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ABSTRACT 
 

Aortic valve stenosis (AVS) is the most common cause of valve replacement 

worldwide. It is a progressive disorder that ranges from wild thickening with no 

obstruction of blood flow (aortic sclerosis) to severe calcification. Although, AVS has 

similarity with coronary artery disease and shares certain risk factors, it is necessary a 

better understand of this pathology.  

In the last years the development of the ―-OMICS‖ technologies as genomic, 

proteomic, and metabolomic etc. have hugely improved our molecular knowledge of 

human diseases through the simultaneous analysis of hundred or thousand molecules in 

just one experiment. For this reason, metabolome analysis is a powerful tool to deepen 

AVS molecular mechanisms, particularly in the search focused on a subset of metabolites 

presents in different human samples at given time, as cells, tissues or biological fluids. 

Improving the knowledge of this pathology will allow us to develop new therapies 

and find candidate metabolites for the diagnosis and prognosis of the disease. 

 

 

1. INTRODUCCION 
 

Aortic valve disease is the most common valvular disorder in developed countries 

(Beckmann et al., 2010) and its associated morbidity is increasing worldwide, concomitant 

with the ageing of the population (Falcao-Pires et al., 2012). It may occur at different stages 
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of evolution from a slight thickening of the valve, known as aortic valve sclerosis to a severe 

dysfunction of the valve that hinders its proper movement, called aortic valve stenosis (AVS) 

(Freeman et al., 2005). About 20–30% of individuals over the age of 65 and 48% of 

individuals over 85 are affected by sclerosis. However, only 2% of individuals over 65 and 

4% of individuals over 85 end up with AVS (Steward et al., 1997; Otto et al., 1999). 

Currently, there are not biomarkers to allow early diagnosis of AVS (Cowell et al., 2004). 

Thus, surgery represents the only available treatment for advanced disease. In this regard, 

coronary artery bypass surgery and aortic valve replacement are the two most commonly 

performed surgical procedures (Parolari et al., 2009).  

 

 

Figure 1. Complementary to other ‗omics‘ approaches, as genomics, transcriptomics and proteomics, 

metabolomics provides new insights into the biochemical functions and the cellular physiology of 

living organisms. 

The pathologic changes associated with early AVS include valve leaflet thickening, 

calcification of the AV, accumulation of irregular fibro-calcific masses, basement membrane 

disruption, collagen fiber disarray, and an inflammatory infiltrate consisting predominantly of 

macrophages and lymphocytes (Otto et al. 1994). In the pathobiology of the aortic valve 

calcification three main processes can be distinguished; lipid accumulation, inflammation and 

calcification. Accumulation and oxidation of LDL-cholesterol particles, T-lymphocytes, 

macrophages and production of inflammatory mediators such as interleukin-1-beta (IL-1β) 

and transforming growth factors beta-1 (TGF-β1) have been observed at tissue level in the 

aortic leaflets of patients with degenerative AVS. In later stages of the disease, active 

cartilage and bone formation have also been reported (Mohler et al., 2001; Freeman et al, 

2005). All these findings suggest that degenerative AVS is not a passive process as it has 

been considered for decades. In this context; there is urgent need to find out novel biomarkers 

of practical value for clinical intervention, which allow AVS prediction at individual level. 

Therefore, there is substantial interest in the discovery and use of newer biomarkers, to 
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identify persons (with or without aortic sclerosis) who are at risk for the development of AVS 

and who could be targeted for preventive measures. In particular, finding biomarkers able to 

predict this pathology will provide the opportunity to develop pharmacological treatments on 

time or change life style in order to prevent the disease. Nowadays, the new diagnostic 

methods currently available are based on non-invasive techniques that, although present a 

number of benefits, can be limited in terms of specificity, sensitivity, availability and cost. 

The progress of ―-omics‖ technologies emerged as sensitive, fast and robust tools for analysis 

of biomarkers in all kind of disease, among them AVS (Barderas et al., 2011; Martín-Rojas et 

al., 2012; Gil-Dones et al., 2012) (Figure 1). In this way, metabolomics comprise the use of 

analytical methods to identify and quantify all metabolites in a biological system; changes in 

the metabolome of a biofluid, cell culture or tissue sample could be detected (Fiehn et al., 

2000; Kaddurah-Daouk et al., 2008). The application of metabolomic technologies in the 

study of AVS will increase our knowledge of its pathophysiological processes and can help 

us to identify potential biomarkers for future development of new therapeutic strategies 

(Kaddurah-Daouk et al., 2008) (Figure 2). 

 

 

Figure 2. A pipeline for the incorporation of candidate biomarkers in clinical practice includes a 

discovery phase of interesting metabolites, a study of its levels in experimental groups and a detailed 

study of the advantages and improvements that the new biomarkers offers to the clinical practice. 
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2. METABOLOMIC STRATEGIES FOR BIOMARKER DISCOVERY  
 

Metabolomics is the science that studies the set of final products and by-products of 

many metabolic pathways, called metabolites, which exist in humans and other living systems 

(Pasikanti et al., 2008). The term metabolome was firstly used in 1998 to describe a set of 

small molecules that make up an organism (Oliver et al., 1998). The endogenous metabolites 

that are typically studied in a metabolomic analysis include organic acids, amino acids, 

amines, sugars, steroids, nucleic acid bases and other substances which are intermediates in 

cellular metabolism. This great diversity of chemical properties of metabolites and the wide 

ranges of concentration on those found in biological samples studied, requires the combined 

use of various separation techniques to fully cover their study (Glassbrook et al., 2000). 

Metabolomic approaches are often divided into untargeted and targeted. Untargeted 

metabolomic studies (metabolomic fingerprinting) are not focused on a specific group of 

metabolites. It aims to maximize coverage of metabolites, often compromising the sensitivity 

and specificity for any particular metabolite. These metabolomic approaches involve less up-

front method development when compared with targeted approaches, but require much more 

data analysis. In a metabolomics experiment, sample preparation, chromatographic conditions 

(García et al., 2008) and mass spectrometry (MS) ionization are all optimized to maximize the 

diversity of metabolites detected (Nordstrom et al., 2008). Interpretation of the hundreds or 

thousands of resulting ions is challenging due to a large number of unknown metabolites. 

This approach can be used as a diagnostic tool to evaluate the disease state by comparing the 

metabolomic profiles of healthy controls and patients with diseases or to monitor the success 

of a particular treatment (Griffin et al., 2007). Untargeted metabolomic studies are, therefore, 

the most interesting and suitable approach for the discovery of new biomarkers. Identified 

metabolites are quantitatively compared using univariate and multivariate statistics to select 

the most important features for final identification as principal component analysis (PCA) 

(Taylor et al., 2002) and partial least-squares discriminant analysis (PLS-DA) (Jansson et al., 

2009). 

In the case of targeted metabolomic studies (metabolomic profiling) the focus is limited 

to study a default set of metabolites related to a specific metabolic pathway (Bennett et al., 

2008; Musiek et al., 2005; Cho et al., 2009). In this approach, the target metabolites are 

selected in advance and evaluated through specific analytical methods. The technological 

advances of recent years have increased the number of metabolites that can be simultaneously 

quantified. This approach has the advantage of maximizing the specificity and the sensitivity 

of MS methods. Consequently, the targeted analyses utilize analytical standards to define 

suitable gas chromatography (GC) or liquid chromatography (LC) methods, determine 

metabolite fragmentation patterns, and create calibration curves for absolute quantification. 

 

 

3. METABOLOMIC WORKFLOW 
 

A metabolomic experiment usually consists of three parts: 1) acquisition and preparation 

of the sample, 2) separation and identification of metabolites, 3) data collection and analysis. 

Figure 3 shows a summary of the main parts of a metabolomic workflow. 
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Figure 3. Summary of the steps that make up a metabolomic workflow. 

 

3.1. Acquisition and Preparation of the Sample 
 

Metabolites can be measured in a variety of different samples, regarding AVS we focus 

on tissues, cells and body fluids such as blood and urine. In the course of a metabolomic 

analysis of aortic valves it is necessary to note that the levels of many metabolites can be 

affected by individual factors such as age, sex, diet, activity level, and medication (Slupsky et 

al., 2007). The sample preparation involves the extraction and enrichment of metabolites in an 

organic solvent in the event that these are extracted from the original sample or the removal 

of proteins and the matrix if metabolomic analysis is performed inthe sample itself. In 

general, any previous step of treatment of the samples included before analysis will result in 

some loss of sample so it is necessary to carefully select the appropriate preparation protocol 

for limiting the pre-treatment steps and minimize the losses (Dettmer et al., 2007; Want et al., 

2007). 

 

 

3.2. Separation and Identification of Metabolites 
 

Once the sample preparation is completed it is necessary the separation of all the 

metabolites presented in the sample for individual identification. As indicated above, the great 

variability in the physical-chemical properties of metabolites such as polarity, solubility, and 

volatility as well as its wide dynamic range of concentrations requires the combined use of 

various techniques. The two main platforms used in metabolomics analysis are nuclear 
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magnetic resonance (NMR) and mass spectrometry (MS) (Issaq et al., 2008; Dunn et al., 

2005). Both techniques are capable of carrying out reproducibly measuring of large number 

of metabolites in a given sample.  

 

 

3.3. Data Collection and Analysis 
 

The metabolomic analyses of a sample generates large amounts of data that require 

correct interpretation. Ideally, data analysis programs must be able to remove noise from the 

spectra, properly identify which metabolite generates every chromatographic peak and make a 

correct alignment of the peaks corresponding to the same compound in several successive 

samples (Issaq et al., 2009; Lange et al., 2008). Although there are numerous commercial 

programs available free to automate this process, most companies usually generate data that 

can be only read with own programs (Sturm et al., 2008). Pattern recognition obtained in 

metabolomic studies requires the use of statistical tools such as PCA and discriminant 

analysis to identify the spectral pattern of each experimental group under study and the 

intensities of the metabolites in each sample. After identification and quantification of the 

metabolites a multivariate statistical analysis must be performed to determine which 

metabolites are differentially expressed between experimental groups. It is necessary to 

consider the systematic and instrumental errors that can be introduced due to small variations 

in the experimental conditions as regards the preparation of different samples where the small 

change in any parameter can lead to significant differences. In many cases, the routine use of 

internal standard to normalize the data allows to identify instrumental drift errors such as the 

variation in retention times 

 

 

4. COMMON PLATFORMS FOR METABOLOMIC STUDIES 
 

4.1. Nuclear Magnetic Resonance (NMR) 
 

Nuclear magnetic resonance (NMR) is a spectroscopic analysis technique in which the 

atomic nuclei of the studied compounds are aligned by applying a constant magnetic field to 

subsequently disrupt this alignment using an alternating magnetic field, of orthogonal 

orientation. The resulting NMR spectrum is a collection of characteristic peaks at different 

positions and intensities of each compound that allow its identification (Nicholson et al., 

2003). Among the advantages of NMR are its ability to detect multiple metabolites in a single 

experiment (Serkova et al., 2012), it is a technique that does not destroy the sample during 

analysis unlike MS, and does not require previous preparation of the sample. It also offers 

structural information that can facilitate the identification of an unknown metabolite. As 

disadvantages of this technique are its low sensitivity and spectral resolution, which is their 

limited ability to identify metabolites that are found in low concentration which has dulled for 

application in metabolomics experiments against MS-based techniques (Pan et al., 2007). 
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4.2. Liquid Chromatography-Mass Spectrometry (LC/MS) 
 

Liquid chromatography coupled to mass spectrometry (LC/MS) using electrospray 

ionization (ESI) as ionization source is the most currently used platform for metabolomic 

analysis (Grandori et al., 2009; Ho et al. 2003). Its popularity is essentially due to its 

versatility, which allows the analysis of a wide variety of molecules. Unlike gas 

chromatography (GC), the volatility of the compounds is not necessary and the derivatization 

step prior to analysis is not required thereby reducing losses of sample. LC/MS equipment 

allows greater coverage of metabolites than GC/MS, emerging like an excellent platform for a 

wider range of metabolites with very different physico-chemical properties (Figure 4). 

Recently, it has developed a new type of LC called hydrophilic interaction chromatography 

(HILIC) to analyse polar compounds not suitable by conventional LC (Tolstikov et al., 2002). 

Despite its advantages, HILIC has clear disadvantages including poor reproducibility, with 

variation in retention times when analysed multiple samples. The wide range of physico-

chemical characteristics of the metabolites that can be analysed by LC has given rise to 

specific alternatives for compounds of a certain nature as in the case of dynamic chemical 

ionization (APCI) for non-polar compounds such as lipids. The most common analysers used 

in metabolomic studies include the single quadrupole, ion trap, the time of flight analyser 

(TOF). Other types of analysers may be employed are Orbitrap, ion cyclotron resonance 

Fourier transform (FT-ICR) and triple quadrupole (QQQ). 

 

 

Figure 4. The physicochemical characteristics of metabolites present in the sample define the 

metabolomic approach necessary for their determination. 
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4.3. Gas Chromatography-Mass Spectrometry (GC/MS) 
 

Gas chromatography coupled to mass spectrometry (GC/MS) is a commonly used 

platform in metabolomics and constitutes an excellent choice for the analysis of volatile 

compounds such as fatty acids and organic acids. Because GC separation occurs according to 

their different boiling points, it is necessary that metabolites are volatile and thermally stable. 

In most cases, the set of metabolites in a sample will not meet these conditions, which makes 

the derivatization of the sample necessary prior the analysis. The two more used 

derivatization reagents include BSTFA (N, O-Bis (trimethylsilyl) trifluoroacetamide) and 

MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide) (Dettmer et al., 2007; Chen et al., 

2005; Lee et al., 2007). The derivatization reaction is a pre-treatment step that may lead the 

formation of side products, which will result in qualitative and quantitative errors. For 

example, in the case of monosaccharides the derivatization reaction leads to multiple peaks. 

This is avoided by introducing an oximation step prior to silylation, which decreases the 

number of peaks obtained for each monosaccharide. Unlike what occurs when using LC/MS, 

introduction of a pre-treatment step can result in loss of the sample, which constitutes the 

main disadvantage of GC/MS. 

One of the most useful features when using GC/MS for metabolomics studies is the 

existence of mass spectral libraries, which facilitates the identification process. The GC has 

also a resolving power much greater than LC and the retention times are more robust and 

reproducible. However, GC/MS has limited mass range and the molecular ion is often not 

detected due to fragmentation, which hampers the identification of unknown compounds. 

Recently, alternative strategies have emerged to improve separation and sensitivity of 

complex mixtures of metabolites such as two-dimensional gas chromatography GCxGC, 

separating complex samples by diverting each metabolite of a first GC column to a second 

GC column. 

Between the different techniques, the physicochemical characteristics of the interesting 

metabolites will be the criteria that will determine which is the most suitable platform for its 

metabolomic analysis. For example, for the study of highly hydrophobic compounds such as 

fatty acids, GC/MS will be the platform of choice because of its excellent sensitivity and 

resolution. On the contrary, in case of carrying out the study of a set of metabolites with a 

wider range of physicochemical properties, LC/MS will permit to determine a larger number 

of metabolites. NMR is not influenced by the physicochemical characteristics of the 

metabolites and despite its lower sensitivity and resolution than the MS, it will be a great 

assistance in determining the structure of unknown metabolites. Therefore, it should be noted 

that each platforms have inherent advantages and disadvantages for the metabolomic analysis 

of different compounds and only through their combined use the best possible results will be 

obtained. 
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5. AORTIC STENOSIS FOR METABOLOMIC STUDIES 
 

5.1. Plasma/Serum 
 

 

Figure 5. Metabolomic approaches for biomarker discovery in plasma, tissue, cell culture and urine 

samples. 

Plasma is the one of the most frequently studied biological matrices for discovering 

candidate metabolites (Fancy et al., 2006; Yu et al., 2007). Plasma/serum represents the most 

interesting biological sample for discovering candidate metabolites due to its direct 

communication with almost all body cells, which release at least a part of their content into 

the plasma/serum upon damage or death. A comprehensive and systematic characterization of 

its metabolome in the healthy and AVS states will greatly facilitate the discovering of 

biomarkers for early AVS detection, clinical diagnosis, and therapy (Dardé et al., 2007). 

Sample preparation for metabolic profiling of plasma requires a pre-treatment with an organic 

solvent like acetonitrile, ethanol or methanol to remove the proteins before starting the 
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chromatographic analysis. This supernatant is later dried under N2 atmosphere and for LC/MS 

and NMR experiments; the dried extract is re-dissolved in an adequate organic solvent. 

However, in case of GC/MS analysis, sample must be derivatized (Figure 5). As it has been 

previously described, BSTFA and MSTFA are predominantly used as derivatizing agents in 

metabolic profiling of plasma samples using GC/MS (Dettmer et al., 2007; Chen et al., 2005; 

Lee et al., 2007). In our experience, optimal results have been obtained carrying out the 

oximation reaction using methoxamine hydrochloride at room temperature for 24 hours 

followed by trimethylsilyl derivatization using BSTFA at 70ºC for 1 hour.  

 

 

5.2. Extravascular Fluids 
 

Most of metabolomic studies are restricted to plasma and urine (Fancy et al., 2006; Yu et 

al., 2007), however the using of extravascular fluids (cerebrospinal, synovial, ascitic and 

pericardial fluid), can be indicated in case of particular diseases. Among them, the study of 

cerebrospinal fluid has focused great interest in the case of neurological diseases (Hassan-

Smith et al., 2012; Sinclair et al., 2010). In the case of AVS, despite being a sample of 

difficult access metabolomic analysis of pericardial effusion may be of great interest to 

elucidate the concomitant inflammatory process. Since extravascular fluids are ultrafiltrates 

of plasma, to carry out their metabolomic study the experimental conditions previously 

described for plasma can be applied. 

 

 

5.3. Urine 
 

Urine contains the end products of the different metabolic pathways of the body and 

therefore constitutes an excellent biological sample to carry out the search for AVS 

biomarkers. Urine samples also meet the characteristics of an ideal biological matrix for 

discovering candidate metabolites since it is obtained by non-invasive procedures and its 

collection has no bad effects on patients (Tesch et al., 2010). Unfortunately, the important 

influence of lifestyle factors such as diet, physical exertion, stress, etc. on the metabolic 

urinary profiles constitutes a source of variability that must be carefully evaluated when using 

these samples for biomarker discovery (Pasikanti et al., 2008). The high urea levels in urine 

make necessary a pre-treatment of the sample prior to chromatographic analysis. In this case, 

urine sample is commonly pre-treated with urease to reduce the risk of column overloading, 

peak distortions or matrix effects, and ion suppression for both GC/MS and LC/MS analysis 

(Kuhara et al., 1999; Idborg et al., 2005). The high content of contaminant materials that may 

be present in the sample matrix (microorganisms, cells, crystals, etc) makes it necessary to 

perform an extraction of the metabolites using an organic solvent. This step also permits to 

modify the experimental conditions (pH, solvent polarity, etc.) to obtain a particular fraction 

of desired metabolites in order to optimize the identification process. Finally, as in case of 

plasma samples, BSTFA and MSTFA are used predominantly as the derivatizing agent in 

metabolic profiling of urine samples using GC/MS. Unlike the plasma, in urine samples it is 

not necessary to carry out an oximation reaction prior to derivatization. In our laboratory we 

have obtained excellent results in metabolomic analysis of urine samples of AVS patients 

using acidified urines extracted with ethyl acetate and BSTFA as derivatizing agent. 
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5.4. Tissue  
 

The metabolomic study of a tissue represents a major challenge for clinical research. The 

possibility of carrying out a direct study of a damaged aortic valve will exponentially increase 

our understanding of the pathophysiology of AVS. The first step should include a pre-

treatment to extract the metabolites contained in the cells of the tissue. For this extraction, 

many different methods can be used. Osmotic lysis suspending the cells in a hypotonic 

medium, several cycles of rapid freeze-thaw and the using of a detergent containing solution 

are some of the gentle methods of lysis that can be used. In AVS, most aortic valves present 

high calcium content that must be removed prior the metabolomic study. In this case, harsher 

methods as sonication and manual homogenization are necessary. Our group have recently 

developed an optimal protocol for the proteomic analysis of stenotic and healthy aortic valves 

(Gil-Dones et al., 2010). Once, the tissue has been homogenized cation ex-change 

chromatography and a different combination of buffers can be used to clean the sample and 

removing the calcium and proteins. When metabolites are dissolved in an adequate solvent 

the metabolomic analysis can be carried out. 

 

 

5.5. Cell Culture 
 

The metabolite measurement approaches for cell cultures in AVS do not differ from other 

metabolomic applications. For the complete characterization of the global metabolome of 

aortic valve cells it is important to measure both extracellular and intracellular metabolic 

profiles (Cuperlović-Culf et al., 2010; Khoo et al., 2007). The measure of the extracellular 

profile only requires centrifugation to separate culture media and cells before the analysis. 

Once the culture media has been separated the protocol is similar to plasma. The measure of 

the intracellular profile provides more complete information about cellular metabolic 

processes. In this case, the pre-treatment requires metabolite extraction from cells as 

previously described in tissue. 

 

 

6. CLINICAL APPLICATIONS OF METABOLOMIC DISCOVERIES IN 

AORTIC STENOSIS  
 

The central purpose of metabolomics in the study of AVS is the discovery of novel 

translatable biomarkers into clinical practice. Ideally, for a proposed biomarker to be of 

clinical interest it should achieve certain requirements such as; high accuracy and 

reproducibility, high sensitivity and specificity, good positive and negative predictive values 

and should also improve the diagnostic and prognostic accuracy of existing biomarkers 

(Manolio et al., 2003). Ideally, an ideal biomarker of AVS should be able to detect early valve 

calcification, its pathological progression from sclerosis to stenosis or perturbation as a 

response to a particular drug (Nordström et al, 2010). Novel candidate metabolites for early 

diagnosis of AVS represent arguably the most interesting kind of biomarkers. A rapid and 

reliable diagnosis is critical to optimize clinical care and ensure patient survival in most of 

cases. Therefore, there is a substantial interest for discovering new biomarkers capable of 
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early identifying patients with high risk of suffering AVS and that could be therefore a 

candidate for preventive measures and immediate treatment. In this regard, from a clinical 

perspective, the metabolomic approach in the study of AVS improves the understanding of 

the changes that occur in response to different pathological states and consequently will 

contribute to establish the mechanisms underlying the disease (Arab et al., 2006). 

Body fluids such as plasma, serum and urine are considered ideal for monitoring 

biomarkers of AVS. Despite metabolomic studies of human diseases have been mainly 

focused on the most interesting biological samples from a clinical perspective (blood and 

urine), there are also very interesting studies carried out on samples of different nature such as 

tissue, cell cultures and secretome that have been developed in other cardiovascular disease 

(Gil-Dones et al., 2010; de la Cuesta et al., 2011; Terao et al., 2007; Petzold et al., 2008; 

Beridze et al., 2011). 

 

 

CONCLUSION  
 

Metabolomics is beginning to evidence itself as a valuable approach for identification of 

new biomarkers through direct observation of metabolite concentration changes in 

biochemical pathways in AVS. The use of metabolomics is providing new insights into the 

biochemical functions and the cellular physiology of living organisms. Complementary to 

metabolomics, other ‗omics‘ approaches, as proteomics, genomics and transcriptomics, are 

reporting promising results in the search for candidate biomarkers of this kind of disease and 

offer different point of views to the study of its pathophysiology whose individual discoveries 

should be globally considered. An improved knowledge of the metabolic pathways involved 

in the beginning and development of aortic stenosis disease will exponentially increase the 

possibilities to discover potential therapeutic targets and will open the door to develop a 

personalized medicine in this disease.  
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