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Metabolomics

* Metabolomics is the sgstematic analysis of the unique chemical
fingerprints left behind by specific cellular processes

¢ These small molecule metabolite profiles provide insight into cellular status.

* All “-omics” based scientific disciplines aim at the collective
characterization and measurement of their particular constituent
molecules

* A comprehensive approach to study complete pools of biological molecules
* Defines the structure, function and dynamics of an organism.

* Vast chemical diversity among small molecule metabolites has
made extended coverage of the metabolome challenging

¢ Size (50 — 1500 Da)

« Concentration ( pM — mM)

* Physicochemical properties (diverse log P values)
* Stereochemistry (distinct biological activity)

Metabolite Extraction

Currently no analytical technique exists that is capable of in-situ
measurement of all classes of cellular metabolites

Metabolite extraction therefore becomes a crucial step in any type of
metabolomics study

* Critical to both targeted and global based profiling strategies.

Optimized extraction methodology should fulfill several criteria:
*  Extract the largest number of metabolites

* Unbiased and non-selective - physical or chemical properties
of a molecule

Non-destructive - no modification of metabolites
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Separation of Metabolites

* Mass spectrometry usually requires some form of chromatographic
separation

* Most systems use either liquid or gas chromatography

* CE-MS gaining popularity

* Fractionation of sample components simplifies the resulting mass
spectra while ensuring more accurate compound identification

* Capacity factor (k) is critical to optimizing resolution
* Increased resolution allows longer MS dwell times resulting in
better signal/noise ratios

* Inadequate chromatographic separation of metabolites results in:
* signal suppression —ion suppression
* compromised metabolite quantification
* reduced metabolite coverage

Hypothesis

Extraction and separation of metabolites may influence
metabolomic studies as much as the disease process being
investigated

Rationale

Developing optimized protocols for extraction efficiency
and chromatographic resolution based on metabolite class
and/or characteristics will dramatically improve accuracy
and reproducibility of metabolomic data sets.
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Definitions

* |[somer — same chemical formula, different
chemical structure

» Stereoisomer — same chemical formula, same
order/sequence of bonded atoms, different 3-
dimensional orientation

* |sobar — same mass, but different chemical
formula
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Resolution of Bile Acid Metabolites by RPLC using Waters BEH C18

Resolution of Taurine Conjugated MCA Isomers by RPLC
on WATERS BEH C18

1) Tauro-o-MCA
2) Tauro-a-MCA
3) Tauro-B-MCA
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Resolution of Taurine Conjugated MCA Isomers by RPLC on
Restek Rapture Biphenyl

1) Tauro-a-MCA
2) Tauro-B-MCA
3) Tauro-®»-MCA

Resolution of Taurine Conjugated MCA Isomers by RPLC on
Restek Ultra AQ C18

- 133805_bil_acids_1290 3 SR 01 Channel E5-
TIC (Tauro-muricholic acid)
669¢6

1. Tauro-o-MCA
2. Tauro-a-MCA
3. Tauro-p-MCA
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Why should you care about
chromatoraphy?

HILIC-ESI* RPLC-ESI*

OUTLINE

e Extraction ---- Acetaminophen-Induced
Hepatotoxicity

e Chromatography --- Search for Lung Cancer
Biomarkers




METABOLOMICS FOR UNDERSTANDING
DRUG TOXICITY---ACETAMINOPHEN

ACETAMINOPHEN-INDUCED HEPATIC NECROSI1S
I. ROLE OF DRUG METABOLISM®
J.R. MITCHELL, D. J. JOLLOW, W. 2. POTTER,"
D. C, DAVIE,* J. R. GILLETTE AND B. B. BRODIE
Lab of Chevical Nationat Hear( and Lurny Inatitste, National
Imstitatos of Heaith, Betheeda, Maryland

ACETAMINOPHEN-INDUCED HEPATIC NECROSIS.

I1. ROLE OF COVALENT BINDING IN FIVO'

D.J. JOLLOW, J. R. MITCHELL, W, Z. POTTER,"*

D.C. DAVIS,* J. R. GILLETTE AND B. B. BRODIE

Labs f Chemical T Natéonal least aud Lung Imtituie, Notional
Institutes of Hoolth, Betheada, Maryland

ACETAMINOPHEN-INDUCED HEPATIC NECROSI1S.

J1l. CYTOCAROME P-450-MEDIATED COVALENT
BINDING IN VITRO'

W. % POTTER,”* D, C. DAVIS,” J. R. MITCHELL,
L. J JOLLOW, J. R. GILLETTE AND B. B. BRODIE

Labasateny of Chemical Pharmacology, National Heart and Lung Institute,
National Imatitutes of Health, Bethesda, Maryland

ACETAMINOPREN-INDUCED HEPATIC NECROSIS.

IV. PROTECTIVE ROLE OF GLUTATHIONE'

B .
ernard Brodie J.R. MITCHELL, D. J. JOLLOW, W. Z. POTTER .’
J. R. GILLETTE AND B. K. BRODIE

1908-1989
Laboratary of (*hemisal Phurmecology, Nationel Heart and Lusy Iutitute,
Vational Intitutes of Hoalth, Betherda, Marpland

APAP NAPQI Toxicity

N-acetyl-p-benzoquinone imine
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NECROTIC MOUSE LIVER
(400 mg/kg APAP 6 HOURS)

NORMAL MOUSE LIVER

Contained in 100s of products

One of the most common
pharmaceuticals associated with
accidental and intentional poisoning
(>7 g per adult per day)

APAP overdose serves as a model for
drug-induced liver toxicity

Excess NAPQI (with reduced
glutathione levels) leads to oxidative
damage and inflammation leading to
hepatocellular death/necrosis
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Acetaminophen Metabolomics

Unlabeled
Ring - labeled

Acetyl - labeled
1 LC-MS

!

Data Analysis

Metabolite Identification

Mouse Urinary Proteins (MUPs)

* Dilute equal volume of mouse urine with an equal volume of 50%
methanol

4wt s MS (50 - 1750) from 9,786 o 9.606 min
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Mouse Urinary Proteins

* Dilute equal volume of mouse urine with an equal volume of 100%
methanol

) - 260 1. <TOF WS (50 - 1250) frem 9.421 1o 9,851 min

TOTAL REMOVAL OF MUPS =
IMPROVED SIGNAL, REDUCED
ION SUPPRESSION

APAP Metabolism Study #4 Score Scatter Plot

PCA model

control
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APAP Metabolism Loading Scatter Plot

PCA Model

© Drug Metabolites
© Depleted with APAP Treatment
© Enriched with APAP Treatment
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X-Variable Trend Plot for L-Carnitine (m/z=162.114+)
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XVar(Var_3216)

X-Variable Trend Plot for Decanoylcarnitine (m/z=316.247+)

A

3 3 SD = 3.20873

.52 SD = 2.58313

Control Acetaminophen

Average = 133192

Enriched with APAP Treatment

-3 SD = -0.544889

Obs ID (Obs. Sec. ID:1)

STRUCTURAL ELUCIDATION USING
INFORMATION DEPENDENT
ACQUISITION
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Typical Metabolomics Workflow

LC-MS Data files

enerate features

(Ret Time & m/z pairs)
Import, align, normalize
Assign group IDs
(optional)
Analyze data
(PCA, OPLS)
Metabolite ID

Exclude variables

Metabolite ID is Time Consuming

. Populate MS/MS product ion acquisition
parameter list with m/z and RT values

. Prepare new samples
. Acquire MS/MS product ion spectra
. Optimize collision energy and reacquire spectra

. Align new chromatograms with the previously
obtained ones

. Compare product ion spectra with reference
spectra

1/12/2015
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IDA Metabolite ID Workflow

Conventional LC-MS survey scan used to trigger LC-
MS/MS product ion acquisition

Up to 50 MS/MS product ions for each survey scan,
optimal number 5-20

Optimal values are dependent on chromatographic
peak widths and sample complexity

Compromise between missing a compound and
acquiring many noisy unusable spectra

Dynamic background subtract
Collision energy spread

Philip Smith

IDA Metabolite ID Workflow

Autonomous acquisition of product ion spectra

No product ion m/z list generation, sample re-
preparation or chromatographic realignment
required

Ideally high quality MS/MS product ion spectra
acquired for all components present in mixture

If subsequent data analysis reveals previously
unidentified features, have archived MS/MS product
ion spectra

16



Lipid Extract IDA Workflow

Bovine liver total lipid extract 0.5 mg/ml (Avanti)

Gradient elution aqueous isopropanol/acetonitrile w/
10mM ammonium formate 0.1% formic acid

Waters CSH® 2.1 x 100 mm C18 column
Up to 20 IDA scans (100 ms)

2.1s duty cycle

Exclude for 10 s after 1 occurrence

Product ion m/z 150-1150

Total 3408 product ion mass spectra

Giaph | Table
Retention Time versus Parent Mass/Charge for [DA Dependents
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Mass/Chaige, Da

Graph | Table
Fietention Time versus Parent Mass/Charge for IDA Dependents
it B46.5362/10.49
& B46.5393/10.07 | 846577941 ZO O M t
it om/z
o6 aas 222802 BB ggg carsnogs
B e 800-850
| ga0 568475 28 b
842 y
N N\
840 SisivnE oSy sosivsm Es‘;m?ax 10.60
| I = !
8% SBEBIBN  Gameme | mmsareTos 838.6521/1
% L S TESWEE g365%8/99
834.5965/6.80 = g5 4836/7.98
%4 B2 ) ER576E/A6 [ 834
8326788/8.77 —
a2 ) el 8345954/11.33
1 5
830 S I
828.5430/6.83_ 8305646764 3
o N : | B30.5673/10.48 P T
828.5456/8.58 B28.5448/3.64 B26.5680/14.69 g5q 70781595 .
=—826.471912.11 525.3905/15.79 827.707317.97
826 824 5783/8 30 824.4520/10.18 1325 €RAT3 N
a2 8245735/588 = b | y 825 392611 5,56
G225504/531  824.5728/650 8225364/12.26 BAETI7416 N 825.6884/17.80
e S 8225341/11.20 —= Rg o' s B24B1191503  §821.509519.07
w22 EAEUIZ/T2 B225621/651  B205806/961 8225813/1151 B2263HN458 < /
- 7 Ve 821.5982/16.06 822.749118.05
0 HR54/998  GIBSHS2S  gopeniarren 8205777/11.02 6206785/13.29 \
a8 | \ 3 3 | =—818593931257 820.733617.77
19.5850/4.65 91955831215
a16 | 180845 | 818.7157/17.44
8145545/363 mesmaeas S 53?‘” 743 816.5276/9.88 814.6279/14.88 817.6442/16.32
i ! e | b 81570671216
14.5067/8.96 =
| = B8125169/5.34 b o 814.564612.37 - /5’147111/1554
L 810,5020/5.12 8125396/1063 . £12.6805/15.18 813.6853/17.80
N —8106756/7.14 | . o _®
o0 I 809.631310.75 - ‘sm 562511222 | | LR L
802.5695/268—=  B09.6145/352 [ * Bi05006/1116 810.7125/1660 T
808 B06.5650/2.88 g0 1011003 09647611618 B0BTTI4NTT9
s 808.5647/801 — s d’ & i
8045509737  B065656/8.58 HOB5547/263 B0 5974/12 10 06718611757
.
804 8025925/6.67 2i5/805  BUA5A72/963 !
- ey BoA T4l e 804.7018/17.27
802 ! ! 800.6122/14 57
BODS77H/6 55 B025022/7.50 8025731/11.36 | 8
- ~ 801 62871755

1 2 3 4 5 3 7 8 8 10 1 12 13 14 15 1% 17 13 19

Time, min

Lipid Extract IDA Workflow

Limit m/z range to 50-200 Da increments
Up to 10 IDA scans (200 ms)

2.1s duty cycle

Exclude for 10 s after 2 occurrences
Product ion m/z 800-850

Total 1564 product ion mass spectra

1/12/2015
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[Chem Res Toxicol 2009 Apr;22(4):699-707. doi: 10.1021/txB00464q

[Serum metabolomics reveals irreversible inhibition of fatty acid beta-oxidation through the suppression of
[PPARalpha activation as a contributing mechanism of acetaminophen-induced hepatotoxicity.
Chen C', Krausz KW, Shah YM, Idle JR, Gonzalez FJ

J Biol Chem. 2008 Feb 22;283(8):4543-59. Epub 2007 Dec 19

Identification of novel toxicity-associated metabolites by metabolomics and mass isotopomer analysis of
acetaminophen metabolism in wild-type and Cyp2e1-null mice.
Chen C', Krausz KW, Idle JR, Gonzalez FJ.
|
Hepatology. 2012 Jul:56(1):281-80. doi: 10.1002/hep.25645. Epub 2012 Jun 6.
Peroxisome proliferator-activated receptor alpha induction of uncoupling protein 2 protects against

. AR L

phen-ir liver toxicity.

Patterson AD“ Shah YM, Matsubara T, Krausz KW, Gonzalez FJ.

Liver

APAP NAPQI Toxicity

Serum
Acylcarnitines

PPARa

MITOCHONDRIAL DYSFUNCTION

Mitochondrial matrix

B-oxidation
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INFLUENCE OF EXTRACTION
PROTOCOL

Influence of pH on Metabolite Extraction
from Mouse Liver

CONTROL LIVER

Combined
®
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Influence of pH on Metabolite Extraction
from Mouse Liver

CONTROL

Influence of pH on Metabolite Extraction
from Mouse Liver

1 pH=4/7/10 Pooled

CONTROL
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Extraction Efficiency of L-Carnitine from
Mouse Liver

peak area/mg tissue

2500000+

2000000+

1500000+

1000000+

500000

17.0%

18.4%
T

n-butanol acidified IPA basic IPA

L-carnitine
Propionylcarnitine
Hexanoylcarnitine
Octanoylcarnitine
Decanoylcarnitine
Lauroylcarnitine
Myristoylcarnitine
Palmitoylcarnitine

ONOUNAEWNR
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12 1314
| 15
Coenzyme A
Acetyl CoA
3-dephosp
CoA
Propionyl
CoA
2-butenyl
CoA
Isobutyrl Cd
Butyrl CoA
Phenylacet
CoA
Hexanoyl
CoA
. Octanoyl
CoA
. Decanoyl
CoA
. Lauroyl CoA
. Myristoyl
T COAL, ™

Extraction Efficiency of Stearoyl Carnitine
from Mouse Liver

16.6%

peak area/mg tissue

41.4%

16.7%

n-bu"anol acidifi’ed IPA basic IPA MeOH:water(pH 4.0) MeOH:water(pH 10.0)
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Acylcarnitine Extraction in Acidified IPA

control
Il APAP-treated

’ I LONG CHAIN ACYL
- CARNITINES

-
X105 *
-

-

» *
-
[ ;
: . : o - :

L-carnitine acetyl propionyl hexanoyl octanoyl decanoyl lauroyl myristoyl palmitoyl

peak area/mg tissue

Increasing Chain Length

AcylCoa Extraction via Modified Bligh/Dyer

control
Il APAP-treated

LONG CHAIN ACYL :
COAs

peak area/mg tissue

Increasing Chain Length
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B-oxidation
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METABOLOMICS FOR CASE CONTROL
STUDIES — LUNG CANCER BIOMARKERS
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Lung Cancer Biomarkers

Most common cause of cancer deaths worldwide

Training Set
— 536 population controls, 469 lung cancer patients (pre-
treatment)

Validation Set

— 78 population controls, 80 lung cancer patients
Quantitation Set

— 106 population controls, 92 lung cancer patients
Tumor Tissue Set

— 48 non-tumor, 48 tumor

Traini 005 urines + 516
via UPLC-MS in ESI+ and ESI- modes:
Extract signals using R package XCMS

Data Pre-processing:
i . Remove samples with signal interruption or not detectable internal standard

Elltering Samples

Retention Time Alignment: Correct for drifts in retention time

Filtering Signals: Remove signals with large variations between duplicates
Normalization: Total lon Current Scaling using “total useful signal™ counts

!

1521 samples:
ESI+: 2756 signals
ESL: 1804 signals

}

Classification of Samples as Lung Cancer Patients or
Healthy Controls (Random Forests})

Assaociations with survival (Cox modeling)

T N o .
prognostic biomarkers: N-acetyl neuraminic acid,

cortisol sulfate, creatine ribose, 561+

— T

QUANTITATION SET VALIDATION SET TISSUE SET
92 lung cancer cases 80 lung cancer cases 48 matched tumor/adjacent
108 population controls 78 controls normal tissue pairs
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Dimension 2

Frequency

Quality Control

uimension ¢

04

Dimension 1

O Random Pairs (N=2500)
Duplicate Pairs (I 54)

T
05

Pearson's Correlation Coefficients

Frequency

0.4 02

Dimension 1

Pearson's Correlation Coefficients

1/12/2015
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Current Smokers Former Smokers Never Smokers

m cotinine
B nicotine-\'-oxide
trans-3’-hydroxycotinine

Samples

A. Training Set -
(untargeted UPLC/MS) B. cum:al«l::lu'ﬂ‘;j:tpms)
N =469 cases, 536 controls N80 ;gases 78 comtrols
0.08 02
FC=27

g :I 2 o1 FC=16 FC=16

< E ).

x 008 ﬁ en .. [EH Cases ~ nan _T. - - Cacae

Signal ICC | 95%ClI

Creatineriboside 0.99 0.98-0.99
N-acetylneuraminic acid 0.82 0.71-0.92
Cortisol sulfate 0.99 0.98-1.00
561+ 0.93 : 0.90-0.96

504 . ONen-tumor
.2
o

mi-quantitai
FEa
Concentrati
e e
o
3
L
Y
e P
%
[
Semi-quantitative 4
s = o
3 & 3
Concentration
o o o

29



1/12/2015

Combined Score
All Cases

HR (95% CI) P
A Reference 1 1.00]
== highin 1 fhokin 1 1.10(067-1.75) 0.5
=4= highin2  |highin 2 136 (0.86- 2.14) 0.19
highin3  |highin 3 1.84 (1.15 - 2.94) 0.01
highinall  [highiin all 3.65 (2.34 - 6.00)_<0.00001

~4 Jow in all

Probability of Survival

months

Combined Score
Stage | and Il Cases

A

HR (85% CI)
Reference 1
== highin1  [highin 1 1.06 (0.60 - 1.88)
== highinal [highin al 2.16 (1.18 - 2.97)

-t low in all

Probability of Survival

0 ou oH oH
o4 o4 HO H()‘&
* » OH
N - —N —N - —N . Ho OH
>- +H >:\H Hi >— rHe >— He rHg uo//\
HN oH T~ HN on HN, OH T~ HN+ on T~ _"u - »
>:\H __NH,
+
o OH 0. OH o OH o OH NH, m/z 90.0550
m/z 132.0768
HO HO HO HO
m/z 2641190 m/z 264.1190 miz 264.1190

Maillard Reaction (makes grilled stuff tasty)

Creatine + D-ribose + heat = creatine riboside
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reat-ribose Phil 0.00000000
005

Reverse ] 0%
Phase 4

Waters BEH
C18 | |

Al
T

0315_005
0.4

Poor
retention of

small, polar
metabolites

567 6065p86.72 719 81
I,Mvni bl

6.00 7.00 i}

creat mono, ribose Ammbicarb
kk120427 xg2_024 1: TOF MSMS ES+

H I LI C 100+ . 264.119 0.10000a

b Urine 15899

o

300 325 ) ) : : 475 500 524

Wate rs B E H kk120427xg2 022 1: TOF MSMS ES+
264.119 0.1000Da
. 30

100+

M 3.06 4. Monohgdrate + amm bicarb
Amide f\

0 T T T T
300 325 525

Kk 120427 xg2_021 1: TOF S ES

100 ' 2641180 1|Im>mq

4.50

ES { \ 104 n 3. Phosphate+ amm bicarb
3.04315 391 are | A\ 407

A 351 ,\,J/ 430 A}ﬁ{ \
0 T T T
3.00 325 350 375 4.00 4.25 450
20427wg2_020

432

417“3\
T
1 A .“'

356 366373
Pl L
Ol p iy T — r {
3.00 3.25 350 375 4.00 425
kk120427xg2_019 1: TOF MSMS ES+

430 264.113 0.1000Da
1007 A i 9.53e3
4.09

386 1. Monohydrate + amm bicarb
-

T I Time
375 400 425
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730288 900560
hY |

131.99582 162.2978 20410458 2356528
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TOF MSMS

2641222

270.0564
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Effect of Column Bore Diameter on Sensitivity
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150 180

200 220 | 240
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1\

i

.

T
260
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DETOXICATION
MECHANISMS

Creatine and Creatinine Metabolism
The Metabolism and Detoxication
of Drugs, Toxic Substances
and Other Organic Compounds

MARKUS WYSS AND RIMA KADDURAH-DAOU

o

Histamine is metabolized to a similar riboside
(Williams)
* Similar mechanism for creatine?

* Creatine and ribose can form a mutagen similar to
PhIP (Kaddurah-Daouk)

* Synthesis of creatine riboside with SRI as part of the
NIH Common Fund

NEW YORK
JOHN WILEY & SONS INC.
440 FOURTH AVENUE
1959

Summary

Demonstrated the value of optimized metabolite
extraction

Emphasized study design (particularly for human
studies) and the value of good chromatography

Provided an improved means to simultaneously
collect high quality MSMS spectra for later
metabolite structural elucidation

Annual meeting present findings from interlab
comparisons

33



1/12/2015

Conclusions

Extraction protocols can impact metabolomic data
sets considerably

Solvent system composition and pH exhibit the most
dramatic effects on metabolite recovery

*  The magnitude of these effects depend on metabolite class

*  Some classes of metabolites

The number of extraction repetitions also plays a
role in enhancing metabolite recovery

*  Tradeoff - longer sample prep time

*  Larger sample volumes to process (evaporate)

Conclusions

Traditional RPLC methods can provide efficient separation of acyl-carnitine,
bile acid and CoA thioester mixtures.

* Advancements in hybrid particle technologies

* Allowing for extremes in mobile phase pH and temperature —
manipulate selectivity

Complex ligand stationary phase interactions

HILIC methods are superior at separating highly polar metabolites.
*  Nucleotides and derivatives

*  Small polar metabolites — sugars, organic acids, amino acids,
hydrophilic vitamins

Advanced column chemistries (amide, aminopropyl, biphenyl, graphite,
phenyl-hexyl) and alternative chromatographic methodologies (HILIC) can
provide enhanced coverage of the metabolome.
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Future Plans

* There’s no one “perfect” extraction or LC method
available capable of efficiently resolving all
components or features in the metabolome

Therefore, our goal is to continue to develop
optimized extraction and chromatography protocols
for various classes of liver metabolites
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