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Metabonomics 

Quantitative measurement of multivariate metabolic 

responses of multicellular systems to pathophysiological 

stimuli or genetic modification 

 

J.K. Nicholson 1999 



1H NMR Spectrum of Untreated Human Urine 

NMR and complex mixtures 



CHEMOMETRIC ANALYSIS 

(pattern recognition for classification, diagnostics & biomarker analysis) 

Analytical Approaches 

NMR 

MS 



Metabolites 

 Any organic molecule detectable in the body with a 
MW < 1000 Da 

 Includes peptides, oligonucleotides, sugars, 
nucelosides, organic acids, ketones, aldehydes, 
amines, amino acids, lipids, steroids, alkaloids and 
drugs (xenobiotics) 

 Includes mammalian & microbial products 

 Concentration > 1mM 



What’s the Difference Between 

Metabonomics and Traditional Clinical 

Chemistry? 

Throughput 

 
(more metabolites, greater accuracy, 

higher speed) 



Advantages 

 Measure multiple (10’s to 100’s) of metabolites at 
once – no separation!! 

 Allows metabolic profiles or “fingerprints” to be 
generated 

 Mostly automated, relatively little sample 
preparation or derivatization 

 Can be quantitative (esp. NMR) 

 Analysis & results in ~15 min 

 



NMR versus MS 

NMR 
 Quantitative, fast 

 Requires no work up or 

separation 

 Allows ID of 300+ cmpds at 

once 

 Intact tissues 

 Robustness 

 Not sensitive 

 Needs MS or 2D NMR for 

positive ID 

MS 
 Very fast 

 Very sensitive 

 Allows analysis or ID of 
3000+ cmpds at once 

 Not quantitative 

 Ion suppression 

 Requires work-up 

 Needs NMR for ID 

 Peak alignment of LC-MS 



NMR reproducibility 



Urine samples Athens 

 Buffer A (PBS pH=7.4):  original from Bruker with NaN3 

 Buffer B (PBS pH=7.4): local preparation 

 

 Urine:   

 Sample 1-5 person E buffer A 1EA – 5EA 

 Sample 1-5 person E buffer B 1EB – 5EB 

 Sample 1-5 person S buffer A 1SA – 5SA 

 Sample 1-5 person S buffer B 1SB – 5SB 

NMR reproducibility 



Spectral data scaled on TSP  

in-group variance mainly caused by variation urine/buffer mixing procedure 

NMR reproducibility 



NMR reproducibility 



NMR reproducibility 



Resulting 1D NOESY spectra of urine 

600 MHz 1D NOESY spectrum of urine 

Urine spectra: 
Highly complex 
Contains tens or hundreds of 
metabolites 
 
Assignment cannot be 
unambiguous without 
additional tools 

Assignment  process 
Literature and  
web databases (HMDB) 



Need for chemometrics 



DSS
DSS

DSS
DSS

Measure the metabolite profile 

gain mechanistic insight 

PKU 

MSUD 

normal 

Application of NMR spectroscopy combined with principal component analysis in detecting inborn errors of metabolism using blood spots. A metabonomic 

approach 

M.A. Constantinou, E. Papakonstantinou, M. Spraul, K. Shulpis, M.A. Koupparis, E. Mikros Analytica Chimica Acta, 511, 303-312, 2004 

statistical analysis 

classification 

Standard Procedure 



Principal Component 

Analysis 

PCA 

 

   A multivariate statistical approach that  

facilitates the identification of differences or  

similarities between groups 



var. 3 

var. 1 

var. 2 

Single object in 

variable space 

Data table  variable space 

The whole table yields a swarm of points 

in variable space var. 1 

var. 2 

var. 3 

Data preparation 



•Centering – move centre of point swarm to the variable origin 

mean 

var. 1 

var. 2 

var. 3 

Pre-processing 



var. 1 (i) 

var. 2 

var. 3 

ti1 

PC1 (t1p’1) 

The first principal component (PC1) 

is set to describe the largest variation in the data,  

which is the same as the direction in which the  

points spread most in the variable space 

 

The Score value (ti1) for the point i is the distance  

from the projection of the point on the 1:st 

component to the origin. 

 

PC1 hence is the first latent variable in a new 

coordinate system that describes the variation  

in the data.  

PCA theory – step by step 



Εαν μια διαδικασία 

επηρρεάζει ένα σύστημα 

δημιουργεί μια δομή στα 

δεδομένα και... Αντίστροφα 
π.χ. αν υπάρχει μια ασθένεια 

τότε δημιουργεί μια δομή 

δεδομένων στους 

μεταβολίτες 

Introduction to multivariate methodology, an alternative way? 

Olav H.J. Christie, Chemometrics and Intelligent Laboratory Systems 29 (1995) 1777188 

Η επέμβαση της αστυνομίας 

δημιουργησε ροή στην 

κατεύθυνση των θεατών 











var. 1 

var. 2 

var. 3 

PC1 

PC2 

(i) 

ti1 ti2 

The second principal component (PC2) 

is set to describe the largest variation in the data,  

Perpendicular (orthogonal) to the 1:st component 

PCA theory – step by step 



x2 

x3 

x1 

PC1 

PC2 

,=data points; , = projection 

 
•Two PCs make a plane (window) in the K-dimensional 

variable space. The points are projected down onto the 

plane which is lifted out and viewed as a two dimensional 

plot.   

•This is the scores plot  

•similarities or differences between samples can now 

be seen. 

 

•A corresponding loading plot describes the variables 

relationships 

•allows interpretation of the scores plot by showing 

which variables are responsible for similarities and 

differences between samples.  

PCA theory – step by step 



PCA 



Loading (p):  described the variation in the variable direction i.e. similarity/ dissimilarity  

between variables, and also explains the variation in scores.   

The loading (p) describes the original variables importance for respective PC. This is the 

same as the similarity in direction between the original variable and the PC. 

The loading (p) is described as the cosine of the 

angle between the original variable and the PC. 

 

PC2 

PC1 

Projection of (rtx, 

m/zx) 

px,1 

px,2 
X1 sample i 1,2 

2,2 

PC2 

 

p = cos  

 pi
2 = 1 

X2 

With px,1 = cos (x,1) and px,2 = cos (x,2)  

and x,1 : angle between axe (rtx, m/zx) and PC1 

and x,2 : angle between axe (rtx, m/zx) and PC2 

ti1 

ti =  pj xi,j 

The Loadings Plots 



The Loadings Plots 
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x3 

t(pca) 

t(pls-da)  

Metabonomic space 

X 
Describes variation in NMR data 

 

Dicriminant space 

Y 
Defining the known classes 

‘Inner relation’ 
Maximising correlation between t and u 

Partial Least Squares or Projection to latent structure. 

PLS-DA 





Models both the X & Y matrices simultaneously to find the latent 

variables in x that will predict the latent variables in Y the best. 

These PLS-Components are similar to principal components and will 

also be referred to as PCs. 

Partial Least Squares or Projection to latent structure. 

Partial least squares (PLS) is a method for constructing predictive models when 

the factors are many and highly collinear. 

PLS-DA 





Metabonomics   Applications 

 

 

 Diagnosis 

 

 Drug toxicity 

 

 Phenotype variations 



Inborn Errors of Metabolism (IEM) 

NMR-based newborn screening 

 

Targeted and non-targeted screening 

method 

R.A. Wevers (2007) 
 
Includes the 1H NMR spectra of urine (mainly) from 
82 IEM 



Inborn errors of metabolism (IEM) 

normal 

PKU 

MSUD 

Blood spot extraction 



PLS-DA 

Constantinou MA, Papakonstantinou E, Spraul, M, Sevastiadou S, Costalos C, Koupparis MA, 

Shulpis K, Tsantili-Kakoulidou A, Mikros E* Anal. Chim. Acta  542 169-177, 2005  

Urine 

PKU 

MSUD 



Example 1 
Methyl Malonic Acidurea 
Characterized by high levels of methylmalonate 

Conventional newborn screening: high levels of methylmalonate 
NMR (urine): 
•increased levels of methylmalonate 
(expected) 
 

• increased levels of urocanate 
(biomarker for Urocanic Acidurea) 
 
•urocanate was not detected by 
conventional screening and remains 
unknown whether Urocanic Acidurea is 
related to Methylamalonic Acidurea or 
the newborn had both IEM. 

methylmalonate 

Newborns Metabolic Profile 



urocanate 

urocanate 

NMR (urine): 
•increased levels of methylmalonate 
(expected) 
• increased levels of urocanate 
(biomarker for Urocanic Acidurea) 
•urocanate was not detected by 
NEOLAB and remains unknown 
whether Urocanic Acidurea is related to 
Methylamalonic Acidurea or the 
newborn had both IEM. 
 

Newborns Metabolic Profile 

Example 1 
Methyl Malonic Acidurea 
Characterized by high levels of methylmalonate 

Conventional newborn screening: high levels of methylmalonate 



Example 2 
Unknown metabolite with characteristic NMR peak pattern 

Assigned in 4 newborns urine samples 

1H-13C HSQC-DEPT135 

1H-1H TOCSY 

Newborns Metabolic Profile 

Gluconic acid  Gluconolactone 

//upload.wikimedia.org/wikipedia/commons/2/2d/D-Glucons%C3%A4ure_Keilstrich.svg
//upload.wikimedia.org/wikipedia/commons/6/66/Glucono-delta-lactone-2D-skeletal.png


Newborn urines. Appearance of formic acid just before (blue) and during crisis 

of OTC disease 

Newborn 10 months old, 
diagnosed with OTC and follow 
medical treatment 
 
NMR (urine): 
•increased levels of uridine, uracyl and 
orotic acid during crisis (expected) 
 

•Appearance of formic acid just before 
(blue) and during crisis of OTC disease 
 

5:45 am 

6:23 pm 

6 days 

16 days 

orotic uracyl 

uridine 

formate 



 

Published online 14 December 2009 | Nature | doi:10.1038/news.2009.1128  

News 

Surgeons get real-time tissue profiling 

Nuclear magnetic resonance technology could reduce time spent under the knife. 

Ananyo Bhattacharya  

 
Could tomorrow's surgeons be guided by nuclear magnetic resonance? 

R. McVay/Getty 

 “This is huge for NMR.” 

John Kurhanewicz  

University of California, San Francisco 

The machine could directly affect operations, says surgeon Ara Darzi, whose St 

Mary's surgical unit will host the Imperial College machine. "We do a lot of intestinal 

surgery," he says. "I could take a tissue sample of the two ends of the bowel that I'm 

going to stitch together", and spectroscopic analysis "could immediately tell me that 

this area of the bowel is underperfused and is not going to heal". The team will also 

look at what effects 'friendly' gut microbes have on the healing process after surgery. 

"At some level, all disease involves molecular defect and there is really no technology 

at the surgeon's disposal right now that reveals anything at the molecular level," says 

Jeff Hoch, director of the University of Connecticut Health Center's NMR structural 

biology facility in Farmington. "Bringing NMR into the surgery suite is closing the 

circle — putting molecular tools at the disposal of the surgeon."  

Diagnosis 



Metabonomics     Toxicity 

 Kidney cortical toxins 

 mercury II chloride 

 p-aminophenol 

 uranyl nitrate  

 the anticancer drug ifosfamide 

 cephaloridine 

 the kidney medullary and 
papillary toxin, propylene imine  

 renal papillary toxin  

 2-bromoethanamine 
hydrochloride 

 Liver toxins  

 hydrazine 

 allyl alcohol 

 thioacetamide 

 1-naphthylisothiocyanate 

 Allyl formate 

 galactosamine  

 bromobenzene  

 acetaminophen 

 carbon tetrachloride  



Metabonomics   Applications 

 

 

 Phenotype variations 

 

 Diagnosis 

 

 Drug toxicity 

 



Metabonomics - Phenotyping 



Metabotype Variability 

 INTERMAP 

 

 Nicholson and 

coworkers 

 

 



Metabonomics   Applications 

 

 

 Diagnosis 

 

 Drug toxicity 

 

 Phenotype variations 

Personalized therapy 



Pharmaco-metabonomics 
Clayton et al 440 (20) 

1073-1077, 2006) 

A new paradigm for 

personalized predictive 

drug metabolism and 

toxicology. 

 

Pharmaco-genomics 

Individual predisposition to 

drug therapy due to genetic 

factors  

exogenous factors ? 

diet, foreign chemicals, 

environment, other drug 

therapies, gut microflora, 

age, hormonal status  



HERBAL METABONOMICS 



Fruit Juices quality control 



Greek Wines classification 
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1H NMR-Based Metabonomics for the Classification of Greek Wines According to Variety, 

Region and Vintage – Comparison with HPLC Data.  

Anastasiadi, M; Zira, A; Magiatis, P; Haroutounian, S; Skaltsounis, AL; Mikros E; 

J. Agr. Food. Chem. (2009); 57; 11067-11074 


