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Background: Metabolomics



Three arms
• Low fat control
• MedDiet + EVOO
• MedDiet + nuts

Case-cohort among diabetes-free patients at baseline (694 in subcohort)

All incident cases of T2D included (251 at baseline)

Samples collected at baseline and 1 year.



Weighted Cox Model:
h(t|A,Covariates) = h0(t)*exp(β1A+β2Covariate1+….βnCovariateN)
Barlow weights (1/Probability of selection).
Continuous and categorical (quartiles).

Test for trend using median values.
Two-sided p-values with α = 0.05.

Approach: Cox Model



Risk score construction:
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௡
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INT_Metaboliteij = quantity of INT metabolite i in individual j.

βi = regression coefficient for the metabolite (continuous) in the 
fully adjusted Cox model.

Approach: Risk Score



Results

UREA CYCLE



Results: Descriptives
Subcohort Cases

n 694 251

Age (years) 66.5 (5.7) 66.4 (5.7)

Sex (% women), 62.8 55.0

Intervention group, %

MedDiet+EVOO 30.7 29.9

MedDiet+nuts 37.2 33.9

Control 32.1 36.3

Hypertension, % 90.8 96.0

Dyslipidemia, % 85.0 79.7

Smoking, %

Never 61.0 52.6

Former 22.6 22.3

Current 16.4 25.1

Waist circumference, cm 99.5 (10.7) 103.4 (10.0)

Body mass index, kg/m2 29.9 (3.6) 30.8 (3.3) 

Physical activity, METs/d 238 (238) 249 (232)

Total energy intake, kcal/d 2277 (566) 2327 (622)



Results: Correlation Matrix

Arginine Citrulline Ornithine ADMA SDMA NMMA

Arginine 1 0.36 0.18 0.33 0.26 0.4

Citrulline 0.36 1 0.46 0.39 0.49 0.44

Ornithine 0.18 0.46 1 0.42 0.28 0.48

ADMA 0.33 0.39 0.42 1 0.59 0.62

SDMA 0.26 0.49 0.28 0.59 1 0.53

NMMA 0.4 0.44 0.48 0.62 0.53 1



Results: Intervention Changes
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Changes are adjusted for age (years), sex (male, female), intervention group, body mass index (kg/m2), smoking (never, current, former), dyslipidemia, 
hypertension, leisure time physical activity and baseline fasting glucose.



Results: Intervention Changes
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Changes are adjusted for age (years), sex (male, female), intervention group, body mass index (kg/m2), smoking (never, current, former), dyslipidemia, 
hypertension, leisure time physical activity and baseline fasting glucose.



Results: Baseline Metabolites

Multivariate models stratified by recruitment center and adjusted for age (years), sex (male, female), and intervention group (MedDiet+EVOO, MedDiet+nuts), body mass index (kg/m2), 
smoking (never, current, former), leisure-time physical activity (metabolic equivalent tasks in minutes/day), dyslipidemia and hypertension.

251 cases, 694 subcohort
Quartile 1 Quartile 2 Quartile 3 Quartile 4 p-trend HR per S.D. 

Multivariable models
Arginine 1.00 (ref) 0.97 (0.60 – 1.57) 0.74 (0.46 – 1.19) 1.05 (0.61 – 1.80) 0.88 0.94 (0.78 – 1.14)
Ornithine 1.00 (ref) 1.47 (0.91 – 2.39) 1.08 (0.67 – 1.75) 1.37 (0.79 – 2.37) 0.47 1.04 (0.86 – 1.25)
Citrulline 1.00 (ref) 0.97 (0.61 – 1.54) 0.80 (0.49 – 1.30) 0.61 (0.38 – 1.00) 0.04 0.82 (0.68 – 0.97)

ADMA 1.00 (ref) 1.02 (0.64 – 1.62) 0.69 (0.43 – 1.11) 0.96 (0.60 – 1.56) 0.52 0.90 (0.76 – 1.08)
SDMA 1.00 (ref) 0.66 (0.42 – 1.03) 0.66 (0.43 – 1.02) 0.41 (0.25 – 0.69) <0.01 0.71 (0.59 – 0.85)
NMMA 1.00 (ref) 0.97 (0.62 – 1.54) 1.10 (0.71 – 1.71) 0.75 (0.46 – 1.24) 0.36 0.93 (0.79 – 1.11)

Arginine/ADMA 1.00 (ref) 0.92 (0.58 – 1.46) 0.68 (0.42 – 1.10) 1.24 (0.76 – 2.03) 0.66 1.03 (0.84 – 1.25)
GABR 1.00 (ref) 1.08 (0.67 – 1.73) 0.91 (0.56 – 1.46) 1.44 (0.86 – 2.41) 0.27 1.02 (0.84 – 1.23)

Multivariable models + baseline fasting glucose
Arginine 1.00 (ref) 1.14 (0.61 – 2.13) 1.15 (0.64 – 2.07) 1.41 (0.73 – 2.76) 0.31 1.09 (0.87 – 1.38)
Ornithine 1.00 (ref) 1.61 (0.91 – 2.84) 1.40 (0.78 – 2.50) 1.74 (0.87 – 3.49) 0.17 1.21 (0.97 – 1.53)
Citrulline 1.00 (ref) 1.04 (0.60 – 1.80) 0.74 (0.39 – 1.39) 0.88 (0.49 – 1.56) 0.44 0.89 (0.72 – 1.09)

ADMA 1.00 (ref) 0.82 (0.46 – 1.44) 0.85 (0.51 – 1.42) 0.86 (0.48 – 1.53) 0.65 0.94 (0.76 – 1.16)
SDMA 1.00 (ref) 0.95 (0.56 – 1.62) 0.70 (0.42 – 1.17) 0.57 (0.29 – 1.12) 0.06 0.80 (0.65 – 0.99)
NMMA 1.00 (ref) 0.65 (0.37 – 1.14) 0.87 (0.52 – 1.48) 0.69 (0.40 – 1.21) 0.37 0.97 (0.79 – 1.19)

Arginine/ADMA 1.00 (ref) 1.23 (0.70 – 2.18) 1.09 (0.59 – 2.00) 1.72 (0.92 – 3.24) 0.13 1.16 (0.92 – 1.47)
GABR 1.00 (ref) 1.32 (0.73 – 2.38) 0.95 (0.51 – 1.75) 1.39 (0.76 – 2.55) 0.50 1.00 (0.79 – 1.27)



Results: 1-Year Changes

Multivariate models stratified by recruitment center and adjusted for age (years), sex (male, female), and intervention group (MedDiet+EVOO, MedDiet+nuts), body mass index (kg/m2), 
smoking (never, current, former), leisure-time physical activity (metabolic equivalent tasks in minutes/day), dyslipidemia, hypertension, and baseline metabolite values.

157 cases, 531 subcohort
Quartile 1 Quartile 2 Quartile 3 Quartile 4 p-trend HR per S.D. 

Multivariable models
Arginine 1.00 (ref) 1.12 (0.62 – 2.02) 0.62 (0.34 – 1.13) 0.63 (0.32 – 1.21) 0.06 0.77 (0.59 – 1.00)
Ornithine 1.00 (ref) 0.55 (0.28 – 1.07) 0.76 (0.40 – 1.45) 0.64 (0.33 – 1.25) 0.35 0.88 (0.68 – 1.12)
Citrulline 1.00 (ref) 0.82 (0.45 – 1.51) 1.02 (0.57 – 1.83) 0.64 (0.35 – 1.15) 0.23 0.85 (0.68 – 1.06)

ADMA 1.00 (ref) 1.30 (0.75 – 2.25) 0.86 (0.46 – 1.60) 0.97 (0.51 – 1.85) 0.63 0.93 (0.73 – 1.19)
SDMA 1.00 (ref) 1.19 (0.63 – 2.22) 0.64 (0.27 – 1.07) 0.84 (0.40 – 1.76) 0.28 0.84 (0.62 – 1.14)
NMMA 1.00 (ref) 0.85 (0.47 – 1.54) 1.18 (0.63 – 2.22) 1.07 (0.53 – 2.16) 0.64 1.06 (0.82 – 1.37)

Arginine/ADMA 1.00 (ref) 0.87 (0.47 – 1.59) 0.57 (0.30 – 1.08) 0.57 (0.27 – 1.23) 0.09 0.84 (0.64 – 1.11)
GABR 1.00 (ref) 0.56 (0.31 – 1.02) 0.72 (0.38 – 1.36) 0.55 (0.27 – 1.12) 0.18 0.87 (0.66 – 1.14)

Multivariable models + baseline fasting glucose
Arginine 1.00 (ref) 1.30 (0.64 – 2.66) 0.64 (0.30 – 1.34) 0.49 (0.22 – 1.08) 0.03 0.71 (0.51 – 0.98)
Ornithine 1.00 (ref) 0.94 (0.45 – 2.01) 0.68 (0.32 – 1.44) 0.85 (0.37 – 1.94) 0.53 0.95 (0.70 – 1.31)
Citrulline 1.00 (ref) 1.23 (0.59 – 2.56) 1.45 (0.70 – 3.00) 0.80 (0.39 – 1.68) 0.68 0.87 (0.68 – 1.13)

ADMA 1.00 (ref) 1.15 (0.57 – 2.29) 0.84 (0.40 – 1.76) 0.87 (0.42 – 1.83) 0.54 0.94 (0.71 – 1.24)
SDMA 1.00 (ref) 0.81 (0.40 – 1.67) 0.44 (0.20 – 0.93) 0.71 (0.32 – 1.57) 0.20 0.82 (0.59 – 1.13)
NMMA 1.00 (ref) 1.00 (0.49 – 2.02) 1.09 (0.51 – 2.31) 0.91 (0.38 – 2.19) 0.89 1.07 (0.77 – 1.47)

Arginine/ADMA 1.00 (ref) 0.93 (0.46 – 1.88) 0.35 (0.15 – 0.81) 0.53 (0.23 – 1.24) 0.04 0.73 (0.51 – 1.05)
GABR 1.00 (ref) 0.38 (0.19 – 0.77) 0.52 (0.25 – 1.07) 0.56 (0.26 – 1.21) 0.27 0.83 (0.60 – 1.15)



Results: Effect Modification by Baseline 
Arginine/ADMA Ratio

Stratified by recruitment center and adjusted for age (years), sex (male, female), and intervention group (MedDiet+EVOO, MedDiet+nuts), body mass index (kg/m2), smoking (never, current, 
former), leisure-time physical activity (metabolic equivalent tasks in minutes/day), dyslipidemia, hypertension, and baseline glucose.

Characteristic Continuous HR per 1 
SD (95% CI) P for interaction

Sex
Men (n=346) 0.88 (0.58 – 1.32)

<0.01
Women (n=546) 1.60 (1.15 – 2.22)

Age
< 65 years (n=357) 1.64 (1.00 – 2.69)

0.14
≥ 65 years (n=535) 1.04 (0.78 – 1.39)

Intervention group

Control group (n=295) 1.18 (0.77 – 1.81)

0.09Mediterranean diet + EVOO 
(n=273) 1.64 (0.99 – 2.71)

Mediterranean diet + nuts (n=324) 1.08 (0.62 – 1.90)

Obesity
< 30 kg/m2 (n=473) 1.02 (0.73 – 1.42)

<0.01
≥ 30 kg/m2 (n=419) 1.54 (1.08 – 2.19)

Smoking status
Current/former smoking (n=366) 1.09 (0.76 – 1.56)

0.99
Never smoking (n=526) 1.21 (0.83 – 1.75)

Baseline 
Hypertension

Yes (n=818) 1.13 (0.89 – 1.45)
0.28

No (n=74) 8.45 (1.86 – 38.36)

Baseline 
Dyslipidemia

Yes (n=752) 1.30 (0.99 – 1.70)
<0.01

No (n=140) 0.49 (0.24 – 1.01)



Results

TRYPTOPHAN PATHWAY



Results: Correlation Matrix

Tryptophan 3-HAA KA

Tryptophan 1 0.18 -0.01

3-HAA 0.18 1 -0.01

KA -0.01 -0.01 1



Results: Intervention Changes
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Changes are adjusted for age (years), sex (male, female), intervention group, body mass index (kg/m2), smoking (never, current, former), dyslipidemia, 
hypertension, leisure time physical activity and baseline fasting glucose.



Results: Baseline Metabolites

Multivariate models stratified by recruitment center and adjusted for age (years), sex (male, female), and intervention group (MedDiet+EVOO, MedDiet+nuts), body mass index (kg/m2), 
smoking (never, current, former), leisure-time physical activity (metabolic equivalent tasks in minutes/day), dyslipidemia and hypertension.

251 cases, 694 subcohort

Quartile 1 Quartile 2 Quartile 3 Quartile 4 P for 
trend H.R. per S.D.

Multivariable models

Tryptophan 1.00 (ref) 1.28 (0.80 – 2.05) 1.68 (1.02 – 2.75) 1.18 (0.67 – 2.08) 0.40 1.04 (0.86 – 1.26)

Kynurenic Acid 1.00 (ref) 0.79 (0.48 – 1.32) 1.17 (0.75 – 1.84) 1.21 (0.76 – 1.92) 0.21 1.10 (0.92 – 1.33)

3-HAA 1.00 (ref) 1.01 (0.64 – 1.58) 0.72 (0.44 – 1.18) 0.79 (0.47 – 1.32) 0.21 0.91 (0.75 – 1.10)

Tryptophan Score 1.00 (ref) 1.13 (0.68 – 1.89) 1.51 (0.89 – 2.55) 1.54 (0.89 – 2.66) 0.08 1.14 (0.93 – 1.39)

Multivariable models + baseline fasting glucose

Tryptophan 1.00 (ref) 1.97 (1.10 – 3.52) 3.26 (1.75 – 6.09) 2.13 (1.12 – 4.05) 0.01 1.29 (1.04 – 1.61)

Kynurenic Acid 1.00 (ref) 0.88 (0.49 – 1.57) 0.99 (0.56 – 1.75) 1.13 (0.65 – 1.94) 0.59 1.07 (0.87 – 1.31)

3-HAA 1.00 (ref) 1.01 (0.56 – 1.80) 0.85 (0.48 – 1.53) 1.05 (0.58 – 1.91) 0.98 1.00 (0.80 – 1.24)

Tryptophan Score 1.00 (ref) 1.79 (0.89 – 3.61) 2.95 (1.47 – 5.93) 3.25 (1.63 – 6.47) <0.01 1.38 (1.11 – 1.71)



Results: 1-Year Changes

Multivariate models stratified by recruitment center and adjusted for age (years), sex (male, female), and intervention group (MedDiet+EVOO, MedDiet+nuts), body mass index (kg/m2), 
smoking (never, current, former), leisure-time physical activity (metabolic equivalent tasks in minutes/day), dyslipidemia, hypertension, and baseline metabolite values.

157 cases, 531 subcohort

Quartile 1 Quartile 2 Quartile 3 Quartile 4 P for 
trend H.R. per S.D.

Multivariable models

Tryptophan 1.00 (ref) 1.22 (0.67 – 2.24) 0.82 (0.43 – 1.58) 0.93 (0.47 – 1.81) 0.57 0.97 (0.74 – 1.26)

Kynurenic Acid 1.00 (ref) 0.81 (0.44 – 1.46) 0.48 (0.25 – 0.93) 0.57 (0.32 – 1.03) 0.02 0.81 (0.64 – 1.03)

3-HAA 1.00 (ref) 0.85 (0.48 – 1.51) 0.88 (0.51 – 1.52) 1.05 (0.60 – 1.85) 0.85 1.03 (0.84 – 1.26)

Tryptophan Score 1.00 (ref) 1.45 (0.63 – 3.37) 1.31 (0.62 – 2.76) 0.97 (0.40 – 2.33) 0.88 0.99 (0.74 – 1.31)

Multivariable models + baseline fasting glucose

Tryptophan 1.00 (ref) 0.97 (0.48 – 1.95) 0.91 (0.43 – 1.96) 0.61 (0.27 – 1.39) 0.25 0.92 (0.66 – 1.26)

Kynurenic Acid 1.00 (ref) 1.15 (0.59 – 2.24) 0.57 (0.25 – 1.31) 0.67 (0.35 – 1.29) 0.09 0.85 (0.66 – 1.10)

3-HAA 1.00 (ref) 0.87 (0.45 – 1.65) 0.91 (0.48 – 1.72) 0.97 (0.47 – 2.01) 0.97 1.02 (0.79 – 1.33)

Tryptophan Score 1.00 (ref) 1.16 (0.46 – 2.90) 1.33 (0.54 – 3.29) 0.83 (0.31 – 2.28) 0.80 0.93 (0.65 – 1.32)



Results: Effect Modification

Stratified by recruitment center and adjusted for age (years), sex (male, female), and intervention group (MedDiet+EVOO, MedDiet+nuts), body mass index (kg/m2), smoking (never, current, 
former), leisure-time physical activity (metabolic equivalent tasks in minutes/day), dyslipidemia, hypertension, and baseline glucose.

Characteristic Continuous HR per 
1 SD (95% CI) P for interaction

Sex Men (n=346) 1.64 (1.08 – 2.49)
0.16

Women (n=546) 1.45 (1.08 – 1.94)

Age
< 65 years (n=357) 1.44 (0.96 – 2.16)

0.01
≥ 65 years (n=535) 1.65 (1.25 – 2.21)

Intervention group

Control group (n=295) 1.71 (1.10 – 2.66)

<0.01Mediterranean diet + EVOO (n=273) 1.62 (1.05 – 2.47)

Mediterranean diet + nuts (n=324) 1.01 (0.69 – 1.47)

Obesity < 30 kg/m2 (n=473) 1.46 (1.08 – 1.98)
0.18

≥ 30 kg/m2 (n=419) 1.36 (0.95 – 1.95)

Smoking status Current/former smoking (n=366) 1.44 (1.00 – 2.09)
0.30

Never smoking (n=526) 1.48 (1.09 – 1.99)

Baseline Hypertension
Yes (n=818) 1.39 (1.11 – 1.74)

0.32
No (n=74) *

Baseline Dyslipidemia
Yes (n=752) 1.39 (1.10 – 1.74)

0.40
No (n=140) 1.67 (0.53 – 5.20)



Limitations
•Causal inference

• Unmeasured confounding
• Correlated metabolites

•Generalizability issues
• Race
• High-risk population
• Eating patterns between U.S. and populations in the 

Mediterranean regions
•Differential loss to follow-up

• If both baseline metabolite values and case status affect 
dropout



Future Directions

•Additional tryptophan metabolites (kynurenine and 
quinolinic acid)
•Alternate scores for urea cycle
•Mediation analysis

• Diet  Metabolites  T2D
• Metabolites  BMI  T2D

•Mutual adjustment for risk scores
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