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Metabolomics is the comprehensive assessment of endogenous metabolites and attempts to

systematically identify and quantify metabolites from a biological sample. Small-molecule metabolites

have an important role in biological systems and represent attractive candidates to understand disease

phenotypes. Metabolites represent a diverse group of low-molecular-weight structures including lipids,

amino acids, peptides, nucleic acids, organic acids, vitamins, thiols and carbohydrates, which makes

global analysis a difficult challenge. The recent rapid development of a range of analytical platforms,

including GC, HPLC, UPLC, CE coupled to MS and NMR spectroscopy, could enable separation,

detection, characterization and quantification of such metabolites and related metabolic pathways.

Owing to the complexity of the metabolome and the diverse properties of metabolites, no single

analytical platform can be applied to detect all metabolites in a biological sample. The combined use of

modern instrumental analytical approaches has unravelled the ideal outcomes in metabolomics, and is

beneficial to increase the coverage of detected metabolites that can not be achieved by single-analysis

techniques. Integrated platforms have been frequently used to provide sensitive and reliable detection

of thousands of metabolites in a biofluid sample. Continued development of these analytical platforms

will accelerate widespread use and integration of metabolomics into systems biology. Here, the

application of each hyphenated technique is discussed and its strengths and limitations are discussed

with selected illustrative examples; furthermore, this review comprehensively highlights the role of

integrated tools in metabolomic research.
Introduction

Metabolomics is concerned with both targeted and non-targeted

analysis of endogenous and exogenous small molecule metabo-

lites (<1500 Da), and presents a promising tool for biomarker

discovery.1,2 It has been used in assessing responses to environ-

mental stress, comparing mutants, drug discovery, toxicology,

nutrition, studying global effects of genetic manipulation, cancer,

comparing different growth stages, diabetes and natural product

discovery.3–5 Metabolomics is a global metabolic profiling

framework which utilizes high resolution analytics (typically

NMR and MS) together with chemometric statistical tools such

as principal component analysis (PCA) and partial least squares

(PLS), to derive an integrated picture of both endogenous and

xenobiotic metabolism. These small molecules, including

peptides, amino acids, nucleic acids, carbohydrates, organic

acids, vitamins, polyphenols, alkaloids and inorganic species act

as small-molecule biomarkers that represent the functional
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phenotype in a cell, tissue or organism.6 Separation and identi-

fication of these small molecules is made possible by the tech-

nological advances in metabolomics. These innovational

technologies, including accurate measurement of high-resolution

MS, NMR, CE, HPLC and UPLC technology, can accomplish

detection of metabolites within a few minutes. Measuring such

low-molecular-weight metabolites could offer deeper insights

into mechanisms of the influence of lifestyle and dietary factors in

relation to specific diseases.7 Metabolites are biological charac-

teristics that are objectively measured and evaluated as indicators

of normal biological and pathological processes or pharmaco-

logical responses to a therapeutic intervention, widely used in

clinical practice for clinical diagnosis.8–10 Metabolomics has been

applied to define metabolites related to prognosis or diagnosis of

diseases and could provide greater pathophysiological under-

standing of disease.

Metabolomics is one functional level tool being employed to

investigate the complex interactions of metabolites with other

metabolites (metabolism) but also the regulatory role metabolites

provide through interaction with genes, transcripts and proteins

(e.g. allosteric regulation). The application of cutting edge

analytical technologies to the measurement of metabolites and

the changes in metabolite concentrations under defined condi-

tions have helped illuminate the effects of perturbations in

pathways of interest.11 Owing to the complexity of metabolites
Analyst, 2012, 137, 293–300 | 293
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and the large number of metabolites therein, advanced and high-

throughput separation techniques have been coupled to high-

resolution MS, but not exclusively, to make these measurements.

Technological developments are the driving force behind

advances in scientific knowledge. These techniques include

NMR, GC-MS, and LC-MS, etc.; with these techniques, some

favourable outcomes have been gained.12–16 However, every

technique has its advantages and drawbacks; no existing

analytical technique can be versatile. NMR has many advan-

tages, but the sensitivity of NMR is relatively poor compared

with MS methods, and concentrations of potential biomarkers

may be below the detection limit. GC-MS requires sample

derivatization to create volatile compounds. Non-volatile

compounds that do not derivatize and large or thermo-labile

compounds will not be observed in the GC-MS analysis. The

recent introduction of UPLC, employing porous particles with

internal diameters smaller than 2 mm, in combination with MS,

results in higher peak capacity, improved resolution and

increased sensitivity compared to conventional HPLC columns,

therefore making it even more suitable for a metabolomics

approach. Multi-analysis techniques can partially overcome the

shortcomings of single-analysis techniques.17 In data acquisition

platforms, NMR, GC-MS, LC/MSn are the prevalent techniques

although at present, none of them is a perfect technique that can

meet with the requirements of metabolomics for measuring all

metabolites. Recent advances in hyphenated analytical platforms

have driven forward the discipline of metabolomics and can

analyze a wide range of metabolic components, therefore the

most holistic studies using MS or NMR are typically defined as

metabolic profiling.18,19 Hyphenated analysis techniques are very

suitable for metabolomics samples analysis, especially by

reversed phase separation technology, as the sample can be

injected directly into the column without the need for any

pretreatment, and the plasma protein can also be simply removed

for analysis.

Metabolomics offers a number of benefits compared with

other ‘-omic’ strategies, with the most advantageous being its

close biological proximity to the phenotype of the system and

hence the rapid observation of system perturbations in the

metabolome.20 Although analytical platforms are expensive,

costs per sample are low and, when combined with the high-

throughput nature of metabolic profiling, these allow metabolic

profiling to be applied to screen large sample sets in a high-

throughput approach and at low total cost compared with other

‘-omic’ platforms. Typically, as an intermediate phenotype,

metabolite signatures capture a unique aspect of cellular

dynamics that is not typically interrogated, providing a distinct

perspective on cellular homeostasis.21 Metabolomics focuses on

the complex interactions of system components and highlights

the whole system rather than the individual parts, providing

a distinct perspective on cellular homeostasis.22,23 Hyphenated

techniques have received much attention in recent years and the

annual amount of publications in this field has increased signifi-

cantly over the past decade. This increase in publications is due

to improvements in the analytical performance, most notably in

the field of NMR and MS analysis, and the increased awareness

of the different applications of this growing field.24–26 Meta-

bolomics methods are mostly focused on the information-rich

analytical techniques of NMR spectroscopy andMS.27 Advances
294 | Analyst, 2012, 137, 293–300
in MS technologies, including direct introduction or in-line

chromatographic separation modes, ionization techniques, mass

analyzers, and detection methods have provided powerful tools

to assess the molecular changes in the metabolome. The appli-

cability of hyphenated analysis techniques in metabolomics

research is illustrated by examples of the analysis of biomedical

and clinical samples. In this review we present the latest

developments of the above mentioned techniques applied in the

field of metabolomics; in particular, the strengths and limitations

as well as some new trends in the development are discussed with

selective illustrative examples.

Measuring the metabolome: current analytical
technologies

Metabolomics is a truly interdisciplinary field of science, which

combines analytical chemistry, platform technology, MS, and

NMR with sophisticated data analysis. It involves the applica-

tion of advanced analytical tools to profile the diverse metabolic

complement of a given biofluid or tissue. Metabolomics offers

a platform for the comparative analysis of metabolites that

reflect the dynamic processes underlying cellular homeo-

stasis.28,29 Recent advances in analytical technologies have set the

stage for metabolite profiling to help us understand complex

molecular processes and physiology. Over the past decade the

application of metabolomics has gained ever increasing interest.

There are numerous analytical platforms that have been used for

metabolomic applications, such as NMR, Fourier transform-

infrared spectroscopy (FT-IR) and MS coupled to separation

techniques, including NMR, GC-MS, LC-MS, FT-MS and

UPLC-MS. Whilst NMR spectroscopy is particularly appro-

priate for the analysis of bulk metabolites and GC-MS to the

analysis of volatile organic compounds and derivatised primary

metabolites, LC-MS is highly applicable to the analysis of a wide

range of semi-polar compounds including many secondary

metabolites of interest. Since LC-MS can avoid chemical deriv-

atization, it is a widely used instrument. MS-based metabolomics

offers high selectivity and sensitivity for the identification and

quantification of metabolites, and combination with advanced

and high-throughput separation techniques can reduce the

complexity of metabolite separation, while MS-based techniques

require a sample preparation step that can cause metabolite loss.

Therefore, parallel application of several techniques, for example

GC-MS, LC-MS or NMR, is desirable to study the global

metabolome.

Metabolite identification is a key step for metabolomics study.

Metabolome analysis may be conducted on a variety of bio-

logical fluids and tissue types and may utilize a number of

different technology platforms. MS and NMR are among the

most emergent technologies in metabolomics, enabling the

shortest route toward metabolite identification and quantifica-

tion. Specialized analytical platforms, such as NMR andMS, are

required to interrogate such metabolic complexity. Two of the

driving forces are advances in analytical chemistry and our

understanding of metabolomics. The advances in LC-MS are

extremely impressive, and the speed of analysis has increased

even more with recent developments in UPLC. Recent develop-

ments in separation sciences have led to the advent of UPLC and

MS based technologies showing ever improving resolution of
This journal is ª The Royal Society of Chemistry 2012
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metabolite species and precision of mass measurements. Each

technique has associated advantages and disadvantages. Clearly,

no single analytical methodology is ideal for all of the many

thousands of metabolites in a biological system; instead,

a combination of techniques is needed for analyzing the majority

of metabolites in different polarity and molecular weight

ranges.30 Hence, a combination of different analytical technolo-

gies can be used to gain a broad perspective of the metabolome.
NMR-based metabolomics

As one of the most common spectroscopic analytical techniques,

NMR can uniquely identify and simultaneously quantify a wide

range of organic compounds in the micro-molar range. NMR

has been introduced to the emerging field of metabolomics where

it can provide unbiased information about metabolite profiles.

NMR-based metabolomics is able to provide a ‘holistic view’ of

the metabolites under certain conditions, and thus is well-suited

and advantageous for metabolomic studies.31 NMR is straight-

forward and largely automated and non-destructive, so samples

can continue to further analysis. It has been extensively used for

metabolite fingerprinting, profiling and metabolic flux analysis.

The major limitation of NMR for comprehensive metabolite

profiling is its relatively low sensitivity, making it inappropriate

for the analysis of large numbers of low-abundance metabolites.

Conventionally, within the field of metabolomics of biofluids,

NMR has been the technique of choice, due to its ability to

measure intact biomaterials nondestructively as well as the rich

structural information that can be obtained. Hence, extensive

research and significant improvements have been performed

using NMR to measure populations of low-molecular-weight

metabolites in biological samples. High-resolution NMR could

provide an ideal mechanism for the profiling of metabolites

within biofluids or tissue extracts. Although it has many

advantages, the sensitivity of NMR is relatively poor compared

with MS methods, and concentrations of potential biomarkers

may be below the detection limit. A number of biofluids such as

blood, urine, cerebrospinal fluid, cell culture media and many

others can be obtained at a high sampling frequency with

minimal invasion, permitting detailed characterisation of

dynamic metabolic events.32 NMR can provide detailed infor-

mation regarding the structural transformation of a compound

as a consequence of metabolism in drug discovery and develop-

ment.33 Compared with other techniques, NMR-based meta-

bolomics is becoming a useful tool in the study of body fluids and

has a strong potential to be particularly useful for the non-

invasive diagnosis of diseases that are very common and pose

significant public health problems.

Successful studies have shown that NMR spectroscopy as

a particularly information-rich method offers unique opportu-

nities for improving the structural and functional characteriza-

tion of metabolomes, which will be essential for advancing the

understanding of many biological processes.34 Recently, there

has been much interest in the use of high-throughput NMR

techniques for the detection of biomarkers. From the perspective

of drug discovery, each of these metabolites could fulfill

a number of useful functions: disease biomarker, surrogate

marker of drug delivery, surrogate marker of drug efficacy and so

on. Indeed, NMR is non-selective so that all the low molecular
This journal is ª The Royal Society of Chemistry 2012
weight compounds are detected simultaneously in a single run,

and provides rich structural information which is an important

asset to characterize components of complex mixtures.35 Urine

and serum samples after chronic cysteamine treatment were

analyzed by NMR-based metabolomics combined with multi-

variate statistics.36 A decrease of urine succinate, citric acid, and

serum acetoacetate, together with an increase of serum lactate,

suggests that chronic cysteamine supplementation results in

perturbation of rat energy metabolism. Metabolomics is

a powerful tool for investigating any disturbance in the normal

homeostasis of biochemical processes. In particular, urine

metabolomics provides information on the metabolite phenotype

of the human being and therefore is appropriate to study the

status of the global system. Jung et al. applied an NMR

metabolomics approach to investigate the altered metabolic

pattern in plasma and urine from patients with cerebral infarc-

tions and in order to identify metabolic biomarkers associated

with stroke.37 The plasma of stroke patients was characterized by

an increase in lactate, pyruvate, glycolate, and formate, and by

a decrease in glutamine and methanol; the urine of stroke

patients was characterized by decreased levels of citrate, hippu-

rate, and glycine. These detected biomarkers were associated

with anaerobic glycolysis and folic acid deficiency. It indicated

that magnetic resonance methodologies will be paramount in

future disease management. However, because of their sensitivity

and specificity, these techniques have been currently adequate for

use as diagnostic tools in individual patients. Thus, NMR has

been used for analysis of metabolites, including analysis of Alz-

heimer’s disease, prostate cancer, amino acids, nucleotides and

nucleosides, vitamins, thiols, carbohydrates and peptides.38,39
MS

MS is gaining increasing interest in high-throughput meta-

bolomics, often coupled with other techniques such as chroma-

tography-MS techniques. MS has been extensively developed in

the past few decades and holds a distinguished position in

qualification and separation science. Recent advances in MS-

based metabolomics have created the potential to measure the

levels of hundreds of metabolites that are the end products of

cellular regulatory processes. Due to its high sensitivity and wide

range of covered metabolites, MS has become the technique of

choice in many metabolomics studies. Its utility derives from its

wide dynamic range, reproducible quantitative analysis, and the

ability to analyze biofluids with extreme molecular complexity.40

The aims of developing MS for metabolomics range from

understanding the structural characterization of important

metabolites to biomarker discovery. MS can be used to analyse

biological samples either by direct-injection or following chro-

matographic separation. Recent developments and improve-

ments in mass accuracy have dramatically expanded the range of

metabolites that can be analysed by MS and have improved the

accuracy of compound identification. Direct-injection MS can

provide a very rapid technique for the analysis of a large number

of metabolites, and thus is extensively used for metabolic

fingerprinting. However, direct injection of biological samples

into MS has some drawbacks including co-suppression and low

ionization efficiencies. In this case, to avoid these problems and
Analyst, 2012, 137, 293–300 | 295
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to decrease the complexity of the sample mixture, MS is often

used as a key hyphenated technique in metabolomics.

Recent research has established MS as a key technique of

choice in metabolomics because of its high sensitivity and wide

range of covered metabolites. MS analytical tools within

metabolomics can profile the impact of time, stress, nutritional

status, and environmental perturbation on hundreds of meta-

bolites simultaneously resulting in massive, complex data sets in

a global or targeted manner. The high sensitivity and resolution

ofMS allows for the detection and quantification of thousands of

metabolites. Motivated by the success of MS in metabolomics,

the analytical community has initiated efforts towards MS-based

metabolomics to investigate metabolic biomarkers. MS-based

analysis of the metabolome facilitates the reconstruction of

metabolic networks, discovery and functional annotation of

biomarkers. Multiple analytical techniques, used in a comple-

mentary manner, are required to achieve high coverage of the

metabolome that is composed of a vast number of small-mole-

cule metabolites that exist over a wide dynamic range in bio-

logical samples.41,42 MS-based technologies are playing a central

role in metabolomics research and are widely available to

facilitate successful metabolomics studies.
GC-MS

The goal of metabolomics analysis is systematic understanding

of all metabolites in biological samples. Many useful platforms

have been developed to achieve this goal. Currently, as a core

analytical method for metabolomics, GC-MS has been used as

a platform in non-targeted analysis, especially for hydrophilic

metabolites.43 Generally, GC-MS-based metabolomics requires

a high-throughput technology to handle a large volume of

samples and accurate peak identification through the standard

retention times and mass spectra. GC-MS has been widely used

for metabolomics and can provide efficient and reproducible

analysis. For separation on the GC column, GC-MS requires

a derivatization reaction to create volatile compounds. Non-

volatile compounds are not derivatized and will not be detected

in the GC-MS analysis. This limits the applicability to meta-

bolomics. Using this approach, the volatile metabolites can be

directly separated and quantified by GC-MS, and it is also

possible to simultaneously profile several hundreds of

compounds including organic acids, most amino acids, sugars,

sugar alcohols, aromatic amines and fatty acids. For others,

chemical derivatization is required to make them amenable to

GC-MS analysis. Ma et al. explored the alteration of endogenous

metabolites and identified potential biomarkers using a meta-

bolomic approach with GC-MS in a rat model of estrogen-defi-

ciency-induced obesity.44 The series of potential biomarkers

identified in the present study provided fingerprints of rat

metabolomic changes during obesity and an overview of multiple

metabolic pathways during the progression of obesity involving

glucose metabolism, lipid metabolism, and amino acid metabo-

lism. Kuhara et al. devised a more rapid and accurate diagnosis

of citrin deficiency patients using the GC-MS urine meta-

bolome.45 The results show that, together with GC-MS, non-

invasive urine metabolomics provides a more reliable and rapid

chemical diagnosis of citrin deficiency.
296 | Analyst, 2012, 137, 293–300
CE-MS

CE-MS is a powerful and promising separation technique for

charged metabolites, offering high-analyte resolution, providing

information mainly on polar or ionic compounds in biological

fluids.46 CE-MS, as an analytical platform, has made significant

contributions in advancing metabolomics research. Meta-

bolomics is a rapidly emerging field of functional genomics

research whose aim is the comprehensive analysis of low

molecular weight metabolites in a biological sample. CE-MS

represents a promising hyphenated microseparation platform in

metabolomics, since the majority of primary metabolites are

intrinsically polar.47 Metabolites are first separated by CE based

on charge and size, and then selectively detected using MS by

monitoring ions over a large range of m/z values. CE-MS

provides numerous key advantages over other separation tech-

niques. One of the significant advantages of CE-MS is a short

analysis time and very small sample requirement with injection

volumes ranging from 1 to 20 nL. This feature makes CE-MS

a very promising analytical technique for high-throughput

metabolomics. Thus, CE-MS has been used for both targeted

and non-targeted analysis of metabolites, including analysis of

inorganic ions, organic acids, amino acids, nucleotides and

nucleosides, vitamins, thiols, carbohydrates and peptides.

Metabolome analysis of human HT29 colon cancer cells was

investigated.48 CE-MS analysis time was less than 20 min per

sample and allowed the simultaneous and reproducible analysis

of more than 80 metabolites in a single run with a minimum

consumption of sample and reagents. Using CE-MS, Sato et al.

analyzed the dynamic changes in the level of 56 basic metabolites

in plant foliage at hourly intervals over a 24 hr period.49 Adenine

nucleosides and nicotinamide coenzymes were regulated by

phosphorylation and dephosphorylation. It facilitates an

understanding of large-scale interactions among components in

biological systems. We conclude that CE-MS is a valid approach

for targeted profiling of metabolites.
LC-MS

The metabolome is the set of small molecular mass organic

compounds found in a given biological media. Metabolomics

refers to the untargeted quantitative or semi-quantitative anal-

ysis of the metabolome, and is a promising tool for biomarker

discovery. MS and chromatography have been extensively

developed in the past few decades and hold a distinguished

position in qualification and separation science. The advance-

ment of both HPLC and MS has contributed significantly to

metabolomics analysis. MS and HPLC are commonly used for

compound characterization and obtaining structural informa-

tion; in the field of metabolomics, these two analytical techniques

are often combined to characterize unknown endogenous or

exogenous metabolites present in complex biological samples.

With HPLC coupled to MS, there is no need to derivatize

compounds prior to analysis. HPLC separations are better suited

for the analysis of labile and nonvolatile polar and nonpolar

compounds in their native form. Recently, LC-MS techniques

have been developed employing a soft ionization approach,

making MS more robust for daily use. Furthermore, it should be

noted that LC-MS can provide a list of m/z values, retention
This journal is ª The Royal Society of Chemistry 2012
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times and an estimation of relative abundances of identified

metabolites that are not actually identified. Overall, high-reso-

lution and reproducible LC-MS measurement sets up the basis

for subsequent data processing and multivariate data analysis.

Large-scale metabolomic technologies based on LC-MS are

increasingly gaining attention for their use in the diagnosis of

human disease.50 Development of robust, sensitive, and repro-

ducible diagnostic tests for understanding diseases is a worldwide

control program. Due to its sensitivity and quantitative repro-

ducibility, LC-MS based metabolomics is a powerful approach

to this problem. An LC-MS metabolomics-based diagnostic

provides an essential tool and has the potential to monitor the

progression of onchocerciasis.51 LC-MS based nontargeted

metabolomics has been thoroughly tested, validated, and applied

to screen/identify and validate novel metabolic biomarkers for

epithelial ovarian cancer; six key-metabolites were considered as

potential biomarker candidates, ready for early stage detection.52

In a study, an LC-MS method was successfully applied for

metabolomic analysis of hydrophilic metabolites in a wide range

of biological samples.53 Classification separation for metabolites

from different tissues was globally analyzed by PCA, PLS-DA

and HCA biostatistical methods. As a result, a total of 112

hydrophilic metabolites were detected within 8 min of running

time to obtain a metabolite profile of the biological samples.

Recently, an LC-MS method for targeted multiple reaction

monitoring has become a useful tool for the analysis of hundreds

of polar metabolites in a complex sample.54 Targeted bile acid

analysis using LC-MS metabolomics demonstrated increased

levels of conjugated or unconjugated bile acids and may allow

the distinction of different types of hepatobiliary toxicity.55
UPLC-MS

UPLC-MS technology is a powerful technique in biomolecular

research and can also be used to quantify the activity of signal-

ling and metabolic pathways in a multiplex and comprehensive

manner. The recent introduction of UPLC, employing porous

particles with internal diameters smaller than 2 mm, in conjuction

with MS, results in higher peak capacity, enhanced specificity

and high-throughput capabilities compared to conventional

HPLC columns, therefore making it even more suitable for

a metabolomics approach. Because the optimum linear velocity

has a broader range, UPLC also allows a more rapid analysis

without loss of resolution. The combination of UPLC with MS

detection covers a number of polar metabolites and thus enlarges

the number of detected analytes. In view of the recent develop-

ments in the separation sciences, the advent of UPLC and MS

based technology has shown ever improving resolution of

metabolite species and precision of mass measurements. Q-TOF-

MS is coupled with UPLC for the analysis and identification of

trace components in complex mixtures, as a powerful means to

make accurate mass measurement levels of less than 5 ppm, with

effective resolution. Given the power of the technology, the

UPLC-MS technique represents a promising hyphenated

microseparation platform in metabolomics, since the majority of

primary metabolites are intrinsically polar. Recently, this tech-

nology has rapidly been accepted by the analytical community

and hyphenated UPLC-MS has been used for coupling to MS in
This journal is ª The Royal Society of Chemistry 2012
metabolomic studies to provide a complementary tool widely

applied to various fields.

Metabolomics follows the changes in concentrations of

endogenous metabolites, which may reflect various disease states

as well as systemic responses to environmental, therapeutic, or

genetic interventions. To investigate the effect of acupuncture on

acute gouty arthritis and search for its mechanism, a meta-

bolomic method was developed and endogenous metabolites

were analyzed.56,57 The plasma samples, when injected onto

a reverse-phase 50 � 2.1 mm Acquity 1.7-mm C18 column using

a UPLC coupled with Q-TOF-MS in positive and negative

modes, yielded a data matrix with a total of 2600 features,

showing the power of this technology. It indicates that UPLC-

MS-based metabolomics can be used as a potential tool for the

investigation of the biological effect of acupuncture on acute

gouty arthritis. Chaihu-Shu-Gan-San (CSGS), a traditional

Chinese medicine (TCM) formula, has been effectively used for

the treatment of depression in the clinic.58 Metabolomics based

on UPLC-Q-TOF-MS was used to profile the metabolic finger-

prints of urine obtained from a chronic variable stress induced

depression model in rats with and without CSGS treatment. This

study showed that the urinary UPLC-QTOF-MS approach was

a powerful tool to study the efficacy and mechanism of complex

TCM prescriptions. A urinary metabolomics method based on

UPLC-MS was developed to study characteristics of ‘Kidney-

Yang Deficiency syndrome’ and the therapeutic effects of

Rhizoma Drynariae.59 The biochemical changes are related to the

disturbance in energy metabolism, amino acid metabolism and

gut microflora, which are helpful to further understand ‘Kidney-

Yang Deficiency syndrome’ and the therapeutic mechanism of

Rhizoma Drynariae. UPLC-MS-based analytical methods were

used to pathophysiologically characterize cholestasis.60 More

than 250 metabolites were detected in both plasma and urine.

UPLC has been used for assessing the holistic efficacy and

synergistic effects of TCM,61–64 for analyzing toxicity,65,66 severe

childhood pneumonia,67 nonalcoholic fatty liver disease,68 dia-

betes,69–71 colorectal carcinoma72 and Alzheimer’s disease,73 and

for nutritional studies.74
Comprehensive analytical technologies

Metabolomics technology is nowadays widely applied in the field

of biology and pharmacy. The integration of MS, NMR, and

other modern analytical techniques have accelerated the study of

metabolomics. In the field of metabolomics, hundreds of metab-

olites are measured simultaneously by analytical platforms such

as GC-MS, LC-MS, NMR, 2-D-GCxGC and 2-D-GCxGC-

TOF-MS, andMALDI-FTICR-MS toobtain their concentration

levels in a reliable way. Comprehensive 2-D-GCxGC-MS is

a powerful technique which has gained increasing attention over

the last two decades, and can provide greatly increased separation

capacity, chemical selectivity and sensitivity for complex sample

analysis, bringing more accurate information about compound

retention times and mass spectra.75 For the data acquisition

platform, NMR, GC-MS and LC-MS are the prevalent tech-

niques, although at present none of them are perfect techniques

that can meet with the requirement of metabolomics to measure

all metabolites. Multi-analysis techniques can partially overcome

the shortcomings of single-analysis techniques.NMRandLC-MS
Analyst, 2012, 137, 293–300 | 297
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based metabolomics has great potential for the discovery of

biomarkers for diseases.76 Several safety biomarker candidates

were discovered as a result of global metabolic profiling using LC-

MSwith multivariate data analysis, and they were also confirmed

by targeted metabolic profiling using GC-MS and CE-MS.77 An

integrated ionization approach of electrospray ionization (ESI),

atmospheric pressure chemical ionization (APCI), and atmo-

spheric pressure photoionization (APPI) combined with rapid

resolution LC-MS has been developed for performing global

metabolomic analysis on complex biological samples.78 This

proposed approach provided amore comprehensive picture of the

metabolic changes and further verified identical biomarkers that

were obtained simultaneously using different ionizationmethods.

Comprehensive analytical technologies are rapidly becoming

a cornerstone of modern life sciences. Two-dimensional

GCxGC-MS brings much increased separation capacity,

chemical selectivity and sensitivity for metabolomics and

provides more accurate information about metabolite retention

times and mass spectra.79 Global metabolome coverage of

Caenorhabditis elegans, which is widely used as a model organism

in many areas of the life sciences, was evaluated by cross-plat-

form combinations by GC-MS, NMR and UPLC/MS.80 These

technologies have proven highly informative for the global

analysis of metabolites, providing a powerful approach to study

small molecules in order to better understand the implications

and subtle perturbations.81 Targeted and non-targeted NMR,

GC-MS and LC-MS methods have identified and quantified

4229 metabolites in the human serum metabolome.82 GC-MS

and LC-MS were integrated to approximate the comprehensive

metabolic signature of the malnutrition rat model and to

discover differentiating metabolites.83 Key metabolites indicated

the alterations were associated with perturbations in energy

metabolism, carbohydrate, amino acid, and fatty acid metabo-

lism, purine metabolism, cofactor and vitamin metabolism, in

response to protein and energy malnutrition. These findings

showed the integration of GC-MS and LC-MS techniques for

untargeted metabolic profiling analysis was promising for

nutriology. A combined UPLC-MS and GCxGC-TOF approach

could be used to investigate the pathophysiology of irritable

bowel syndrome (IBS) by comparing the global mucosal meta-

bolic profiles of IBS patients with those of healthy controls.84 An

LC-MS-NMR innovation platform is demonstrated for the

identification of unknown compounds found at low concentra-

tions in complex sample matrixes, providing several-fold higher

sample efficiency than conventional flow injection methods.85

UPLC-MS and GC-MS has aided the identification of a number

of biomarkers that have been shown to be both dose- and time-

dependent.86 Systematic untargeted metabolite profiling

combined GC-MS and UPLC coupled to FT-ICR-MS (LC-FT-

MS) analyse biodiversity on the performance of individual plant

species.87 It revealed 139 significantly changed metabolites (30 by

GC-MS and 109 by LC-FT-MS). Taken together, metabolite

profiling based GC-MS and LC-FT-MS is a strong diagnostic

tool to assess individual metabolic phenotypes in response to

plant diversity and ecophysiological adjustment. A novel finding

from the hydrophilic interaction ultra performance liquid chro-

matography (HILIC-UPLC-MS) approach was investigated for

the global metabolic profiling of rat urine samples generated in

an experimental hepatotoxicity study of galactosamine and the
298 | Analyst, 2012, 137, 293–300
concomitant investigation of the protective effect of glycine.88

The multiple metabolomics platforms and technologies allowed

us to substantially enhance the level of metabolome coverage

while critically assessing the relative strengths and weaknesses of

these platforms or technologies.89–91
Other technologies

The metabolome is characterized by a large number of molecules

exhibiting a high diversity of chemical structures and abun-

dances, requiring analytical platforms to reach its extensive

coverage. Although NMR, GC-MS, LC-MS and UPLC-MS are

most often used for large-scale analysis, metabolomics is not

limited to these techniques. Other alternatives include thin-layer

chromatography, HPLC with UV/visible absorbance, photo-

diode array or electrochemical detectors, FT-IR, MALDI-

FTICR-MS and a variety of other enzymatic assays. Combined

use of multiple techniques or multiple detectors in online or

parallel analysis can significantly increase the metabolite

coverage and quantification limits and improve identification of

metabolites from a single biological sample. The metabolome is

characterized by a large number of molecules exhibiting a high

diversity of chemical structures and abundances, requiring

complementary analytical platforms for extensive coverage. Of

these analytical platforms, FT-MS instruments are popular

because they provide accurate mass measurements with ppm and

even sub-ppm errors, and also high and ultra-high resolving

power.92 MALDI-MS is an emerging analytical tool for the

analysis of small molecules with molar masses below 1000 Da.

This technique offers rapid analysis, high sensitivity, low sample

consumption, a relative high tolerance towards salts and buffers,

and the possibility to store samples on the target plate.93 FTICR-

MS has the potential to be a powerful new technique for high-

throughput metabolomic analysis. For example, Han and

colleagues examined the properties of an FTICR-MS for the

identification and quantitation of human plasma metabolites

(>400), and for untargeted metabolic fingerprinting.94The results

demonstrated that FTICR-MS is well-suited to high-throughput

metabolomic analysis. API/MS-based technologies, especially

those using electrospray ionization, are now very popular.95

HILIC, although not a new technique, has enjoyed a recent

renaissance with the introduction of robust and reproducible

stationary phases.96 It is consequently finding application in

metabolomics studies, which have traditionally relied on the

stability of reversed phases, since the biofluids analyzed are

predominantly aqueous and thus contain many polar analytes.

HILIC’s retention of those polar compounds and use of solvents

readily compatible with MS have seen its increasing adoption in

studies of complex aqueous metabolomes.
Conclusion and future perspectives

Analysis of the metabolome with coverage of all of the possible

detectable components in the sample, rather than analysis of

each individual metabolite at a given time, can be accomplished

by metabolic analysis.97,98 Targeted and/or nontargeted

approaches are applied as needed for particular experiments.

Monitoring hundreds or more metabolites at a given time

requires high-throughput and high-end techniques that enable
This journal is ª The Royal Society of Chemistry 2012
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screening for relative changes in, rather than absolute concen-

trations of, compounds within a wide dynamic range. Most of

the analytical techniques useful for these purposes use GC or

HPLC/UPLC separation modules coupled to a fast and accurate

MS. Discovery and validation of biomarkers are exciting and

promising opportunities offered by metabolic analysis applied to

biological and biomedical experiments. We have demonstrated

that integrated techniques (i.e.GC-TOF-MS, HPLC/UPLC-RP-

MS and HILIC-LC-MS) used for metabolic analysis offer

sufficient metabolome mapping, providing researchers with

confident data for subsequent multivariate analysis and data

mining. This review highlights the importance and benefit of the

role of integrated tools in metabolomic research. The recent

rapid development of a range of integrated analytical platforms

in metabolomics is an ideal strategy and will provide sensitive

and reproducible detection of thousands of metabolites in

a biofluid sample, accelerating integration of metabolomics into

systems biology.
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