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Metabolomics Papers PDFs Included
Metabolomics Activity Screening Identifies Metabolites that Modulate Phenotype Nature Biotechnology 2018

Data Processing, Multi-Omic Pathway Mapping, and Metabolite Activity Analysis Nature Protocols 2018

Metabolomics-Based Discovery of a Metabolite that Enhances Oligodendrocyte Maturation Nature Chemical Biology 2018

Metabolite-Induced Protein Expression Guided by Metabolomics and Systems Biology Cell Metabolism 2018

Systems Biology guided by Metabolomics Nature Methods 2017

Metabolomics: Beyond Biomarkers and Towards Mechanisms Nature Reviews 2016

XCMS: Processing MS Data using Nonlinear Alignment and Metabolite ID Analytical Chemistry 2006

Mzmine 2: Modular framework for processing, visualizing, and analyzing MS data BMC Bioinformatics 2010

Bioinformatics: The Next Frontier of Metabolomics Analytical Chemistry 2015

Predicting Network Activity from High Throughput Metabolomics PLOS Computational Biol. 2013

Interactive XCMS Online: Simplifying Advanced Data Processing and Statistical Analytical Chemistry 2014

Autonomous Metabolomics for Rapid Metabolite Identification in Global Profiling Analytical Chemistry 2015

Thermal Degradation of Small Molecules: A Global Metabolomics Investigation Analytical Chemistry 2015

Arteriovenous Blood Metabolomics: A Readout of Intra-Tissue Metabostasis Scientific Reports 2015

Metabolism Links Bacterial Biofilms and Colon Carcinogenesis Cell Metabolism 2015

CFM-ID: a web server for annotation, prediction and metabolite ID Nucleic Acid Research 2014

Determining Conserved Metabolic Biomarkers from a Million Database Queries Bioinformatics 2015

Autonomous Metabolomics for Rapid Metabolite Identification in Global Profiling Analytical Chemistry 2015

Metabolomic data streaming for biology-dependent data acquisition Nature Biotechnology 2014

Comprehensive bioimaging with fluorinated nanoparticles Nature Comm. 2015

Liquid chromatography quadrupole time-of-flight mass spectrometry Nature Protocols 2013

Multivariate Analysis in Metabolomics Current Metabolomics 2013

Intra- and Interlaboratory Reproducibility of UPLC TOF MS for Urinary Metabolic Profiling Analytical Chemistry 2012

A Guideline to Univariate Statistical Analysis for LC/MS Metabolites 2012

An accelerated workflow for untargeted metabolomics using METLIN database Nature Biotechnology 2012

Within-Day Reproducibility of an HPLC-MS-Based Method Journal Proteome Research 2007

HMDB: the Human Metabolome Database Nucleic Acid Research 2007

XCMS: Processing MS Data using Nonlinear Alignment and Metabolite ID Analytical Chemistry 2006

METLIN: A Mass Spectral Database Therap. Drug Monitoring 2005
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Biofluids (20-100µL)

urine, cerebrospinal fluid (CSF), blood 
plasma/serum, saliva, etc.

Cell Cultures (varies by cell type, typically 1x106 cells)

adherent and non-adherent cells

Tissues  (~10 mg fresh weight)

liver, kidney, muscle, fat, etc.

Sample Types
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Metabolite Extraction

• Rapid drop of temperature in solvent and 
efficient protein precipitation

• Extraction of polar and non-polar molecules 
• Polar solvent

• MeOH, EtOH, H2O, MeOH:H2O (4:1)
• Non-polar solvent

• Acetone, chloroform, hexane

Solvent Temperature pH
Molecular 

weight cut-off

4 approaches:



Metabolite Extraction

• Cold is recommended
• liquid nitrogen or dry ice ethanol bath
• very fast quenching 
• much safer for metabolites and

metabolomics than heat fixation

Solvent Temperature pH
Molecular 

weight cut-off

4 approaches:



Metabolite Extraction

• Fast inactivation of metabolism, efficient protein precipitation
• Not all metabolites are stable on pH extremes!

• Acid-stable compounds (nucleotides, water-soluble)
• Perchloric acid

• Alkali-stable compounds
• Ammonium acetate

Solvent Temperature pH
Molecular 

weight cut-off

0
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4 approaches:



• For removal of biomacromolecules
• Metabolites 80 > Da < 1500
• Proteins, DNA, RNA

Solvent Temperature pH
Molecular 

weight cut-off

4 approaches:

Metabolite Extraction



• Remove proteins and particulates

• Quench metabolism

• Recover hydrophobic and hydrophilic metabolites

Metabolite Extraction



Metabolite Extraction

High chemical 
diversity

Metabolites

tryptophan

glutamate

ascorbic acid

citric acid

Yanes et al. 2011, Ivanisevic et al. 2013 AnalChem 
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Profiling of both polar and 
non-polar metabolites
with ONE single extraction

Ivanisevic, J., et al. Anal. Chem, 2014 

Extraction and LC/MS
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non-polar metabolites
with ONE single extraction

Experimental design 
toward ‘omic scale metabolite profiling

Extraction and LC/MS

Ivanisevic, J., et al. Anal. Chem, 2014 
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Profiling of both polar and 
non-polar metabolites
with ONE single extraction

C18

Experimental design 
toward ‘omic scale metabolite profiling

Extraction and LC/MS

Ivanisevic, J., et al. Anal. Chem, 2014 

aminopropyl



Profiling of both polar and 
non-polar metabolites
with ONE single extraction

C18aminopropyl

Experimental design 
toward ‘omic scale metabolite profiling

Extraction and LC/MS

Ivanisevic, J., et al. Anal. Chem, 2014 
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Dependent on sample type

-non-mechanical methods (Liquids: plasma, urine, cells, CSF)

-freeze/thawing to break open the cell

-addition of solvent

-mechanical method (Solids: organs, tissues, feces)

-homogenizer

Methods for extraction



Cell pellet extraction

5-10 million cells + ice cold water: 
acetonitrile: methanol (1:2:2 v/v/v) 

Non-Mechanical Extraction Example



Cell pellet extraction

Non-Mechanical Extraction Example

Vortex Freeze

Thaw



Cell pellet extraction

Repeat 
Twice

Store –20˚C
Overnight/1 h

Non-Mechanical Extraction Example

Sonicate

Transfer 
Samples



Cell pellet extraction

Transfer to centrifuge tubes Evaporate solvent

Non-Mechanical Extraction Example

Remove from 
–20˚C



Cell pellet extraction

Resuspend 
in LCMS 
Solvent

Sample is ready 
for LC-MS

Centrifuge and 
extract supernatant

Non-Mechanical Extraction Example

Sonicate
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Cells in suspension vs. adherent cell lines
• Avoid using trypsin

Without protein measurement

• Wash cells with PBS

• Add 1 mL ice cold solvent and scrape cells into a 

vial 

• Dry samples in a lyophilizer, extract same weight 

per sample, and reconstitute in 1 mg per 100 µL 

solvent.

Cell Culture Specifics



Cells in suspension vs. adherent cell lines
• Avoid using trypsin

With protein measurement

Cell Culture Specifics



Cells in suspension vs. adherent cell lines
• Avoid using trypsin

With protein measurement

• Wash cells with PBS

• Add 1 ml ice cold water on liquid nitrogen and 

scrape cells into a vial 

Cell Culture Specifics



Cells in suspension vs. adherent cell lines
• Avoid using trypsin

With protein measurement

• Wash cells with PBS

• Add 1 ml ice cold water on liquid nitrogen and 

scrape cells into a vial 

• Carry out freeze-thawing steps and collect aliquot 

for protein assay

• Then add solvent

Cell Culture Specifics



Plasma/Urine/CSF

•Add 400 μL of cold solvent to 100 μL plasma to maintain ratio of 
2:2:1 (MeOH:ACN:H2O)

•Vortex and sonicate 10 min

Biofluid Specifics



Dependent on sample type

-non-mechanical methods (Liquids: plasma, urine, cells, CSF)

-freeze/thawing to break open the cell

-addition of solvent

-mechanical method (Solids: organs, tissues, feces)

-homogenizer

Methods for extraction



Tissue extraction

10 mg tissue +
Ice cold water: methanol (1:4 v/v) +
Homogenization Beads  1mm Zirconia beads

1mm Glass beads

Mechanical Extraction Example



Tissue extraction

Mechanical Extraction Example

Homogenizer Sonicate

Store –20˚C
Overnight/1 h



Tissue extraction

Transfer to centrifuge tubes Evaporate solvent

Remove from 
–20˚C

Mechanical Extraction Example



Tissue extraction

Resuspend 
in LCMS 
Solvent

Sample is ready 
for LC-MS

Centrifuge and 
extract supernatantSonicate

Mechanical Extraction Example



Tissues – Weight

– Protein

Normalization Strategies



Tissues – Weight

– Protein

Cells     – Cell number

– Protein or DNA concentration/estimation

Normalization Strategies



Tissues – Weight

– Protein

Cells     – Cell number

– Protein or DNA concentration/estimation

Biofluids – Volume for most biofluids

– Challenging to normalize urine

Normalization Strategies



Quality Sample Prep

Reduce background ions: salts/buffers/surfactants, PEG, 
solvents (DMSO), polymers/plasticizers

Reduce biological contamination: keratin, cross 
contamination, cellular media

Reduce sample degradation: properly store samples after 
preparation

Quality sample prep  Higher quality results
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HPLC C18

Chromatography

Sample

MP



Detector

(MS)

Sample

Stationary Phase

Mobile Phase

Chromatography

Interaction

Low affinity to 

stationary phase
High affinity to 
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Low affinity to 

stationary phase
High affinity to 

stationary phase

Targeted

Analysis

Chromatography
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Chromatography

Untargeted

Analysis

A
b
u
n
d
a
n
c
e

Time (min)
Low affinity to 

stationary phase
High affinity to 

stationary phase
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Better sensitivity and increase in detected molecules

Why chromatography in 
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Testosterone 

glucuronide

Epitestosterone

glucuronide

= m/z =

Why chromatography in 
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2. Separate isobaric molecules
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Why chromatography in 

metabolomics?

1. Reduce ion suppression for MS

Better sensitivity and increase in detected molecules

2. Separate isobaric molecules

3. Retention time for metabolite ID

4. High-quality MS/MS data



Detector

(MS)

- Mobile phase (MP) (composition, pH, salts content, elution 
gradient)

- Temperature
- Type of stationary phase (SP)

Factors affecting 

Chromatography



Factors affecting 

Chromatography

Detector

(MS)

- Mobile phase (MP) (composition, pH, salts content, elution 
gradient)

- Temperature
- Type of stationary phase (SP)



A

B

%A + %B = MF
In water

Organic

• + salts for buffer effect 
(pH and ionic  strength control)

MF Composition



A

B

%A + %B = MF

• + salts for buffer effect 
(pH and ionic  strength control)

MF Composition

Reversed-phase

ESI +   A: 100% H20 + 0.1% FA

B: 100% ACN + 0.1% FA

ESI- A: 100% H20 + 1mM NH4F

B: 100% ACN

HILIC

ESI- A: 95% H20 + 20mM NH4Ac + 20mM NH4OH

B: 95% ACN

In water

Organic



A

B

%A + %B = MF

• + salts for buffer effect 
(pH and ionic  strength control)

• Isocratic elution

%
 B

MF Composition

In water

Organic Time

Isocratic



MF Composition

A

B

%A + %B = MF

• + salts for buffer effect 
(pH and ionic  strength control)

• Isocratic elution
• Gradient elution

Time

%
 B

In water

Organic

Gradient



Factors affecting 

Chromatography

Detector

(MS)

- Mobile phase (MP) (composition, pH, salts content, elution 
gradient)

- Temperature
- Type of stationary phase (SP)



• Usually 27˚C

• T > 27 ˚C for the elution of 

highly retained compounds 
(e.g. lipids in RP)

T = 20 – 50˚C

Column Temperature



Column Temperature

• Usually 27˚C

• T > 27 ˚C for the elution of 

highly retained compounds 
(e.g. lipids in RP)

T = 20 – 50˚C

Increase of T:
- Increase elution of highly retained compounds
- Allows higher flow rate for faster gradients
- Caution, can affect metabolite stability and column lifetime! 



Factors Affecting 

Chromatography

Detector

(MS)

- Mobile phase (MP) (composition, pH, salts content, elution 
gradient)

- Temperature
- Type of stationary phase (SP)
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- Polar vs. non-polar
- Specific metabolite class
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• Time & sample number 
- High-throughput?

A) High Performance Liquid Chromatography (HPLC)
B) Ultra Performance Liquid Chromatography (UPLC)

Speed: HPLC vs. UPLC



A) High Performance Liquid Chromatography (HPLC)
B) Ultra Performance Liquid Chromatography (UPLC)

UPLC

Particle 

size

Pressure

HPLC
UPLC

• Operates at higher 

pressure

• Smaller particles size 

Speed: HPLC vs. UPLC



UPLC
• Improved resolution
• Generally higher sensitivity
• Higher pressure stability
• Higher mass spec scan speed required
• Shorter gradients

HPLC
• Lower likelihood of column clogging
• Lower back pressure
• Can use mass spec with slower scan 

speed 

Speed: HPLC vs. UPLC



• Flow Injection Analysis (FIA) – 1-2min/sample

• No chromatography  cannot separate
isobars, high ion suppression and lower sensitivity.

• Useful for:
- real-time metabolomic profiling

(Link, H., Nat. Met. 2015)
- high-throughput studies > 1000 samples

Speed: LC vs. NO LC ?



• Time & sample number 
-High-throughput?

• Type of metabolites you want to detect?
- Polar vs. non-polar
- Specific metabolite class
- Isomers 

How do we choose the appropriate 

type of LC?



LC Choices in Metabolomics

• HPLC (High Performance Liquid Chromatography)
• Reversed Phase
• Hydrophilic Interaction Liquid Chromatography: HILIC

• UPLC (Ultra Performance Liquid Chromatography)
• Reversed Phase
• Hydrophilic Interaction Liquid Chromatography: HILIC



LC Choices in Metabolomics

• HPLC (High Performance Liquid Chromatography)
• Reversed Phase
• Hydrophilic Interaction Liquid Chromatography: HILIC

• UPLC (Ultra Performance Liquid Chromatography)
• Reversed Phase
• Hydrophilic Interaction Liquid Chromatography: HILIC
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C8

Phenyl

Hydrophobic Interactions

Non-polar Metabolites

Elution Gradient: From High Water to 
High Organic Solvents (ACN or IPA)

%
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Gradient Time

Reversed-Phase



C18

C8

Phenyl

Hydrophobic Interactions

Non-polar Metabolites

Elution Gradient: From High Water to 
High Organic Solvents (ACN or IPA)

Mobile Phase Modifier: 
- 0.1% Formic Acid (ESI+)
- 1 mM NH4F (ESI-)

Gradient Time

%
 B

Reversed-Phase



• Large number of metabolomic studies use C18 RP LC

Reversed-Phase



• Large number of metabolomic studies use C18 RP LC

Reversed-Phase

Lipids and non-polar metabolites



• Large number of metabolomic studies use C18 RP LC

• Highly polar molecules are not retained

Reversed-Phase

void volume: glycolysis,
pentose-phosphate, TCA,…
(lots of important structural isomers)

Major challenge in metabolomics is the separation 
of central carbon metabolites.



LC Choices in Metabolomics

• HPLC (High Performance Liquid Chromatography)
• Reversed Phase
• Hydrophilic Interaction Liquid Chromatography: HILIC

• UPLC (Ultra Performance Liquid Chromatography)
• Reversed Phase
• Hydrophilic Interaction Liquid Chromatography: HILIC



• Derivatization of silica stationary phase enhances retention of 
polar molecules by hydrogen bonding or ionic interactions.   

• Elution gradient: from high organic with low % water and salts, to 
high water and salts. 

• MF forms a water-rich layer on 
the surface of the polar stationary 
phase, creating a liquid/liquid 
extraction system.

• The retention is based on the 
hydrophilic partitioning of the 
analytes into the water-enriched 
SP and electrostatic interactions 
with the charged SP.

Hydrophilic Interaction Liquid 
Chromatography (HILIC)



amino cyano Amide

• Derivatization of silica stationary phase enhances retention of 
polar molecules by hydrogen bonding or ionic interactions.   

• Elution gradient: from high organic to high water. 

Hydrophilic Interaction Liquid 
Chromatography (HILIC)



• Increasingly popular, particularly for targeted analysis of metabolites in 
central carbon metabolism.
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• Increasingly popular, particularly for targeted analysis of metabolites in 
central carbon metabolism.

• Highly hydrophobic compounds are not retained.

• Long equilibration times and shorter column lifetime.

• At high water/salt/pH buffer, SP can degrade rapidly.

Hydrophilic Interaction Liquid 
Chromatography (HILIC)



Mobile Phase (pH: 9.7) 

A: 95% H20  +20mM NH4Ac
+20mM NH4OH 

B: 95% ACN

Elution Gradient: From High Organic to 
High Water

HILIC COLUMN for untargeted metabolomics:  

• HPLC: Luna NH2 (3 μm, 150 x 1 mm) column Phenomenex

(Ivanisevic, J, Anal. Chem. 85(14), 2013)

HILIC for Untargeted Metabolomics

Gradient Time

%
 B
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Dual Separation In Metabolomics



(Ivanisevic, J, Anal. Chem. 85(14), 2013)

Good coverage: 

RPLC ESI(+) AND HILIC ESI (-)

Dual Separation In Metabolomics



LC: Take-Home Message
Mobile Phase 

Composition

Type of Stationary Phase

pH Ionic 
Strength

Temperature

Time Factor

HPLC vs. UPLC
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Fundamental

Metabolomics
Nuclear magnetic resonance (NMR)

Gas chromatography-mass spectrometry (GC-MS)

Liquid chromatography-mass spectrometry (LC-MS)

 Good for absolute quantification

 Not sensitive enough for broad metabolome coverage

 Good chromatographic separation

 Not suitable for thermo-labile metabolites

✓ Good sensitivity and wide metabolome coverage 



LC-MS based Untargeted 
Metabolomics

• Choice of MS

• LC-MS combination

• Analytical sequence

• Data processing

• Metabolite identification
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Fundamental

Metabolomics
Choice of MS

Mass resolution

Mass accuracy
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𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝑚

𝑑𝑚

𝑅 =
500

0.1
=5000

Mass resolution



How Much Resolution Is Required

Fundamental

Metabolomics



Fundamental

Metabolomics
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How Much Resolution Is Required

• The higher the better, there may never be 
enough resolution

• Typical metabolomic profiling requires mass 
resolution higher than 15,000

Fundamental

Metabolomics



Mass Accuracy

185
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• Mass error = (theoretical m/z) – (measured m/z)

186
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Mass Accuracy



Mass Accuracy

187

X 106

Fundamental

Metabolomics

• Mass error = (theoretical m/z) – (measured m/z)

• Mass error in parts per million (ppm) =



• Accurate mass is important for metabolite identification

188
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• Accurate mass is important for metabolite identification
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• Accurate mass is important for metabolite identification

• Accurate mass measurement can be used to determine 
the elemental composition
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• Accurate mass is important for metabolite identification

• Accurate mass measurement can be used to determine 
the elemental composition

• Typical MS profiling requires mass accuracy better than 
10 ppm

191
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Fundamental

Metabolomics
Achieve good mass accuracy through mass calibration

250 mM NaFA
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• Resolution: > 20,000

• Mass accuracy: < 1 ppm

• Mass range: up to 20,000 
m/z

• Dynamic range: five 
orders of magnitude with 
femtogram-level 
sensitivity

194

Fundamental

Metabolomics

Q-TOF 



Orbitrap

• Resolution: up to 140,000

• Mass accuracy: < 1 ppm

• Mass range: up to 6,000 m/z

• Dynamic range: four orders of 
magnitude with femtogram-
level sensitivity

195
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LC-MS based Untargeted 
metabolomics

• Choice of MS

• LC-MS combination

• Analytical sequence

• Data processing

• Metabolite identification
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Fundamental

Metabolomics
Toward ‘omic scale 

metabolite profiling

Profiling of both polar and 

non-polar metabolites

with ONE single extraction

Ivanisevic, J., et al. Anal. Chem, 2014 



Basic pH

aminopropyl

Ivanisevic, J., et al. Anal. Chem, 2014 
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Profiling of both polar and 
non-polar metabolites
with ONE single extraction

C18

Acid pHBasic pH

aminopropyl

Ivanisevic, J., et al. Anal. Chem, 
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Profiling of both polar and 
non-polar metabolites
with ONE single extraction

C18

Acid pHBasic pH

aminopropyl

Ivanisevic, J., et al. Anal. Chem, 
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LC-MS based Untargeted 
Metabolomics

• Choice of MS

• LC-MS combination

• Analytical sequence

• Data processing

• Metabolite identification

Fundamental

Metabolomics
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Metabolomics
LC-MS Analytical sequence

QC sample (pooled sample solution)

Standard mixture (mixture of metabolite standards)

Blank (50/50 ACN/H2O)

Sample 1 - 10

QC sample

Sample 11 - 20

…



Examples of Large-Scale 

Metabolomic Profiling
•Sreekumar et al. (Nature 2009) used a 16-min gradient to 

examine 262 prostate-related samples (tissue, plasma, 

urine) to look for markers of prostate cancer aggressiveness 

•Wang et al. (Nature Medicine 2011) used a 30-min run to 

analyze 1500 plasma samples for predictors of diabetes

•Wang et al (Nature 2011) used 14.5-min run to analyze 

2000 plasma samples for cardiovascular disease.   
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LC-MS based Untargeted 
Metabolomics

• Choice of MS

• LC-MS combination

• Analytical sequence

• Data processing

• Metabolite identification
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Metabolomics

Web-based metabolomics data processing platform

• Comprehensive data processing algorithms

• Interactive tools for rapid data exploration

• Over 15,000 registered users (May, 2018)

• Freely available at http://xcmsonline.scripps.edu/
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Raw MS data

Metabolic feature 

table

Peak extraction Peak grouping

Retention time 

correction and 

alignment



Fundamental

Metabolomics



Fundamental
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Video manuals
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Single Job
Peak picking & identification for a single sample group, no comparison

Pairwise Job
Two group comparison (control vs. treatment)

Meta XCMS Job
Identify the common dysregulated features across several comparisons

Multigroup Job
Three or more group comparisons (time series)
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Directly upload new data files
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Select from a list of existing stored datasets
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Metabolomics
Simplified mechanism of peak extraction
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Metabolomics
Raw LC-MS data

LC-MS peak

Mechanism of peak extraction
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Metabolomics

Accelerates research collaboration 
and knowledge dissemination
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Metabolomics

Interactive 
data exploration tools
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LC-MS based Untargeted 
Metabolomics

• Choice of MS

• LC-MS combination

• Analytical sequence

• Data processing

• Metabolite identification
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Metabolomics

Metabolite identification

• Accurate mass

• Retention time

• MS/MS spectra



Fundamental

Metabolomics

Adapted from Schymanski et. al., Environ. Sci. Technol. 2014, 48, 2097-2098
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Metabolomics
Databases

• The largest MS/MS collection of data at 

multiple collision energies and in positive and 

negative ionization modes. 

• It now includes 961,829 molecules ranging 

from lipids, steroids, plant & bacteria 

metabolites, small peptides, carbohydrates, 

exogenous drugs/metabolites, central carbon 

metabolites and toxicants. 

• Over 14,000 metabolites have been 

individually analyzed and another 200,000 has 

in silico MS/MS data.



Fundamental

Metabolomics
Databases

KEGG is a database resource for understanding high-

level functions and utilities of the biological system, such 

as the cell, the organism and the ecosystem, from 

metabolomic information.



Fundamental

Metabolomics
Databases

• A freely available electronic database 

containing detailed information about small 

molecule metabolites found in the human body. 

• 42,003 metabolite entries including both water-

soluble and lipid soluble metabolites as well as 

metabolites that would be regarded as either 

abundant or relatively rare. 



Fundamental

Metabolomics
Databases

LIPID Metabolites And Pathways Strategy 

(LIPID MAPS) is a multi-institutional effort to 

identify and quantify lipd species in mammalian 

cells, as well as to identify the changes in 

response to perturbation. 

• Detailed lipid pathways

• Analytical tools and experimental protocols

• 500 mass spectrometric standards

• Experimental data



Fundamental

Metabolomics
Databases

The NIST Chemistry WebBook provides chemical and 

physical property data for chemical species. The data 

provided are from collections maintained by the NIST 

Standard Reference Data Program and outside 

contributors. 
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Metabolomics
Databases

• A public repository of mass spectra of small chemical 

compounds

• It contains spectra from EI-MS, FAB-MS, ESI-MS2
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Metabolomics

• MS/MS spectra of over 20,000 metabolites
• In silico predicted MS/MS spectra
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Step 1. Enter mass, mass tolerance

Step 2. Select charge

Step 3. Define adduct forms

Step 5. Click “search” 

Step 4. Choose  metabolite type
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Sleep 

Metabolite

Identification

- Tandem MS

- Accurate m/z

- H/D Exchange

- Isotope Pattern

- Preparative LC for collection of metabolite for NMR

- Elemental composition of MS2 and MS3 fragment ions

- Synthesize authentic standard Science 1995

Sleep 



Technology 

Science 1995



Technology 

It took about 8 months to identify oleamide

Science 1995
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1 Million Molecules in METLIN
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METLIN

Technology Introduction

It took about 8 months to identify oleamide

~ 4 min oleamide induces a sleep-like state

Standards w MS/MS data 14K to 30K
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1 Million Molecules in METLIN

60,000 Standards with MS/MS data

METLIN

The Standards

Sample Preparation

Compound Standards Info Automated

Reliable & Accurate MS Data Acquisition 

Data Streamed into METLIN Autonomously 
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May 16th

May 16th
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---- 3:00 pm Break  ----

---- 04:30 pm Finish ----

• Objectives and Challenges 

• Experimental Design

• Sample Preparation and Chromatography

• Untargeted Metabolomics

• Targeted Metabolomics

• Metabolite Databases and Informatics

• Statistical Analysis



Untargeted

Metabolomics

Targeted

Metabolomics
Data

Processing
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May 16th

• Targeted metabolomics

• Know which compounds to measure

• Concentration
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May 16th

MS 1 MS 2CC
Ion 

Source

Triple Quadrupole Mass Spectrometers
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May 16th

A mass selected precursor ion is chosen with 
Q1 and the collision cell generates fragment 
ions.  Q3 is set to look for specific fragment 
ions. This is known as multiple reaction 
monitoring, or MRM.

Q1 lets only target 
ion 210 and 350 
pass through

210

350

Q3 monitors only
characteristic fragments 191 
from ion 210 and fragment 
226 from target ion 350 for 
quantitative analysis

191

226



May 16th

Single quad in Selected Ion Monitoring mode
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May 16th

Triple Quad in MRM mode
Specificity and sensitivity
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May 16th

Internal standards

• Internal standards take into account losses during prep 
• Will adjust for matrix effects and suppression 
• Chemically similar, but differ in mass

H

H

H

HH
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May 16th

Internal standards
• Internal standards are added to samples and standards 

at the same concentration
• Absolute response will differ due to losses, but ratio of  

response will remain the same
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May 16th

Internal standards
Addition to samples

Internal standards are
At the same concentration
In samples and standards
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May 16th

Internal standards
Addition to samples

For liquid samples – plasma, urine, csf
spike directly into vial prior to adding
extraction solvent
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May 16th

Internal standards
Addition to samples

For tissue samples
add I.S. to extraction 
solution
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Metabolomics

May 16th

Results in a linear standard curve
Concentrations should bracket what is expected
In the samples



Fundamental

Metabolomics
• Objectives and Challenges 

• Experimental Design

• Sample Preparation and Chromatography

• Untargeted Metabolomics

• Targeted Metabolomics

• Metabolite Databases and Informatics

• Statistical Analysis

May 16th

May 16th

---- 12:30 pm Begin  ----

---- 3:00 pm Break  ----

---- 04:30 pm Finish ----



Fundamental

Metabolomics
• Objectives and Challenges 

• Experimental Design

• Sample Preparation and Chromatography

• Untargeted Metabolomics

• Targeted Metabolomics

• Statistical Analysis

May 16th

May 16th

---- 12:30 pm Begin  ----

---- 3:00 pm Break  ----

---- 04:30 pm Finish ----



Fundamental

Metabolomics
• Objectives and Challenges 

• Experimental Design

• Sample Preparation and Chromatography

• Untargeted Metabolomics

• Targeted Metabolomics

• Statistical Analysis

May 16th

May 16th

---- 12:30 pm Begin  ----

---- 3:00 pm Break  ----

---- 04:30 pm Finish ----



Fundamental

Metabolomics
Statistics is the mathematics of impression



Fundamental

Metabolomics
Statistics is the mathematics of impression



Fundamental

Metabolomics
Statistics is the mathematics of impression

How to discover features associated with certain condition?
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Fundamental

Metabolomics
• Univariate analysis examines each variable separately, 

providing a ranking of potentially important features

✓ T-test

✓ Volcano plot

• Multivariate analysis considers two or more variables 

simultaneously and takes into count relationships between 

variables

✓ PCA: Principle Component Analysis

✓ PLC-DA: Partial Least Squares-Discriminant Analysis
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Univariate analysis: Student’s t-Test

• Also called the t-test

• Used to determine if 2 populations are 

different
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Fundamental

Metabolomics
Data distribution

A basic way of presenting univariate data is to create a frequency distribution of 

the individual cases

Frequency distribution can be 

modeled as a 

normal/Gaussian distribution
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Null hypothesis H0: µ = µ0

One-sample t-test: is the sample belong to 

a known population

Test statistic: 

Sample standard deviation:
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The test statistic t follows a student’s t distribution.

Test statistic: 
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• P-value is the area in the tail of a probability distribution.

• If p-value is smaller than the critical significance level α, the null 

hypothesis is rejected and the tested sample is significant different 

from the population
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Metabolomics
Two-sample t-test: are the two populations different ?

e.g., spermine concentration in normal vs. colon cancer patients

Equivalent statement: 

• If the t-test statistic gives a p = 0.01, it means there is only 1% of 

the chance that these two populations are the same, i.e. is 

statistically significant



Fundamental

Metabolomics
Student’s t-Test

• Paired t-Test: Measurements made on the same 

individuals before and after the treatments. e.g., what is 

the effect of a treatment. 

• Unpaired t-Test: used for the statistical analysis of 2 

groups of unrelated samples



Fundamental

Metabolomics
Student’s t-Test

• Parametric t-test: If the two population are normally 

distributed

• Non-parametric t-test (Mann-Whitney t-test): if the two 

populations are non-normally distributed. More powerful 

and robust than the Parametric t-test. Commonly used in 

metabolomics
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• Lots of extreme values far away from mean

• Hard to do useful statistical tests

Normal distribution Skewed distribution
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Skewed distribution Normal distribution

Apply a log transformation to fixing a skewed distribution
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Metabolomics
Analysis of variance (ANOVA)

• Used to determine if 3 or more populations are different

• A generalization of the t-test

• It provides a statistical test of whether or not the means of 

several groups are all equal or whether 3+ groups of values 

are different
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Metabolomics
Volcano plot

• Y-axis: negative log of the p-value

• X-axis: log of the fold change so 

that changes in both directions 

appear equal distance from the 

center



Fundamental

Metabolomics
Volcano plot

• Two regions of interest: those 

points that are found towards the 

top of the plot and are far to 

either the left- or the right- hand 

side
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Univariate vs. Multivariate 

Analysis 

• Univariate: analysis of each variable separately 
(e.g., unpaired/paired t-test)

• Multivariate: simultaneous analysis of N variables

Multivariate Analysis

Unsupervised
No use of samples class 

membership.

Supervised
Use of samples class 

membership.



Univariate vs. Multivariate 

Analysis 

• Univariate: analysis of each variable separately 
(e.g., unpaired/paired t-test)

• Multivariate: simultaneous analysis of N variables

Multivariate Analysis

Principal 
Components 

Analysis (PCA)

Supervised
Use of samples class 

membership.
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Visualization of Data 

Variability 

Targeted Metabolomics 
• E.g. 3 metabolite concentrations measured 

for each sample.

Metabolite abundances

M1
M2

M3

For 3 variables, we can estimate and visualize the 
distribution of the variability within our data. 

3-D Plot



Visualization of Data 

Variability 

Targeted Metabolomics 
• E.g. 3 metabolite concentrations measured 

for each sample.

Metabolite abundances

M1 M3

For 3 variables, we can estimate and visualize the 
distribution of the variability within our data by 

plotting pairs of variables. 

M2

2-D Correlation Matrix

M2

M3

M1



Data Dimensionality in 

Metabolomics

Targeted Metabolomics 
• Generally < 100 metabolite concentrations 

measured for each sample.
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data sets (big data). 
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Targeted Metabolomics 
• Generally < 100 metabolite concentrations 

measured for each sample

Untargeted Metabolomics 
• Usually > 3000 metabolic feature 

abundances measured for each sample

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 … N

Metabolite abundances
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• Metabolomics provides high-dimensional 
data sets (big data). 

• We can not use 3-D plots to visualize the 
variability in the data.

• 2-D correlation matrix interpretation requires 
too much time and plots redundant 
variability (correlation between variables).

The Data Visualization Problem 

in Metabolomics 



1. Visual estimation of the latent variability 

in the data set at a glance (e.g. 

spontaneous group clustering).

Why PCA of 
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1. Visual estimation of the latent variability 

in the data set at a glance (e.g. 

spontaneous group clustering).

2. Outliers detection (e.g. quality 

control).

3. Interpretation of the variability in 

high-dimensional data by using all the 

variables simultaneously.

Why PCA of 

Metabolomic Data?



Before PCA: Data Scaling
PCA is a maximum variance projection method, therefore 

variables with larger range can bias the model.

SCALING and MEAN CENTERING before PCA

e.g. Auto-Scaling: 
- Mean Centering: the average value for each variable is 

calculated and subtracted from the data.
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Before PCA: Data Scaling
PCA is a maximum variance projection method, therefore 

variables with larger range can bias the model.

SCALING and MEAN CENTERING before PCA

e.g. Auto-Scaling: 
- Mean Centering: the average value for each variable is 

calculated and subtracted from the data.
- Each metabolite measurement is multiplied for its 1/SD.  

SD: standard deviation, consequently each variable has 
equal (unit) variance.

Other options: Pareto scaling, Log Transformation



Data Auto-Scaling



How Does PCA Work?

• PCA performs an orthogonal 
transformation to convert a set of observations 
of linearly correlated variables in a set of 
linearly uncorrelated variables (Principal 
Components, or eigenvectors)
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How Does PCA Work?

• PCA performs an orthogonal 
transformation to convert a set of observations 
of linearly correlated variables in a set of 
linearly uncorrelated variables (Principal 
Components, or eigenvectors)

• It computes new coordinates (eigenvectors 
or Principal Components) from the original 
coordinates.

• The PCs are ordered according to the 
amount of explained variability.
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How Does PCA Work?

• We can discard low-variance variables to 
visualize the variability in our data set in a 2-D 
or 3-D plot. 
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PCA of High-Dimensional 

Metabolomics Data

• For high-dimensional data sets, this
operation is repeated for all the
dimensions in our experiment.



PCA Scree Plot

• PCA provides a list of Principal Components with the related amount of explained
variability in the data set (eigenvalues).



PCA Scree Plot

• PCA provides a list of Principal Components with the related amount of explained
variability in the data set (eigenvalues).

• Scree plot: visual aid to determine the number of PCs to plot.



Example 1: Colon Cancer Study

• PCA provides a list of Principal Components with the related amount of explained
variability in the data set (eigenvalues).

• Scree plot: visual aid to determine the number of PCs to plot.

e.g. Colon Cancer Vs. Normal Colon Tissue in Human.
17130 total aligned features, 10 samples/class
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PCA Score Plot

• Each observation can be projected on the PCs in order to get a coordinate value
along the PC-line: this value is known as a score. Scores for PCs can be plotted to
visualize variability.

e.g. score plot of the first 2 PCs define a model plane.



PCA Score Plot

• Each observation can be projected on the PCs in order to get a coordinate value
along the PC-line: this value is known as a score. Scores for PCs can be plotted to
visualize variability.

e.g. score plot of the first 2 PCs define a model plane. Unsupervised 
Clustering



PCA Loading Plot

• The loading plot represents the relationship between the original variables and the
computed dimensions (PCs).



PCA Loading Plot

Which variables have the largest effect on each
Principal Component?

• The loading plot represents the relationship between the original variables and the
computed dimensions (PCs).



Score Vs. Loading Plot

• Loadings range from -1 to +1. As closer to + 1, as more influence the variable has on
the component.

Score Loading



Score Vs. Loading Plot

• Loading ranges from -1 to +1. As closest to + 1, as more influence has the variable
on the component.

Score Loading
Spermine

Spermidine

• e.g. Spermine and spermidine may be dysregulated in colon cancer.



Example 2: Quality Control

QCs

• PCA can highlight the presence of outliers.
This suggests lack of reproducibility/errors in sample preparation or data acquisition.
Careful interpretation of data acquired in proximity of the outlier should be performed
and the outliers excluded from further analysis.

e.g. Multigroup study: 12913 detected features, 10/Lung Adenocarcinoma, 10/Small
Cells Lung Cancer, 10/Control , 10/QCs(pools).



QCs

Example 2: Quality Control

Caution: outlier !

• PCA can highlight the presence of outliers.
This suggests lack of reproducibility/errors in sample preparation or data acquisition.
Careful interpretation of data acquired in proximity of the outlier should be performed
and the outliers excluded from further analysis.

e.g. Multigroup study: 12913 detected features, 10/Lung Adenocarcinoma, 10/Small
Cells Lung Cancer, 10/Control , 10/QCs(pools).



PCA: Take Home Message
PCA is a data dimensionality reduction method. 

Use PCA for:

1. Unravel spontaneous group clustering /trends

in the data (score plot).

2. Evaluate variables contribution in clustering

and variables correlation (score and loading 

plots).

3. Unravel strong outliers (score plot).



Fundamental

Metabolomics
• Objectives and Challenges 

• Experimental Design

• Sample Preparation and Chromatography

• Untargeted Metabolomics

• Targeted Metabolomics

• Metabolite Databases and Informatics

• Statistical Analysis
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