The use of stable isotopes in the study of human pathophysiology
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ABSTRACT

The growing prevalence of metabolic diseases such as fatty liver disease and Type 2 diabetes has increased the emphasis on understanding metabolism at the mechanistic level and how it is perturbed in disease. Metabolomics is a continually expanding field that involves the measurement of metabolites in biological systems during a physiological stimulus or a genetic alteration. Typically most metabolomics studies provide total pool sizes of metabolites rather than dynamic flux measurements. More recently there has been a resurgence in approaches that use stable isotopes (e.g. 2H and 13C) for the unambiguous tracking of individual atoms through compartmentalized metabolic networks in humans to determine underlying mechanisms. This is known as metabolic flux analysis and enables the capturing of a dynamic picture of the metabolome and its associations with the genome and proteome.  In this brief review, we describe current approaches using stable isotope labelling in the field of metabolomics and provide examples of studies that led to an improved understanding of glucose, fatty acid and amino acid metabolism in humans, particularly in aspects of metabolic disease. Examples include the use of stable isotopes of glucose to study tumour bioenergetics as well as the metabolism of the brain during traumatic brain injury. Lipid tracers have also been used to measure non-esterified fatty acid (NEFA) production while amino acid tracers have been used to study the rate of protein digestion on whole body postprandial protein metabolism. In addition, we illustrate the use of stable isotopes for measuring flux in human physiology by providing examples of breath tests to measure insulin resistance and gastric emptying rates. 




INTRODUCTION

A BRIEF OVERVIEW OF THE USE OF STABLE ISOTOPES IN METABOLOMICS AND FLUXOMICS 

Metabolomics, the quantification of the complete metabolite compliment within a cell, tissue or organism (Goodacre et al. 2004), involves the detection of low molecular weight molecules, achieved using analytical platforms such as Mass Spectrometry (MS) or Nuclear Magnetic Resonance (NMR) Spectroscopy. Historically, most studies have focused on total pool size changes rather than dynamic changes in flux resulting from increased or decreased enzyme activity or cell transportation. However, metabolite levels are most probably the result of an elaborate network of interconnected pathways and the fluxes through these pathways, which are not necessarily delineated by simple metabolite quantification (You et al. 2014).  Furthermore, better understanding flux changes in disease should provide a more detailed mechanistic picture of the pathophysiology.

Fluxomics is the measurement of the wide set of reaction fluxes within a cell, organ or organism, and reflects a unique dynamic picture of the phenotype (Cascante & Marin 2008). Metabolic flux-profiling captures information regarding the metabolome and its functional interactions with the proteome and the genome (Figure 1).  Over the past four decade, researchers have engaged with the use of stable isotopes as mass labels for MS-based detection or making use of the spin properties of nuclei such as 13C and 2D to detect these labels by NMR spectroscopy. Collectively, the use of stable isotopes has improved pathway elucidation as well as metabolite annotation and quantification. The combination of fluxome and metabolome can provide a complete picture of the pathophysiology of a cell or an organism at the metabolic level (Sauer 2006).
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Figure 1. A linear hierarchal organisation from genome to phenome. The diagram represents the flow of information from the genome to the transcriptome, proteome, and metabolome/fluxome. Each level of organisation may depend on another, with the interactions between levels dynamically determining the trait of an organism. 
However, most flux based analyses require the direct sampling of cells or tissues to investigate the rate of labelling of metabolites across a time course, particularly when relying on mass spectrometry-based tools. While suitable for in vitro cell culture based experiments this poses a challenge for in vivo animal studies, particularly for human physiology. Furthermore, in practice, studying human physiology is challenging as the number of ethical and physiological stresses, such as exercise, nutritional interventions, isotope infusions and drug interventions, that can be used in investigations of healthy humans is particularly restricted. 
The growing prevalence of obesity and Type 2 diabetes mellitus (T2DM) has increased the emphasis on understanding the regulation of glucose, lipid and protein uptake and metabolism. Glucose and fatty acid metabolism are in part mediated by insulin and in turn excess consumption of both types of substrate mediate insulin resistance, with abnormalities in macronutrient metabolism being associated with T2DM, non-alcoholic fatty liver disease (NAFLD) and cardiovascular disease (CVD) (Umpleby 2015). The concentration of metabolites in biological fluids may provide insights into metabolic irregularities and this approach has been widely used in metabolic disease research (Eiden et al. 2015; Soininen et al. 2009; Orešič et al. 2016) However, it is  often challenging to understand what these pool size changes mean in terms of the underlying mechanism(s) of the disease as they do not necessarily provide information about which pathway fluxes are altered. The concentration of a metabolite is dependent on its local synthesis, absorption from dietary sources, release to circulation and degradation (Umpleby 2015) complicating its interpretation. To gain an understanding of the regulation of metabolite species, we must be able to quantify fluxes to understand why a change has occurred. This is achieved by labelling the metabolite of interest with a stable isotope, enabling one to ‘chase’ the label and determine its metabolic fate. This directly measures alterations in flux rather than inferring changes from differences in total pool sizes, and can bring one closer to the changes in regulation that cause a change. 

COMMON NUCLEOTOPES USED AS ISOTOPIC TRACERs
Isotopes are species of the same element with the same atomic number but different mass numbers, through the addition of one or more neutrons within the nucleus of an atom. Isotopes can either by radioactive (radio-isotopes) or non-radioactive isotopes (stable isotopes) and are used to measure the changes of the major naturally occurring isotope. Exposure of humans to radio-isotopes can be potentially harmful, and there has been a move away from these wherever possible in biology and medicine. Stable isotopes, including 15N, 13C, 18O, and 2H, are not radioactive and thus, are more suitable for human research. Stable isotopes are, overall, chemically similar to the major isotope found in biological systems when incorporated into endogenous compounds and are used as isotopic tracers to follow a given metabolic pathway (a notable exception to this is 2H, which has the largest kinetic isotope effect of any stable isotope and so alters reaction rates in biological systems compared with the dominant isotope 1H). 
In a typical isotope experiment, the organic compound subject to tracing is called the ‘tracee’ (Chokkathukalam et al. 2014). Once the compound containing the isotopes are administered, the isotopes participate in the same metabolic pathway as the unlabeled tracee and the metabolic fate of the tracer can be monitored by calculating the change in tracer to tracee ratio with respect to time. The mass difference of stable isotopes enables detection via MS, or if the isotope possesses the nuclear property of spin it can be detected by NMR spectroscopy. 
The main approach used to introduce an isotope tracer is the oral or intravenous administration of a labelled compound, such as 13C-glucose or 13C-palmitate. Quantification of how levels of the labelled atom in the tracer change over time in downstream metabolites is  known as ‘pulse-chase’ tracing and is used to determine isotopic incorporation from a nutrient into a downstream metabolite (Schierbeek et al. 2012). Previously, using 13C-labelled metabolites, it was determined that cultured glioblastoma cells anaerobically metabolise up to 90% of supplied glucose and 60% of glutamate to lactate and alanine, respectively, as part of the ‘Warburg Effect’ (Heiden et al. 2009). In addition, stable isotopes have been used to investigate energy-provision of substrates in the heart. In one such example, hearts were perfused with 13C-enriched pyruvate, propionate, acetate or various combinations of the above to determine substrate selectivity. It was revealed that acetate or pyruvate in isolation provide 86% of the acetyl-CoA whilst in combination, approximately 65% of acetyl-CoA was derived from acetate, 30% from pyruvate and the rest from endogenous sources. Moreover, it was found that propionate decreases the contribution of exogenous acetate to 77%, indicating that heart is capable of utilizing carbon as an energy source from a variety of substrates, depending on supply and energy demand. 
Compounds labelled by tracers allow us to track the fate of atoms of a specific compound in the context of macromolecular synthesis, substrate uptake/release, intermediate metabolism, substrate oxidation and whole body, organ or tissue metabolism. The use of stable isotopes in the field of metabolomics can be categorized as whole animal studies and either cell culture or organ perfusion. In this review, we will focus on the application of stable isotopes for measuring flux in human physiology, concentrating on (1) tracer studies and (2) breath tests.


13C- TRACER STUDIES
MONITORING GLUCOSE METABOLSIM IN HUMANS
Glucose is the primary source of energy in the body for cell growth and proliferation. It is a required substrate for certain tissues, such as the brain, red blood cells and fast twitch skeletal muscle, and acts as substrate in combination with fatty acids and amino acids in many other organs such as the heart. During glycolysis, glucose is converted to pyruvate, which can either be metabolised to lactate or converted into acetyl-CoA by pyruvate dehydrogenase. Acetyl-CoA may then enter the citric acid cycle or serve as a precursor of lipogenesis via fatty acid synthesis and citrate. Alternatively, glucose may enter the pentose phosphate pathway to form nucleic acids or be stored in the form of glycogen (Figure 2). The fate of glucose during its metabolism can be determined using one of the several types of glucose tracers, with uniformly labelled (wherein each carbon is 13C) U-13C-glucose and 1-13C-glucose being the most popular due to ease of use and cost, respectively. Depending on the location of the labelled carbon in glucose, the metabolic fate of each part of the molecule may be determined. Plasma samples are collected before the tracer is infused and at multiple time points after bolus injection. Glucose kinetics are then determined by quantifying the enrichment of the tracer in plasma using MS or NMR spectroscopy, achieved by calculating the tracer to tracee ratio of a targeted compound. 

In this manner, 1-13C glucose was used to monitor the turnover of pathways such as glycolysis and the citric acid cycle in the human brain.  In one such study in vivo 13C NMR spectroscopy was used following infusion of 13C glucose into the forearm to determine the incorporation of 13C into other metabolites by non-invasive collection of NMR spectra of the brain. The study revealed the incorporation of 13C into the C2, C3 and C4 positions of glutamine and glutamate and at the C2 and C3 positions of aspartate in the human brain (Seaquist et al. 1998). Glucose metabolism has also been studied in traumatic brain injury. Microdialysis, a novel, non-invasive technique that requires the insertion of a microdialysis catheter into the brain parenchyma to deliver 13C glucose and collect extracellular fluid to investigate glucose metabolism (Jalloh et al. 2015). A variety of studies established metabolic perturbations resulting from traumatic brain injury, including increased lactate production and upregulated pentose phosphate pathway activity (Gallagher et al. 2009; Carpenter et al. 2014). In addition, stable isotopes of glucose have been used to study tumour bioenergetics. D-glucose infusion during surgical resection of tumours and subsequent 13C NMR spectroscopy demonstrated increased lactate production as a result of anaerobic glucose metabolism, and a concomitant decrease in glucose-derived acetyl-CoA (Gatenby & Gillies 2004; Kim & Dang 2006). 

FATTY ACID METABOLISM
Fatty acids consist of hydrocarbon chains (either short, medium or long) that through catabolic processes, generate reducing potential and ultimately ATP in mitochondria. Furthermore, through anabolic processes, fatty acids can generate biologically active molecules, such as signalling lipids, hormones and cell membranes. During metabolism, fatty acids are converted to acetyl-CoA via β-oxidation, wherein the long fatty acid chains are repeatedly cleaved into a series of 2-carbon units. These units are then combined with co-enzyme A to form acetyl-CoA, which may enter the tricarboxylic acid (TCA) cycle. Alternatively, if the activity of the TCA cycle is low, acetyl-CoA undergoes ketogenesis to form ketone bodies (Figure 2). Lipid metabolism can be monitored by the oral ingestion or intravenous administration of a lipid tracer. The most commonly used lipid tracer is palmitate and is mostly used for measuring non-esterified fatty acid (NEFA) production. For example, using [U-13C]-palmitate, the fate of NEFAs, in terms of kinetics, oxidation and rate of incorporation into intramuscular triacylglycerol (mTAG) stores, was determined in contracting and non-contracting human skeletal muscle. [U-13C]-palmitate was constantly infused into a forearm vein during 5 hours of one-legged knee extensor exercise and blood samples were collected at different time points to determine plasma palmitate 13C enrichment in NEFAs. The study demonstrated that the metabolic fate of plasma NEFAs entering the muscle is dependent on muscle contraction, reflecting the fact that more NEFAs are oxidised during exercise at the expense of mTAG storage (Sacchetti et al. 2002). 

AMINO ACID METABOLISM
During catabolism of the twenty proteinaceous amino acids, the amino group is removed and excreted in the form of urea via the urea cycle. The remainder of the molecule is used to produce energy, either through glycolysis or the TCA cycle depending on the keto-acid produced during the deamination step. These twenty amino acids are categorised into three groups: glucogenic, ketogenic or both. Glucogenic amino acids form glucose via gluconeogenesis whilst ketogenic amino acids are broken down to acetoacetate or acetyl-CoA (Figure 2).  Just as changes in glucose and lipid metabolism are observed, protein metabolism varies during food ingestion.  It is important to differentiate between exogenous and endogenous amino acids recycled from protein turnover to fully delineate protein metabolism under different dietary or disease conditions. This is mainly achieved by the use of amino acid tracers in animals or humans. The first method to study protein metabolism utilised 15N-glycine in either a constant infusion or a single oral dose followed by the measurement of 15N in urine and blood urea (Waterlow et al. 1978). This method is based upon the assumption that  there exists a single metabolic nitrogen pool, which has since been shown to be inaccurate (Matthews et al. 1981). Therefore, this approach has been replaced by a primed, continuous infusion of a 13C-leucine tracer. Expired 13CO2 and 13C-leucine enrichment are then quantified by MS to determine leucine fluxes in vivo (Fouillet et al. 2002). The effect of the rate of protein digestion on whole body postprandial protein metabolism was assessed using 13C-leucine infusions. The study demonstrated that protein digestion is a regulating factor of postprandial protein gain, which may represent a dietary strategy to prevent protein loses in pathophysiological conditions, like aging. In fact, slow digested proteins like caseins induce a higher protein gain than rapidly digested proteins (whey proteins) in young healthy adults (Dangin et al. 2001). However, in another study with healthy elderly adults, protein gain was greater with rapidly digested protein (Dangin et al. 2003) suggesting that rapidly digested protein might be more beneficial than slow digested protein to reduce protein loses during aging.
In another application of stable isotopes, the effect of insulin on protein synthesis has been examined in Type I diabetic patients. Blood samples and muscle biopsies were collected before and after [1-13C]-leucine administration. Plasma leucine and intramuscular [1-13C]-leucine enrichments were measure by gas chromatography mass spectrometry (GC-MS) and indicated that [1-13C]-leucine incorporation into skeletal muscle protein was altered during insulin infusion (Bennet et al. 1990).
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Figure 2. The metabolic fates of glucose, fatty acids and amino acids. A summary of the biochemical processes that allow these species to be broken down for energy (catabolism) or synthesised/stored (anabolism). Red, blue and green coloured boxes represent the major metabolic fates of labelled glucose, fatty acids and amino acids, respectively.

DEUTERIUM OXIDE TRACER STUDIES 
Deuterium (2H or D) is the stable isotope of hydrogen. Deuterium oxide (D2O), also known as ‘heavy water’, consists of the heavy hydrogen isotope deuterium, and is a commonly used stable isotope tracer (Wilkinson et al. 2016). Water is supplemented with D2O and is either administered orally or injected intraperitoneally. Deuterium oxide is equilibrated with the body’s water pool and through exchange of hydrogen atoms, deuterium becomes incorporated into metabolites, which can be monitored by GC-MS. Deuterium can be incorporated into any metabolite that would normally contain hydrogen, and has been applied to study the labelling of a range of metabolites including palmitate, stearate, cholesterol and amino acids (Magkos 2013; Jones et al. 1993; Brook et al. 2015). Therefore, D2O can be used to quantify the replacement rate of many lipids and amino acids in a variety of compartments to delineate tissues-specific metabolic pathways (Lee et al. 1994). For example, D2O labelling is typically applied to chase de novo lipogenesis and cholesterol synthesis in vivo (McDevitt et al. 2001; Strawford 2004; Santoro et al. 2015). The incorporation of deuterium into plasma triglycerides during administration of deuterium labelled water was used to determine the fractional synthetic rate of fatty acids and cholesterol (Diraison et al. 1997). In addition studies that have used D2O as a tracer indicated that high carbohydrate diets increase de novo lipogenesis (McDevitt et al. 2001). Yet other studies revealed that humans with mutations in either the insulin receptor gene or inhibitory antibodies specific to the insulin receptor exhibited low blood triglyceride levels, low de novo lipogenesis and normal HDL cholesterol levels. In contrast, post-receptor defects, as in individuals with mutations in AKT2, a serine-threonine specific kinase involved in cell proliferation, growth and metabolism (Brazil & Hemmings 2001), manifested increased de novo lipogenesis with high liver fat content and low HDL cholesterol levels. This indicated that post-receptor hepatic insulin resistance is important in the progress of metabolic dyslipidemia and hepatic steatosis (Semple et al. 2009).  
D2O, has also been used to quantify protein synthesis in a method which is less invasive and more cost-effective than traditional amino acid tracer techniques. Studies have shown that monitoring protein synthesis using amino acid tracers is feasible over a shorter period of time than the D2O approach (Wilkinson et al. 2014). Traditionally, muscle protein synthesis was measured using amino acid tracers, however, this method requires the volunteer to be confined to a bed, and intravenous cannulations limited the studies to a maximum duration of 12 hours. This restricts the experiments that can be performed to study the regulation of muscle metabolism to long-term interventions. Alternatively, D2O tracers have been used to monitor muscle protein synthesis over a long period of time, as the turnover of water pools is relatively slow. In a study to assess the efficacy of D2O to measure muscle protein synthesis under resistance exercise over an 8-day period, a D2O bolus was given to participants and saliva samples were collected throughout the study to monitor body water enrichment. Moreover, vastus lateralis biopsies (muscle biopsies) were collected to determine deuterium incorporation into different protein fractions using chromatography-pyrolysis-isotope ratio MS. The study revealed that the exercised leg exhibited significantly greater rates of muscle protein synthesis with almost no muscle hypertrophy (Wilkinson et al. 2014).

 13C-GLUCOSE BREATH TEST
[bookmark: OLE_LINK1]The 13C-Glucose Breath Test (13C-GBT), has been proposed as a novel method to measure insulin sensitivity (Mizrahi et al. 2010). It is non-invasive method to screen individuals with pre-diabetes and T2DM, in contrast to the currently-utilised direct, but invasive hyperinsulinemic-euglycemic clamp. The 13C-GBT measurement requires cellular absorption of glucose, which is dependent on insulin. Therefore, the test provides an overall measurement of insulin sensitivity. In the presence of insulin, labelled glucose is taken up by the cells, where it enters glycolysis and is metabolised to acetyl-CoA. Labelled acetyl-CoA then enters the TCA cycle, producing 13CO2 which is expired, or is shunted to lipogenesis, sequestering the 13C until subsequent oxidation. 13CO2 is sampled by requesting the patient to blow through a straw into glass tubes allowing isotopic enrichment of 13C in breath samples to be analysed by continuous-flow isotope ratio MS (IRMS). In the case of insulin resistance and T2DM, glucose uptake is impaired and therefore the downstream production of 13CO2 is blunted. Studies have evaluated 13C-GBT and concluded the non-invasive breath test approach can provide as valid and accurate measures of insulin resistance as clamp-derived alternatives (Hussain et al. 2014). 



13C-OCTANOIC ACID BREATH TEST	

The 13C-Octanoic acid breath test, conceptually similar to the 13C-GBT, can be used to monitor Gastric Emptying (GE) rates.  GE is the complex process by which food leaves the stomach and enters the duodenum, the first part of the small intestine, and is caused by the motor activity of both the stomach and small intestine. Approximately 30-50% of diabetics experience delayed gastric emptying (GE), known as gastroparesis diabeticorum (Horowitz et al. 2002). Previously, Scintigraphy of radionuclides has been used as the gold standard method for measuring GE. The technique involves the ingestion of a radioisotope (via radiolabelling of the food), which emits radiation that can be captured by cameras to form two-dimensional images. The gastric counts measured by scintigraphy correlate directly with the volume of the meal remaining in the stomach, and change over time. Although scintigraphy is still used, there are limitations of using radioisotopes as it requires expensive equipment and might have a negative impact on the health of the subjects. The 13C-octanoic acid breath test is an alternative method to measure GE, first utilised by Ghoos and co-workers (1993). The test requires the ingestion of a test meal where 13C-labelled octanoic acid is bound to egg yolk. Once 13C-Octanoic Acid is consumed it enters the stomach. During mixing and grinding it is rapidly liberated in the duodenum and transported to the liver via the vena portae. As a medium-chain fatty acid, 13C-octanoic acid is taken up by cells and transported into the mitochondrion where it undergoes β-oxidation.  This releases 2-carbon acetyl-CoA units which enter the TCA cycle and are eventually oxidised to 13CO2 (Figure 3A). Almost immediately, the 13CO2 generated appears in the breath and is sampled by requesting the patient to blow through a straw into glass tubes, which are sealed and stored for analysis. Isotopic enrichment of 13C in breath samples may then be analysed by continuous-flow IRMS, as in the case of the 13C-glucose breath test. 
Breath test data is collected in the form of isotope molar fractions and fitted using a Bayesian model as described previously (Ghoos et al. 1993; Maes et al. 1994)). Values acquired are fitted to an exponential beta function (Bluck & Coward 2006) describing a generalised bell-shaped curve by minimising the sum of the squares of the residuals between experimental and fitted data. The exponential beta function is utilised, as it is more amenable to integration, allowing the calculation of cumulative dose recovery. However, 13C released from metabolism of labelled octanoic acid is sequestered initially in the TCA cycle, and subsequently in the bicarbonate pool. Thus, a further equation is derived taking into account the input flow-rate, pulmonary excretion rate and incorporation into the above pools, giving rise to the cumulative "self-corrected” data (Figure 3B). 
The 13C-octanoic acid breath test is a safe and non-invasive, relatively cheap and quick method to quantify GE compared with scintigraphy. There are no substantial variances among scintigraphy and the GE curves generated by self-corrected breath testing [REF!]. Increasingly, the 13C-octanoic acid breath test is being used in place of scintigraphy and studies are already revealing interesting findings.  Patients suffering from Amyotrophic Lateral Sclerosis (ALS) experience delayed GE of solids, implying that ALS is a multisystem disease rather than solely being focused on motor neurons (Toepfer et al, 1999). Furthermore, GE has been shown to be delayed in patients with diabetes using the 13C-octanoic acid breath test in line with scintigraphy (Marathe et al. 2013). 



A.
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[bookmark: OLE_LINK2]Figure 3A. Schematic representation of 13C-Breath test. The labelled isotope is ingested and passes from the stomach to the duodenum whereupon it enters the vena portae and is transported to the liver. 13C-glucose and 13C-octanoic acid are metabolised to acetyl-CoA by glycolysis and β-oxidation, respectively. 13C-acetyl-CoA subsequently enters the TCA cycle and is eventually oxidised to 13CO2, allowing detection in breath. B. Self-corrected GE curves derived from Bayesian fitting. The curve on the left represents the amount of food that has passed out of the stomach and the curve on the right represents the pulmonary excretion of 13CO2 as a percentage per hour. 


CONCLUSION
The use of complementary analytical platforms such as MS and NMR spectroscopy to identify and measure total metabolite pool sizes has proved to be immensely discriminatory for many disease processes but this approach alone is inadequate for deciphering complex metabolic networks and mechanisms of disease. A metabolic network is dependent on both the fluxome and the metabolome.  Therefore, the integration of metabolomics and fluxomics information, essential in the study of human metabolism, can provide a comprehensive characterisation of a dynamic phenotype. Over the past 80 years, the use of substrate-specific stable isotope tracers has provided insights into glucose, fatty acid and amino acid metabolism in terms of turnover and flux in response to metabolic diseases. As mentioned in this review, recent advances have made it feasible to measure fluxes of multiple substrates in living humans and when applied in conjunction with metabolomics we can decipher metabolic pathways under specific conditions. 
To date, stable isotope studies have been beneficial in understanding human physiology and metabolism during disease states, such as diabetes and liver disease by enabling the measurement of the label with high precision in terms of the content, intramolecular location and pathway perturbations. 
The continuing advances in the technology and methodology used in metabolic research will further increase the precision and accuracy of isotopic enrichment facilitating a decrease in the sample size and large body pools required to detect isotope abundance and therefore providing us with a holistic understanding of metabolism in living humans.  
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