score comprising 17 metabolites was associated with

a 95% increased risk of mortality for women in the highest

quartile, which was robust for both younger and older

women, as well as for both cardiovascular and non-

cardiovascular mortality. The M-metabo-score was also asso-

ciated with deaths in the first 10 years of follow-up as well as

with deaths occurring more than 10 years after baseline, sug-

gesting that this score captures long-term risk. Our study also

identified 19 metabolite associations with longevity, attaining

age 85 or older, including protective associations of 3 PCs

(C34: 4, C34: 5, C36: 5), C14: 0 LPC, homoarginine and

uracil and harmful associations of C4-OH-carnitine, amino

acids (cystathionine, trimethylamine-N-oxide [TMAO]),

salicylurate, carbohydrates (sorbitol, sucrose), inositol, pseu-

douridine, four purines/pyrimidines (1-methyladenosine,

7-methylguanine, N2, N2-dimethylguanosine, N4-acetylcyti-

dine) and N-carbamoyl-beta-alanine.

Our study corroborates previous findings for mortality

from the FHS for histidine, lysine, threonine, malate,

b-hydroxybutyrate, C38: 6 PC, uridine, aconitate and iso-

citrate.12 Several previous studies lend support to our find-

ings.12–14,28–31

Uridine was also associated with lower mortality in the

Atherosclerosis Risk In Communities (ARIC) study.14

Increased levels of C 22: 6 LPC, a docosatrienoic acid con-

taining phospholipid, was associated with decreased risk

of all-cause mortality in the FHS and in our study.

Showing a consistent trend, we also observed that increas-

ing levels of docosatrienoic acid are associated with de-

creased risk of all-cause mortality. Increased levels of

dihydroxy docosatrienoic acid were reported to be protec-

tive against heart failure in the ARIC study.28 We observed

protective associations with respect to mortality risk with

higher levels of asparagine and tryptophan. Tryptophan

was also inversely associated with all-cause mortality

(HR¼ 0.87, 95% CI: 0.83-0.92) in a community-based,

Norwegian study (7015 participants, 55.6% female).13

Asparagine was also positively correlated with cardiovas-

cular health score in the Framingham Heart Study.12

Our study did not corroborate the previous findings in

the FHS that increasing levels of taurocholate are associated

with increased risk of all-cause mortality and decreased

Table 3. Regression coefficients corresponding to 27 metabo-

lites, used in a linear combination to obtain the L-metabo-

score

Metabolite Metabolite class Coefficient

C4-OH carnitine Acyl carnitines 0

Cystathionine Amino acids �0.06

Histidine Amino acids 0.11

Homoarginine Amino acids 0.02

Lysine Amino acids 0.1

Threonine Amino acids 0.06

Trimethylamine-

N-oxide

Amino acids �0.11

Salicylurate Benzenoids �0.12

Sorbitol Carbohydrates �0.04

Sucrose Carbohydrates �0.12

C14: 0 LPC LPC 0

C22: 6 LPC LPC 0.09

Malate Organic acids

(dicarboxylic acids)

�0.06

Aconitate Organic acids

(tricarboxylic acids)

0

Isocitrate Organic acids

(tricarboxylic acids)

�0.02

N-carbamoyl-beta-

alanine

Organic acids (ureas) �0.08

Inositol Others 0

Pseudouridine Others 0

C34: 4 PC PC 0.12

C34: 5 PC PC 0

C36: 5 PC PC 0

N2, N2-

dimethylguanosine

Purines and pyrimidines 0

N4-acetylcytidine Purines and pyrimidines �0.05

Uracil Purines and pyrimidines 0.16

Uridine Purines and pyrimidines 0

1-methyladenosine Purines and pyrimidines 0

7-methylguanine Purines and pyrimidines �0.1

LPC, lysophosphatidylcholine; PC, phosphatidylcholine.
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longevity. Taurocholate was also associated with increased

risk of all-cause mortality in an analysis of 620 men at high

risk for cancer.16 In our analysis, even with minimal adjust-

ment, taurocholate was not associated with all-cause mor-

tality (HR¼ 1.04, 95% CI: 0.98–1.11, P¼0.17) nor with

longevity (OR¼0.94, 95%CI: 0.83–1.06, P¼ 0.32). Sex

differences in taurocholate have been previously reported,

with lower taurocholate uptake into hepatocytes and higher

renal clearance in female compared with male rats.32–34

Thus, our inability to replicate the associations of taurocho-

late with all-cause mortality could reflect sex differences in

bile acid metabolism and its effects on mortality and longev-

ity. We also did not confirm previously reported associa-

tions in the FHS with mortality for C22: 6 LPC and cotinine

and associations with longevity for C38: 6 PC, b-hydroxy-

butyrate and cotinine (Figure 2, Supplementary Tables 1, 4,

available as Supplementary data at IJE online).

In addition to the seven previously reported metabolites

in the FHS (histidine, lysine, threonine, malate, aconitate,

isocitrate and uridine), we found that four additional

metabolites, C4-OH carnitine, homoarginine, N2,

N2-dimethylguanosine and N4-acetylcytidine, were associ-

ated with both longevity and mortality, in opposite direc-

tions. Higher levels of C4-OH-carnitine were associated

with increased risk of mortality and a corresponding de-

creased likelihood of longevity. C4-OH-carnitine is a car-

nitine ester of 3-hydroxybutyrate and has been implicated

in pathways conferring increased risk of insulin resistance

and obesity.31 Higher levels of acylcarnitines are associated

with fatty acid oxidation impairment.30,31 Two markers

associated with increased mortality and decreased longevity

are related to tRNA modification. Higher levels of N4-

acetylcytidine were associated with higher dietary insulinae-

mic potential in a recent study in the WHI.35 Supporting our

observations, a recent study found that higher levels of N4-

acetylcytidine were found among older individuals with

higher inflammatory activation, oxidative stress and nucleo-

tide metabolic dysfunction.36 N2, N2-demthylguanosine is

post-transcriptional modification of tRNA.37 Consistent with

our findings, increased levels of N2, N2-demthylguanosine

Figure 6. L-Metabo-score comprising 17 metabolites associated with longevity in the Women’s Health Initiative Observational Study (WHI-OS) and

the Women’s Health Initiative Hormone Trials (WHI-HT). Models adjusted for age, WHI arm, CHD case/control status, BMI, systolic blood pressure, hy-

pertension treatment, diabetes, smoking status, total cholesterol and HDL cholesterol.
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were associated with mortality among patients with pulmo-

nary artery hypertension.38 In contrast, higher homoarginine

levels were associated with decreased mortality and increased

longevity. Homoarginine is an analogue of L-arginine, the

substrate for the synthesis of nitric oxide, a messenger in-

volved in vascular resistance and oxidative function.39 In a

recent meta-analysis of observational studies conducted in

mostly male populations with cardiovascular or other

chronic diseases, an inverse association between homoargi-

nine and all cause-mortality (HR 0.64, 95% CI: 0.57–0.73)

was observed.40 Our observations extend these early findings

to women and average-risk individuals.

We found a detrimental association with longevity for

trimethylamine N-oxide (TMAO), a metabolite produced

by the gut microbiome, which has previously been associ-

ated with an increased risk of heart disease and stroke.

High levels of TMAO were found to be associated with an

increased risk of all-cause mortality in an analysis of 5469

participants in the PREVEND study in The Netherlands.41

However, TMAO was not a significant predictor of lon-

gevity (OR¼ 1.00, 95% CI: 0.80, 1.25) in the FHS.12

Sex-based differences in TMAO concentrations have been

previously reported in animal models.42 Thus, gender com-

position should be considered in evaluating the consistency

of the association.

Our study has several strengths including a well-

validated metabolomics platform, detailed covariate infor-

mation, a large number of carefully adjudicated endpoints

and a robust methodology. In addition, the study provides a

detailed evaluation of metabolomics and all-cause mortality

in women, which has previously been lacking in the litera-

ture. In summary, multiple metabolites were associated with

decreased mortality and increased longevity, highlighting

the importance of metabolism in ageing and disease.
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Supplementary data are available at IJE online.
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