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FIGURE 1 Design of the PREDIMED (Prevencion con Dieta
Mediterranea) study. CVD, cardiovascular disease; EVOO, extra-
virgin olive oil; MeDiet, Mediterranean diet.
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Direct assocliations with CVVD remaining after
correction for multiple testing




Inverse associations with CVD remaining
after correction for multiple testing




score= lipid level * # carbon atoms * (# double bonds + 1)

Lysophosphatidylethanolamines 247 (1_44_4_25) 004
Phosphatidylethanolamines 1.60 (0.97-2.63 039
Diacylglycerols 1.58 (0.95-2.63) .010
Cholesterol esters 0.40 (0.23-0.70 .002




1-year change in lipid signal

- MeDiet+EVOO vs control
p=0.017 (95%CI 0.010,0.024; p<0.001)
e O
O
O &) i O §
A= g g &
A
0 g
’ 2
-.11
-2-
I | [ |
14 16 18 20
Acyl chain carbons
<©  Lysophosphatidylcholines A Phosphatidylcholines O Phosphatidycholine plasmalogens
O  Hydroxy-phophatidylcholines ¥ Lysophophatidylethanolamines A Phosphatidylethanolamines
O Phosphatidylethanolamine plasmalogens O Phosphatidylinositols estimate
Phosphatidylserine plasmalogens A Ceramides O Sphingomyelines
©  Cholesterol esters < Monoacylglycerols A Diacylclyderols
) Triacylglycerols = Fitted values




Changes In total lipidome by
dietary intervention

MedDiet + EVOO vs. control —+ nS

MedDiet + nuts vs. control ns ns
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Arginosuccinate ADMA
Al

rginosuccinate
lyase

Plasma Arginine/Asymmetric Dimethylarginine .
Ratio and Incidence of Cardiovascular Events:
A Case-Cohort Study

Cltrullme - Argmme PR ———— NMMA

Edward Yu,' Miguel Ruiz-Canela,?® Frank B. Hu,'*> Clary B. Clish,®

Dolores Corella,®’ Jordi Salas-Salvadé,3® Adela Hruby,® Montserrat Fit6,31°
Liming Liang,"" Estefania Toledo,*? Emilio Ros,®'? Ramén Estruch,'3 Oithine R
——— Ornithine

i 5 R P carbamoyltransferase

Enriqgue Gémez-Gracia,*'? Jose Lapetra,®'® Fernando Aros,>1®

Dora Romaguera,3'17'18 Lluis Serra-r\/lajem,3'19 Marta Guasch-Ferré,’

Dong D. Wang,! and Miguel A. Martinez-Gonzalez*3 Urea

SDMA

J Clin Endocrinol Metab. 2017 Mar 2. doi: 10.1210/jc.2016-3569. [Epub ahead of 2
print]
PMID: 28323949

Exposures as continuous variables (per SD)

Arginine availability score
= arginine/

; : i 0,83
(citrulline + ornithine).

R of CVD (95% CI)
|_\

0,79

0,5
Arginine Arg:ADMA Arg
ratio availability
Baseline



Emerging TRP-KYN pathway




Increases in Plasma Tryptophan Are Inversely

Associated with Incident Cardiovascular
Disease in the Prevencion con Dieta
Mediterranea (PREDIMED) Study'3

Edward Yu,* Miguel Ruiz-Canela,”® Marta Guasch-Ferrg,*®° Yan Zheng,* Estefania Toledo,””

Clary B Clish,™ Jordi Salas-Salvadé,”'° Liming Liang,” Dong D Wang,* Dolores Corella,>!?

Montse Fitd,”!3 Enrique Gémez-Gracia, ' José Lapetra,g’“ Ramén Estruch,’*¢ Emilio Ros,
Montserrat Cofan,”'” Fernando Ards,”'® Dora Romaguera,”'® Lluis Serra-Majem,®*° Jose V Sorli,>'?

Frank B Hu,*%?! and Miguel A Martinez-Gonzalez*"~*

Increases in tryptophan after

9,17

1y were associated with a 5 i
lower risk of composite CVD A NH,
(0.79, 0.63-0.98) —p Serotonin
ryptophan ;

Tryptophan dioxygenase o

Indoleamine dioxygenase Meiatonin
CO .CH,.CH.COOH

Kynurenine '!Hz
aminctransferases !, i, il NH
Kynurenine . Kynurenine
hydroxylase

CO-CH;, ?H.COOH

OH NH,
NH,

= o i

OH 3-Hydroxykynurenine
> .
= hynmenwase‘
Kynurenio acid COOH
3-Hydroxyanthranilic acid
NH,
OH
3-hydroxyanthraniate
3,4-dioxygenase

CO;H
oH q 2-amino-3-c;rboxymuconatn-
Hgoc NH, semialdehyde

quinolinate ~ TOAeAIym 35;/ \ 2-aminc-3camoxym uconate-
COOH

ohosphoabosyl
transferase Vi PN
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> &

N COOH N CO_I 1

seatialdenyde decamboxase

Hazard Ratio (95% Cl)
w

*
2 l ‘
] — .
I
A
0
Q1 Q2-Q4 Q1 Q2-Q4
(n=145) (n=470) (n=68) (n=213)

MedDiet (Combined) Control

Quartiles of Baseline Kynurenine Risk Score

FIGURE 1 Multivariate adjusted HRs (95% Cls) of composite CVD
by Qs of baseline kynurenine risk score stratified by intervention group
(Mediterranean interventions combined compared with the control
group) among participants with available data for all 5 metabolites
under study (n = 896). MedDiet, Mediterranean diet; Q, quartile.
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Guasch-Ferre, et al. Gut microbiota related plasma metabolites and risk of

cardiovascular disease in the PREDIMED Study (submitted)

a) Metabolite score

4,0

gi5

3,0

25

Adjusted HR (95% CI)
>

0,5

0,0

TMAO, betaine, choline, phosphocholine,
alphaglycerophosphocholine, proline,
hydroxyproline, and allantoin

b) Betaine/choline ratio

1,6

P trend < 0.001

&

—
N
=
NS
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1,4

Adjusted HR (95% CI)
o = =
(o] o N

o
o

|
o
~

o
N

Q1 (REF)

Q2

Q3

Q4

0,0

P trend = 0.04

| 439%

Q1 (REF)

Q2

Q3

Q4

Adjusted for age, sex, body mass index, family history of premature heart disease, smoking,
physical activity, hypertension, dyslipidemia, and diabetes, and stratified by intervention group



Metabolomics <

Prediined
“" Prevencidn con Dieta Mediterrdnea

N—

CVD

(2013-2017)

12D

BCAA

GIn/Glu
Carnitines
Lipidomics...
Urea cycle
Trp/Kynur.
Gut-microbiota
Others

MedDiet Footprints

<

(2014-2018)

e Syst. Review

- BCAA

» Ceramides

o Targeted lipids

< +« PCA

» Pathways-Networks

 Non-targeted

e RCT intervention
e P14
e EVOO /Nuts

* Pending / Other



Metabolomics <
Prediined

CVD
(2013-2017)

<

« BCAA

¢ GIn/Glu

« Carnitines

e Lipidomics...

* Urea cycle
 Trp/Kynur.

« Gut-microbiota
» Others

MedDiet Footprints

<

Ceramides
Targeted lipids

PCA
Pathways-Networks

Non-targeted

+ RCT intervention
e P14
« EVOO /Nuts

T2D
(2014-2018)

N—

<

o Syst. Review

« BCAA

 Pending / Other

—



Metabolomic footprints MedDiet

e RCT: ﬁ@a{d\o?

& [ ~

— MeDiet+EVVOO vs. Control: discrimination é @ E
— MeDiet+nuts vs. Control: discrimination .. s

N = 2543 N =2454 N = 2450

Benefits of the Mediterranean Diet: Insights From the  (f)c-sus
PREDIMED Study  Prog Cardiovasc Dis. 2015;58:50-60.

Miguel A. Martinez-Gonzélez****, Jordi Salas-Salvadé® %, Ramén Estruch®“'*,

» 14-item screener assessing adherence A e

HR=0.72 (0.55-0.94) Q1 <=7
HR= 0.47 (0.35-0.65)

0.08
L

— Baseline
— Repeated measurements 1-y

0.06
L

Q23 89

Q4-5 >=10

0.02
L

Incidence of composite cardiovascular end-point
0.04

o
=
o

* Food Frequency guestionnaires (O 1-y)

in 2 1853 1616 1270 1049 81D
Medl!erranean Dle! Pyramld a lifestyle for today a | 2 3 zssj' 2738 2495 2035 1689 1274
V dult populatior andiccl Rabts tle = 4-5 2586 2509 2322 1922 1606 1203

Number al nsk

Baseline 14-item score
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Dietary interventions, metabolites and risk of T2D
NIH/NIDDK-R0O1DK 102896 Sep 1, 2014 — Ago 31, 2018
Case-cohort study

* Baseline metabolites & metabolite 1-y change = T2DM

]
Universidad HARVARD = ' ViR

« MeDiet & Changes in metabolites > Y T2DM efiovars IHCHAN

Powerful ideas for a healthier world

Expected cases in
subcohort (N=54

Subcohort FOLLOW-UP
(N=708)
Eligible cohort
(N=3541)
I I I I | >TIME
Year 0 YeJr 1 Yea!r 7 4 Year 3 Year 4 Year 5
(Baseline)
Metabolites

T2D events (number) 37 55 51 38 57 35




T2D grant. Specific aims




3,541 participants without T2DM at
baseline

A4

1,051 participants with baseline metabolites

Excluded:
23 prevalent T2DM cases
4 participants without T2D
1,024 participants with ascertainment
baseline metabolites

A\ 4

132 participants with
OGTT values not included
in the case-cohort study*

v

v

BASELINE
892 participants included in the case-cohort™*:

T2DM cases=251
+

Subcohort=694 (53 overlapping cases)

206 without plasma
samples available or with
incident T2DM within the

1st year of follow-up*

v

v

YEAR 1
686 participants included in the case-cohort:

T2DM cases=181
+

Subcohort=546 (41 overlapping cases)
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Metabolomics in Prediabetes Marta Guasch-Ferré,*** Adela Hruby,

Estefania Toledo,>* Clary B. Clish,”

and Diabetes: A Systematic Review !4 Mortinez Gonzdlez ™

Jordi Salas-Salvadé,*® and Frank B. Hu*%’

and Meta—analysis Diabetes Care 2016:39:833-46
METABOLITE RR (95% CI) N studies I’
BCAA
Isoleucine } » | 1.36 (1.24-1.48) 6 9.5%
Leucine } i 1.36 (1.17-1.58) 5 37.4%
Valine } = | 1.35 (1.19-1.53) 7 45.8%
AROMATIC ACIDS
Tyrosine } & i 1.36 (1.19-1.55) 7 51.6%
Phenylalanine k L { 1.26 (1.10-1.44) 7 56%
OTHERS
Glycine —— 0.89 (0.81-0.96) 6 0%
Clutamine o 0.85 (0.82-0.89) S 0%
Allantas ! Py i 1.19 (0.99-1.42) 3 34.8%
Histidine —t— 0.98 (0.91-1.06) 4 11.3%
0.6 0.8 1.0 1.2 1.4 1.6 1.8

Relative Risk for Type 2 Diabetes
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Plasma amino-acids, their changes after a Mediterranean diet intervention
and risk of type 2 diabetes: The randomized PREDIMED Trial

Baseline
Top vs. bottom quartile
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Plasma amino-acids, their changes after a Mediterranean diet intervention
and risk of type 2 diabetes: The randomized PREDIMED Trial

Changes in BCAA and AA scores after 1 Year of Intervention,

by Intervention Group.

Working report

(\,! =
wn
[}
8) = control
< -
o0
g g 0nU'[S
> 8 control
L < o ‘nuts 9
BS -

©

-
w C
2 ® Jevoo
©
oY
o 8 .
e EVOO
25 i
©
=

™ _

]

T T
BCAA score AA score

Changes are adjusted for age (years), sex (male, female), body mass index (kg/m2),

smoking (never, current, former), leisure-time physical activity (metabolic equivalent tasks
in minutes/day), dyslipidemia, hypertension, baseline fasting glucose and baseline BCAA levels.
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GIn/Glu mechanisms

GlIn and Glu are transformed into each other as part of
numerous physiological processes. Cycling between Gln and
Glu is regulated by the activity of glutamine synthetase and

glutaminase, enzymes that have wide tissue distribuion.

The proposed mechanisms underlying the beneficial effects
of GIn include a wide range of metabolic pathways, such as
stimulation of insulin secretion via enhancing release of
glucagon-like peptide 1 and improvement in insulin
sensitivity.

Furthermore, Gln has a regulatory capacity in immune cell

modulation and has antiobesity and antidiabetic effects.



Acyl-carnitine mechanisms

 meat eaters tend to have increased concentrations of
acylcarnitines and other metabolites

 Various short- and long-chain acylcarnitines possess
a trimethylamine moiety, and consequently, they are
likely to be involved in gut microbe—-dependent
pathways that contribute to the formation of
trimethylamine and trimethylamine-N-oxide, which
may increase risk of atherosclerosis and
consequently of CVD

 acylcarnitine concentrations have been associated
with increased risks of insulin resistance and type 2
diabetes




Acyl-carnitine mechanisms (2)

e The accumulation of acylcarnitines may be indicative of
iInefficient b oxidation and altered mitochondrial

metabolism.

— Acylcarnitines are derived from both fatty acid and amino acid
betaoxidation.

— The main function of L-carnitine is to transport fatty acids from the cytosol
to the mitochondrial matrix where beta oxidation takes place; this process
results in the esterification of L-carnitine to form acylcarnitine derivatives

e Advanced age leads to an impaired flux of
carnitines through the mitochondrial pathway,

thereby reflecting mitochondrial dysfunction.
— an increased mitochondrial production of reactive oxygen
species that enhances vascular inflammation and contributes
to alterations in the composition of plague and to its rupture




Ceramide mechanisms
precursors of complex sphingolipids

aberrant accumulation of ceramides may lead to the
activation of several signaling and putative targets that
iImpair normal cellular function, including insulin action
excess de novo ceramide biosynthesis is linked to
cellular stress stimuli, especially to the exposure to
saturated free fatty acids (FFAS)

Ceramides have been proposed as an intermediate link
between overnutrition and certain underlying
abnormalities driving cardiometabolic disease risk,
Including insulin resistance and low-grade inflammation



Ceramide mechanisms (2)

o Earlier studies using cultured cells and animal models
suggested that endogenous ceramides antagonized

Insulin-stimulated glucose uptake and anabolism by
blocking activation of Akt/PKB, a serine/ threonine
kinase that is obligate for insulin and growth factor
activation of anabolism and cell survival

* human studies have observed positive correlations
between plasma ceramide concentrations and inflam-
matory makers (eg, interleukin-6 and tumor necrosis
factor-a), suggesting a relationship between excess
ceramides and inflammation



Ceramide mechanisms (3)

e pharmacological inhibition of ceramide
bliosynthesis prevents atherogenesis

e Ceramides and other sphingolipids may
contribute to plaque erosion and therefore
iInduce thrombosis.

* These studies on plaque formation also found
that inhibition of ceramide biosynthesis caused a
reduction of circulating total cholesterol and LDL



Lipidome mechanisms

* The detrimental effect of saturation In
triacylglycerols may be attributable to the higher
atherogenic potential of saturated fats

cholesterol esters, with longer and more

unsaturated acyl chains associated with lower

t
C
t

ne risk of CVD Is consistent with a lower
labetes risk observed by Rhee et al., although

ne association they observed disappeared after

multivariable adjustment J Clin Invest.
2011;121:1402-1



Lipidome mechanisms (2)

* Phosphatidylcholines are membrane lipids that are the
most abundant lipids in mammal plasma membranes. If
phosphatidylcholines with shorter chains and more
highly saturated acyl chains are available, this could
confer less fluidity to the cell membranes

 long-chain fatty acids, with many carbon atoms and
many double bonds (i.e. long-chain PUFA), mainly
omega-3 PUFAs, are associated with reduced
triglyceride levels, reduced myocardial oxygen demands
and beneficial changes in endothelial function, together
with reduced heart rate (and lower heart rate
variability) and decreased blood pressure




Lipidome mechanisms (3)

e SFA with a lower number of carbon atoms (16:0) are known
to exert more detrimental effects on lipids and
cardiovascular disease than those with a higher number of
carbon atoms (18.0) (Zong et al, BMJ 206;355:15796).

» Long-chain PUFA are also precursors to bioactive lipid
metabolites, including specialized pro-resolving
mediators and cytochrome P450—-generated monoepoxides
(Arnold et al, Pharmacol Rep 2010;62:536; Serhan. Am J
Pathol 2010;177:1576)

 hydroxy-phosphatidylcholines can be formed as adducts
under conditions of oxidative stress and/or inflammation
and may be components of oxidized LDL, thus increasing the
risk of CVD



Urea cycle mechanisms

e The Framingham Offspring cohort reported a significantly
lower risk of CVD associated with the arginine/ADMA ratio

* A meta-analysis of 22 prospective cohort studies with a
mean follow-up time of 7.1 years reported a robust
association between ADMA concentrations and higher risk
of subsequent CVD events (Willeit et al, ] Am Heart Assoc
2015;4:e001833)

e High ADMA in concert with low NO has been reported to
propagate a variety of harmful detrimental processes
biologically related to atherosclerosis:free radical
generation, smooth cell proliferation, systemic
Inflammation, and endothelial dysfunction



Urea cycle mechanisms (2)

Arginine (and only L-arginine) is the required substrate
for all isoforms of the enzyme NOS to produce NO

NO is acknowledged as a powerful short-life vasodilator
with an important defensive role against ischemic
disease through endothelial smooth muscle relaxation

Inhibition of arginase, a competitive inhibitor of argi-
nine, improves vascular integrity, and protects against
Ischemia-induced injury



TRP/KYN mechanisms

Indoleamine 2,3-dioxygenase (IDO), an enzyme
catalyzing the rate-limiting step in the kynurenine
pathway of tryptophan degradation, is strongly induced
by inflammation in several tissues, including the artery
wall

IFN-gamma plays a central role in the activation of IDO
and subsequent degradation of tryptophan

however, activation of the kynurenine pathway has also
been shown to have anti-inflammatory effects.

activation of the tryptophan-kynurenine pathway may
be a compensatory mechanism to, rather than a cause
of, Inflammation and cardiovascular dysfunction.



TRP/KYN mechanisms (2)

Treatment of human peripheral blood mononuclear cells and
monocyte-derived macrophages with IFN-g attenuated the
extent of LDL oxidation, and tryptophan degradation in
concert with 3-HAA formation was instrumental in this
Inhibitory effect.

3-HAA has also been independently identified as having
antiatherogenic properties by regulating lipid me- tabolism
and inflammation.

Other experimental studies suggest a beneficial effect of IDO
on the vasculature.

IDO-deficient mice fed high-fat diets showed marked
Increases in F4/80 and TNF mRNA concentrations, as well as
greater hepatic inflammation compared with control mice



Gut-microbiota related metabolites

A) Choline metabolism

TMAO
4 A
DMA FMO3
TMA

,Ch()lil]e CHCD, Betaine

Choline kinase
v

Glycerophosphocholine Phosphoholine

A
Cytidylyl transferase
v

CDP-choline

Choline phosphotransferase

v

Phosphatydylcholine

B) Proline metabolism

Glutamate

Glutamate 5-Kinase

v

L-Glutamyl-P
Glutamate 5-semialdehyde
dehydrogenase

A

L-Glutamate 5-semialdehyde Ornithine
Ornithine-oxo-acid
transaminase

v
1-Pyrroline-5-carboxylate
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The figure shows key metabolic pathways of choline, proline and allantoin. *Bacterial degration of choline by the gut microbiota. FMO3 indicates, Flavin-containing monoxygenase; CHCD,
choline dehydrogenase; HIUase, 5-hydroxyisourate hydrolase; PRHOXNB, parahox neighbor B.



Gut-microbiota related metabolites (2)

e Alterations in the gut microbiome have been
previously related to multifactorial diseases such
as obesity, T2D and CVD, probably through
several mechanisms including

« modulation of host energy metabolism

e gut epithelial permeability

e gut peptide hormone secretion

e and increasing metabolic endotoxemia and
Inflammatory status.

« However, the association between plasma gut
microbiota related metabolites, identified using
novel high-throughput metabolomics techniques,
and the incidence of CVD in a population-based
level have only recently been reported.



Gut-microbiota related metabolites (3)

e dietary phosphatidylcholine/choline can be
converted by the intestinal microbiota into
trimethylamine and subsequently converted into
TMAO by hepatic flavin-containing
monooxigenases and TMAO has been linked with
CVD pathogenesis

* In vivo and In vitro studies suggestthat choline
metabolites may increase the risk of
atherosclerosis and coronary heart disease

 The ability of oral broad-spectrum antibiotics to
temporarily suppress the production of TMAO
suggests that intestinal microorganisms may play
an important role in the production of TMAO from
phosphatidylcholine in humans



