
Isotope Enhanced Approaches in Metabolomics

G. A. Nagana Gowda, N. Shanaiah, and Daniel Raftery
Mitochondria and Metabolism Center, Department of Anesthesiology and Pain Medicine, 
University of Washington, Seattle WA 98109, USA

Abstract

The rapidly growing area of “metabolomics,” in which a large number of metabolites from body 

fluids, cells or tissue are detected quantitatively, in a single step, promises immense potential for a 

number of disciplines including early disease diagnosis, therapy monitoring, systems biology, 

drug discovery and nutritional science. Because of its ability detect a large number of metabolites 

in intact biological samples reproducibly and quantitatively, nuclear magnetic resonance (NMR) 

spectroscopy has emerged as one of the most powerful analytical techniques in metabolomics. 

NMR spectroscopy of biological samples with isotope labeling of metabolites using nuclei such 

as 2H, 13C, 15N and 31P, either in vivo or ex vivo, has dramatically improved our ability to identify 

low concentrated metabolites and trace important metabolic pathways. Considering the somewhat 

limited sensitivity of NMR and high complexity of the spectra of biological samples, increased 

sensitivity and selectivity achieved through isotope labeling methods pave novel avenues to 

unravel biological complexity and understand cellular functions in health and various disease 

conditions. This chapter describes the current developments in isotope labeling of metabolites in 

vivo as well as ex vivo, and their potential metabolomics applications.

2. Metabolomics

Metabolomics, also sometimes referred to as metabonomics or metabolic profiling, is 

defined as “the quantitative measurement of the dynamic multiparametric metabolic 

response of living systems to pathophysiological stimuli or genetic modifications” [1]. In 

metabolomics, a large number of small-molecule metabolites (typically less than 1000 Da) 

from body fluids, cells or tissue samples are detected quantitatively in a single step, and then 

analyzed typically with multivariate statistical methods to yield information that is essential 

for systems biology, drug discovery, toxicology, food and nutrition sciences and other 

studies. Metabolites in biological systems represent the end products of genes, transcripts 

and proteins functions, and therefore the study of concentrations and fluxes of such 

metabolites provides extremely important information for understanding the composition 

and function of biochemical networks. Hence, metabolomics may lead to solutions to many 

important questions related to human disease diagnosis, prognosis and therapeutic 

development [2-8].

The importance of metabolomics for biomarker discovery stems from the fact that a modest 

change in enzyme activity can cause substantial perturbations in the metabolic profile; 

identification of such perturbations represents a sensitive measure of the onset of many 

diseases. In addition, metabolomics enables the establishment of biological variation among 

individuals, and understanding such variations is important for achieving the goal of 
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‘personalized medicine’, which represents a new treatment procedure tailored to the 

individual's needs. In principle, this personalized approach could be based on the metabolic 

fingerprint of the patient [9]. A major advantage of the metabolomics approach over other 

related ‘omic’ areas such as genomics, transcriptomics and proteomics is its association with 

high throughput measurements, both quantitatively and reproducibly, using non-invasive or 

minimally invasive approaches, and its minimal requirements regarding sample preparation 

procedures. Several hundreds of metabolites can be characterized in parallel using modern 

analytical techniques such as high-resolution NMR spectroscopy, mass spectrometry (MS), 

or even Fourier transform infrared spectroscopy (FTIR) and electrochemical detection 

arrays, that provide efficient methods for monitoring altered biochemistry. However, 

because of the wealth of information they provide, the primary analytical methods that have 

been widely employed in the field of metabolomics are NMR, which we focus in this 

chapter, and MS. After a brief review of standard NMR methods used in metabolmics, we 

focus on isotope enhanced methods.

2.1 NMR spectroscopy in metabolomics

NMR spectroscopy is advantageous for metabolomics studies because it requires little or no 

sample preparation; is rapid, non-destructive, and non-invasive; and provides highly 

reproducible and easily quantifiable data. Moreover, NMR spectra can be reliably assigned 

to specific metabolic species, based on their chemical shifts and multiplet patterns; thus, 

NMR provides a wealth of information on the identity and quantity of a large number of 

metabolites in parallel from a single experiment [7, 10-13]. Independent of molecular 

identity, a particular type of nuclei (1H, 2H, 13C, 15N, 31P, etc.) are detected at the same 

sensitivity in one NMR experiment, and the absolute quantification of different metabolites 

can therefore be measured with a single internal or external standard. With advanced high-

throughput NMR methodology, up to 200 samples can be measured within a day with the 

assistance of flow-injection probes and automated liquid handlers [7].

2.2 Biological samples used in metabolomics

To date, blood serum/plasma and urine are the most studied biofluids in the area of 

metabolomics. This is because they both contain hundreds to thousands of detectable 

metabolites and can be obtained minimally or non-invasively. Blood maintains a normal 

homeostasis in the human body by constant regulatory mechanisms. It perfuses all living 

cells and hence is presumed to carry vital information on virtually every cell in the human 

body. Hence metabolic profiling of blood serum or plasma enables global visualization of 

the metabolic status. The NMR spectrum of blood serum/plasma includes both narrow lines 

from small-molecule metabolites and broad lines from macromolecules such as proteins and 

lipids. A variety of spectral editing methods are often used to suppress the macromolecular 

components effectively and detect the small molecules selectively. Because of the relatively 

low concentrations of proteins and high concentrations of low molecular weight metabolites 

in urine, metabolomics study of urine is relatively simple in terms of the sample preparation 

and the NMR experiments. However, a major problem with urine results from its high salt 

concentration and varying pH across a sample set. In addition, variability in concentration 

due to dilution effects leads to spectra with significantly different integrated intensities 

(although normalization can compensate for this effect). Metabolic profiling of urine is 
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particularly useful for studying organ toxicity and drug metabolism in animal models using a 

variety of drugs or toxins [14, 15]. Other fluids such as cerebrospinal fluid, bile, seminal 

fluid, amniotic fluid, synovial fluid, gut aspirate, and saliva have also been studied [16-20]. 

Studies have also involved intact tissues and its lipid and aqueous extracts [21]. Metabolic 

studies of cells including yeast [22], bacterium, tumor cells, and tissue spheroids have also 

been reported [23, 24]. Specifically, metabolic profiling of intact tissue has gained increased 

interest for understanding the molecular basis of diseases [25-27]. This is because, 

biomarkers due to pathophysiological stress are considered to be highly concentrated in the 

tissue due to their close association with the pathological source, such as tumors. The rich 

metabolic profile of tissue is thought to be particularly useful for guiding the detection of 

biomarkers in relatively easily accessible biofluids. The latest technological advancements 

in NMR have reduced the required sample quantity to a few mg such that even the biopsy 

tissue is sufficient to obtain good-quality NMR spectra with resolution that is often 

comparable to solution-state spectra. Detailed procedures to collect, store, and prepare 

biofluids or tissue samples for NMR analysis have been provided as guidelines for 

metabolomics applications [28, 29].

2.3 NMR experiments used in metabolomics

2.3.1 Common NMR experiments—A variety of NMR experiments are used to analyze 

complex samples such as biofluids, tissue and cells. 1D NOESY (nuclear Overhauser 

enhancement spectroscopy) and CPMG (Carr-Purcell-Meiboom-Gill) are the two most 

commonly used experiments. The 1D NOESY is particularly useful for samples with 

inherently narrow line shapes such as urine, while the CPMG experiment is often used for 

samples such as blood serum/plasma to suppress the broad background signals from 

macromolecules such as proteins and lipids. Since these signals are generally not of interest, 

the CPMG sequence [7, 30] attenuates them and improves the signal-to-noise ratio (SNR) of 

spectra of small-molecule metabolites. The number of spin echoes and the delay time 

between the pulses are critical for effective suppression of the broad signals without 

appreciably losing the sensitivity for the metabolites of interest. Alternatively, based on the 

large difference between the diffusion coefficients of small and macro molecules, their 

signals can be separated using diffusion ordered spectroscopy (DOSY) experiment. DOSY 

provides an alternative method for profiling small molecule metabolites by eliminating the 

signals of macromolecules [31-33].

Water signal suppression is common to most NMR experiments in metabolomics since most 

biological samples comprise water abundantly. A variety of water suppression sequences 

including the one pulse sequence with presaturation, presaturation utilizing relaxation 

gradients and echoes (PURGE), excitation sculpting and the combinations of gradient and 

weak rf pulses such as the WET sequence, have been developed and used [31, 34-36]. 

However, the most commonly used and simplest sequence uses presaturation that involves a 

continuous low-power irradiation at the water resonance position (∼ 4.8 ppm) during a 

relaxation delay of usually a few seconds [37]. Incorporation of the presaturation pulse into 

the 1D NOESY sequence is useful to obtain flat and undistorted baseline for the NMR 

spectrum.
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2.3.2 Other NMR experiments—1D 1H NMR spectra obtained using common pulse 

sequences such as NOESY or CPMG with water suppression are generally complex with 

analyte signal intensities ranging over three orders of magnitude. In a typical 1H NMR 

spectrum, most signals are crowded into a region of ∼10 ppm and the resulting spectral 

overlap impedes identification and quantification of certain metabolites of interest. 

Alternative methods have been used to overcome such limitations.

2.3.2.1 Selective TOCSY: The 1D selective TOCSY (total correlation spectroscopy) 

methodology was explored for the analysis of metabolites in biofluids and was shown to 

detect metabolites quantitatively, even at concentrations much lower than those of the major 

components [38-40]. In a 1D selective TOCSY experiment, protons signals of interest are 

selectively excited by a shaped soft pulse; the magnetization is then transferred to all 

sequentially coupled spin system through J-couplings. This targeted approach suppresses 

unwanted and intense signals from other molecules significantly, and thus alleviates any 

dynamic-range problem and enables detection of molecules at low concentrations.

2.3.2.2 2D NMR: 2D NMR experiments improve spectral resolution and information 

content compared to 1D NMR, which can be very helpful for identifying unknown 

metabolites. Extensive use of such experiments has been limited, however, due to their 

longer acquisition times, larger data sizes and increased complexity in data analysis. 

Nevertheless, due to increased interest in unraveling the complexity of biological samples, 

the use of two-dimensional NMR methods is on the rise [11, 31, 41-48]. Commonly used 2D 

NMR experiments include 2D J-resolved spectroscopy, correlation spectroscopy (COSY), 

total correlation spectroscopy (TOCSY), heteronuclear single quantum coherence 

spectroscopy (HSQC), and heteronuclear multiple bond correlation spectroscopy (HMQC). 

2D J-resolved spectroscopy separates the chemical shifts and spin-spin couplings (J-

coupling) along two frequency axes [46, 49]. The projection of this experiment is a 

simplified 1D spectrum; the simplification is achieved by removing the multiplicity 

associated with J-couplings and retaining only the chemical shift information.

2.3.2.3 Chromatography resolved NMR spectroscopy: There is a growing interest to 

couple NMR with high pressure liquid chromatography (HPLC). This combination offers 

access to low-concentration metabolites and hence promises numerous possibilities for 

metabolomics applications. One area that has highly benefited from this approach is 

pharmaceutical research and development [50]. Reverse phase columns commonly used in 

HPLC suffer from poor chromatographic resolution and long elution times (≥30 min each 

run). Recent developments in hydrophilic interaction liquid chromatography (HILIC) 

columns promise significant improvement in the separation of polar metabolites [51]. 

Moreover, developments in ultrahigh pressure liquid chromatography (UPLC) have enabled 

significant improvements in chromatographic resolution, reductions in separation time and 

enhancement in detection limits (by 3-5 folds) [52].

2.4 Advanced NMR methods

The inherently low sensitivity of NMR poses a major challenge for identifying low 

concentration metabolites in complex biological samples. Numerous efforts have been 
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focused on improving the resolution and sensitivity to alleviate the limitations of NMR. 

Strong magnets and cryogenic probes have significantly lowered the NMR detection limit 

[53]. The use of cryogenic probes can significantly reduce the level of thermal noise 

resulting in an increase in the signal-to-noise ratio, typically by fourfold. In addition, 

advancements in micro-coil probe technology has shown that small-diameter detection coils 

have better signal-to-noise ratios and are particularly useful for mass limiting samples 

[54-56]. While saddle coils are widely used in conventional NMR, metabolomics 

applications are shown to benefit from solenoidal micro-coils because solenoidal coil 

enhances sensitivity by factor of 2-3 fold [55, 56]. Using isolated molecules, such coils have 

been demonstrated to significantly lower the sample volume as well as the mass detection 

limit. More recently, a variety of micro-coil probes with different sample volumes and 

multiple coils have been designed and constructed, which are potentially useful for profiling 

metabolites in biofluids with limited sample quantities [57-60].

3. Isotope labeling

While the standard and advanced methods discussed above have benefited the field of 

metabolomics, stable isotope labeling methods provide numerous capabilities and potential 

to take NMR-based metabolomics to a new level. Both NMR and MS based methods use 

isotope labeling for applications that include metabolites flux analysis, identification and 

quantitation of low concentration metabolites in complex biological samples. The unique 

advantage of using isotope enhanced NMR for metabolomics is that it enables tracing of 

biochemical pathways and the derivation of metabolic fluxes accurately in animal and 

human subjects. It allows unraveling interconnectivity of pathways and provides vital clues 

to disease mechanisms. Moreover, the isotope labeling approach, ex vivo, enables detection 

of a large number of (nearly 200) metabolites with improved resolution and sensitivity, 

which is unprecedented from NMR point of view. The use of mixtures of metabolites 

containing light and heavy isotopes is a popular method currently for relative and absolute 

quantitation of metabolites using MS methods [61-64], while the addition of isotope labeled 

internal standards has been used for MS quantitation for decades. Broadly, isotope labeling 

methods in NMR-based metabolomics are used in two major applications. One area focuses 

on metabolic pathway and flux analysis, and the other provides enhancement of resolution 

and sensitivity for complex mixture analysis.

3.1 In vivo isotope labeling for metabolic pathway and flux analysis

Metabolic pathway and flux analysis have significantly evolved as a consequence of the 

combination of stable isotopes and sensitive detection using advanced analytical methods. 

Flux analysis allows a detailed understanding of metabolic pathways, enables quantification 

of all intracellular metabolite levels and determination of the rates at which metabolites are 

produced or consumed. Although both NMR and MS methods are used in metabolic flux 

analysis, NMR is especially powerful as it allows both identification and quantification of 

metabolites in intact biological samples, and determination of positional isotopomer 

distributions derived from precursors enriched with the stable isotopes [65-69] (Figure 1).

Metabolite concentrations within a cell are controlled by regulation through homeostasis and 

a large number of metabolites are associated with many metabolic pathways. Hence global 
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analysis of such metabolites does not enable a clear understanding of the biosynthesis of 

metabolites. For example, pyruvate can be obtained from several precursors and it is itself a 

precursor of many other metabolites [70-74]. Changes in pyruvate's concentration can 

therefore be due to any or all perturbations in such pathways. Similarly, lactate is secreted at 

a very high rate in cancer cells and accounts for significant fraction of the glucose consumed 

by these cells [73]. However, the total lactate concentration represents both the amount of 

glycolysis as well as amino acid oxidation. Therefore, it is not possible to quantify the 

contributions of different pathways based on the total concentrations of pyruvate or lactate.

The cells supplied with 13C-labeled glucose enable measurements of the labeled glucose 

consumption as well as the concentrations of the fractions of the metabolites produced from 

labeled glucose. Thus, for lactate, two forms - one containing 12C at the methyl position and 

the other containing 13C derived solely from the glycolysis of 13C labeled glucose- can be 

clearly seen in the NMR spectra [75, 76]. In the same way, a number of additional labeled 

metabolites can be used to quantitatively measure their rate of consumption as well as the 

fractions of the labeled metabolites produced. A number of stable isotopes such as 2H, 13C 

and 15N can be incorporated as tracers and the formed metabolites can be detected through 

their isotopically enriched nuclei. Stable isotopes used in these studies are biocompatible 

and are easily distinguished from highly abundant natural isotopes using NMR 

spectroscopy; thus they facilitate distinguishing the same metabolite derived from multiple 

pathways, and identification and measurement of the contributions of specific pathways 

involved in the biosynthesis of specific metabolites.

To date, stable isotope based metabolomics methods are used for a number of applications 

including studies of cancer using cells, animal models and even human subjects [65-68, 77, 

78]. These methods have also been applied to other higher organisms and plants [44, 79]. 

Cell studies are particularly important as they provide the means for understanding 

metabolic pathways under controlled conditions. On the other hand, studies using animal 

models enable understanding pathogenesis in more realistic tissues that are still under 

controlled conditions. Mouse models, for example, can provide reasonable (though not 

perfect) surrogates for human diseases. The knowledge gained from the studies of cells and 

animal models can then be translated to understanding diseases directly using humans [65, 

67, 80, 81].

Mammalian cells depend on the catabolism of glucose and glutamine for their viability and 

growth [82, 83]. While it is well known that many cancer cell lines depend on high rates of 

glucose uptake and metabolism to maintain their viability, it has only recently been observed 

that high rates glutamine metabolism are also exhibited by some cancer cells. In 2007, it was 

shown that the high rates at which the glioma cells uptake and metabolize glutamine exceed 

the cells' use of glutamine for protein and nucleotide biosynthesis [74]. Subsequently, based 

on the identification of the downstream products of 13C isotope labeled glutamine using 

NMR, oncogenes known to contribute to the malignant transformation of the cells were 

tested for the ability to induce glutaminolysis [84]. Results of this study show that the 

transcriptional regulatory oncogene Myc is involved in the catabolism of glutamine leading 

to glutamine addiction of the tumor cells to provide needed energy via the TCA cycle. It is 

thought that Myc binds to promoters and induces expression of many key regulatory genes 
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that are associated with the glutamine catabolism. These studies promise a number of 

enzymatic targets through which the growth of Myc-transformed tumor cells can be 

prevented.

Numerous investigations are focused on improving isotope labeled approaches for 

metabolomics applications. For example, many studies have used a combination of isotopes 

such as 2H and 13C to trace pathways and analyze fluxes in humans and animal models 

[85-89]. The advantage of such an approach is that it allows the use of multiple isotope 

tracers, which enable investigations of multiple pathways such as glycolysis gluconeogensis 

and tricarboxylic acid cycle, simultaneously. Investigations of pathways using non-invasive 

approaches, using urine samples for example, are shown to be useful in metabolic studies of 

populations where sampling of blood and tissue is limited [90]. Dynamic nuclear 

polarization of isotope labeled nuclei is shown to provide an additional advantage of 

improved sensitivity of nearly 4 orders of magnitude and enable real-time assessment of 

metabolic pathways [91, 92].

For flux analysis using cancer or control cells, the cells are typically grown in media 

containing isotope labeled substrates such as [U-13C]-glucose or [U-13C]-glutamine that 

serve as source of tracers. For studies using mice, isotope labeled substrates are often 

injected through a tail vein; and for studies using humans, stable isotope labeled tracers such 

as [U-13C]-glucose, 2H2O or [U-13C]-propionate, that are fully compatible with human 

experimentation are injected intravenously into recruited patients prior to surgical resection 

or ingested. Isotope enriched metabolites in the resulting cells or animal/human tissue are 

then extracted and subjected to quantitative analysis using NMR methods.

Numerous isotope edited 2D NMR experiments have been used to identify and quantify 

specific isotopomers. These include 1H-13C HSQC, HSQC-TOCSY, HCCH-TOCSY, 

HACACO, 1H-31P HSQC-TOCSY, 1H-15N HSQC-TOCSY and 1H-1H TOCSY [69, 74]. Of 

these, the 2D HSQC experiment is the most often used and is a highly valuable method for 

identifying essentially all of the metabolites containing isotope tracers with good resolution 

and sensitivity. To aid identification of metabolites, a database of over 1000 1H and 13C 

chemical shifts corresponding to nearly 150 metabolites has been developed under identical 

conditions [44]. A large number of metabolites peaks in cell extracts have been identified 

using the combination of 2D NMR and metabolite databases (Figure 2). More recently, a 

new pulse sequence, isotope edited total correlation spectroscopy (ITOCSY), that filters 

two-dimensional 1H-1H NMR spectra from 12C-and 13C-containing molecules into separate 

and quantitatively equivalent spectra has been proposed for metabolic flux analysis [93]. 

The ITOCSY spectra of labeled and unlabeled molecules are directly comparable, and it 

effectively separates signals from labeled and unlabeled molecules (Figure 3).

Ex vivo isotope labeling for metabolites analysis

The complexity and spectral overlap apparent in NMR spectra of biofluids remain 

significant obstacles to the identification and quantification of a large number of 

metabolites. Eukaryotic organisms possess more than 3000 metabolites with very diversified 

molecular structures and physical/chemical properties [94]. The quantitative determination 

of this magnitude of compounds in a single analysis remains out of reach for current 
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technologies. Only a small fraction of the metabolites can currently be accurately and 

precisely detected. The information derived from this small sampling of metabolites is 

insufficient to reveal enough biochemical detail. To circumvent this problem, targeted 

profiling has shown to be a powerful approach for better understanding the metabolome in 

complex biological systems. As every metabolite contains at least one chemical functional 

group, the use of chemoselective tags can reduce the molecular complexity of the samples 

and potentially improve the detection of low-concentration metabolites by reducing the 

contribution of less interesting chemical signals.

Stable isotope tagging of metabolites in biofluids ex vivo using MS methods has found 

widespread applications for the identification as well as quantitation of metabolites [61-64]. 

The approach used for ex vivo isotope labeling for the NMR analysis of metabolites is 

shown in Figure 4. To date, stable isotopes such as 13C and 15N and abundant heteronuclei 

such as 31P have been used to tag metabolites with specific functional groups and thereby 

significantly enhance the resolution and sensitivity of the NMR experiments [95-99].

3.2.1 13C isotope labeling—13C NMR can potentially serve as a useful alternative to 1H 

NMR for identifying and quantifying metabolites [100]. The combination of the larger 

chemical shift range of 13C and NMR experiments such as 2D 1H-13C HSQC significantly 

reduces spectral complexity by spreading the peaks in a two-dimensional plane. Recently 

constant time experiments have been developed to enable improved quantitation from 

HSQC type experiments [101, 102]. However, the low natural abundance of 13C results in 

unacceptably long data acquisition times to compensate for the poor sensitivity. Hence, 

despite the improved resolution offered by 13C NMR, it is impractical to use experiments 

involving 13C at natural abundance for routine metabolomics applications unless 

concentrations are very high [11].

In contrast, isotope tagging of metabolites with the amine functional group using a 13C 

isotope labeled tagging molecule significantly improves both the resolution and sensitivity 

of NMR methods for metabolite analysis [95, 96]. Tagging a specific functional group 

using 13C enables selection of only a particular class of molecules, and using 1H-13C HSQC 

contributes to a significant simplification of the 2D spectrum. 13C labeling using an 

acetylation reaction provides a useful approach for the analysis of the amine class of 

metabolites in complex mixtures [95]. The acetylation reaction is performed using 1,1′-13C2 

acetic anhydride followed by 1D 13C or 1H-13C HSQC experiments to obtain a spectrum 

enhanced in both resolution and sensitivity. Typically, the pH of aqueous solutions of the 

biofluids samples are set to 8.0, to which 1, 1′-13C2 acetic anhydride is added while stirring 

at room temperature. The pH of the reaction medium is maintained at 8.0 by addition of a 1 

M NaOH solution at regular intervals. The resulting mixture containing 13C labeled 

metabolites is then used for NMR analysis. Important aspects of this labeling approach are 

that it is facile, quantitative, and can be carried out directly in aqueous solution at ambient 

temperature. This is especially attractive for the analysis of complex mixtures such as urine, 

serum or other bio-fluids on a large set of samples.

More recently the performance of 13C isotope enhanced amino metabolites profiling was 

improved by using 13C-formic acid as the isotope tag [97, 99]. In the 13C-formylated 
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metabolite, the short, one-bond distance between the labeled 13C and its closest 1H produces 

a large J-coupling, which facilitates efficient transfer of polarization between 1H and 13C in 

HSQC experiments. In particular, the J-coupling of 200 Hz allows for a short 2.5 ms INEPT 

transfer delay compared to the 83 ms delay, due to the small J-coupling of 6 Hz, which was 

used for acetic anhydride tagging. For the 13C-formic acid tagging, 13C-formic acid and N-

hydroxysuccinimide are dissolved in tetrahydrofuran; N, N-dicyclohexylcarbodiimide in 

tetrahydrofuran is then added to the mixture. After the reaction, the supernatant 

containing 13C-N-formyloxysuccinimide is separated and added to the biofluid sample along 

with an aqueous solution of NaHCO3. The mixture is then stirred at room temperature, dried 

under vacuum and dispersed in D2O. This solution is then used for NMR analysis after 

adjusting the pH to 7.0. Alternatively, 13C-N-formyloxysuccinimide can be purified by 

recrystallization in ethanol and used for the tagging reaction instead of in situ generation.

Amino group containing metabolites are an important class of molecules associated with 

biological processes. Amino acids, for example, are not only the building blocks for proteins 

but also precursors for nucleotides [103] and energy sources through transamination, urea 

cycle, citric acid cycle and gluconeogenesis [104-106]. Other common amino metabolites 

include derivatives of amino acids, taurine, dimethylamine, methylamine, and many 

neurotransmitters such as dopamine, serotonin and histamine. Drugs such as amphetamine, 

procain, rimantadine and their metabolites also belong to this group of compounds. 

Selection of this class of metabolites using 13C isotope enhanced NMR promises a number 

of metabolomics applications.

3.2.2 15N isotope labeling—Carboxyl functional group containing metabolites, which 

are associated with almost all the metabolic pathways, represent another major class of 

molecules in biological systems. Efforts focused on the detection of this class of metabolites 

using NMR spectroscopy have lead to the development of a 15N isotope enhanced strategy, 

in which metabolites with carboxyl groups are chemically tagged with 15N-ethanolamine 

and detected using a 2D heteronuclear correlation NMR experiment [96, 99]. This approach, 

which significantly improves the sensitivity and resolution of the NMR method, is capable 

of detecting metabolites at concentrations as low as a few micromolar in biological samples, 

both quantitatively and reproducibly. By this approach nearly 200 well-resolved signals 

corresponding to well over 100 carboxyl-containing metabolites can be routinely detected in 

serum and urine samples, which is unprecedented from an NMR point of view (Figures 5 

and 6). The resolution improvement, in this approach, is imparted from the dispersion of the 

chemical shifts of the 15N tag, and the high sensitivity is derived from the combination of 

factors such as isotope labeling and the strong, 90 Hz J-coupling between the observed 

nuclei (15N and 1H). A single peak, devoid of multiplicity, for each tagged metabolite and 

effective filtering of nontagged metabolites significantly add to the sensitivity and 

background suppression. Further, the 15N tag shows excellent reproducibility for complex 

biological samples. These characteristics are important for advanced metabolic profiling as 

well as for identifying unknown potential metabolite biomarkers.

Chemical derivatization reaction to tag 15N isotope to carboxyl metabolites is performed by 

adding 15N-ethanolamine and a catalyst, DMT-MM (4-(4,6-dimethoxy[1.3.5]triazin-2-yl)-4-

methylmorpholinium chloride) to the biological mixture. In order to maintain the 15N amide 
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protonation in the tagged metabolites, the pH is adjusted to 5.0 by adding HCl or NaOH, and 

then the solution volume is adjusted to 600 μL by adding water prior to detection of isotope 

tagged carboxyl metabolites using 2D HSQC NMR experiment. While the samples such as 

urine are used with no pretreatment, samples such as blood serum/plasma are deproteinized 

before chemical derivatization, by precipitating out the proteins by mixing serum/plasma 

samples with methanol in a 1:2 (v / v) ratio.

An important aspect of the isotope labeling using 15N-ethanolamine is that it easily and 

selectively combines with carboxyl-containing metabolites under aqueous conditions, which 

is suited for the study of biological mixtures without subjecting the samples to complex 

preprocessing. The use of the 15N labeled tag ensures that other nitrogen containing 

metabolites are invisible in the spectrum because of the low natural abundance of 15N 

(0.37%). The tagged metabolite retains the solubility since it contains at least one polar 

group (the hydroxyl in ethanolamine).

3.2.3 31P labeling—The analysis of lipids in biological mixtures is a vital part of 

metabolomics studies due to the important role of lipids in human diseases and health. 

Using 1H NMR, aliphatic fatty acid chain resonances can be assigned to sub-groups such as 

methyl, methylene, olefin, and allylic features but it is not possible to identify individual 

lipophilic components. Extending the scope of metabolite class selection using isotope 

labels, a method to detect members of the lipid class of metabolites with hydroxyl, carboxyl 

or aldehyde groups in complex biological fluids such as serum was recently developed [98]. 

This method employs the 31P containing reagent, 2-chloro-4,4,5,5-

tetramethyldioxaphospholane (CTMDP), to derivatize the lipid metabolites. Derivatized 

metabolites are then detected with enhanced resolution using one-dimensional 31P NMR.

Typically, serum samples are lyophilized to dryness, reconstituted in stock solution 

(pyridine/chloroform), and subjected to derivatization with 31P containing the reagent, 

CTMDP. In the 31P NMR spectra, newly formed P-O groups derived from hydroxyl groups 

appear in the 144.5 - 150 ppm region (Figure 7), while the P-O groups derived from 

carboxylic acids appear at 134.5 - 135.5 ppm. 31P labeled unesterified cholesterol appears at 

144.93 ppm. Mono and diglycerides can also be distinguished by this methodology, whereas 

derivatized 1,2 diglycerides in serum appear at 148.26 ppm, while for mono glycerides, 

derivatized primary and secondary hydroxyl groups appear at 147.6 and 146.54 ppm, 

respectively. Regardless of the length of the carbon chain, polar head group or unsaturation, 

lyso lipids produce two resonances at 146.68 ppm and 146.74 ppm in serum. Free fatty acids 

appeared at 134.78 ppm.

Overall, this 31P labeling strategy offers the possibility of identification of a number of 

lipophilic compounds that contain hydroxyl and carboxylic acid functionalities in different 

chemical environments. The method provides sufficient sensitivity and spectral resolution, 

and derivatized species have unique and well-resolved resonances in the 31P NMR 

spectrum. This approach is consistent with the requirements for a fast screening method for 

lipid pathologies in human serum making possible the efficient use of 31P NMR 

spectroscopy alongside 1H NMR spectroscopy in metabolomics studies.
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3.2.4 Applications of ex vivo isotope labeling—The reduced complexity of the 

spectra due to the absence of less interesting chemical signals is particularly important for 

the analysis of low-concentration metabolites. Chemoselective isotope tags produce a single 

peak for a metabolite with a single functional group. The resulting spectra from the isotope 

labeling strategies produce altogether new NMR chemical shifts for several hundreds of 

metabolites. Identification of these metabolites requires the knowledge of chemical shifts of 

isotope tags for authentic compounds. In view of this, from the spectra of isotope labeled 

standard compounds, a chemical shifts library has been developed for nearly 150 

metabolites. By matching with this library of chemical shifts, a number of metabolites in 

the 13C, 15N and 31P isotope labeled spectra have so far been identified [96-98]. 

Subsequently, using a combination of isotope labeled methods, metabolites in human plasma 

procured from the National Institute of Standards and Technology (NIST, Gaithersburg, 

MD), were quantified after validating the experimental protocols using a mixture of 

synthetic compounds [99] (Figure 8). It was demonstrated that the combination of isotope 

tagging approaches, along with conventional 1D and 2D NMR methods enables the 

quantitative analysis of a large number of metabolites in human biofluids on a routine basis. 

For example, the 13C isotope labeling approach was used for the analysis of urine from 

patients with pre-diagnosed metabolic disorders such as tyrosinemia type II, 

argininosuccinic aciduria, homocystinuria and phenylketonuria [95].

The combination of improved sensitivity and resolution, and less time required when 

compared to natural abundance heteronuclear NMR methods, is attractive for the routine and 

accurate analysis of metabolites in complex biological samples. Although, the isotope 

tagging methods often use 2D NMR experiments, each 2D experiment requires 30 min or 

less, and hence the approach can be useful for high throughput analysis of human plasma as 

well as other biological fluids.

4. Conclusions

While mass spectrometry is highly sensitive for metabolomics applications, the performance 

of NMR spectroscopy is significantly better in both reproducibility and quantitative ability 

and hence it promises a number of unique applications in the area of metabolomics. Despite 

vast advancements in the area, however, challenges remain for NMR for the detection, 

identification and quantification of a large number of metabolites in complex biological 

samples. Aimed at alleviating these limitations and gaining insights into in vivo 

biochemistry in cells, animal models and humans, the number of NMR investigations 

utilizing stable isotope labeling methods in vivo and ex vivo is growing rapidly. In in vivo 

isotope labeled studies, the targeted metabolites are always products of the metabolism of 

isotope labeled substrates and their detection, selectively, prevents the contributions from 

many confounding factors. This is extremely important for metabolomics studies since 

confounding factors arising from unrelated pathways or source are still a major challenge to 

the growth of metabolomics research. Development of ex vivo isotope labeling methods has 

enabled the detection of hundreds of metabolites with improved sensitivity and resolution, 

from a single experiment, which is unprecedented for NMR of complex biological samples. 

Further, a combination of the isotope tagging approach with the latest advancements in 

NMR technology, such as detection using micro-coil probes and cryoprobes, for example, 
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can significantly minimize the volume of biofluid samples and time required for routine 

analysis. Future advancements in this area promise far reaching implications for systems 

biology, early detection of diseases and therapy monitoring, and personalized medicine.
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Figure 1. 
Tracers are necessary for delineating metabolic pathways. In the scheme depicted, pyruvate, 

lactate, α-ketoglutarate (α-KG), malate and glutamic acid (Glu) participate in multiple 

pathways including glycolysis, the Krebs cycle, serinolysis, and glutaminolysis. Without 

labeled tracers, it is impractical to resolve the specific pathway(s) involved in their 

production. With the use of 13C6-glucose, the synthesis of pyruvate, lactate, α-KG, malate, 

and Glu via glycolysis and the Krebs cycle can be distinguished from that via serinolysis or 

glutaminolysis by the 13C labeling pattern of these metabolites. Further, the 13C positional 

isotopomers of Glu (i.e. 13C-2,3-Glu and 13C-4,5-Glu) can be used to delineate respectively 

the Krebs cycle with or without pyruvate carboxylation (PC) input. [Reproduced with 

permission from reference 69].
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Figure 2. 
Metabolite identification using chemical shift database. (a) A total of 453 peaks were 

detected in the B. mori HSQC spectrum, of which 174 had candidate matches in the database 

(red) and 119 were uniquely identified, and 279 had no candidate matches (black). (b) A 

total of 544 peaks were detected in extracts from T87 cultured cells, of which 192 had 

candidate matches in the database (red) and 124 were uniquely identified, and 353 had no 

candidate matches (black). [Reproduced from reference 44].
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Figure 3. 
Isotope-filtered (12C) and difference edited (13C) 2D 1H-1H isotope edited total correlation 

spectroscopy (ITOCSY) spectra of a synthetic mixture containing 30 unlabeled and six 13C-

labeled metabolites. Resonance assignments for 13C-enriched compounds are shown 

[Reproduced with permission from reference 93].
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Figure 4. 
Isotope tagging of metabolites in biological mixtures and their detection by 2D NMR 

enables access to low concentrated metabolites that are inaccessible to 1D NMR [95-97].
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Figure 5. 
A 2D 1H-15N HSQC spectrum of human serum obtained after tagging carboxyl-containing 

metabolites with 15N-ethonalime. Nearly 180 metabolite peaks are detected, and the 

annotated peaks indicate identified metabolites [Reproduced with permission from reference 

96].

Gowda et al. Page 22

Adv Exp Med Biol. Author manuscript; available in PMC 2016 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
A 2D 1H-15N HSQC spectrum of human urine obtained after tagging carboxyl-containing 

metabolites with 15N-ethanolamine. Nearly 200 metabolites are detected, and the annotated 

peaks indicate identified metabolites [Reproduced with permission from reference 96].
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Figure 7. 
A portion of the 31P NMR spectrum of serum from a healthy individual: (a) Non-derivatized 

and (b) 31P-labeled. 31P labeled compounds include: cholesterol 1; lyso lipids 2; possible 

fatty aldehydes 3; phosphotidyl mono glycerides (primary) 4; free n-alkanol 5; 1,2-

diacylglycerol 6.

Gowda et al. Page 24

Adv Exp Med Biol. Author manuscript; available in PMC 2016 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Concentration of metabolites obtained with 15N or 13C tagging: (a) obtained from 1H-15N 

HSQC NMR after 15N tagging; (b) obtained from 1H-13C HSQC NMR after 13C tagging. 

The shaded bar on the right in each pair represents the actual concentration of the 

metabolite.
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