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«Omic»-based approaches o
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Genes MRNAs Proteins Metabolites
Genome Transcriptome Proteome Metabolome
GENOMICS TRANSCRIPTOMICS PROTEOMICS METABOLOMICS
« What might happen » « What is happening »
« How it is regulated »
Genotype: part of the genetic makeup of an organism which Phenotype: observable charactezistics

determines one of its characteristics or traits of an organism
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What is Metabolomics ? s

» The term Metabolomics first used in 1998 (Oliver et al, Trends
Biotechnol 1998)

» Metabolomics is the comprehensive measurement of all the small
molecules* or metabolites in a given cell, tissue or organism  (i.e.,

the metabolome)

» We will consider that Metabolomics is equivalentto Metabonomics

Metabonomics: “The quantitative measurement of the dynamic
multiparametric metabolic response of living systems to
pathophysiological stimuli or genetic modification”

Nicholson et al, Xenobiotica 1999
* no biopolymers (nucleic acids, polypeptides) 4
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Early Metabolomics: What are the origins of "wrme"
the field?

» The idea that changes in tissues and

biological fluids are indicative of disease

dates back to ancient Greece,

» i g
S
= L 2
e
e
e

D f > The urine wheel (1506) describes the
possible colors, smells and tastes of urine,

and uses them to diagnose disease

Urine Wheel for diagnosing metabolic diseases
(Ulrich Pinder, 1506, book: Epiphanie Medicornum)

Nicholson & Lindon, Nature 2008
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What is a metabolite? ot
» Any small organic molecule detectable in the with a molecular
weight generally less than 1000 Da (or slightly larger,...)
» Includes human and microbial products
» High chemical and structural variability: Includes oligonucleotides,
sugars, nucleosides, organic acids, amino acids, li pids, steroids,
food-derived components, pollutants, drugs and drug metabolites,

small peptides, ...
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A part of the metabolome...

MetaboHUB
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Why measuring metabolites? e

» “Simple” answer

«  Studying the metabolome provides system-wide understanding of biological

mechanism and pathways
* Infer enzyme activities
*  Reflective of any observable phenotype

«  Diagnostics, functional genomics

> More complex answer

*  Not victims, but actors: metabolites have crucial functions (signaling, effects

on enzyme activities,...)

. A cause somewhere in the network can have effects elsewhere
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The Metabolome Is sensitive to "o Wesbororn

» Genotype
» Changes in mRNA

-
» Changes in proteins \ ' e
» Associated microbes

» Environment: food, disease, treatment, exposure to drugs or

toxins,...

& This sensitivity is both an advantage and disadvantage in Metabolomics

& Difficult to identify direct and specific associations between cause and

effect...
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MetabOI()mICS_ en Métabolomique
Natural and environment variability
Ex: urine metabolomics
Gender
* Japanese ———
Chinese —
™ 3 +++ s ¥ - .'\
&) o ?
: PRI >
[ &3 #fr"'+1 A
+ +
Male/female distinction .
I 1 I 1
LC'MS -10 -5 0 5
Th ,JP Res 2015 N
evenot et al, J Proteome Res Japanese/Chinese/American distinction
NMR

Dumas ME et al, Anal Chem 2006 10
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Metabolomics and Health

Biomarker Discovery

11
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Biomarkers astucureNation

& Biomarkers are measurable internal indicators of molecular and/or cellular
alterations, that may appear in an organism after or during exposure to a

toxicant and possible disease

» Biomarker of exposure: detection of the toxic compound

» Biomarker of effect: interaction between the toxicant and a biological

target (e.g., DNA adduct)

» Biomarker of susceptibility: inter-individual differences in response to

toxicants

%, Metabolic profiling

12
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Whv is it i o) o o Natonae
y IS It Important - en Métabolomigque
Late biomarkers
of disease/effect

1

i Early biomarkers =, A ﬁ}
of disease/effect Pharma

Onset of
disease/effect

lagnostic
o
markers

Disease

Disease development

- A
Predis@c\nsmon Prognostic ~*~ - Healthy
ﬁqg’rkers markers v

Changes in E)athway dynamics
to maintain homeostasis

The system can restore itself via self-regulatory mechanisms, thereby maintaining health
Disease develops when the system loses this ability

understanding transitional biomarker profiles in terms of mechanism and validation is
crucial

YV YV V

13
van der Greef et al, Curr Opin Chem Biol 2004
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Analytical Tools

14
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How to detect metabolites in biological media? resuctre el

en Métabolomique

Metabolic fingerprint

NMR GC-EI-MS LC-MS
- Simple, non invasive - Sensitive - Molecular mass of intact
- Rapid - Reproducible compounds
- Robust: analysis of large - Spectral libraries - Analysis of thermolabile
series of samples But: compounds
But: - Chemical derivatization of - sensitive
- Limited sensitivity non volatile compounds But:

- Issue of thermolabile Poor inter-platform

compounds \ reproducibility e
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Metabolomic objectives R oo

Differentiate groups (e.g., healthy subjects vs diseased

P

patients) |0

2]

Quantification: differences in metabolite concentrations

|dentification of metabolites that have changed

Systems biology integration: interactions with genes,

proteins

16
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Non-targeted vs. targeted metabolomics et
Untargeted Targeted
metabolomics :> metabolomics
(Metabolic profiling) (Quantification)
¥ e i —Standard
T | metabolite
Time o Time
- Semi-quantitative profiling - Absolute quantification of a limited set of
-  LC-HRMS metabolites
- Measurement of unexpected changes in known and - LC-MS/MS

unknown metabolites (acquisition without any a priori) Metabolites known with corresponding

- Multi- and uni-variate statistical analyses standards available

- > 1,000 metabolites measured - Multi- and uni-variate statistical analyses

- ldentification of (few) relevant metabolites - Validation of biomarker relevance or hypothesis
(biomarkers)

17
Patty GJ et al, Nat Rev Mol Cell Biol 2012; Dunn WB et al, Chem Soc Rev 2011.
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Biological question

The untargeted metabolomic workflow

preparation

@

Sample

Metabolome \ZJ
analysis

N
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-
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Data visualization \QJ Metabolite @J Statistical K4,
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- To confirm annotations % E
- To characterize unknowns £ 3
\  gpt gp 2 /

MetaboHUB

Infrastructure Nationale
en Métabolomique

3
Data processing

Automatic detection of
signals

Echantillons

AELES

VARIA
(RT-/MASSES)

Selection of
relevant features

|

Annotation
Databases

public / internal /

18
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Main steps of a metabolomic analysis

1. Sample preparation
2. Obtention of metabolic profiles

3. Data treatment and statistical analysis

Evidencing biologically-relevant signals

4. Metabolite annotation and identification

19
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Main steps of a metabolomic analysis

Sample
preparation

1. Sample preparation AN

v W

% Y,

v

20
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Sample preparation s e

» Metabolite pre-extraction and extraction

» Quenching (stopping unwanted biochemical reactions)

Inhibit enzymatic activity

e.g., by sudden temperature shock with ice-cold methanol or liquid nitrogen

Human plasma
& Step 1: Deproteinization

» Minimum sample preparation

Protein pellet ——
Transfer the supernatant

(metabolites)

Protein precipitation (e.g., plasma deproteinization by methanol)

; Step 2: Lyophilization
Lipid extraction

l Step 3: Reconstitution

SPE

Metabolite identification by mass spectrometry

21
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Sample preparation et
» How many samples for statistically relevant results?
Study Subjects Per Group
Cell Small Human
Culture Animals Studies
Optimal - >10 >50
Rigorous 6-7 8-10 40-50
Acceptable 4-5 6-7 25-40
Fewer Required More Required
« Strong phenotype or treatment effect » Subtle phenotype or treatment effect
(toxicology study) (dietary supplements, exercise-induced
+ Repeated sampling from the same changes
subject * Mixed populations of subjects (mixed
* Multiple time points gender, wide-ranging age or BMI)
* Multiple doses of a drug/inhibitor * Multiple-site collections

22
Adapted from Metabolon
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Main steps of a metabolomic analysis

Metabolome
analysis

LC/MS L JJ‘”

2. Obtention of metabolic profiles 7.4

IR

23
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High resolution mass spectrometry detects s

more metabolites and improves their
identification

Lys
Asp,H* Arg.H 147.1125
134.0448 175.1189
Ornithine,H* '
1003 1330971 !
3 S | 158.0269
Gin
903 Leu/lle,H* ::
&55 132'.1_93.9...,' : ! 141.0004 147.0761
e PHC H* i
753 . i ey
703 ThrH* i1t [147.0764
65 120.0855 i ' GluHe
g 607 HH 1148.0604
-E ProH* i b § |
'g 557 116.0705 kY ;. : O-AcHSerH* | ‘ ‘
3 50 Y 3 166.0863 Pl
.
3 ’ | 1 | BN liit, i LA " .l
354 308.0912 | TR ‘:s‘o s ‘IiD‘ s '1:0" " e is0 éuJ‘ "o e 100+ 199.09761
303 N ]
3 50
L Glu-Cys,HY AMPH* 3
20 251.0696 | 348.0707 803
155 : ! 4251358 w703
wi || '-. : L C10H1504 (0.1 ppm)
57 i ; ElE l
D': LL i b i 5IJ_:
L0 L L O D U A A A L A U AN N L D N A A A | g 1
1 200 300 400 500 600 700 800 900 1000 = 40—_
" L
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I 1 | | I I I I T T 1
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Madalinski G et al, Anal Chem 2008
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o o EI Tm (ms‘o) ““““““““ wo 2o 0
ESI- 187 0064
4173151
100"_ 1780502_ | 1950436
] 3727765 3725863 263.0874
. 1280852 3014553
7 211.9962
] 1097579

0_
100 150 200 250 300

MetaboHUB

ESIMS-based metabolomics i

LC-MS
- Sensitive
- High metabolome coverage

- Time consuming

usA Direct infusion/introduction
mass spectrometry (DIMS)
- High throughput

326.0572

604133 - Lower metabolome coverage

m/z

25
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High throughput metabolomics by direct- et

Infrastructure Nationale

Infusion mass spectrometry (DIMS)
nanoESI/HRMS (Orbitrap, FT-ICR, Q-TOF)

J
|
NEGATIVE ION MODE
- 87.0064
15,_8' 14173151 USA . .
sz | osow 1000 urine samples |
125803 014553

273.0505
1097579  326.0572
694133

2min/sample
mz 40 metabolites
200 250 300 35

100 150

NanoESI/QTOF (-)

tev(1]
Human urine Japan / USA

Chekmeneva et al, J Proteome Res 2017

26
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High throughput metabolomics by direct- s
Infusion mass spectrometry (DIMS)
DI/FTICRMS
b 3o
W
251
© 20 noum: . . .
° o I e Annotation of 100 metabolites in
Z 1] :“:m; miﬁ,\/\'"m (:«:nt:c) » human plasma Samples
E 104 e 169 11087
0.51

miz 169.04 169.06 169.08 169.10 169.12

27
Han et al, Metabolomics 2008
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HRMS alone does not distinguish isomers ! _ MetaboHUB

en Métabolomique

(24

10 C18 column

Ilg

?:I -
i 70 o Human urines
5w Methylnicotinamide
2
a0
]
I'.l':- x

» I

1

(L] E_Iu‘

w0 PFPP column B 10

i‘ 1
| ™

2-Methyinicotinamide

| 1-Mathylnicotinamide

Relatve Shuniancs
SRAERESA
e WL TR TAFETH FVITR [FT TETT1S TR [ETT] FTET A TTis N |
4 I..'.
3 —
‘2:5-
gl
- L3S

THEw [Frars)

38 metabolites detected in C,4 conditions
actually correspond to 83 métabolites in
PFPP conditions.

28
Roux et al, Anal Chem 2012
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Value of a multi-LC approach to et

discriminate between isomers
FT-) Different retention times

Isomers of dihydroxybenzoic acid
ZICpHILIC

[(M-H)]-
C,H:0,-

100 153.018

95
90
85~
80
5. =» Same MS/MS spectra
70
65
603 109.028
55 -
50
40 - s
35
30
25
20- 135.007

10 <

E 127.824

5 65038 80963 93032 121.028
O‘\\\\‘\\\‘\‘\\\\H‘\\\\‘\‘\\\‘\\\\“\\\\‘\\‘\\‘\\}‘\\\\‘\\ ‘\\

TT T T 7 T 1T
50 60 70 80 90 100 110/ 120 130 140 150 160 170
m/z

B & & 8 B

Relative Abundance

1

PFPP

B & & B Be

Relative Ahundance

Relative Abundance

B & & 8 Be

e ittt raliaal

Relative Abundance

=

Boudah et al, J Chromatogr B 2014 Tirne {mir:}a
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Several complementary chromatographic o el
methods are required to achieve optimal
metabolome coverage

270 metabolites identified in
human plasma

Up to 27% of isomers! RP-C8 |
93 metabolites

Hydrophobic metabolites

3 LC/HRMS systems

ZICpHILIC PFPP

141 metabolites 151 metabolites
Hydrophilic and polar metabolites Aromatic metabolites, amino acids

30
Boudah et al, J Chromatogr B 2014
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Main steps of a metabolomic analysis

3. Data treatment and statistical analysis

Evidencing biologically-relevant signals

Data processing

Automatic detection of
sighals

U

Selection of
relevant features

!

Annotation ;
Databases
public / internal

31
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Some online tools MetaboHUB
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Create Job view Results  Stored Datasets
Job D: 109991 Job Marme: SHAM vs. THT Creato Date: 2012.04-08 171447
Parometer 10 Lo Viawlod Finish Date; 20120400 17:260)
Status; Job complete Total Aligned Featu es: B514
Omasotstses | SHAMBDEIRINY fstio]
INT(D#2330)
a Totn on Chrematsorams (angms b [ re——————

i
‘Mm [$25 ME 60|
Workflowdmetabolomics

enoEDE ] “"Qé:& o - ma;.'u‘a [ borkow Camyas. | W4MOUOL S comgrehensive (alaiiied) - |Parameters
d e —————— e i [f e ot o it Tools L e . S e < -
P i - ' o e R Preprocessing | Zuiin ™
] P .; ! ~elpsa : 3 * ::’::::‘.-“;- o grous| « = o

Y O " J ot (o H e titresia = |o
i i . o N
-? 1] L :S:J’“ Bata_voTs. Ailpesns
ovreaan 8 . ° T o . Statistics
Tautenhan R et al, Anal Chem 2012

A HBIOR M seacn "

=

suma - | Annotation

Giacomoni F et al, Bioinformatics 2015
Guitton Y et al, Int J Biochem Cell Biol 2017
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How to build a sample batch to “avoid” tosputoe Natinal

experimental biases?

Study samples

» Add internal standards to all samples AETTETET
» Sample randomization is mandatory Pooled
Qc
sample
» ~200 samples/batch l
> Include blank samples =i Order
> Include Quality Control (QC) samples: .
. . . 5 -
must be representative biological samples i
58 +
(e.g., pool of study samples) MR
» If needed include interbatches QCs B —

0 20 40 €0 80 100 120
Injection order

33
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What does a typical sequence look like?

(n=3 each)

Injection Order| Sample
1 Blank
2 Blank
3 QC
4 QC
5 QcC
6 QcC
7 QcC
8 Blank
9 8x dil. QC
10 4x dil. QC
11 2x dil. QC
12 Qc
13 Blank
14 QcC
15 Sample 1
16 Sample 2
17 Sample 3
24 Sample 10
25 Blank
26 Qc
27 Sample 11
36 Sample 20
37 Blank
38 Qc

— QCs for equilibration

— 10 biological samples

| Diluted QCs for data treatment

1.5a+10

Sum of intens. for all variables

5.0e+09

MetaboHUB

Infrastructure Nationale
en Métabolomique

20 40 &0 80 100 120
Injection order

34
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: : MetaboHUB
LC-MS metabolic profiles rasmctre ot

en Métabolomique

: :
B
M . .

10,000+ signals, 100-1000s metabolites ?

35
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LC-MS data preprocessing (XCMS)

en Métabolomique

Peak detection

10000 20000

L
j— I j— 1 L

T T T T T T
3400 3500 3600 JIT00 3800 3900

Retention time
alignment

ﬁ = Unaligned

Peak integration

Peak filling

36

Smith CA et al, Anal Chem 2006



DRF/Joliot/SPI/Laboratoire d’Etude du Métabolisme des Médicaments

Obtention of peak lists ibdhiied

en Métabolomique

5T Ji-T J5T BT 5T J5T
Peak Ni | Ret{min) Mass 06030302 | 06030303 06030304 06030305 06030321 = 06030322

1 1324 100 1.8E+03 1.5E+03 24E+05 17E+03  20E+03  T.9E+04
2 13.98 100 1.8E+03 1.5E+03 20E+03 1.7E+03 2.0E+03 1.5E+04
3 42.25 106 2.0E+05 4.3E+04 2.9E+05 3.5E+04 1.8E+05 20E+03
4 16.65 114 2.0E+03 3.7E+04 4.5E+04 1.0E+04 3.9E+05 2.5E+04
7 16.92 114 20E+03 3.7E+04 4.5E+04 2.1E+05 8.3E+04 2.5E+04
[
i
8
9

5
"~

"~

o
g
T

17.26 114 20E+03 | 3TJE+04 | 4.5E+04 1.6E+05  2.5E405 = 7.2E+05
17.54 114 20E+03 | 3.7E+04 2.3E+05 14E+05  43E+04  25E+04
18.01 114 20E+03 = 3TE+04 2.8E405 1.0E+04  43E+04  25E+04

@
&
1

"~

N
3

419 126 94E+ 04 16E+03  GAE+04 1TE+04  23E403 | 1.2E+04

@
g

10 4.66 126 14E+05 | 16E+03 1.3E+05 1TE+04  23E403 1.2E+04

oo
S 1 493 126 21E+03  16E+03 24E+03 17E+04  23E+03  1.2E+04 ?
12 501 126 1.8E+05 = 1.6E+03 24E+03 1TE+04  2.3E+403 156405 °

Relative Abundance
o
&

‘é 60 — 13 540126 13E+05 | 16E+03  LAEs0S  1TE«04  23E403  2.2E+04 ?
33 510‘{’3 @ 1 586 126 2AE03 | 16E03  1AEs05  1TE4 | 23Ee03 | ASE04 ]

L8 g 7] 15 6.2 126 1504 16E+03  24E+03  1TEs04  23E+03  1.2E+04
Ewao m 16 10.56 126 1.9E+05  1.6E+03 20E+05  9.1E+03  2.3E+03  1.2E+04 ?
163 17 105 126 24Es03 | 16E+03 | 24E+03  OAEs03  2.3E403 | 12E+08  f

o030 E 18 133 126 10F+05 | 16E+03  15E+05  O.9E+03 23«03 1.2E+04
% o 100 b Mo ] 19 11.80 126 21E+03  16E+03 24E+03  9.9E+03  23F+03 1.2E+04 ?
] = F] 1636 126 20F+03 | 16E+03  24Es0d  O.9Es03  23E+03  12E+04

4 i 2 901 13 19E+03 | 39E+04  20E+04  14E+04  23E+03  2.7E+04
g R 1o P 2 439 143 29Ee05 | 24Ee05  28Ee03 | 29Ee05  29Ee04 | 25E405 ?
2 n 507 143 23E+03 | 24E«03  25Es05  23Ee03  19Es05 | 326405 1

w u 520 143 55Es05 | 24E+03  LIEs05 | 3.6E+04  29Ee04 | 34E05

@ 5 639 143 13E+04 | 83E+04  58Ee04  23E+03  29E+04 | 12405

=] % 658 153 40F+04 | LAEs06  S9Es04  9.9Es04  3AEs04 | 45E+04

£ u P12 153 40Es04 | 26403 B9Es04  6IEs04  19Ee05 | 37E+04

5] 23 672 151 42E+05 | 50E+05  29E+03  20E«04  3AE+03  3.9E+0

2 2o i i o 50 e ~ FZ] 699 151 53E+05 | 20E+03  63Es05  20Es04  28Ee05 | 2.1E+D5

Time (min) o 30 D66 154 22E403 | G7E+04 29«03 20E+04  28E+05 | 2.1E+04

i 17.54 159 2.3E+03 | 2.0E+03 20E+03  3.0E+05  2.7E+03  38E+04

:ﬁ 1787 150 23E+03 | 20E+03  28E+03  28E+04  27E+03 | 1IEs05

<%

1842 150 23E403 | 20E+03 28E+03  42E405  27E+03 | 3.BE+D4

Few thousands of variables...
(per chromatographic condition!)

37
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Obtention of peak lists:  Quality control and data B die
fl |te r| n g en Métabolomique

(1. Repeatability filter

Samples

ST ST 5T 5T BT
06030302 06030303 06030304 06030305 060303.21 06030322 =
1.8E403 15E+03  24E+05  17E03 20E+03  TOE04

> CV of Internal Standards < 30%
k> CV of QC Samples < 30%

1.5e+08 |

18E+03 1.5E+03 20E+03 1.7E+03 2.0E+03 15E+04
106 20E405  3Es04  29E405  3SEW0 18Es05  20Es03  °
i} 2.0E+03 3.TE+04 A5E+04 1.0E+04 3.9E+05 2.5E+04

?
?
1 20E403  3JE+04  45E+04  21E405  BJE04  25Ee04 ?
4?
?
4?

1

1 20E03  3JE«04  45E+04 16E+05 256405 7.2E405

1 20E403  3FEs04  2IE05  14E05  43Ee04  25Ee04

14 Z0E+03  37E+04  23E+05 V0B« 436404 256404

26 94E+04 166403 BAE+04 1TE+04 2.3€403 126504 T
14E+05 16E+03 136405 17E+04 2.3E403 1.2E+04
ZAE3 16E+03  24E+03  17E+D4 L3E03  12Ee S

1.0e+08 |

absolute

r‘r 1.8E+05 1.6E+03 24E+03 1.7E+04 2.3E+03 1.5E+05 ~
0 LIES 1GES03  LIESS  LTESO 23603 22Ee00 5.0e+07

(2. Intensity and linearity filters ]

§)

126 21E403 1.6E+03 1.1E+05 1.TE+04 23E03 4.9E+04

— : PRI LN
Peak lists now include only analytically relevant signals and are

ready for statistical analysis

Few thousands of variables... » Correct feature specific drift S L A R R

[ | I T ] I

(per chromatographic condition) within a batch U

Analysis order

LOESS Algorithm

(Low Order non linear locally
Estimated Smoothing
Function)

4. Batch correction

» Correct drift across batches

Cleveland, J. Am. Stat. Assoc. 197933
Dunn WB, Nat. Protoc. 2011
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MetaboHUB

Faclilitate data comparison by lowering

en Métabolomique

the number of dimensions

J5-T J5.T 95T J5-T J5T J5-T
06030302 | 06030303 | 06030304 | 06030305  060303-21 | 060303-22
1.8E+03 1.5E+03 24E+05 1.7E+03 2.0E+03 T.9E+04 B
1.8E+03 1.5E+03 2.0E+03 1.7E+03 2.0E+03 1.5E+04 — —_—
2.0E+05 4.3E+04 2.9E+05 3.5E+04 1.8E+05 2.0E+03 e —

2.0E+03 3.7E+04 4.5E+04 1.0E+04 3.9E+05 25E+04
2.0E+03 3.7E+04 4.5E+04 2.1E+05 8.3E+04 2.5E+04

20E+03  3TE+04 | ASE:04  16E+05  25E+05 | 7.2E+05 L
206403 3TEs04 | 23E+05  14E+05  43E+04 | 25E+04 -

20E+03  3TEs04 | 28E+05  10E+04  43E+04 | 25E+04 54

94E+08  16E+03 | GAEs04  17E+04  23E+03 | 12E+04 o e

14E+05  16E+03 | 13E+05  1JE«0d | 23F+03 | 1.2E+04 - Y

24E+03  16E+03 | 24E+03  1JE+04  23E+03 | 12E+04 - L - g ® nall

18E+05  1.6E+03 | 24E+03  17E04 | 2.3Es03 | 15E+05 ; . . -

13E+05  16E+03 | 1AE+05  1JE+04 | 2.3Es03 | 2.2E+04 : ;. Loy o

21E+403  16E+03 | 1AE+05  1JE+04  23E+03 | 4.9E+04 . - i

15E+00  16E+03 | 24E+03  1JE«0d | 23F+03 | 1.2E+04 3 i — i = p—
19E+05  16E+03 | 20E+05  O.E+03  2.3E+03 | 1.2E:04 . .-

21E+03  16E+03 | 24E+03  O.0E+03  23E+03 | 12E+04 g

10E+05  16E+03 | 15E+05  O.E+03  2.3E+03 | 1.2E+04 - e o
24E+03  16E+03 | 24E+03  O.0F+03  23E+03 | 12E+04 - e
20E+03  16E+03 | 24E+04  O.0F+03  23E+03 | 12E+04 v

19E+03  39E+04 | 21E+04  14E04 | 23Es03 | 27E+04 -

2.9E+05 2.4E+05 2.8E+03 2.9E+05 2.9E+04 2.5E+05

2.3E+03 2.1E+03 2.5E+05 2.3E+03 1.9E+05 3.2E+05

5.5E+05 2.1E+03 1.1E+05 3.6E+04 2.9E+04 34E+05

1.3E+04 8.3E+04 5.8E+04 2.3E+03 2.9E+04 1.2E+05

4.0E+04 1.1E+06 8.9E+04 9.9E+04 3.4E+04 4.5E+04

4.0E+04 26E+03 8.9E+04 6.1E+04 1.9E+05 3TE+04

4.2E+05 5.0E+05 29E+03 2.0E+04 3.1E+03 39E+04 N —_ ——
5.3E+05 2.0E+03 6.3E+05 2.0E+04 2.8E+05 2.1E+05

2.2E+03 6.7E+04 2.9E+03 2.0E+04 2.8E+05 2.1E+04

2.3E+03 2.0E+03 2.8E+03 3.0E+05 2.7E+03 3.BE+04 PCA P I_S- DA
23E+03 2.0E+03 28E+03 2.8E+04 2.7E+03 1.1E+05

2.3E+03 2.0E+03 2.8E+03 4.2E+05 2.7E+03 3.8E+04

non supervised (PCA): no information provided regarding sample type

supervised (PLS...): Introduction of a factor explaining sample variance to
optimize sample distinction (e.g., healthy/disease, g ender,...)

Experimental design Normal distribution For from normal
(compare means) (compare medians)

Compare two unpaired groups Unpaired t-test Mann-Whitney

Compare two paired groups Paired t-test Wilcoxon signed-rank

Compare more than two One-way ANOVA with multiple Kruskal Wallis

unmatched groups comparison

Compare more than two matched  Repeated-measures ANOVA Friedman 39

groups
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MetaboHUB

Infrastructure Nationale
en Métabolomique

Main steps of a metabolomic analysis

Data processing

Automatic detection of
sighals

Echantilons

U

Selection of
relevant features

!

Annotation ;
Databases
public / internal

4. Metabolite annotation and identification

40
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Annotation vs. ldentification MetaboHUB

Infrastructure Nationale
en Métabolomique

» Annotation: One (or more) property (typically mass) match to
databases (not necessarily acquired under identical analytical

conditions)

» ldentification: At least two orthogonal properties (RT,
MS/MS) compares to authentic chemical standard analyzed

under identical conditions

Sumner et al, Metabolomics 2007 i
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Annotation procedure Snchio

en Métabolomique

Samples

IS

e e ot i i e 2 10 ANNotation using publically available databases

1 1524 100 18EW3  15EW03  24Ee05  1TEW03 | 20E03  TIEW0

98 ABEM3  ASEM3  20EM3  ATEMD 20043 1SEM
6 ROEMS  AJEWD  29EW5  3SEHM  18E405 | 206403
20603 BTEW4  4SEMM OB 39EM5  2SEeM
Z0E03  3TEW04  45EW 20E405 | BIEW  25Ee0d
20E403  3TEs0L  ASE | ASEAS  25Ed5 726405

3

i

T 20E+03 3TEM 2IE+05 1AE+05 A3E+04 25E+04 -

[ 1 206403 BTEM4 | 2AEWS 10BN | 43EW4 256w u I C

) L0012 AEBE LGEWD | GAEWM | 1TEWM | 23EW 126 Acc u rate m a ss (< 1 p p m )

10 466 126 1AE+05 1.6E+03 1.3E+05 17E+ 23E403 126404

" 493 126 2AE403 16E+03 2AEH3 1LTE+M 236403 1.26+04

0012 18EM5  AGEWE  GdEMD | LTEA 236D 1SEMS . d at a b a S e S
1 BAD 2 L3E05  UGEW3 | LAESS | 1TEN | 23Ee) | 226404

T ok T e T T e Tiee e T aa Isotopic pattern (13C, 34S, 180

15 632 126 1.5E404 16E+03 24E403 1LIEHM 2.3E403 126404 ) Vi ) AR

16 10,56 126 19Ee05  LGESDI  20E05 | O.0Ee03  23E403  1.2Ee4

05 6 2AED3  1GE03  RAE03 | 99EW03 | 23E.03 12640
6 A0ES  UGE3  1SEMS | 9AEA3 2343 126401
2AE03  1GEAI  24EA3  9UEMI  23E43 12644
o ROEWO3  VGESOF  2AEWM | 0B 29EW3  12Ee
4 19E03 3O 2AEWM  1AE0) | 23EW03  2TEed
n 439 13 29E5  2AEW5  2BEW03 | 29E«05  29E+01 256405

(HMDB, Metlin,

Molecular Formula KEGG)

(Rt=mass)

L T L R L

o Fil 501 M3 23EW3  2E3  25EW05 | 20E0) | 19E5 326405
u 5.20 3 SSE05  RAESDF  LIEWS | 3G 29EMM  34EWS

] i) 639 13 136 BIEWD4  S8Ed | 23EA03  29E4M 126405
— % BA5 151 A0E4 LIESD6  B9EWM | 99EWMd  34EWd  4SE
L2 Fif 702 153 40EsD4 26EW03  BJEWMM | GAEMM | 19E+05  3TEsM
] il B2 15 42Ee05  SOESD5  29EWD3 | ROESd | 30E403 39
~ 29 6.98 150 53E405  20E403  6JEW05  20E+04 | 28E405  21E405
30 TH6 150 ZIEW3 GTEMM  29E+03 | 20E«0d  28E05  20EM

] 3 1150 159 23E3  20Ee03  28E403 | 3OEWS | 27E43  38EMN
> w_ AT 150 23E0}  ZOEW3  28EW03 | 28EeM | R7E03 | 16405
1542 159 23E403  20E403 | 28E03 | 426405 | 2TE403  38E40

(Accurate mass (<1ppm) )
Isotopic pattern (13C, 34s, 120,...) In-house
Molecular Formula database
\_+/- Retention Time )

2. Annotation using in-house databases

42



DRF/Joliot/SPI/Laboratoire d’Etude du Métabolisme des Médicaments

MetaboHUB

Relevance of spectral databases hasLCtre Natonale
Retention time = t;
One molecule = several ions 4 o
Q . b 8 W W pEr . ( ) Adducts - %
.. b.. O () —— (¥ Pseudo-molecular ion ~—p £ ; . O
(] Fragments ‘ | M+2
l -
5. @ Number of fragments c ESI (+) m/z
ol -H,0
. -NH,
- -2H,0
-HCOOH
. -H
. % = » METLIN Database

Percentage of

Percentage of metabolites (%)

0: 0123456789 101112131415+ metabolites (%) (>10,000 metabOIiteS)
_ d ESI (-)
bl .
3 T » Up to 15 in-source fragments
2 -H,0
» [M+H]+ and [M-H]- as most
S o abundant species in only 50% of the
B | 3 - cases
0 75-0 QDD- °a ’ Percer:t:ge of % 43

20 - Intensity of precursor (%) metabolites (%) Domingo-Almenara et al, Anal Chem 2018



Relative Abundance
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Relevance of spectral databases

One molecule = several ions

35

LC

t3 t: +H

ESI

X \' Peak of interest

. Adducts

(] Fragments

MS

l-.o O () —— (¥ Pseudo-molecular ion ~—p

Intensity

MetaboHUB

Infrastructure Nationale
en Métabolomique

Retention time = t;

®

M+1
| M+2

I -

m/z

Automated detection of ions, list of annotated features

I Annotations
[(M+H)I+ \Y/4 RT Formula Compound | Attribution
: B 205 097089 P (HVMDB, KEGG, METLIN)
‘ Deethylatrazine
/ '\ 188.0709 | 5.28 |C11H1ONO2 Tryptophan  |[(M+H)-(NH3)]+ 3-amino-2-naphthoic acid
o ) AN ‘ Indoleacrylic acid
T e 189.0757 | 5.28 |C10[13C]H10NO2 |Tryptophan [(M+H)-(NH3)]+ (13C) |Ethyl Oxalacetate
190.0787 | 5.28 |C9[13C]2H1O0NO2 |Tryptophan [(M+H)-(NH3)]+ (13C2)
Tryptophan
ethotoin
205.0975 | 5.28 |C11H13N202 Tryptophan [(M+H)]+ Vasicinol
Idazoxan
Nirvanol
+H)- + - -D-
i 206.1010 | 5.28 |C10[13CJH13N202 |Tryptophan  |[(M+H)]+ (13C) Eﬁggg:ggjgzﬂ:ﬁme
207.1051 | 5.28 |CO[13C]2H13N202 |Tryptophan  |[(M+H)]+ (13C2)
180.07884 207.10443 [(2M+H)}+ 409.1902 | 5.28 | C22H25N404 Tryptophan [(M+H)]* S)Z -Il\—/lrre)ztpl\:gt(?;:dlisso(;:weerfs))
40918734 Tyr Leu Asp (and isomers)
/ 410.1938 | 5.28 [C21[13C]H25N404 | Tryptophan [(2M+H)]+ (13C) lle Tyr Asp (and isomers)
| 19615445 20116033 | | | 211 057 /[ |410-18488 val T :
R e A yr Glu (and isomers)
180 200 zm il / 410 a7

Roux et al.,

Anal. Chem. 2012
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MetaboHUB

Usefulness of Relative Isotopic Abundances

en Métabolomique

for metabolite annotation

FT-ICR MS [C4H2NO4P + H]* x
Orbitrap | =P —p [CsHsNO + NaJ*  x
technologies [CeHsNO, + K]*

Weber et al, Anal Chem 2011
13C but also 180, 325, ...

180 and 13C, separation

12,:2.00650 ... But beware of space charge effects
(when too many ions are trapped)

100

50

180:2.00418
25818710

e 100 - s
291178 292.180 292,182 @00 . 1=5.76%7
m: g 80 3
m - . .
Number of potential chemical formulas gﬁo —-: Orbltrap Fusion
1: P @240,000
o w20 _‘;:' 20 _: 250 18777 AGC 2 5
15 0 ] 1] .
207 2 258 259
N ut mz
notmton Rules A 1.0007 Da measured vs 1.0033 Da expected !!

annotation  Rules RIA
application refinemen t

45
Barbier Saint Hilaire et al., Anal. Chem. 2018
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MetaboHUB

Infrastructure Nationale
en Métabolomique

Metabolite Identification

1. Mass Spectrum - Identify ion type, e.g. [M+H]* or [M-H]-
- Molecular formula (C,H,O,)
- Isotopes ('3C, 80, 34S...)

» Annotation

l

2. Database

|

3. MS/MS or MS" fragmentation (CID, ...)

!

4. Complementary experiments (H/D exchange, NMR)

l

5. Structure confirmation - Chemical synthesis of standard
- Comparative LC-MS analysis

Relative Abundance

~ -. s
“\:r—:. i - 22 ppm
Pl “_‘-] 2.4 ppm 23711478

150 160 1rd 180 190 200 210 230 230 240

46
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MetaboHUB

Infrastructure Nationale

Comparison of MS/MS spectra

é“é"#.':‘“"”:f‘v““;g%m;‘ _ . , et g p, Cunleer €. Heocomencn
- Ex. Decanoic acid Heay —— ——
N Cosdrapoin o o Mern O o '::':':" Wk g 0 Crflen o
- |.— —..—l-rLl" . 1] | '
w o /\ r]‘ [T 1' “ Fl[l' l|: | it 1 4-FF ) ﬂHh
s 80.0600 Jj\/\/\/\/\ | o _] - = -.
: HO CHy _:_:l_l

gw 1731540 e _H_:

- . e

é s0

S resonant

% e 70017

=
)
2
2
:Z 959058 131.1076 1721135
Z B“:”W'kj‘[ Uk o | t u11t|fm¥' -|| ™ "“:“:o‘tal i i b ke i i s b il e | TWO types Of speCtra bring

miz different structural
(b) . .
Docac IO o120 T 00100 MY, W 432 information

100 3t 0062

non resonant

1451020

1ragan2
12008

1170704

MO ienea

080702 l

Relative Abundance
waorn BRBERBEKAERBRIAER BR

PS08s7
7s043p 81066

o

a0 80 QDC-‘ IQD‘ ‘ 140 Iill).'.v;l)‘l“:!l;(:-"."'l’c.ll"vllﬂll - 47
e “ ’ Dunn et al., Metabolomics 2013
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MetaboHUB

Infrastructure Nationale

Metabolite Identification

4 Levels of confidence

& Metabolomics Standard Initiative criteria
(Sumner et al, Metabolomics 2007)

Confidence of Identity | Level of Evidence

1 Identified compounds Comparison of two or more independent and orthogonal data with an authentic
chemical standard analyzed under identical experimental conditions

2 Putatively annotated based upon physicochemical properties and/or spectral similarity with
compounds public/commercial spectral libraries,
without chemical reference standards
3 Putatively characterized Based upon characteristic physicochemical properties of a chemical class of
compounds compounds, or by spectral similarity to known compounds of a chemical class
4 Unknown compounds Although unidentified or unclassified these metabolites can still be differentiated

and quantified based upon spectral data

48
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MetaboHUB

Infrastructure Nationale

Formal identification

& Example of pantothenic acid in rat urine

RP-LCMS, LTQ-Orbitrap

"roms0o0su 76 MS/MS spectra (@7,500 reso.)
[M+H]* @ m/z 220.1180 (+0.5ppm) . <5 .
a0 184.09719
704 100j
60+ . -
" Rat urine g 80-
30| s | Rat urine
20 g ECIj
b 540 18567 uzzﬂz;m 30,84 39.26 4502 5388 2 ]
100 16 5 £ 40 142.08651
oo ] 156.10163
a0 £ 90.05404 116.03427
o 70
£ o Reference con LEVEL 1 72-0‘4433 o 20185446
2 50 in solvent (1 S et 84.00723
= 40 .
£ a0 By comparison to pure STD:
204
o sss Jlms st wiz soe Accurate Mass, RT, MS2 Reference compound
1004 1657 . -
o (2 stereoisomers on HMDB) in solvent (1 ug/ml)
o 142.08658
™ 407 156.10229
s0- Rat urine spiked with 20 2005491 11609442
] Reference compound 1 7204417
30 ] | ‘ | 201.86206
204 0 "‘\""I“"I“"I"“l'"‘\"'\“"\""I""""‘\""\}"“'I““l'
10 50 100 150 200
EARIIREY T .".22.'"5? D33 SR 4309 983 miz
0 10 20 Timeﬁ?m-n) 40 50
49

Werner E et al, J Chromatogr B 2008



DRF/Joliot/SPI/Laboratoire d’Etude du Métabolisme des Médicaments

MetaboHUB

Infrastructure Nationale

Putative annotation

& Human urine, RP-HRMS (LTQ-Orbitrap)
[M-H]* @ m/z 595.3463

XCMS output CAMERA output
Wariable : Retention : Inter-sample Public database annotation
miz . : isotopes adduct pcgroup comelation
nurmber time {min}
1808 3031443 | 933 = . 531 NA : e
4683 593.3312 | 934 [@BI]M]+ | 512 NA L-Urobilin U robilinogen or
4668 594.2388 | 9.31  [AB1]M+1]+ [ 512 NA .
4879 5953463 | 9.0 [650JM]* __[[M-H]- 394 1.00 ___ C-Curarine / L-Urobilinogen ‘ Ste rcobi“nogen
4682 598.3514 | 0.40  [650]M+1|
4878 Baioos8 | 940 2?7
3797 481.2789 | 943 LEVEL 2 N
2783 3811910 983 = .
s34 4@ 1792 981 © No pure STD available
1255 2531440 | 9A7

2 hits in public databases (accurate mass)

MS/MS No MS2 spectra in databases
o R gm{CaeHad! But structural evidence

803 25918146

75

70 o
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% S. aureus metabolic extract, HILIC-HRMS (Q-Orbitrap ) %,

-
[M-H]- @ m/z 590.0794 \ W
i H
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Communication

The Time Is Right to Focus on Model
Organism Metabolomes

Arthur S. Edison !, Robert D. Hall 2, Christophe Junot 3 Peter D. Karp 4 Irwin J. Kurland ?,
Robert Mistrik ¢, Laura K. Reed 7, Kazuki Saito 8, Reza M. Salek ?, Christoph Steinbeck 3
Lloyd W. Sumner '’ and Mark R. Viant '*

Table 1. Prioritized list of model organisms that the new MOM task group recommend for deep
investigations of their metabolomes.

Kingdom Latin Name Common Name
Bacteria Escherichia coli -
Fungi Saccharomyces cerevisiae yeast
Caenorhabditis elegans nematode
Animal (invertebrate) Daphnia magna water flea
Drosophila melanogaster * fruit fly
_ Danio rerio zebrafish
Animal (vertebrate) T i
Mus musculus mouse
Arabidopsis thaliana ** thale cress
Plant Medicago truncatula barrel medic, model legume
s Oryza sativa rice
Solanum lycopersicum tomato

* International Drosophila Metabolomics Curation Consortium [30]; ** Metabolomics subcommittee (chaired by
Kazuki Saito) within the Multinational Arabidopsis Steering Committee [31].
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FTMS of great value to the field: mass accuracy, high resolution

(separation of isobaric species), structural elucidation

Metabolomics tools (data acquisition and treatment) are constantly

improving

Still need to standardize (e.g., MS and MS/MS data acquisition) and

share informatics tools and databases

Imaging mass spectrometry

lon mobility

Integration of multi-omics data

Toward large-scale quantitative high throughput metabolo mics?

How can we expedite metabolite identification? -
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Toward large-scale quantitative Metabolomics

Absolute quantification of metabolites

Samples Biological
— matrix

J

Calibration curve

2

Concentration
Molarity unit

MetaboHUB

Infrastructure Nationale
en Métabolomique

- 13C- and/or N based Metabolic labeling

- Chemical labeling

- Derivatization: dansyl chloride...
Guo K et al, Anal Chem 2009

- High throughput synthesis of
deuterated internal standards

—
w s s
Bt 2

P

i
) ) T

| ,UWM«N 4:ﬂm Mﬂn

Taglang C et al, Angew Chem Int Ed 2015
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sharing

EMBL-EBI Services Research  Tralning About us

Examples: alamine, Homo sapéens, urine, MTBLS1

Home ‘ Browse Studies = Browse Compounds = Browse Species ‘ Analysis Download i Help = Give us feedback ' About 1. Submit Study = /# Login

Metabolights > Search

Search results

Filter your results 222 results, showing 1 to 10 %! Psgelof2a *®
Type v Metabonomics of human fecal extracts characterize ulcerative colitis, Crohn's disease and healthy
@ study individuals. e
compound
Technology + & Study Identifier MTBLS237 Organism Homo sapiens
mass spectrometry & Study Size 45.66MB Study Diagnosis, Age, age at diagnosis, Years with di , Family
NMR spectroscopy Factors disposition, Smoker, Steroid response, Steroid dependency,
& Submitted by Karen Atkins £4 HB-score, Mayo-score, Extraintestinal manifestations, Drug
Treatment Asetylsalicylic acid, Drug Treatment Local
Asetyisalicylic acid, Drug Treatment Azathioprine, Drug
Organism * Treatment 6-mercaptopurine, Drug T Salazopurine,
3 Drug Ti S ids, Drug Ti Local
Organism Part + Drug Treatment infiximab , Disease Characterisation
Extension
Validations Status
green
red
amber
N-glycosylation Profiling of Colorectal Cancer Cell Lines Reveals Association of Fucosylation with
Differentiation and Caudal Type Homebox 1 (CDX1)/Villin mRNA Expression. &
Validations Status Details + ( “
& Study Identifier MTBLS227 Organism  Homo saplens
& Study Size 4.74GB Study Biol. Replicate, Tech. replicate, Tumour site, Stage,

Factors CDX1Nillin, Sample type,
& Submitted by Stephanie Holst &2

Steinbeck C et al, Metabolomics 2012
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* Hepatic Encephalopathy (HE) is a neurological compl ication observed in
patients with liver diseases (e.g., ACLF)

» The proportion of cirrhotic patients developing ove rt HE is about 40-60%

Healthy

However, the pathophysiological mechanism of
HE remains poorly understood:

- Hyperammonemia

- Inflammation

- Altered permeability of blood-brain barrier

+/

Glutamine

AIM OF THE STUDY. To highlight altered metabolic pathways in HE
patients by using CSF LC/MS-based metabolomics

» patient stratification
Weiss et al, J Hepatol 2016 » pharmacological targets
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27 control subjects and 14 HE patients

HE and control patients have different CSF-metabotypes

CTL patients HE patients
40+ / mBM2
i HE with status epilepticus
307
207 ter transplantation
r Hepatoportal sclerosis
& 107
= I mSP3
0
-107
o0} mzZGe
35 30 25 20 15 10 5 0 5 10 15 20 25 30 35 40
t[1]
PCA score plot
R2X[1] = 0.19505 R2X[2] = 0.0923833 Ellipse: Hotelling T2 (0.95)

59

Weiss et al, J Hepatol 2016



DRF/Joliot/SPI/Laboratoire d’Etude du Métabolisme des Médicaments

MetaboHUB

Metabolomics for the study of liver diseases

en Métabolomique

Gln Glu
Cytosol
Lys
FFA Ak [ Isocitic acd_| m Succinic acd
3 amino acids ‘j Gitdcaald U
B-oxidation A
LAcylcarnitines ——> Acylcarnitnes ------- ! PDH JPC I
akKG Glu
Carnitine _
t Ala Fyic
Trimethyllysine al i Mitochondrion
e
_
- .. 1 decreased metabolite
N «——— Gl OAA .
NH,* ' ' concentrations

CSF metabolomics highlights alterations of metabolic pathways
linked to energy metabolism that are not observed in plasma
samples.
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& Presence of drugs highlighted by untargeted Metabolomics

RT: U.‘\S-‘Hg;.
100 -

a0

B0

Relative Abundance

Weiss et al, J Hepatol 2016

Time (min)

Relative Abundance

100,

90

. en = - =
= = = =1 =
PR RN A A N SR M

w
=
LT

20

1

m,/z 191.0685
OH

F,

N—nN

g

F Fluconazole
Anti-fungal

frequantly indicated
in cirrhotic patients

[M-C8HAF2H]-
19106533

1978077

220.06149 238.00088 2507086 27810371 298 TRA2G 328.03083

[M+HCOOH-HI-
351.10214
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1107347

[M-H]-
05,0067

T 06310

T
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miz

T
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Putative annotation
Levetiracetam

Metronidazole
Fluconazole
Diazepam
N-Desmethyldiazepam
Tazobactam
Piperacillin
Ciprofloxacin
Norfloxacin

Samples
BM2

BG9
MGH9, NQ1, ZG8, AZ0

BC8, MHG9, MP01, NQ1, ZG8

BC8, MHG9, MP01, NQ1, ZG8
BGY, NQ1, ZG8
BGY9, NQ1, ZG8

AZ0, BGY, NQ1, ZG8, SP3 61
CJ3, BC8
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understand changes in histone modifications
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Simithy et al, Nat Commun 2017; Simithy et al, Proteomics 2018
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Metabolism/Microbiota/Immunity

a b

/]
6/

Microbiota Inflammatory

Satiety,
behaviour

Immunity =3 .

Bioavailability & storage
of dietary nutrients

Cancer therapies Microbiome Immune responses

Anticancer treatment Gut-resident commensals interacting The gut microbiota has systemic effects
modalities and co-medications with epithelial, stromal, endocrine, throughout the meta-organism via
(such as antibiotics) affect the neural, immune intestinal cells to secretion of anti-inflammatory

integrity of the epithelial regulate barrier functions and cytokine/chemokines, metabolites,
barrier. whole-body metabolism. antimicrobial and neuropeptides.
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Shanahan et al, Nat Rev Gastroenterol 2012; Zitvogel et al, Science 2018.
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