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The omics era: what can nuclear magnetic resonance tell us on metabolomics?
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Summary

Abrief overview of the potentiality and use of the metabolic fin-
gerprint of a system or biological process is here proposed. The
information on the type, quantity and variation of the pool of
metabolites and its relationship with a given biological process is
commonly referred to as metabolomics. One powerful analytical
approach to the detection and quantitation of metabolites is by
Nuclear Magnetic Resonance Spectroscopy (NMR). Additionally,
the recently introduced High Resolution Magic Angle Spinning
(HR-MAS) NMR approach improved dramatically the potentiality
of the method allowing direct sampling of ex vivo specimens, such
as tissues and cells, without any pre-treatment or extraction steps.
The NMR data can be processed towards the target or non-target
analysis of the metabolites. The former passes through the identifi-
cation of all the metabolites, the latter adopts a multivariate statisti-
cal approach such as Principal Components Analysis. In this article,
the main methodological points of NMR analysis with multivariate
statistics are briefly outlined and discussed. A final case-study on
the discrimination of healthy and neoplastic tissues via HR-MAS
NMR metabolomics is reported as a paradigmatic application.

Introduction

The -omics approaches, rapidly emerging in the last two
decades, include genomics, transcriptomics, proteomics, and

Correspondence: Andrea Mele, Department of Chemistry, Materials
and Chemical Engineering “Giulio Natta”, Politecnico di Milano,
Piazza L. da Vinci 32, 20132 Milan, Italy.

Tel.: +39.02.23993006.

E-mail: andrea.mele@polimi.it

Key words: metabolomics, metabolites, NMR, HR-MAS, PCA.
Contributions: the authors contributed equally.
Conflict of interest: the authors declare no potential conflict of interest.

Received for publication: 15 February 2018.
Accepted for publication: 15 February 2018.

©Copyright F. Castiglione et al., 2017
Licensee PAGEPress, Italy
Microbiologia Medica 2017, 32:7330
doi:10.4081/mm.2017.7330

This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License (by-nc 4.0) which permits any non-
commercial use, distribution, and reproduction in any medium, provid-
ed the original author(s) and source are credited.

[page 172]

[Microbiologia Medica 2017; 32:7330]

metabolomics, are important tools aimed to understand the complex
biological architecture of an organism and its response to environ-
mental stimuli or induced genetic perturbations. All these approach-
es, assembled as system biology (19) framework, relay on a com-
mon strategy based on the combination of sophisticated analytical
techniques with the application of statistical multi-variate methods
for data analysis. The term metabolome was introduced for the first
time by Oliver ef al. in 1998 and was used to describe the metabolite
pool of living yeast cells (30). Nowadays metabolomics is broadly
defined as the systematic identification and quantification of the
small molecules, commonly known as metabolites (product of the
metabolism) of any biological system such as cell, tissue, organ,
biological fluid, or organism at a specific point in time.
Consequently, metabolite analysis is like a snapshot, showing which
compounds are present and at what relative levels. Metabolites have
a vast range of chemical structures (peptides, oligonucleotides, sug-
ars, organic acids, ketones, aldehydes, amines, amino acids, lipids,
steroids, alkaloids, and drugs) and properties. Their molecular
weights span two orders of magnitude (30-3000 Da).

The connection between the —omics technologies is shown in
Figure 1. Metabolomics is located in the end terminal of the chain,
completing the metabolic map (17), while genome and proteome
catalyse the chemistry of small molecules. Metabolomics, unlike
other omics, is a powerful approach because a change in metabo-
lites concentrations is a direct consequence of protein activity
changes (not necessarily true for genomic or proteomic changes).
Transcriptomes (11,15) or proteomes are not able to monitor the
cell function because there is no simple relationship between
mRNA or protein levels and metabolism. Moreover disease (2),
environmental factors, drugs (24,41,45), etc., perturbs the state of
the metabolome, thus providing a system-wide view of the organ-
ism or cell’s response. Metabolomics focuses on simple cell sys-
tems such as microbiology (42) and plant biochemistry.
Metabonomics (9,23,33) (another aspect of metabolomics) studies
the metabolic response of animal biochemistry to external stimuli
or genetic modification. Despite its relative youth, in comparison
to genomics and proteomics, metabolomics is now firmly estab-
lished as a functional methodology to understanding the molecular
complexity of living organisms. Currently, metabolomics research
is applied in several fields, from environmental science (6,27),
pharmacology (7,13,39) to computer science (35,37) and medi-
cine (25,32) as depicted in Figure 2.

A non-exhaustive list of objectives of metabolomics may
include: the assessment of the metabolic profile, i.e. the identifica-
tion of the collection of molecules originated from a given biochem-
ical process, the detection of any change in the metabolite concen-
tration, the search for biomarkers for the diagnosis and the under-
standing of complex biochemical mechanism. Depending on the
details required about the biological process, there are two main
methodologies used in metabolomics. One general method is the
target analysis: it comprises the quantification and qualitative
analysis of all the metabolites present in a biological system. The
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other general method is a non-target analysis, an approach that
includes the metabolic profiling where a large number of metabolites
are qualitative detected and then classified using chemometric meth-
ods. On the other hand, metabolite profiling follows the fate of a
more limited set of metabolites through specific pathways (29).

A variety of analytical platform can be used for metabolite
detection. A large class of them are based on hyphenated tech-
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niques, like gas chromatography-mass spectrometry (GC-MS) and
high performance liquid chromatography-mass spectrometry
(HPLC-MS), or Nuclear Magnetic Resonance (NMR) spec-
troscopy. This latter is the main focus of the present article. NMR
spectroscopy is one of the most used in the metabolomics field
(19,20,28). NMR spectroscopy has unique features including
excellent reproducibility, quantitative nature and ability to identify
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Figure 1. Sketch of the relationships among the different types of —omics.
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Figure 2. Cake-plot of the impact of metabolomics in the different fields of pure and applied research. The plot is based on the number
of peer reviewed publications on metabolomics taken from Scopus database.
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unknown compound through the application of a large variety of
correlation experiments able to disentangle complex spectra, thus
leading to efficient spectral assignment (19). This review mainly
focuses on the use of NMR for metabolomics. A chemical point of
view is here proposed in order to disseminate the potentiality that
such a spectroscopic approach may have for the targets of medical
research and clinic. The paper is structured as follows: i) key con-
cepts of NMR spectroscopy, ii)) how to use NMR data for
metabolomics; iii) how to process NMR data to obtain information
helpful for clinic and diagnosis and iv) illustration of a paradigmat-
ic case study.

Key concepts of nuclear magnetic resonance:
imaging vs spectroscopy

Magnetic resonance is a general physical approach based on
the properties of many atomic nuclei — 'H is indeed the most pop-
ular — in the presence of a strong external magnetic field, common-
ly produced via a superconducting magnet. The property exploited
is the orientation of the nuclear spin in a magnetic field. The
physics behind this phenomenon is complicated and beyond the
purpose of this paper, but suffice it to mention here the very basic
principle: the two possible orientation of the 'H nuclear spin vec-
tors in a magnetic fields correspond to two different energy levels;
the transition between one level and the other can be stimulated by
a radiofrequency. Once the system has been perturbed in this way,
relaxation phenomena take place and the population of nuclear
spins goes back to the initial thermal equilibrium state. The path-
way described above can be monitored by modern NMR machines,
thus providing a signal that can be elaborated to extract informa-
tion on the molecular environment that produced the signal itself.
According to the type of parameter observed — relaxation of water
molecules or the frequency of the energy transitions — and to the
type of instrument used — a tomograph or a spectrometer — an
image of an organ/tissue or a spectrum can be obtained. The NMR
spectrum is basically a plot of the absorption intensity vs the fre-
quency corresponding to such transition. The spectrum is thus
made of a baseline where no absorption takes place and some
absorption bands, in turn characterized by their position (the fre-
quency of the transition), the intensity (useful for quantitative
analysis), the multiplicity (the internal structure of the peak deter-
mined by the spin-spin coupling phenomena and strictly dependent
on the molecular structure) (40). In the present paper, only NMR
spectra will be considered and used as a metabolic fingerprint of
the investigated systems. The usual way of obtaining NMR spectra
of metabolites generally requires an extraction step, e.g. a cell cul-
ture is treated with suitable solvents to extract the metabolic pool,
that the solvent is removed and the metabolites are re-dissolved in
a second solvent, suitable for NMR data acquisition. In the past
decades, a brand new approach has been introduced, allowing the
obtainment of high resolution spectra of the metabolites directly
from intact cells or tissues (e.g. from histology) without any sam-
ple manipulation, namely by skipping the solvent extraction steps.
This approach relies upon a technique referred to as High
Resolution Magic Angle Spinning (HR-MAS) NMR spectroscopy
(10,22). HR-MAS can be seen as a hybrid approach between solu-
tion state NMR and solid state NMR. In few words, HR-MAS
NMR instrumentation is able to extract the high resolution NMR
profile of small molecules (such as the metabolites) out a complex
matrix, like suspensions, slurries, polymeric scaffolds or more
complex systems like intact cells or even tissues. The introduction
of such technology represented a breakthrough in biomedical sci-
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ences, opening the possibility to observe a chemical fingerprint
(the NMR spectrum of a pool of small molecules) directly from
biological specimens, with no need of pre-treatment and immedi-
ately after surgical excision.

How to use nuclear magnetic resonance data
for metabolomics

The main steps in NMR based metabolomics are sample stor-
age, NMR sample preparation, acquisition and processing of spec-
tra according to two different methodological approaches: farget
and non-target analysis. The different philosophy of these two
routes is sketched in Figure 3.

The Figure shows an array of proton NMR spectra in aqueous
solution of metabolites extracted from four cell subtypes derived
from the olfactory bulb and subventricular zone of mouse brain (5).
Eye inspection reveals that the four NMR spectra, corresponding to
four different stem cell types, are very similar (similar types of signal
in similar positions and with similar intensities), and all of them char-
acterized by severe spectral overlap. In this case, in order to carry out
a targeted metabolomics analysis, the spectral assignment is one of
the fundamental steps. The spectral assignment is the correspon-
dence between a group of peaks in the spectrum and a molecule, in
our case a metabolite. The spectral assignment is often a difficult task
and it requires the use of a set of multidimensional NMR experi-
ments to disentangle the peaks overlap and to derive a univocal spec-
tral assignment. As an example, in the left hand side of Figure 1 the
same array of spectra mentioned above is reported along with the
labels on some selected peaks, as a result of the preliminary work of
spectral assignment. The diagnostic signal of the identified metabo-
lites are indicated. In the case the spectral overlap is not too severe,
the peaks integral can be related to the amount of metabolite in the
sample and a quantitation is, in principle, achievable. In the remain
of this paper we will rather focus on the second approach, correspon-
ding to non-target analysis and making use of multivariate statistical
processing of the NMR data. A typical graphical output of Principal
Component Analysis (PCA) or related methods such as Partial Least
Squares-Discriminant Analysis (PLS-DA) is shown in the right hand
side of Figure 3. The key step of this approach is the reduction of the
NMR data taken from one or more populations into a smaller dataset
of variables, referred to as the Principal Components (PCs). PCs are
the eigenvectors obtained from the diagonalization of the covariance
matrix and account for the variance of the system. The first two/three
PCs can be plotted in a so-called score plot (Figure 3) that provide
the maximum information content of the data. Each point in the score
plot correspond to a sample, and the clustering of points in the score
plot indicate samples sharing similar features. In the case of metabol-
ic studies on patients suffering from a given pathology and on a con-
trol healthy set, clustering of points may be easily associated to the
state (healthy/non-healthy) of the patients. The example shown in
Figure 3 accounts for the fact that OECs cell can be discriminated
from the other cell types.

Using nuclear magnetic resonance data
for PCA/PLS-DA: nuts and bolts

In order to understand how to convert NMR data into a score
plot useful for clinical purposes or as an aid to diagnosis, some

steps should be briefly introduced.
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Processing

NMR spectra contains thousands of signals due to the complex-
ity of the analysed mixtures. Processing is an essential step before
performing statistical analysis, especially in the case of a large data
set. The processing step used to make samples comparable include:
spectra transformation and apodization, phasing, baseline correction,
chemical shift calibration, binning or bucketing and data normaliza-
tion (21). Spectra alignment can be performed using an internal stan-
dard peak or the solvent peak. Binning (also called bucketing)
allows reducing the number of variables. Binning consists of divid-
ing spectra into small sectors (bins) of different dimensions (com-
monly 0.04 ppm) and summing all signals inside the bin to form a
new spectrum with fewer variables (Figures 3 and 4). The normal-
ization step is necessary when are present some differences in acqui-
sition parameters such as different number of scans, different spec-
trometer, sample concentration. After processing, the data are con-
verted in ASCII format and ready to be processed by a chemometrics
software (R, MATLAB).

Chemometrics (statistical analysis)

Multivariate statistical analysis is often used to simplify the
dataset extracting the relevant data, developing classification mod-

els and identifying differentiating metabolites (36). Numerous
unsupervised and supervised methods exist. PCA (26,43) is the
most used unsupervised method, it is considered an exploratory
method used to emphasize variation and bring out strong patterns
in a dataset. It is used to make data easy to explore and visualize.
Another unsupervised method for this purpose is the Hierarchical
Cluster Analysis (HCA) (8,44). The most used supervised classifi-
cation methods are k-nearest-Neighbors (kNN) (1,38), Soft
Indipendent Modeling of Class Analogy (SIMCA) (12) and Partial
Last Squares Discriminant Analysis (PLS-DA) (3,14). The super-
vised method use the sample class as a variable for establish dis-
crimination rules. Consequently, the classification is better visible
than that obtained by a supervised method, but unsupervised
method require a validation protocol. Through chemometrics
analysis, it is possible to underline easily differences in biochemi-
cal environment and consequently identify the spectral regions
responsible of variability and thus key metabolites. Once the sepa-
ration is obtained, further investigations can be done to identify
which spectral region and which molecule are responsible for the
separation. Investigation can be performed using different
approaches. More detailed NMR experiments, especially two-
dimensional correlation experiments like TOCSY, HSQC, COSY,
HMBC (40), can be used to identify unambiguously some metabo-

TH NMR spectra

Quantitative (Targeted)
Methods (1)

55 50 40 35 30 25 20 15 ppm

Chemometric (Profiling)
Methods (2)

Figure 3. Scheme of different treatment of NMR data according to target (left) and non-target (profiling, right) routes. The top picture
shows a stacking of four NMR spectra obtained from the acquous phase after extraction of metabolites of rat brain stem cells (Legend.
OECs: Olfactory Ensheathing Cells; P1: postnatal; E12: fetal; NSC: neural stem cells). Bottom left: same spectra after spectral assign-
ment. The main peaks of the identified metabolites (Lactate, Alanine, Acetate, Glutamate, Succinate, Creatinine, Choline, Thaurine,
Glucose) are indicated with suitable labels. Bottom right: Three dimensional score plot after PLS-DA analysis of spectral data shown
on top. The points in blue are well separated from the remaining points, showing that a discrimination of OECs is possible on the basis
of the metabolic profile detected via NMR spectroscopy. Reproduced from Castiglione ez 4l., 2017.5
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lites, additionally databases could provide complementary infor-
mation (17) .

A graphic summary, in the fashion of a flow-chart, of the
whole protocol form sample preparation to database search for bio-
markers of a given biological process is given in Figure 5.

HR-MAS nuclear magnetic resonance,
metabolomics and multivariate analysis:
a case study

In conclusion, we wish to summarize the concepts introduced
above by reporting on a paradigmatic case taken from the literature
(34). In this case-study, HR-MAS NMR spectroscopy is used
along with chemometrics to discriminate, on the bases of differ-
ences of the metabolic fingerprint, healthy and neoplastic human
colon tissues. The authors consider the following population and
samples: ex vivo samples from 23 subjects, 14 affected by colorec-
tal cancer, 9 healthy. For each person, 5 biopsies were collected,
four for the histology and one for NMR analysis. The specimens of
the patients with colon cancer were collected from the carcinoma
site and 15 cm away the carcinomas (classified as normal by his-
tological analysis). The NMR spectra obtained on the tissues by
HR-MAS NMR showed poor spectra resolution and could not be
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considered informative as such. The NMR data were then used as
input for PCA. However, the score plot of PC1 vs PC2 (namely the
two most important principal components) was not able to discrim-
inate healthy and neoplastic categories. Interestingly, the analysis
of the subsequent principal components PC3, PC4 and PCS5 clearly
highlighted two separated clusters of points (Figure 6) correspon-
ding to healthy tissues (upper ellipse) and to neoplastic or histolog-
ically normal colon samples.

The subsequent analysis of the loadings provided information
on the possible metabolites that can be used as biomarkers for this
type of carcinoma. But more interestingly, at least from the
metabolomics point of view, is the ability of HR-MAS NMR and
PCA di show that the metabolic profile of the tissues taken 15 cm
away from the carcinoma site was statistically more similar to the
neoplastic one rather than to the healthy control, thus showing the
capability of NMR metabolic analysis to detect pre-malignant
metabolic features before any morphological change.

Conclusions and perspectives

NMR spectroscopy allows to provide precious information for
diagnosis and screening based on the metabolic profiles. The joint
use of NMR data and multivariate statistics is a powerful predic-
tive tool for a large variety of biological processes. The

0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0

45 4
f1 (ppm)

T Ml T T T T T T

.0 35 30 25 20 15 1.0 0.5 0.0

Figure 4. Binning of 0.04 ppm performed on a set of 'H NMR spectra, The region of the solvent (4.5-5 ppm) is highlighted and it

is excluded.
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Figure 5. Main steps used in NMR metabolomics. 1) Biological sample preparation. This may pass through extractive procedures or
may consists of a mere water solution of the metabolites. In HR-MAS NMR this step is related to the acquisition of ex-vivo specimens
or intact cells. 2) The NMD spectra acquisition requires the equipment usually available in the chemistry labs, without any modifica-
tion of the commercial spectrometers. 3) NMR spectra of a collection of samples are then acquired, with particular care in the choice
of the population to screen. 4-6) The NMR data are reduced and undergo PCA or other types of multivariate analysis, affording a two-
dimensional (or three dimensional) score plot, suitable to observe separation (if any) in clusters. 7-8) The relative contribution of the
single bins to the separation of the points in the PC planes are referred to as loadings. Analysis of the loadings may indicate which
parts of the NMR spectrum contribute more to the separation of the points in the PC planes. This allows to identify the metabolites
that provide the larger contribution to the differentiation of the populations (e.g. healty vs non-healty patients). individuals vs
patients. The identification of the metabolites responsible for the classification patterns may be supported by advanced NMR meth-
ods, like two-dimensional NMR. 9-10) Finally, a suitable model can be established matching the results of the metabolomics investi-
gation with data base search to identify biomarkers. Reproduced with permission from Pontes et al., 2017.3! Copyright: The Royal
Society of Chemistry, 2017.
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Figure 6. Three-dimensional score plot of PC3 vs PC4 vs PC5 for
HR-MAS NMR data of colon tissues. See text for details on sam-
pling. Adapted with permission from Righi et al, 2009.34
Copyright: American Chemical Society, 2009.

metabolomics approach is currently experiencing a dramatic
improvement due to the introduction of HR-MAS NMR tech-
niques that make the metabolomics analysis feasible in real time
immediately after the surgical excision or biopsy, due to the possi-
bility to use the ex vivo specimen as such, with no intermediate
preparation steps. The CARMeN Project (http://www.mnms-plat-
form.com/en/projects/carmen-cancerrmn/) is a clear example of
synergy between Chemistry, Spectroscopy and Medical Research
towards therapeutic innovation. Within this project, the first clini-
cal HR-MAS NMR spectrometer fully integrated with operating
room was installed at the Strasbourg’s Hautepierre in 2008.
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