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“I have many patients that are managing 
diabetes, and they described it as having a 
part-time job. It’s so arduous to monitor,” says 
Thomas Quinn, who is head of the American 
Optometric Association’s contact lens and cornea 

section. “To have a way that patients can do 
that more easily and get some of their life back 
is really exciting.”

http://www.technologyreview.com/news/529196/

July 2014
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Metabolomics

Key Educational Objectives

The students should learn…

 To explain the importance of metabolites in biomedical
research and diagnostics,

 To define metabolomics,

 To describe the techniques that are required to perform 
metabolomics, as well as pros and cons,

 To define promising clinical applications of metabolomics,

 To approach the technical obstacles that must be overcome,

 To develop and execute strategies for the successful 
application of metabolomics in biomedicine.

Dr. Sascha Dammeier, UKTWS 2017/18
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WHAT IS METABOLOMICS?

Dr. Sascha Dammeier, UKT

www.ufz.de
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Definition

Metabolomics is the 

systematic identification and 

quantification of all small 

molecules in a given cellular 

compartment, cell, tissue or 

body fluid.
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Metabolomics represents the 

functional end-point of 

physiological and 

pathophysiological processes 

depicting both genetic 

predisposition and 

environmental influences like 

nutrition, exercise or medication.
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WHY METABOLOMICS?
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Metabolites and Human Disease
Lifetime Risk

(12 most common diseases in North America)

• Common cold/influenza – 100%

• Tooth decay – 92% (sugars)

• Hypertension – 90% (salt, lipids, tobacco)

• Heart disease/Atherosclerosis – 58% (lipids, TMAO, tobacco)

• Cancer – 41% (toxins, mutagens, lipids, tobacco, sugars)

• Obesity – 38% (sugars, lipids)

• Diabetes – 37% (sugars, lipids, BCAAs, amino adipic acid)

• Acid reflux disease – 17% (spices, lipids, sugars)

• Stroke – 15% (lipids, sugars, tobacco)

• Migraine – 10% (sugars, polyphenols, dyes)

• Allergies/Asthma – 9% (various chemicals)

• Alzheimer’s disease – 6%

Courtesy of D. Wishart, University of Alberta, CanadaWS 2017/18

Anna-Lina Hahn
same in Europe but maybe different order

Anna-Lina Hahn
related to small molecules, see brackets!



Why Small Molecules Matter…

• > 99% of food flavours and aromas come from small 
molecules

• > 90% of common clinical tests measure small 
molecules

• 89% of all drugs are small molecules

• 83% of the most common diseases are due to the 
effects of small molecules

• How many % of all deaths in North America and 
Europe are due to the effects of small molecules?

• > 55% of drugs are derived via natural compounds

Courtesy of D. Wishart, University of Alberta, CanadaWS 2017/18
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What kind of data do we need to
impact therapeutic intervention? 

Dr. Sascha Dammeier, UKTWS 2017/18



Conventional

diagnostics

genetic predisposition

healthy

latent

ill
Multiparametric 

diagnostics

• Early diagnosis

• Prophylaxis instead of therapy

• Subtyping / Staging

• Therapeutic drug monitoring

• Phenotypic pharmacogenomics

• Individualized (and more cost-

efficient) medicine

Goals in modern clinical diagnostics

Courtesy of K. Weinberger

Dr. Sascha Dammeier, UKTWS 2017/18
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High-resolution biochemical characterization of body fluids by 
targeted metabolomics will facilitate a transition…

• from damage-oriented diagnostics to function-oriented diagnostics

• from risk factor assessment to actual (patho-)physiological phenotyping

• from generic diagnostics of complex diseases to a detailed sub-typing
and staging which will direct personalized therapeutic regimens

Paradigm shift in clinical diagnostics

Dr. Sascha Dammeier, UKT

 Find and identify medically useful biomarkers!

WS 2017/18
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careful with this term! only few biomarkers went into clinical testing, if you do not search correctly for a biomarker you won’t find it �



Type of Biomarkers

• Diagnostic
– Do you have a given disease/condition

• Prognostic
– How well will you do with this disease/condition

• Predictive
– Odds of getting a given disease/condition

• Marker of Response or Toxicity
– Response to drug/food/toxin intake

• Marker of Exposure
– Indication of drug/toxin/food consumption

Courtesy of D. Wishart, University of Alberta, CanadaWS 2017/18

Anna-Lina Hahn
fever: body temperature, as a biomarker for inflammation
glucose level: diabetes �

Anna-Lina Hahn
look a praca1 (?) gen for breast cancer, is there a mutation etc?

Anna-Lina Hahn
how aggressive is the cancer? Caras(?) for colon cancer

Anna-Lina Hahn
companion diagnostics, are the all the patients responsive for the drug? eg. HER2, Herceptin only approved with diagnostic test with HER2

Anna-Lina Hahn
also for doping (EPO)



TECHNIQUES

Dr. Sascha Dammeier, UKT

Graph by D. Wishart, University of Alberta, Canada
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how important techniques are!
NMR is limited to sensitivity -> more sensitive techniques�

Anna-Lina Hahn
number

Anna-Lina Hahn
substances that are always there but might also be unknown

Anna-Lina Hahn
compounds that have never been identified before



Analytical Challenge

• Primary and secondary amines

– Proteinogenic and non-proteinogenic amino acids

– Biogenic amines and polyamines

• FATMO intermediates

– Acylcarnitines and free carnitine

– Hydroxy- and dicarboxy-AC

• Reducing mono- and oligosaccharides

• Glycerophospho- and sphingolipids

• Free and total fatty acids

• Eicosanoids & other oxidized PUFAs

– Prostaglandins, Leukotrienes, Thromboxanes, ...

– HETEs, HpETEs, HODEs, ...

• Bile acids

• Energy metabolism intermediates

– Phosphorylated sugars, organic acids, nucleotides, ...

• Sterols and oxysterols

• Vitamins

• …

WS 2017/18
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LARGE DIVERSITY!!!!

Anna-Lina Hahn
structural and mass differences!
cyclic peptides vs. amino acid�

Anna-Lina Hahn
analyse all of them in one measurements, often not all have to be measured



Discovery

Validation

Application

Profiling

Identification

NMR
GCxGC/MS

FT-ICR
LC-MS (full ion scan)

LC-MS/MS
FIA-MS/MS

Precursor ion and 
neutral loss scans

LC-MS/MS
FIA-MS/MS

Multiple reaction monitoring
Others / Non-MS...

Number of 

parameters

Targeted

Quantification

Number of

samples

Metabolomic Technologies
&

Biomarkers

Dr. Sascha Dammeier, UKTWS 2017/18
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discovery approach
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application aproach

Anna-Lina Hahn
related to the techniques

Anna-Lina Hahn
looking for features

Anna-Lina Hahn
identification

Anna-Lina Hahn
technique that is easily applied in clinics etc.



NMR-SPECTROSCOPY
Metabolomics Techniques
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Simple 1H-NMR Spectrum

Int.

ppm

Dr. Sascha Dammeier, UKTWS 2017/18
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wikipedia!
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only possible with odd numbers of neutrons 

Anna-Lina Hahn
coupled to different types of hydrogens, triplets

Anna-Lina Hahn
very characteristic

Anna-Lina Hahn
chemical shift



Expensive 
Instrumentation

Courtesy of AG Pichler, UKT
WS 2017/18



Representative 600 MHz 1H NMR spectra of urine from control people and patients with FSGS.

Hao X, Liu X, Wang W, Ren H, et al. (2013) Distinct Metabolic Profile of Primary Focal Segmental Glomerulosclerosis Revealed by NMR-Based 
Metabolomics. PLoS ONE 8(11): e78531. doi:10.1371/journal.pone.0078531
http://www.plosone.org/article/info:doi/10.1371/journal.pone.0078531

Dr. Sascha Dammeier, UKTWS 2017/18
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2D Spectra

2D-NMR COSY spectrum of 
Bacillus sp. 4115, overlaid with 
spectrum from M1 medium. 
Signals in orange are from the 
sample and signals in grey are 
from the medium.

Mar. Drugs 2014, 12(6), 3416-3448; doi:10.3390/md12063416Dr. Sascha Dammeier, UKTWS 2017/18

Anna-Lina Hahn
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MASS SPECTROMETRY
Metabolomics Techniques

Dr. Sascha Dammeier, UKT

plus GC or LC
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Orbitrap

Dr. Sascha Dammeier, UKT

Schemes:
NATURE | VOL 422 | 13 MARCH 2003 | Aebersold 
and Mann,
Thermo Fisher Scientific; planetorbitrap.com
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HPLC-ESI-ToF-MS of urine samples
 +TOF MS: 4.995 to 9.994 min from PR01-40-1_040092_56_1_0204029486.wiff ,saturation correction applied 
a=3.56735167855777570e-004, t0=3.08326670642854880e+001, subtracted (12.994 to 13.994 min)

Max. 32.0 counts.
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Sample: mouse urine
ID 0204029486 (3/8)

HPLC: Waters Atlantis dC18 
injection volume: 10 µl 
detection: pos. ToF-MS

m/z 100-1500
mass accuracy: ~ 2 ppm
data content: ca. 2500 features per 

spectrum for 
statistical assessment
(for plasma: up to 10,000)

Dr. Sascha Dammeier, UKTWS 2017/18



PCA of LC/MS profiling data

• Full separation of untreated

(red) from treated (blue) 

diabetic mice

• Selection of influential factors 

from the corresponding 

loadings plot

• Structural identification?

Dr. Sascha Dammeier, UKT

Anna-Lina Hahn




Tandem Mass Spectrometry

Source: Wikipedia

• Precursor („Parent“) ion scan

• Product („Daughter“)ion scan

• Neutral loss scan

• Selected reaction monitoring

Dr. Sascha Dammeier, UKTWS 2017/18

Anna-Lina Hahn
Product scan:
whole fragments that derive from ONE compound!!!
keep MS1 the same, only measure MS2�
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Metabolomics Approaches

Sample Cohorts
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(Identification and Quantification 

by MS/MS)

Metabolite Concentration 

Shifts

Functional Annotation

Dr. Sascha Dammeier, UKTWS 2017/18



APPLICATIONS

Sir Archibald Edward Garrod
1857 – 1936

Dr. Sascha Dammeier, UKTWS 2017/18

Anna-Lina Hahn
one disease, one enzyme, not acutal anymore



Metabolomics

Proof-of-Concept in 
Neonatology

Image courtesy of Ruben HeetebrijNewborn screening for inborn metabolic
disorders

• replaced expensive monoparametric assays

• simultaneous detection of 40 - 60 metabolites (amino acids, 

acylcarnitines)

• simultaneous diagnosis of 20 - 30 monogenic diseases (AA 

metabolism, FATMO) with immediate treatment options

• total incidence > 1:2000

• unprecedented sensitivity, specificity, ppv

• millions of newborns screened in Germany

• similar labs worldwide

• Throughput: ~ 140.000 newborns/day, worldwide

Dr. Sascha Dammeier, UKTWS 2017/18
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multiparametric diagnostic

Anna-Lina Hahn
works because there are treatment options!



1) Quantitative tandem mass spectrometry (stable isotope dilution) is 

able to meet the stringent quality criteria for routine diagnostics.

2) The concept of multiparametric biomarkers improving assay 

sensitivity and particularly specificity is valid.

3) MS-based diagnostics can save costs despite a wider analytical panel 

and improved diagnostic quality.

Today, these lessons are also true for therapeutic drug monitoring of
immunosuppressants, antidepressants, antiretrovirals, etc.

Lessons from newborn screening

Dr. Sascha Dammeier, UKTWS 2017/18



Pathway mapping of quantitative Mx data
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EXAMPLES OF RECENT BIOMEDICAL
RESEARCH

Metabolomics

Dr. Sascha Dammeier, UKTWS 2017/18



DIABETES
Metabolomics Examples
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Mark M.  Yore , Ismail  Syed , Pedro M.  Moraes-Vieira , Tejia  Zhang , Mark A.  Herman , Edwin A.  Homan , Rajesh T.  P...

Discovery of a Class of Endogenous Mammalian Lipids with Anti-Diabetic and Anti-inflammatory Effects

Cell, Volume 159, Issue 2, 2014, 318 - 332

http://dx.doi.org/10.1016/j.cell.2014.09.035Dr. Sascha Dammeier, UKTWS 2017/18



Figure 1 Discovery and Characterization of a Class of Lipids (FAHFAs) (A) Comparative lipidomics of SQ white adipose tissue 

(WAT) from AG4OX and WT mice reveals the presence of a group of ions at m/z 509 (PAHPA), 535 (POHSA/OAHPA), 563 

(OAHSA), and 537 (P...

http://dx.doi.org/10.1016/j.cell.2014.09.035

Lipidomics

Structure Elucidation

Targeted Quantification

WS 2017/18



NEUROLOGY
Metabolomics Examples

Dr. Sascha Dammeier, UKTWS 2017/18



Parkinson´s Disease

https://upload.wikimedia.org/wikipedia/commons/thumb/e/
e5/Parkinsons_disease.webm/290px--
Parkinsons_disease.webm.jpg

Illustration of Parkinson's disease by William Richard Gowers, first published in A Manual of 
Diseases of the Nervous System (1886)

https://en.wikipedia.org/wiki/William_Gowers_(neurologist)


Timothy R. Sampson,  Justine W. Debelius,  Taren Thron,  Stefan Janssen,  Gauri G. Shastri,  Zehra Esra Ilhan,  Collin Challis,  

Catherine E. Schretter,  Sandra Rocha,  Viviana Gradinaru,  Marie-Francoise Chesselet,  Ali Keshavarzian,  Kathleen M. Shannon,  

Rosa Krajmalnik-Brown,  Pernilla Wittung-Stafshede,  Rob Knight,  Sarkis K. Mazmanian

Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson’s Disease

Cell, Volume 167, Issue 6, 2016, 1469–1480.e12

http://dx.doi.org/10.1016/j.cell.2016.11.018

Short-chain fatty acids:
Acetate, propionate, butyrate



ONCOLOGY
Metabolomics Examples

Dr. Sascha Dammeier, UKTWS 2017/18



EXHALED BREATH ANALYSIS

© Xue Li / ETH Zürich

Dr. Sascha Dammeier, UKTWS 2017/18



SESI-MS

J. Mass Spectrom. 2012, 47, 1571–1575

The breath interface: (1) mouth piece with non-return valve; (2) aluminum breath inlet (id 9 mm, od 12 mm); (3) stainless steel 

plug to allow for easy cleaning of breath interface; (4) aluminum breath outlet (id 2 mm, od 12 mm); (5) stainless steel 

capillary (id 1 mm, od 1.3 mm); (6) Swagelok union to mount (5); (7) aluminum adapter to connect breath interface with 

charging spray unit; (8) aluminum breath sampling tube (id 9 mm, od 15 mm); (9) heating cartridge; (10) heated charging 

spray unit; (11) charging sprays.



Press Release

Dec 5, 2012 http://www.genengnews.com

“A simple breath analysis could be used for colorectal cancer 

screening, according to researchers at the University Aldo 

Moro of Bari. Cancer tissue has different metabolism compared 

to normal healthy cells and produces some substances that can 

be detected in the breath of these patients.”

Dr. Sascha Dammeier, UKTWS 2017/18



Tumor Metabolism

M. G. Vander Heiden et al., Science 22 May 2009: vol. 324 no. 5930 1029-1033 WS 2017/18



Science 22 May 2009: vol. 324 no. 5930 1029-1033 

Warburg-Effect



Press Release, continued

Dec 5, 2012 http://www.genengnews.com

“The research team collected exhaled breath from 37 patients 

with colorectal cancer and 41 healthy controls, which was 

processed offline to evaluate the volatile organic compound 

(VOC) profile. VOCs of interest had been identified and 

selected, and VOC patterns able to discriminate patients from 

controls set up.”

Dr. Sascha Dammeier, UKTWS 2017/18



Altomare et al., BJS 2012

Exhaled volatile organic compounds identify patients
with colorectal cancer

WS 2017/18 Dr. Sascha Dammeier, UKT



Altomare et al., BJS 2012

Sensitivity 86%
Specificity 83%

Dr. Sascha Dammeier, UKTWS 2017/18
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high, multiparametric diagnostic



Peroxide Generation in Cell
Membranes

http://www.scielo.br/img/revistas/abc/v80n4/a05fig02.gifWS 2017/18



G Peng et al. B J Cancer 2010

Subtyping of Cancers from Exhaled Breath

WS 2017/18



INTRAOPERATIVE ANALYSIS
Source: wikipedia

Dr. Sascha Dammeier, UKTWS 2017/18
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The Markers

Science Translational Medicine  17 Jul 2013:Vol. 5, Issue 194, pp. 194WS 2017/18
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LIPIDS



Profiling

Science Translational Medicine  17 Jul 2013:Vol. 5, Issue 194, pp. 194WS 2017/18



Rapid Evaporative Ionization Mass Spectrometry
REIMS 1

waters.com

Science Translational Medicine  17 Jul 2013:Vol. 5, Issue 194, pp. 194WS 2017/18

Anna-Lina Hahn
fume sucked into mass spectrometer 



Rapid Evaporative Ionization Mass Spectrometry
REIMS 2

Science Translational Medicine  17 Jul 2013:Vol. 5, Issue 194, pp. 194

Strittmatter et al., Chem Commun (Camb). 2013 Jul 14;49(55):6188-90
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RESOURCES

Dr. Sascha Dammeier, UKTWS 2017/18
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skip until slide 70



Metabolomics Software

Ref: 154 | NATURE | VOL 540 | 1 DECEMBER 2016WS 2017/18



The Human Metabolome(s)

The complete 

collection of small 

molecules found in 

humans – including 

endogenous and 

exogenous 

compounds

Courtesy of D. Wishart, University of Alberta, CanadaWS 2017/18



www.hmdb.ca

Dr. Sascha Dammeier, UKTWS 2017/18



Dr. Sascha Dammeier, UKTWS 2017/18



Dr. Sascha Dammeier, UKTWS 2017/18



Dr. Sascha Dammeier, UKTWS 2017/18



WS 2017/18



http://www.T3DB.ca

Other…

Dr. Sascha Dammeier, UKT

http://www.foodb.ca

http://www.drugbank.ca
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KEGG Pathways

• Manually drawn

• Linked to
 Reference number (ortholog groups)
 EC number
 Reaction identifier

http://www.genome.jp/kegg



OUTLOOK

Dr. Sascha Dammeier, UKTWS 2017/18
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$500,000 instrument, $200/test $1000 instrument, $2/test

Bench Bedside

Courtesy of D. Wishart, University of Alberta, CanadaWS 2017/18
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CONCLUSION
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What kind of data is mandatory to
impact therapeutic intervention? 

• MS (NMR) in clinical setting with acceptable response rate

• Quantitative / rel. quantitative clinical data

• On-demand Mx for differential diagnosis (uncertain cases)

Example for current standard in some hospitals:

TDM psychoactive drugs, TDM immunosuppressives, 

clinical microbiology, metabolite analysis in pediatrics, 

newborn screening, glucose monitoring

Dr. Sascha Dammeier, UKTWS 2017/18



Conventional Biomarker Performance

PSA Test

AUC = 0.65

Courtesy of D. Wishart, University of Alberta, CanadaWS 2017/18

Anna-Lina Hahn
metabolomics often better, see next slide



Metabolomic Biomarker Performance

Graphs by  D. Wishart, University of Alberta, CanadaWS 2017/18



Vision

• Personalized Medicine-patient stratification,

• Microanalytics (biopsy, tears etc.),

• Multiparametric diagnostics,

• „online“ Diagnostics, e.g. breath analysis,

• Intraoperative analyses,

• Single-cell Mx in research,

• Democratization of metabolomics.

Dr. Sascha Dammeier, UKTWS 2017/18
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optogenetic manipulation of metabolism


