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Abstract

Background: Emerging studies have related circulating glutamine metabolites to various

chronic diseases such as cardiovascular disease and cancer; diet is the major source of nu-

trients involved in glutamine metabolism. However, it remains unknown whether dietary in-

takes of glutamine, glutamate,and their ratio are related to total and cause-specific mortality.

Methods: We followed 74 082 women from the Nurses’ Health Study (1984–2012) and

42 303 men from the Health Professionals Follow-up Study (1986–2012), who were free

of cardiovascular disease and cancer at baseline. Diet was updated every 2 to 4 years by

using validated food frequency questionnaires. The content of glutamine and glutamate

in foods was calculated based on protein fractions generated from gene sequencing

methods and adjusted for total energy intake.

Results: We documented 30 424 deaths during 2 878 344 person-years of follow-up. After

adjustment for potential confounders including lifestyle and dietary factors, higher in-

takes of glutamine and glutamine-to-glutamate ratio were associated with significantly

lower risk of total and cause-specific mortality. Compared with people in the lowest quin-

tile of dietary glutamine-to-glutamate ratio, the pooled hazard ratio (HR) in the highest

quintile was 0.87 [95% confidence interval (CI): 0.84, 0.91; P for trend< 0.001) for total

mortality, 0.81 (95% CI: 0.75, 0.88; P for trend<0.001) for cardiovascular mortality, and

0.93 (95% CI: 0.87, 0.99; P for trend ¼ 0.01) for cancer mortality.

Conclusions: We found dietary glutamine and glutamine-to-glutamate ratio were in-

versely related to risk of mortality, particularly cardiovascular mortality, independent of

other dietary and lifestyle factors, in US men and women.
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Background

Glutamine and its intermediate product, glutamate, are the

most abundant amino acids in the human body.1

Metabolism of glutamine and glutamate plays key roles in

maintenance and promotion of a variety of physiological

functions, such as synthesis of muscle proteins,2 activation of

immune system3 and protection of gastrointestinal mucosa.4

Emerging evidence has linked glutamine and glutamate

to a variety of chronic disorders. Several clinical trials re-

vealed the cardioprotective effects of glutamine supple-

mentation in patients with coronary heart disease5–7 or

diabetes.8 Our previous analysis indicated that genetic

variation in glutamine metabolism was associated with

coronary heart disease in individuals with diabetes, further

suggesting a mechanistic link.9 In addition to the potential

role in cardiovascular health, glutamine metabolism is

closely related to malignancy of tumour cells, and has been

implicated in detection, monitoring and treatment of can-

cer.10 Recent studies using metabolomics profiling have

provided valuable tools to evaluate glutamine and its me-

tabolites, and identified circulating levels of glutamine, glu-

tamate and glutamine-to-glutamate ratio associated with

multiple metabolic abnormalities such as obesity, hyper-

tension, dyslipidaemia,11–14 and risk of developing type 2

diabetes,15 cardiovascular disease16 and cancer.17

Diet is the major source of glutamine and glutamate,

and may modulate circulating levels of their metabolites.18

To the best of our knowledge, no previous studies have elu-

cidated the associations of long-term intakes of glutamine

and glutamate with risk of mortality. Therefore in the pre-

sent study, we prospectively examined dietary intakes of

glutamine, glutamate and their ratio in relation to total

and cause-specific mortality in two large cohorts of US

women and men, the Nurses’ Health Study (NHS) and the

Health Professionals Follow-up Study (HPFS).

Methods

Study population

The NHS is a prospective study of a cohort of 121 701 fe-

male registered nurses aged 30–55 years from 11 US states,

who were enrolled in 1976. The HPFS is a prospective

study of a cohort of 51 529 male health professionals aged

40–75 years from all 50 states, enrolled in 1986.

Participants were followed with the use of biennial vali-

dated questionnaires concerning medical history, lifestyle

and health practices. The follow-up rate has been greater

than 90% for both cohorts. The study protocol was

approved by the Institutional Review Boards at Harvard

T.H. Chan School of Public Health and Brigham and

Women’s Hospital. Return of the questionnaires was con-

sidered to imply written informed consent.

For the current investigation, we excluded: participants

with cancer or cardiovascular disease (coronary heart dis-

ease, stroke, angina and coronary artery bypass grafting)

at baseline (1984 for the NHS and 1986 for the HPFS);

those who had incomplete information for dietary data;

and those who reported implausible total energy intake

(<500 or >3500 kcal/day for the NHS and <800 or

>4200 kcal/day for the HPFS). After exclusions, a total of

74 082 women and 42 303 men remained in the analysis.

Assessment of diet

Usual dietary habits were assessed by using validated semi-

quantitative food frequency questionnaires (FFQs) every 2

to 4 years. The FFQs enquired about mean consumption of

foods, beverages and supplements (with a prespecified por-

tion size) during the previous year using nine categories of

intake frequency, ranging from less than one per month to

six or more per day. The reproducibility and validity of

protein intake estimated by the FFQ against dietary re-

cords were reported previously, with approximate correl-

ation coefficients between protein intake from FFQ and

dietary records of 0.4.19,20 All nutrient data were adjusted

for total energy intake using the residual method.21

Assessment of dietary glutamine and glutamate

Dietary glutamine and glutamate values were derived using

gene sequencing methods (Swiss Institute of Bioinformatics),

which have been validated against US Department of

Agriculture and modified biochemical (Khun) methods.22

Key Messages

• In two large, prospective cohorts of US men and women, long-term dietary intakes of glutamine and glutamine-to-

glutamate ratio were consistently associated with a decrease in the risk of total mortality and cause-specific mortality.

• The associations appeared to be independent of traditional risk factors and other dietary factors.

• Our research highlights the important roles of glutamine in primary prevention of premature mortality.
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Briefly, we calculated the proteinogenic amino acid content

of food proteins consumed in the nutrient database based on:

(i) the identification of protein fractions of food proteins re-

ported in the literature; (ii) the identification of the amino

acid composition of protein fractions using the Expert

Protein Analysis System (ExPASy) sequence database server;

(iii) the weighted sum of amino acids content of protein frac-

tions in food proteins; and (iv) the incorporation of amino

acid content of food proteins in recipes used to create the nu-

trient database. The amino acid content of food protein frac-

tions was calculated using the entire sequence of the protein

fraction examined. We excluded the terminal residues from

the amino acid calculations as terminal amino acids have a

short lifetime, even though terminal amino acids have little

impact on the final composition of proteins, given their small

contribution of the total sequence. The formula to calculate

the content of amino acids in food protein derived from

sequencing data was described in earlier studies.23 As an ex-

ample, the glutamine content of b-casein in milk was calcu-

lated as:

[% b-casein� # glutamine in sequence�molecular

weight of glutamine (g/mole)]/molecular weight of b-casein

(g/mole)¼ (23.4%�20�146.15)/(23583.2)¼ 2.9%.

Ascertainment of mortality

Deaths were reported by the next of kin or the postal

authorities or identified by searching the National Death

Index. More than 97% of deaths can be identified in these

cohorts.24 For all deaths, we sought death certificates and

requested permission from the next of kin to review med-

ical records when appropriate. The underlying cause of

death was assigned according to the International

Classification of Diseases, 8th Revision (ICD-8). In this

analysis we also specifically considered deaths due to car-

diovascular disease (ICD-8 codes 390.0–458.9 or 795.0–

795.9) or cancer (ICD-8 codes 140.0–207.9).

Assessment of covariates

Data on demographics, medical history and lifestyle habits

have been collected by self-administered questionnaires

since baseline and updated biennially. Hypertension and

hypercholesterolaemia were self-reported, with the validity

of these reports confirmed on random sampling of medical

records.25 A supplementary questionnaire was used to con-

firm self-reported cases of diabetes according to estab-

lished criteria,26 and 98% of these cases were validated in

comparison with medical records. Information on smoking

status, menopausal status and postmenopausal hormone

use (women only), family history of myocardial infarction

and cancer, multivitamin and aspirin use, height and body

weight was obtained. Self-reported weight was validated

against technician-measured weight, with a Spearman cor-

relation of 0.97 and mean difference in self-reported and

measured weight of �1.50 kg for the NHS participants and

�1.06 kg for the HPFS participants.27 Body mass index

(BMI) was calculated as weight in kilograms divided by

height squared in metres. Physical activity was assessed

every 2–4 years using validated questionnaires.28

Statistical analysis

Individuals contributed person-time from the return date

of the first FFQ until the date of death or 30 June 2012

for the NHS, or 31 January 2012 for the HPFS, whichever

came first. To best represent long-term intake and

to minimise within-person variation, we created and used

the cumulative average of glutamine, glutamate and

glutamine-to-glutamate ratio intakes from all available

dietary questionnaires for an individual up to the start of

each follow-up interval.29 We replaced missing values in

each FFQ with cumulative average based on previous

assessments.

Participants were divided into quintiles according to

their energy-adjusted intakes of glutamine, glutamate and

glutamine-to-glutamate ratio. Multivariable-adjusted Cox

proportional hazards models stratified on age (years) and

calendar time (2-year intervals) were used to estimate haz-

ard ratios (HRs) and 95% confidence intervals (CIs) for

the associations of nutrient intakes with total and cause-

specific mortality. Linear trend was assessed by assigning

the median value for the sample to each quintile and mod-

elling this as a continuous variable. Proportional hazards

assumption was tested by evaluating the significance of the

interaction term between quintiles of nutrient intake and

age, and no violation of the proportional hazards assump-

tion was observed (P for interaction> 0.05).

In multivariate analysis, we adjusted for ethnicity and

family history of heart disease and cancer, as well as time-

varying covariates including age, menopausal status and

postmenopausal hormone therapy use (women only), BMI,

smoking status, alcohol intake, physical activity, multivita-

min use, aspirin use, baseline history of hypertension,

hypercholesterolaemia and diabetes, and dietary intakes of

total energy, total fat, polyunsaturated fat and trans fat. In

the sensitivity analyses, we further controlled for major

dietary sources of glutamine and glutamate including in-

takes of red meat and whole grains; alternatively, we con-

trolled for intakes of total protein, animal protein, plant

protein or other types of amino acids that might be related

to cardiometabolic risk including branched-chain amino

acids and aromatic amino acids.
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We also assessed potential effect modification by baseline

characteristics including age (�60 years or <60 years), BMI

(�25 kg/m2 or <25 kg/m2), smoking status (ever smoker

versus never smoker), alcohol intake (drinkers versus non-

drinkers) and levels of physical activity (median). We con-

structed cross-product terms between quintiles of nutrient

intakes and these factors, with statistical significance of

multiplicative interaction determined by using the Wald test.

To summarize the associations across the two cohorts,

we conducted an inverse variance-weighted, fixed-effect

meta-analysis, because no significant heterogeneity was

found. Statistical analyses were conducted using SAS soft-

ware version 9.3 (SAS Institute Inc). All P-values are two-

sided and a P-value of <0.05 was considered as statistically

significant.

Results

Table 1 presents baseline characteristics of participants by

quintiles of glutamine-to-glutamate ratio. In both cohorts,

participants with a higher intake of glutamine-to-

glutamate ratio had lower BMI and alcohol intake, and

were less likely to have a history of hypertension and dia-

betes. A higher glutamine-to-glutamate ratio was also

related to a lower intake of protein, red meat, vegetables

but a higher intake of whole grains and dietary fibre. In

women, those with a higher glutamine-to-glutamate ratio

were also less likely to be physically active and use multi-

vitamins; whereas in men, those with a higher glutamine-

to-glutamate ratio were more likely to be physically active

and use multivitamins, but less likely to be current smokers

and aspirin users. In our cohorts, the major food contribu-

tors to glutamine intake were grains (�32%), dairy prod-

ucts (�16%) and fish/poultry (�13%), and the major

contributors to glutamate intake were fish/poultry

(�28%), red meats (�24%) and dairy products (�21%)

(Supplementary Table 1, available as Supplementary data

at IJE online).

In the NHS, during 28 years of follow-up (1 913 956

person-years), we documented 17 433 deaths of which

Table 1. Baseline characteristics of participants in NHS and HPFS

Quintiles of glutamine-to-glutamate ratio

NHS HPFS

1 3 5 1 3 5

Glutamine-to-glutamate ratio 0.8 (0.1) 1.0 (0.0) 1.3 (0.2) 0.8 (0.1) 1.0 (0.0) 1.3 (0.2)

Glutamine, g/day 6.2 (1.1) 6.4 (1.0) 6.7 (1.0) 7.5 (1.2) 8.0 (1.1) 8.7 (1.5)

Glutamate, g/day 8.0 (1.6) 6.5 (1.0) 5.3 (0.9) 9.6 (1.7) 8.0 (1.2) 6.6 (1.2)

Age, yearsa 50.7 (7.0) 50.0 (7.2) 50.0 (7.4) 54.1 (9.4) 52.8 (9.5) 52.5 (9.6)

BMI, kg/m2 25.3 (4.8) 24.9 (4.7) 24.6 (4.6) 26.0 (3.5) 25.3 (3.1) 24.8 (3.1)

Alcohol, g/day 7.8 (12.2) 6.6 (10.6) 5.8 (10.6) 11.7 (15.5) 10.8 (14.2) 10.6 (15.7)

Physical activity, h/week 3.2 (2.2) 3.1 (2.1) 2.9 (2.1) 2.7 (4.3) 2.8 (4.0) 3.0 (4.5)

Past smoker 33.1 31.7 29.1 42.4 39.3 38.5

Current smoker 25.8 22.6 23.5 11.9 8.6 7.2

Multivitamin use, % 38.9 36.7 34.8 61.7 63.6 63.8

Aspirin use, % 70.6 72.2 70.2 27.3 26.8 25.4

Family history of myocardial infarction, % 26.1 24.8 24.3 32.1 31.7 31.6

Family history of cancer, % 13.7 14.5 14.9 33.7 35.0 34.3

History of hypertension, % 23.2 21.4 18.9 22.6 19.1 17.6

History of hypercholesterolaemia, % 8.4 7.5 7.7 11.0 10.7 10.7

History of diabetes, % 3.4 2.7 2.4 3.2 2.2 1.6

White, % 96.8 98.5 98.7 94.2 96.2 96.6

Total energy intake, kcal/day 1729.0 (536.0) 1764.9 (527.9) 1718.5 (533.0) 1930.3 (568.8) 1981.6 (563.4) 1936.6 (563.8)

Protein intake, g/day 79.9 (13.3) 69.0 (9.5) 60.4 (9.2) 102.7 (16.8) 89.7 (12.5) 79.2 (12.5)

Red meat intake, serving/d 1.3 (0.8) 1.1 (0.6) 0.9 (0.5) 1.3 (0.9) 1.1 (0.7) 0.8 (0.6)

Fruit intake, serving/day 1.5 (1.2) 1.4 (1.0) 1.2 (1.0) 1.6 (1.3) 1.6 (1.2) 1.6 (1.3)

Vegetable intake, serving/day 3.2 (1.8) 2.7 (1.5) 2.4 (1.3) 3.2 (1.9) 2.9 (1.6) 2.7 (1.7)

Whole grain intake, g/day 10.5 (10.0) 14.7 (12.6) 19.0 (17.6) 15.5 (14.7) 22.7 (17.6) 31.8 (27.2)

Dietary fiber intake, g/day 15.9 (5.0) 16.4 (4.7) 16.9 (5.1) 19.6 (6.7) 21.1 (6.7) 23.1 (8.1)

Alternate Healthy Eating Index score 44.2 (10.5) 41.8 (10.0) 41.1 (10.0) 47.2 (10.8) 46.5 (10.7) 46.4 (11.1)

Values are means(SD) or percentages and are standardized to the age distribution of the study population.
aValue is not age-adjusted.

314 International Journal of Epidemiology, 2018, Vol. 47, No. 1

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data


3621 were cardiovascular deaths and 6508 were cancer

deaths. In the HPFS, during 26 years of follow-up (964 388

person-years), we documented 12 991 deaths of which

3971 were cardiovascular deaths and 4154 were cancer

deaths. The associations of dietary glutamine intake with

total and cause-specific mortality in the meta-analysis of

results from the NHS and HPFS are shown in Table 2 (re-

sults from separate cohort are shown in Supplementary

Table 2, available as Supplementary data at IJE online). In

age-adjusted analyses, a higher intake of glutamine was

significantly associated with lower risk of total and cause-

specific mortality. After adjustment for a list of potential

confounders including demographics, lifestyle, and dietary

factors, the associations with cardiovascular mortality did

not appreciably change, whereas the associations with

total and cancer mortality were attenuated but remained

significant; the largest changes in these associations were

seen with adjustment for physical activity, smoking status

and multivitamin use. The pooled HRs comparing extreme

quintiles of glutamine intake were 0.85 (95% CI: 0.82,

0.89; P for trend< 0.001) for total mortality, 0.87 (95%

CI: 0.80, 0.94; P for trend< 0.001) for cardiovascular

mortality, and 0.89 (95% CI: 0.83, 0.95; P for

trend< 0.001) for cancer mortality.

Table 3 shows the pooled associations of dietary intake

of glutamate with risk of mortality (results from separate

cohort are presented in Supplementary Table 3, available

as Supplementary data at IJE online). In the combined co-

horts, a higher glutamate intake was associated with

increased risk of total and cardiovascular mortality in

age-adjusted models. The associations were attenuated

with multivariate adjustment, becoming statistically

insignificant for total mortality (pooled extreme quintile

HR: 1.03; 95% CI: 0.99, 1.07; P for trend¼0.10) and

marginal significant for cardiovascular mortality (pooled

extreme quintile HR: 1.09; 95% CI: 1.00, 1.17; P for

trend¼ 0.03). Glutamate intake was not significantly asso-

ciated with cancer mortality.

A higher intake of glutamine-to-glutamate ratio was

also significantly associated with lower risk of total and

cause-specific mortality (Table 4; Supplementary Table 4,

available as Supplementary data at IJE online). Although

further adjustment for potential confounders attenuated

these associations, the statistical significance remained.

The multivariable-adjusted HRs comparing extreme quin-

tiles of glutamine-to-glutamate ratio were 0.87 (95% CI:

0.84, 0.91; P for trend<0.001) for total mortality, 0.81

(95% CI: 0.75, 0.88; P for trend< 0.001) for cardiovascu-

lar mortality and 0.93 (95% CI: 0.87, 0.99; P for

trend¼ 0.01) for cancer mortality.

In sensitivity analyses, further adjustment for dietary in-

takes of red meat and whole grains attenuated the associ-

ations of glutamine intake with total and cause-specific

mortality, although the inverse relationship remained in

the meta-analysis of results from the two cohorts

(Supplementary Table 5, available as Supplementary data

at IJE online). With regard to glutamine-to-glutamate

ratio, the associations with total mortality (extreme quin-

tile HR: 0.91; 95% CI: 0.88, 0.95; P for trend< 0.001)

and cardiovascular mortality (extreme quintile HR: 0.85;

95% CI: 0.78, 0.92; P for trend< 0.001) were attenuated

but remained significant, whereas the association with can-

cer mortality (extreme quintile HR: 0.96; 95% CI: 0.89,

1.03; P for trend¼ 0.14) became not significant. When

Table 2. Total mortality and cause-specific mortality according to quintiles of dietary glutamine intake in the meta-analysis of

results from the NHS and HPFS

Quintiles of dietary glutamine intake

1 2 3 4 5 P for trend

Total mortality

Model 1a 1 (reference) 0.85 (0.82, 0.88) 0.78 (0.76, 0.81) 0.78 (0.75, 0.81) 0.77 (0.74, 0.79) <0.001

Model 2b 1 (reference) 0.96 (0.92, 0.99) 0.92 (0.89, 0.95) 0.91 (0.88, 0.94) 0.85 (0.82, 0.89) <0.001

Cardiovascular mortality

Model 1a 1 (reference) 0.89 (0.83, 0.95) 0.80 (0.74, 0.86) 0.83 (0.77, 0.89) 0.87 (0.81, 0.93) <0.001

Model 2b 1 (reference) 0.96 (0.90, 1.03) 0.88 (0.82, 0.95) 0.89 (0.83, 0.96) 0.87 (0.80, 0.94) <0.001

Cancer mortality

Model 1a 1 (reference) 0.83 (0.78, 0.88) 0.80 (0.75, 0.85) 0.78 (0.73, 0.82) 0.76 (0.71, 0.80) <0.001

Model 2b 1 (reference) 0.94 (0.89, 1.00) 0.94 (0.89, 1.00) 0.93 (0.87, 0.98) 0.89 (0.83, 0.95) <0.001

aAdjusted for age (years).
bFurther adjusted for ethnicity (Caucasian, yes/no), menopausal status [pre- or postmenopausal (never, past or current menopausal hormone use), women

only], body mass index (kg/m2: <21, 21–24.9, 25–29.9, 30–31.9 or �32), smoking status (never smoker, past smoker, current smoker: 1–14, 15–24, or �25 cigar-

ettes/day), physical activity (h/week: 0, 0.01–1.0, 1.0–3.5, 3.6–6.0 or �6), family history of myocardial infarction or cancer (yes/no), hypertension (yes/no), hyper-

cholesterolaemia (yes/no), diabetes (yes/no), multivitamin use (yes/no), aspirin (yes/no), alcohol intake (g/day: 0, 0.1–4.9, 5.0–14.9, 15.0–19.9, 20.0–29.9 or

�30), and dietary intakes (all in quintiles) of total energy, total fat, polyunsaturated fat and trans fat.

International Journal of Epidemiology, 2018, Vol. 47, No. 1 315

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyx234#supplementary-data


intakes of total protein, branched-chain amino acids, or

aromatic amino acids were further controlled for in the

model, the associations of glutamine and glutamine-to-

glutamate ratio with total and cardiovascular mortality

became even stronger; however, a slight attenuation in the

associations was observed with adjustment for plant pro-

tein, but not animal protein (data not shown).

In stratified analyses of glutamine-to-glutamate ratio

and cardiovascular mortality by baseline characteristics

including age, BMI, smoking status, alcohol intake and

physical activity (Table 5), a significant interaction was

observed of glutamine-to-glutamate ratio with BMI in the

NHS (P for interaction¼ 0.03). The inverse, linear associ-

ation between glutamine-to-glutamate ratio and cardiovas-

cular mortality was more evident among women who were

overweight or obese (extreme quintile HR: 0.80; 95% CI:

0.68, 0.93). In the HPFS, no significant interactions be-

tween glutamine-to-glutamate ratio and the above baseline

characteristics were observed, and the associations largely

persisted among participants with various risk profiles. For

total mortality (data not shown), we observed a significant

interaction between glutamine-to-glutamate ratio and

physical activity in the NHS (P for interaction¼ 0.008). A

stronger inverse association was seen among more

Table 3. Total mortality and cause-specific mortality according to quintiles of dietary glutamate intake in the meta-analysis of

results from the NHS and HPFS

Quintiles of dietary glutamate intake

1 2 3 4 5 P for trend

Total mortality

Model 1a 1 (reference) 0.93 (0.90, 0.96) 0.93 (0.90, 0.96) 0.96 (0.93, 1.00) 1.09 (1.05, 1.13) <0.001

Model 2b 1 (reference) 1.01 (0.97, 1.04) 1.00 (0.97, 1.04) 1.02 (0.99, 1.06) 1.03 (0.99, 1.07) 0.10

Cardiovascular mortality

Model 1a 1 (reference) 0.98 (0.92, 1.05) 0.97 (0.90, 1.04) 1.06 (0.99, 1.14) 1.28 (1.19, 1.37) <0.001

Model 2b 1 (reference) 1.03 (0.96, 1.10) 1.00 (0.93, 1.07) 1.05 (0.98, 1.13) 1.09 (1.00, 1.17) 0.03

Cancer mortality

Model 1a 1 (reference) 0.93 (0.88, 0.99) 0.93 (0.88, 0.99) 0.95 (0.89, 1.01) 0.99 (0.93, 1.06) 0.82

Model 2b 1 (reference) 1.00 (0.95, 1.06) 1.01 (0.95, 1.07) 1.02 (0.96, 1.08) 0.99 (0.93, 1.06) 0.90

aAdjusted for age (years).
bFurther adjusted for ethnicity (Caucasian, yes/no), menopausal status [pre- or postmenopausal (never, past or current menopausal hormone use), women

only], body mass index (kg/m2: <21, 21–24.9, 25–29.9, 30–31.9 or �32), smoking status (never smoker, past smoker, current smoker: 1–14, 15–24, or �25 cigar-

ettes/day), physical activity (h/week: 0, 0.01–1.0, 1.0–3.5, 3.6–6.0 or �6), family history of myocardial infarction or cancer (yes/no), hypertension (yes/no), hyper-

cholesterolaemia (yes/no), diabetes (yes/no), multivitamin use (yes/no), aspirin (yes/no), alcohol intake (g/day: 0, 0.1–4.9, 5.0–14.9, 15.0–19.9, 20.0–29.9 or

�30), and dietary intakes (all in quintiles) of total energy, total fat, polyunsaturated fat and trans fat.

Table 4. Total mortality and cause-specific mortality according to quintiles of glutamine-to-glutamate ratio in the meta-analysis

of results from the NHS and HPFS

Quintiles of glutamine-to-glutamate ratio

1 2 3 4 5 P for trend

Total mortality

Model 1a 1 (reference) 0.81 (0.78, 0.84) 0.75 (0.72, 0.78) 0.72 (0.69, 0.75) 0.70 (0.68, 0.73) <0.001

Model 2b 1 (reference) 0.96 (0.92, 1.00) 0.94 (0.91, 0.98) 0.91 (0.88, 0.95) 0.87 (0.84, 0.91) <0.001

Cardiovascular mortality

Model 1a 1 (reference) 0.79 (0.73, 0.84) 0.71 (0.66, 0.76) 0.66 (0.61, 0.71) 0.66 (0.61, 0.71) <0.001

Model 2b 1 (reference) 0.91 (0.85, 0.98) 0.88 (0.82, 0.95) 0.83 (0.77, 0.90) 0.81 (0.75, 0.88) <0.001

Cancer mortality

Model 1a 1 (reference) 0.89 (0.83, 0.94) 0.85 (0.80, 0.90) 0.83 (0.78, 0.88) 0.78 (0.73, 0.83) <0.001

Model 2b 1 (reference) 1.01 (0.95, 1.08) 1.01 (0.95, 1.08) 1.00 (0.94, 1.07) 0.93 (0.87, 0.99) 0.01

aAdjusted for age (years).
bFurther adjusted for ethnicity (Caucasian, yes/no), menopausal status [pre- or postmenopausal (never, past or current menopausal hormone use), women

only], body mass index (kg/m2: <21, 21–24.9, 25–29.9, 30–31.9 or �32), smoking status (never smoker, past smoker, current smoker: 1–14, 15–24, or �25 cigar-

ettes/day), physical activity (h/week: 0, 0.01–1.0, 1.0–3.5, 3.6–6.0 or �6), family history of myocardial infarction or cancer (yes/no), hypertension (yes/no), hyper-

cholesterolaemia (yes/no), diabetes (yes/no), multivitamin use (yes/no), aspirin (yes/no), alcohol intake (g/day: 0, 0.1–4.9, 5.0–14.9, 15.0–19.9, 20.0–29.9, or

�30), and dietary intakes (all in quintiles) of total energy, total fat, polyunsaturated fat and trans fat.
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physically active women (extreme quintile HR: 0.82; 95%

CI: 0.74, 0.91) than the rest of participants (extreme quin-

tile HR: 0.93; 95% CI: 0.87, 0.99). None of the character-

istics significantly interacted with glutamine-to-glutamate

ratio in relation to total mortality in the HPFS.

Discussion

In two independent, large prospective cohorts of US men

and women, we found consistent associations of long-term

dietary intake of glutamine and glutamine-to-glutamate

ratio with a decrease in the risk of total mortality and

cause-specific mortality. The associations appeared to be

independent of traditional risk factors and other dietary

factors.

In support of our findings, metabolomics profiling has

identified circulating glutamine, glutamate and glutamine-

to-glutamate ratio to be associated with multiple metabolic

risk factors in cross-sectional studies.11–14 Specifically, glu-

tamine and glutamine-to-glutamate ratio were inversely

associated with BMI, insulin resistance, blood pressure and

triglycerides and positively associated with high-density

lipoprotein (HDL) cholesterol, whereas glutamate was

associated with adverse metabolic profiles. In a recent

Table 5. Cardiovascular mortality according to quintiles of glutamine-to-glutamate ratio by various characteristics of

participants

Quintiles of glutamine-to-glutamate ratio

Characteristics 1 2 3 4 5 P for interaction

NHS

Age 0.18

Age<60 years 1 (reference) 1.00 (0.71, 1.41) 0.68 (0.45, 1.03) 0.94 (0.64, 1.39) 0.63 (0.40, 1.00)

Age�60 years 1 (reference) 0.90 (0.80, 1.01) 0.94 (0.83, 1.05) 0.86 (0.77, 0.97) 0.86 (0.77, 0.97)

Body mass index 0.03

BMI<25 kg/m2 1 (reference) 0.91 (0.77, 1.08) 0.95 (0.80, 1.12) 0.92 (0.78, 1.09) 0.91 (0.77, 1.08)

BMI�2 5 kg/m2 1 (reference) 0.91 (0.79, 1.05) 0.90 (0.77, 1.04) 0.82 (0.70, 0.96) 0.80 (0.68, 0.93)

Smoking status 0.07

Never 1 (reference) 0.80 (0.66, 0.97) 0.78 (0.64, 0.94) 0.81 (0.67, 0.98) 0.82 (0.68, 0.99)

Ever 1 (reference) 0.95 (0.83, 1.09) 0.99 (0.86, 1.14) 0.88 (0.76, 1.01) 0.83 (0.72, 0.96)

Physical activity 0.13

Below median 1 (reference) 0.91 (0.80, 1.04) 0.91 (0.80, 1.04) 0.89 (0.78, 1.02) 0.88 (0.78, 1.01)

Above median 1 (reference) 0.92 (0.74, 1.14) 0.95 (0.76, 1.18) 0.81 (0.64, 1.02) 0.77 (0.60, 0.97)

Alcohol intake 0.77

Non-drinker 1 (reference) 0.88 (0.76, 1.02) 0.91 (0.78, 1.05) 0.89 (0.77, 1.04) 0.84 (0.72, 0.97)

Drinker 1 (reference) 0.94 (0.79, 1.11) 0.93 (0.78, 1.10) 0.81 (0.68, 0.97) 0.87 (0.73, 1.04)

HPFS

Age 0.11

Age<60 years 1 (reference) 0.81 (0.52, 1.26) 0.64 (0.39, 1.05) 0.64 (0.39, 1.08) 0.64 (0.38, 1.10)

Age�60 years 1 (reference) 0.93 (0.84, 1.03) 0.87 (0.78, 0.96) 0.82 (0.74, 0.92) 0.80 (0.71, 0.89)

Body mass index 0.86

BMI<25 kg/m2 1 (reference) 0.97 (0.84, 1.13) 0.94 (0.81, 1.09) 0.86 (0.74, 1.00) 0.81 (0.69, 0.95)

BMI�25 kg/m2 1 (reference) 0.90 (0.79, 1.03) 0.79 (0.68, 0.91) 0.78 (0.68, 0.91) 0.79 (0.68, 0.93)

Smoking status 0.48

Never 1 (reference) 0.83 (0.62, 1.10) 0.90 (0.68, 1.19) 0.83 (0.62, 1.11) 0.71 (0.52, 0.96)

Ever 1 (reference) 0.91 (0.77, 1.09) 0.87 (0.73, 1.04) 0.79 (0.66, 0.95) 0.77 (0.63, 0.95)

Physical activity 0.08

Below median 1 (reference) 0.97 (0.86, 1.08) 0.90 (0.80, 1.02) 0.84 (0.74, 0.95) 0.87 (0.76, 0.99)

Above median 1 (reference) 0.82 (0.68, 1.00) 0.75 (0.62, 0.92) 0.74 (0.61, 0.91) 0.61 (0.49, 0.77)

Alcohol intake 0.76

Non-drinker 1 (reference) 0.98 (0.82, 1.17) 0.88 (0.74, 1.06) 0.87 (0.72, 1.04) 0.79 (0.65, 0.96)

Drinker 1 (reference) 0.91 (0.80, 1.02) 0.86 (0.76, 0.97) 0.80 (0.71, 0.91) 0.80 (0.70, 0.92)

Models were adjusted for ethnicity (Caucasian, yes/no), menopausal status [pre- or postmenopausal (never, past or current menopausal hormone use), women

only], body mass index (kg/m2:< 21, 21–24.9, 25–29.9, 30–31.9 or �32), smoking status (never smoker, past smoker, current smoker: 1–14, 15–24, or�25 cig-

arettes/day), physical activity (h/week: 0, 0.01–1.0, 1.0–3.5, 3.6–6.0 or �6), family history of myocardial infarction or cancer (yes/no), hypertension (yes/no),

hypercholesterolaemia (yes/no), diabetes (yes/no), multivitamin use (yes/no), aspirin (yes/no), alcohol intake (g/day: 0, 0.1–4.9, 5.0–14.9, 15.0–19.9, 20.0–29.9,

or� 30), and dietary intakes (all in quintiles) of total energy, total fat, polyunsaturated fat and trans fat.
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prospective study, plasma level of glutamate was associ-

ated with increased risk of incident cardiovascular disease,

whereas glutamine-to-glutamate ratio was associated with

decreased risk.16 Decreased glutamine levels were also seen

in patients with pancreatic30 or colorectal cancer.31 There

is however a paucity of data evaluating habitual dietary in-

takes of glutamine and glutamate or major sources of the

two nutrients in relation to total and cause-specific mortal-

ity, owing to the historical lack of accurate measurement

and absence from current nutrient databases.22 Our find-

ings expand on an emerging appreciation of a role for

altered glutamine metabolism in long-term health out-

comes, and highlight the need to consider dietary intakes

of glutamine and glutamine-to-glutamate ratio in future

investigations.

The biological pathways through which dietary con-

sumption of glutamine may affect long-term health are not

entirely clear. As the most abundant amino acid in plasma,

glutamine is involved in a variety of physiological functions,

such as synthesis of proteins and stimulation of immune re-

sponses.1–3 In vitro and animal studies have documented

the pleiotropic effects of glutamine, such as protecting the

heart from ischaemic/reperfusion injury,32–36 increasing glu-

cose tolerance and decreasing blood pressure11 as well as

attenuating inflammatory responses.37–39 Small clinical tri-

als further confirmed that glutamine supplementation could

enhance myocardial repair and improve cardiovascular risk

factors in patients with coronary heart disease5–7 or type 2

diabetes.8 However, chronic glutamine supplementation has

also been associated with adverse events such as increase in

ureagenesis, alterations in amino acid transport and distri-

bution, decrease in endogenous synthesis of glutamine and

enhancement in glutamate and ammonia production;40 in a

recent randomized controlled trial, glutamine supplementa-

tion was associated with an increase in mortality among

critically ill patients with multiorgan failure.41 Careful con-

sideration should be given to these issues before recom-

mending glutamine supplementation or a high glutamine

diet to people with multiple organ failure, in particular

those with renal insufficiency and failure.

In our cohorts, a considerable amount of glutamine

comes from plant-based protein sources such as refined

grains, whole grains and cold cereals, whereas glutamate

intake was mostly contributed by animal protein sources

including red meats, poultry, fish and dairy products.

Different protein sources have been linked to long-term

risk of mortality. For example, intake of red and processed

meat has been associated with increased risk of total, car-

diovascular and cancer mortality.42 In contrast, higher

whole grain consumption has been inversely related to

total and cardiovascular mortality.43 Consistent with these

data, current findings from prospective cohorts suggest

that a substitution of plant protein for animal protein may

be associated with lower risk of mortality, particularly car-

diovascular mortality.44,45 In our analysis, additional ad-

justment for intake of red meat and whole grains or plant

protein slightly attenuated the associations, suggesting glu-

tamine and glutamate may partly account for the divergent

health effects of varied protein sources.

The current study has several strengths. For the first

time, we associated dietary intakes of glutamine and

glutamine-to-glutamate ratio with risk of mortality in pro-

spective cohorts; and the fairly consistent findings across

the two cohorts demonstrated robustness of the results.

The use of well-established cohorts with high follow-up

rates and well-validated assessments of cases minimized se-

lection and ascertainment biases. The prospective nature of

the study design and long-term follow-up reduced the po-

tential for reverse causation. A large sample size provided

the statistical power to detect relevant associations. The

comprehensive assessments of demographics, lifestyle hab-

its and diet minimized the residual confounding.

Several potential limitations should be considered. First,

although we adjusted for multiple important risk factors for

mortality, it was difficult to rule out residual confounding

in observational studies because of unmeasured or impre-

cisely measured confounders. Second, measurement errors

were inevitable in the estimates of food and nutrient intakes,

but the use of repeated measurements and cumulative aver-

age intakes reduced the magnitude of measurement error to

some extent. In addition, random errors in exposure assess-

ments generally attenuate true associations towards the

null. Finally, our cohort included mostly Caucasian health

professionals, and the results may not be generalizable to

other ethnic groups. However, the relative homogeneity of

the study populations in socioeconomic status and educa-

tional attainment enhanced the internal validity.

In conclusion, our data from two independent cohorts

consistently showed that dietary intakes of glutamine and

glutamine-to-glutamate ratio were significantly related to

reduced risk of total mortality, including cardiovascular

and cancer mortality. Future investigations are warranted

to verify our findings in other populations and elucidate

the roles of glutamine in primary and secondary prevention

of chronic diseases and premature mortality.
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