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Foreword 

Metabolic profile of a system collectively reflects the phenotypic expression resulting 

from a complex interplay of genetic, epigenetic, nutritional, and environmental factors along 

with exposure to various stresses. In the post genomic era, mass spectrometry (MS)-based 

approaches have become the mainstay in metabolomics research contributing significantly to 

the fundamental understanding of disease biology, diagnostics and therapy. MS-based 

metabolomics complements genomic and transcriptomic data towards integrative systems-

based understanding and predictive modelling. Concurrently, the increasing use of MS in 

clinical metabolomics, and as a complementary tool for diagnostics have begun demonstrating 

the prowess of MS in impacting early disease prediction and patient care.  

Over the past decade, high resolution mass spectrometry (HRMS) has been the most 

significant instrumental advancement that has revolutionized bioanalysis and continues to 

carve a niche in metabolomics analysis. HRMS is capable of separating analyte ions with high 

mass accuracies (up to the fifth decimal exact mass) whereas low resolution triple quadrupole 

(QqQ) MS is limited to unit mass resolution. A single HR full-scan analysis provides far more 

detailed metabolic profiles in comparison to conventional lower resolution analysis. This has 

made comprehensive metabolic profiling of complex biological system a possibility.  

HR-accurate mass (HR-AM) quantitation is steadily gaining acceptance for 

comprehensive qual/quant metabolomics analysis. This is a departure from existing approaches 

where a HRMS qualitative analysis is generally followed by a QqQ MS quantitation with a 

smaller scope using selected single or multiple ion monitoring schemes. However, LC HR-AM 

methodologies are process intensive and few studies have explored the breadth of complexities 

involved for use in metabolomics. Specifically, the performance evaluation of LC HR-AM 

analysis over an extended metabolomics workflow execution, as is usually the case in indepth 

metabolomics studies has not been examined before.    

In this dissertation, aspects of LC HR-AM MS methods have been investigated from 

metabolomics contexts using specific mammalian and microbial model systems. Firstly, the 

analytical robustness of LC HR-AM MS was evaluated for estimating the metabolic 

consumption and release (CORE) profiles in two sub populations of glioblastoma at various 

drug concentrations. Thereafter, hydrophilic interaction liquid chromatography (HILIC) 

coupled to HRMS as a method was demonstrated for two separate systems respectively for 

relative metabolic profiling and tracing intracellular polar metabolites using stable isotope 

labelling (SIL). The final part of the dissertation highlights the translational aspects of LC-

HRMS and chromatography-free MS for the determination of isomeric dimethyl arginines 

(DMA) from diabetic urine samples. 
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1.1 Metabolomics, its analytical challenges, and high-resolution mass 

spectrometry 

Metabolites are low molecular weight (< 1500 Da) molecular components that 

represent the phenotypical expression of functional machinery in a biological system.1–4 

Metabolomics – the study of a collection of systemic metabolites - provides crucial insights 

into the state and dynamics of a system under consideration. Metabolomics has a wide gamut 

of current and potential applications in diverse fields such as healthcare (clinical and 

pharmaceuticals), nutriomics, industrial biotechnology, biofuels, ecological and plant research. 

For example, metabolomics in clinical investigations holds immense potential for 

understanding disease, its progression, identification of biomarkers, establishing standards for 

diagnosis, development of therapeutic interventions and finally addressing therapeutic 

challenges in patient care through personalized medicine.5 Study of biological modification in 

various disease states allows us to explore and understand the dynamics of molecular change 

with respect to etiology and epidemiology. So far different biomarkers have been identified 

and assigned to diagnose diseases like diabetes, hypertension, cancers, kidney dysfunction, 

neurological diseases, tuberculosis and oxidative stress in multiple disease states.6–9 

Metabolomics investigations can be broadly classified into targeted or untargeted approaches. 

These approaches are governed by fundamental knowledge of the biological system and aim 

of the study. The untargeted approach is usually a comprehensive and global search for a wide 

range of metabolic features. Untargeted metabolomics can be used to attain a broader view of 

metabolic changes in response to disease, environmental or genetic perturbations. Various 

algorithmic and database resources such as software such as XCMS, MetaboAnalyst, MZmine, 

MAVEN, AMDORAP are available for aiding untargeted metabolomics analysis.10–16 Often, 

the untargeted analysis is followed by targeted profiling for more confident quantitation of 

relevant metabolites.17 The targeted approach focuses on the analysis of the predefined list of 

metabolites pertaining to specific groups such as chemical class, interconnected pathways or 

unique metabolite(s).18,19 Targeted analysis is often used for quantitative measurement of 

specific metabolites using calibration curves from metabolite reference standards and/or 

isotopically labelled standards. Instrumental analytical approaches and methods to accurately 

detect and quantitatively measure metabolites are of paramount importance in metabolomics 

pursuits. 
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There are several levels of complexities involved in the analysis of metabolomics 

samples. In samples of biological origin, analyte(s) of interest coexist with a large number of 

compounds with distinct chemical properties, often referred to as a matrix. Biological matrices 

influence various stages of sample preprocessing and analyses.20 Inefficient extraction, ion 

suppression/enhancements, and interferences from background signals are the key influences 

of matrices.21,22 These contributions make detection, qualification and/or quantification, a 

challenging task. This is even more evident in metabolomics as the comprehensive metabolome 

consists of hundreds of metabolites that could be present within relatively narrow molecular 

weight regions. Unlike proteins that are made up of repetitive units, metabolites are structurally 

unique molecules with vast chemo diversity. It is also noteworthy that many metabolites 

undergo biotransformation, susceptible to environmental degradations and are extremely 

difficult to detect owing to their complexation with bio-macromolecules. Limited availability 

of synthetic standards further contributes in reducing the odds of identification and 

confirmation of many classes of metabolites. Metabolites often manifest in diverse abundances, 

making a direct simultaneous measurement challenging.23 Therefore, optimization of the 

analytical methodologies is essential in order to distinguish between the analyte and 

background signal for reliable and accurate measurements of metabolites. Evidently, the 

efficiency of an analytical instrument to distinguish between closely related analyte – analytical 

resolution - constitutes a factor of primary interest for analysts in various fields with 

metabolomics applications.  

Various chromatographic and electro-separation techniques have traditionally been 

used for analytical resolution of metabolites from complex biological samples. These have been 

extensively used in tandem with mass spectrometry (MS), and occasionally with nuclear 

magnetic resonance (NMR) to resolve metabolites from each other as well as from background 

matrix signals.24–33 Hyphenated and tandem analytical methodologies have proven to be 

promising in many applications as they offer synergistic advantages of both dimensions. 

Advancements in separation science that include development of novel stationary phases, new 

ultra-high pressure liquid chromatography systems, minimization of batch to batch variability 

of columns and introduction of microfluidic separations have significantly enhanced the 

bioanalytical toolbox in general and mass spectrometry-based metabolomics, in particular.34,35 

In spite of the significant progress in the analytical methodologies, there is still scope for 

improvement towards accurate and reliable assessment of individual metabolite(s) and of 
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comprehensive metabolome from a biological system. Further explanation on reversed phase 

and hydrophilic interaction chromatography has been provided in the latter part of this chapter.  

Mass spectrometry is a separation technique, in gas phase albeit, capable of achieving 

significantly higher separation efficiencies than liquid/gas phase chromatography. MS 

instrumentation has undergone significant evolution in the last two decades with highly 

efficient and soft ionization sources, various combinations of precise mass analyzers, and most 

prominently accompanying algorithmic advancements. Electrospray (ESI)36–38 and matrix-

assisted laser desorption ionization (MALDI)39–41 among ionization sources, and time-of-flight 

(TOF)42,43 and Orbitrap®44–46 among high-resolution mass analyzers (HRMS) are prominent 

in this regard. These developments have broadened the areas of application of MS as trace level 

metabolites can be accurately and efficiently measured with high throughput and 

sensitivity.47,48 HRMS has revolutionized metabolomics research (witnessed in the duration of 

this dissertation work) and is now being used on a large scale. A mass spectrometer that offers 

a resolution of more than 10,000 FWHM is considered as HRMS. Currently available HRMS 

analyzers include furrier-transform ion cyclotron resonance (FT-ICR), TOF, and Orbitrap®. 

Resolution more than 200,000 FWHM is achievable with Orbitrap and FT-ICR HRMS.49,50 

Apart from major applications in qualitative analysis like metabolite identification and 

structure elucidation, latest HRMS instrument possesses desirable specifications such as high 

scan speed compatible for LC-MS, wide dynamic range and MS/MS capabilities essential for 

any quantitative metabolomics investigations. 

In conventional workflows, liquid chromatography (LC) coupled with unit resolution 

triple quadrupole (QqQ) MS has been the most preferred platform for quantitative analysis. 

There were two main reasons behind the success of LC-QqQ MS. First, the ability of 

chromatography technique to retain analyte and elute them based on polarity provided primary 

separation and reduced the complexity of analytes being injected into MS. The highly specific, 

sensitive, and reproducible monitoring of precursor to product transition using MS/MS, was 

the second. At present, QqQ-based quantitation using selective precursor-to-product ion 

monitoring, for single or multiple ions (SRM and MRM), is generally accepted as an industry 

gold standard by regulatory agencies in food and pharma industry. However, QqQ MS can 

only generate low-resolution data, which poses significant limitation for discovery 

metabolomics.51 For high specificity, it requires monitoring of individual molecular transitions 

(single/multiple reaction monitoring) during the analysis. Also, the maximum number of ion 
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transition that can be monitored within a chromatographic peak lasting for few seconds is 

limited.52 This places a major constraint on the total number of molecules that can be analyzed 

in a given sample through a single analytical run, significantly limiting the ‘systems level’ 

metabolic measurements.53   

High-resolution mass spectrometry (HRMS), largely used only for qualitative 

metabolomics analysis, on the other hand, overcomes the limitations of conventional QqQ MS. 

HRMS-based analysis, with simultaneous qualitative and quantitative (Qual/Quan), is a viable 

alternative to QqQ MS (or TQ MS). Various groups have evaluated the quantitative 

performance of HRMS against TQ MS as a standalone platform for analyzing samples 

belonging to a diverse set of matrices such as mammalian tissue (kidney)54, honey,55,56 urine, 

rat and human plasma,31,57–60, dried blood spots61, hair62, food63–65. It was observed that the 

sensitivity of MS/MS is better only if small numbers of analytes are being monitored. This 

occurs mainly because of reduction in the dwell time per analyte with an increase in the number 

of ions monitored. HRMS (especially the Orbitrap®) was found to be more sensitive in 

monitoring a large number of compounds in a full-scan mode. Additionally, the HRMS method 

was found to be more generic and applicable to all reproducibly detected compounds for 

untargeted profiling of samples. But an era of full-fledged utilization of HRMS for qual/quant 

analyses is yet to come.  

Accurate mass HRMS metabolomics analysis (HR-AM) in most biological model 

systems, as well as clinical specimens, encounter significant process complexities. These have 

neither been fully evaluated nor optimized with a process analytical perspective. Field or 

clinical translation of important outcomes of discovery metabolomics presents further scale-up 

challenges as well. In certain scenarios to validate established metabolite disease markers, 

direct HRMS or HR-AM devoid of chromatographic front end might be a viable alternative for 

larger-scale clinical validation. This again remains relatively unexplored.   

This thesis explores the use of HRMS based qualitative and quantitative analysis for 

specific biological and translational applications with a focus on the performance evaluation 

and analytical process optimization. The introductory chapter provides an overview of mass 

spectrometry instrumentation, various aspects and MS terminologies relevant to metabolomics 

and a general description of the methodology that forms the basis of the remaining chapters. 

Chapter two describes the method development and performance evaluation of accurate mass 

– extracted ion chromatogram (AM-XIC) based targeted metabolomics analysis in a model 
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mammalian cell culture system. In this, the analytical robustness of the LC HR-AM analysis 

workflow to profile consumption and release of metabolites from differentially expressed sub-

populations of glioblastoma cell cultures with various sampling time points and anti-cancer 

drug concentrations was evaluated. Chapter three describes the use of hydrophilic interaction 

liquid chromatography (HILIC) in combination with HR-AM analysis for profiling of polar 

intracellular metabolites. Metabolic changes in Chromobacterium violaceum (CV) between 

wild-type and two adapted laboratory evolution (ALE) developed chloramphenicol resistant 

(ChlR) and streptomycin resistant (StpR) strains were investigated (3A). In the subsequent 

section, an extension of HILIC HR-AM analysis to 13C-glucose labeled polar metabolites from 

Chinese hamster ovary (CHO) culture is described (3B). Chapter four and five describe the 

evaluation and translational application of chromatography free HRMS analysis. These 

chapters demonstrates the application of MALDI HR-AM analysis for the determination of 

isomeric dimethylarginine ratio from diabetic urine samples in a clinical study involving 555 

individuals. 

1.2 Overview of mass spectrometry 

Mass spectrometry is an analytical technique capable of distinguishing ions based upon 

mass to acquired charge ratio (m/z). A mass spectrometer mainly consists of four different parts 

namely (i) sample inlet (ii) ionization source, (iii) analyzer, and (iv) detector. A schematic 

representation of a mass spectrometer is portrayed in figure 1.1. In the first step, the sample 

inlet is used to introduce the sample, from a chromatograph or a direct insertion probe or 

crystallized bed of matrix as per the ionization technique employed in the analysis. 

Subsequently, an ionization source ionizes the chemical moieties present in the samples, 

eventually producing gas phase ions from the sample. After ionization, the ions are directed 

into the analyzer, where they are separated based on mass to charge ratio (m/z). In a 

contemporary mass spectrometer, a single or multiple mass analyzers in combination are being 

used are used to separate the ions. Finally, ions are detected by a detector, and a processing 

system produces the mass spectrum as a plot of ions and their respective intensities. 
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Figure 1.1 Schematic of the mass spectrometer 

1.2.1 Ionization source 

The instrumental part used to generate ions is called an ionization source. A variety of 

commercial ionization techniques are available for use in mass spectrometry. The most 

commonly used ionization sources are electrospray ionization (ESI), matrix-assisted laser 

desorption ionization (MALDI), electron Ionization (EI) and chemical ionization (CI).66 EI, 

which generates ions using a beam of high energy electrons, is only suitable for gas-phase 

ionization and thus, its use is limited to ionize compounds that are sufficiently volatile and 

thermally stable. EI also causes substantial fragmentation as a result of high energy electrons.67 

A CI source produces ions through a collision of the analyte molecule in the gas phase with 

primary gaseous ions present in the ionization chamber.68 The commonly used gases in 

chemical ionization are methane, ammonia, and isobutene.69,70 MALDI and ESI are two soft 

ionization techniques, preferably used in metabolomics and proteomics research, are described 

in details in following paragraphs. 

1.2.1.1 Electrospray ionization 

Electrospray ionization, more commonly referred as ESI, is a liquid phase ionization 

technique operating at atmospheric pressure. The schematic of ESI has is represented below in 
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figure 1.2. Electrospray ionization is obtained by applying a high electric potential (up to 8 kV) 

on capillary through which the liquid containing analyte is flowing.36,38 The electric potential 

induces charge accumulation on liquid surface passing through capillary. Liquid leaves the end 

of the capillary forming a Taylor’s cone, which subsequently breaks into the highly charged 

droplets. A gas injected coaxially allows the dispersion of the droplets in a limited space. These 

droplets then passes through a sheath of heated inert gas, most often nitrogen, to vaporize and 

remove solvent molecules.71 The process of evaporation ends up generating a singly/multiply 

charged analyte ion that are introduced into MS using a capillary inlet.72 The accumulation of 

charge on an ion is governed by the polarity of solvent, surface area, and proton affinity of 

analyte.37 Formation of multiply charged ions is advantageous as it enables the analysis of high-

molecular weight ions using analyzers with a lower m/z scan range. 

 

 

Figure 1.2 Schematic representation of an electrospray ionization (ESI) source 

1.2.1.2 Matrix Assisted Laser Desorption/Ionization (MALDI) 

Matrix Assisted Laser Desorption/Ionization, uses a laser as a source of energy to 

produce gaseous phase ions (Figure 1.3). Generally, a UV or IR laser is used in the process.73,74 

Many molecules do not possess chromophores for UV absorption. Therefore, UV absorbing 

small organic acids commonly known as “MALDI matrix”, are used to facilitate 

desorption/ionization process. The most commonly used MALDI matrices are 2,5-
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dihydroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic acid (CHCA), sinapic acid or 

sinapinic acid (SA), 2′,4′,6′-trihydroxyacetophenone (THAP), and 9-aminoacridine (9AA). For 

analyses, the matrix solution is either premixed or applied in layer-by-layer pattern with sample 

solution on a stainless steel plate, known as “MALDI target plate”. Post application the spots 

are allowed to dry. Drying process leaves a bed of matrix crystals containing sample molecules 

on the plate. Subsequently, the plate is placed in the ionization source chamber and subjected 

to repetitive laser shots. Exposure to laser generates singly charged ions. 

 

Figure 1.3 Schematic representation of matrix-assisted laser desorption/ionization (MALDI). 

The exact mechanism of desorption and ionization is not yet fully understood, but 

several theories are available explaining the possible underlying mechanism in ionization.75,76 

MALDI is a sensitive ionization technique, which is high-throughput in nature and has a high 

tolerance to salts, buffers, and detergents. MALDI can be operated in both vacuum and 

atmospheric pressure conditions. 

1.2.2 Mass analyzers 

After the ions are produced by ionization source, the charged gaseous plume is pushed 

into the next part of the mass spectrometer, an analyzer. Using an analyzer, the ions are 

separated based upon their mass to charge (m/z) ratio rather than their masses alone. Hence, a 

multiply charged ions’ effective mass in terms of m/z will be a fraction of its original mass 
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according to its charge state.66 Several mass analyzers have been developed based upon various 

principles of discriminating ions from each other according to m/z. All analyzers use either 

electric or magnetic field or both in combination to discriminate between the ions. The ability 

of an analyzer to distinguish between ions is called as resolving power. As mentioned earlier, 

use of the electric or magnetic field is an essential requirement for the analyzer to work. In 

practice, it is very difficult to generate and maintain a spatially uniform magnetic field. Hence, 

uses of electric field based analyzers have gained popularity over magnetic field based sector 

analyzers. Most widely used analyzers in mass spectrometry namely, quadrupole, time of flight 

(TOF) and Orbitrap™ analyzer are explained here in details. 

1.2.2.1 Quadrupole mass analyzer  

Quadrupole, as the name suggests, is an analyzer consisting of four poles made of 

conducting rods. The four rods are of circular or hyperbolic geometry placed in parallel 

alignment with perfectly similar dimensions (figure 1.4a). Each pair of oppositely aligned rods 

is connected to a DC voltage of opposite polarity. Ions are made to travel in an axis passing 

right through the quadrupole.77 Additionally, an AC voltage is superposed over the constantly 

applied DC voltage. This causes ions passing through quadrupole to oscillate. A voltage ratio 

between DC and AC potential determines the stability of the path. A representation of the 

relationship between the stability of path and the applied voltage is given below in figure 1.4b. 

 

Figure 1.4 a) Schematic representation of quadrupole analyzer and ion trajectories; b) Stable trajectory 

areas for ions with different masses (M1<M2<M3) as a function of DC and AC voltage.  

During scanning, the oscillating voltage resonates the ions. While passing the poles, 

lighter and heavier ions hit the rods because of the unstable trajectory, determined using Pauls’ 
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and Mathews’ equations.78 According to their equation of trajectory, the relation between DC 

and AC determines the stable trajectory of an ion. Changing DC linearly as a function of AC, 

we obtain a straight operating line that allows us to observe those ions successively. A line with 

a higher slope would give us a higher resolution, so long as it passes through the stability areas. 

Changing DC and AC voltage along of the operating line (1, 2, 3, and 4) enables a stable 

trajectory for selected ions with variable resolution and ion intensities. Quadrupole mass 

spectrometer offers “unit resolution” i.e. it can effectively distinguish two peaks with at least 

1 Da mass difference between them.79 The resolution normally obtained is not sufficient to 

deduce the elemental composition. Despite low resolution offered by quadrupole mass 

analyzer, it’s popular because of selectivity it offers in triple-quadruple setup via various 

reaction monitoring schemes. It can simultaneously monitor transition of one or more ions 

through single reaction monitoring (SRM) or multiple reaction monitoring (MRM), 

respectively. In these schemes, first and third quadruple acts as ion filter, while the second 

quadruple performs the collision-induced dissociation (CID). 

1.2.2.2 Time of flight (TOF) 

The TOF analyzer separates ions based upon the time taken to travel from one end to 

another end of a tube in a free-field region, called a flight tube (Figure 1.5). The ions are 

uniformly accelerated by an electric field. This process occurs in bundles of ions. Because of 

uniform acceleration, all ions acquire the same kinetic energy. However, because of the 

difference in their masses, they exhibit different acceleration and velocities. This can be 

explained by the equation of kinetic energy mentioned below. 

𝐸 =
1

2
.𝑚𝑉2 

Where, E represents Kinetic energy; M is mass of the ion, and V is velocity. The lighter 

ions (lower m/z) acquire higher velocity as compared to heavier ions (higher m/z). Therefore, 

the lighter ions require less time to travel to another end of the flight tube as compared to 

heavier ions.42 Time taken to reach from one end of flight-tube to another end is correlated with 

the mass to generate the ion profiles. The TOF analyzer offers high-resolution power as 

compared to previously described quadrupole mass analyzers.53 Further, the resolution is 

improved in proportion to the flight distance, which is theoretically doubled by using the 

analyzer in reflector mode. Virtually, the upper mass range of a TOF instrument has no limit.43 
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This makes it especially suitable for analyses of molecules with high masses up to 300,000 

Da.80 

1.2.2.3 Orbitrap mass analyzer 

Orbitrap® mass analyzer is based on the principle of ion trapping technique.45 It utilizes 

electrostatic field for trapping ions in small space between a central and peripheral/coaxial 

cylindrical electrode. Ions are injected into the Orbitrap from an offset to its equator using a 

voltage potential at the inlet end. Once ion pack enters the Orbitrap, under the influence of the 

electric field applied by two electrodes, they start coherent axial oscillations. This rotational 

motion around central electrode is balanced in terms of centrifugal and centripetal force, for all 

the ions irrespective of their masses.44 Schematic of Orbitrap mass analyzer is provided in 

figure 1.6. 

 

Figure 1.5 Schematic representation of TOF analyzer (reflector mode).The ions are generated using an 

ionization source, such as MALDI and guided into TOF-tube. TOF-tube is a field-free drift region with 

mean free path equivalent to length of the tube. The analyzer can be operated in linear and reflector 

mode (showcased here). The distance travelled in reflector mode is double the distance in linear mode. 

Reflector mode provide higher resolution as compared to linear mode. 
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Figure 1.6 Schematic representation of Orbitrap mass analyzer (reproduced with permission from 

Briois et. al., Planetary and Space Science 131 (2016) 33–45) 

Initially, when an ion packet enters the Orbitrap, the kinetic energy of ions is poorly 

matched with the radial electrical field component. Because of this, ions follow a random non 

circular orbit around the central electrode for initial few hundred revolutions. In subsequent 

revolutions, ions align themselves in eccentric motion circles around the central electrode, 

matching closely to a doughnut shape.81 During this period of each ion align itself to a nearly 

circular path with different radii. The radius is a factor of m/z of an ion. According to the 

equation of a centripetal force, mentioned below, ions with higher m/z tends to acquire larger 

radius whereas ions with small m/z have relatively smaller radius. The maximum radius of ion 

trajectory is controlled by the outer cylindrical electrode to avoid loss of ions. 

𝑊𝑧 = √
𝐾

𝑚/𝑧
 

Where Wz is a frequency of oscillation, K is field curvature and m/z  mass by charge ratio.82  

In terms of angular velocity with respect to the centripetal force, lighter ions move with 

higher angular velocity than heavier ions. The radius of circular motion and angular velocity 

determines the frequency of rotation of an ion in an Orbitrap. An ion follows the motion along 

the axial electrode from one half of Orbitrap to another. Movement from one half of the outer 

electrode to the other generates an image current, thus creating a signal that is detected by 
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differential amplification and Fourier transform. Because each ion has characteristic velocity 

and axial movement, ions can be differentiated from each other with a high degree of 

specificity. This provides the basis of high resolution offered by Orbitrap mass analyzer. A 

comparison of mass resolution offered by various instruments is provided in table 1.1. 

Table 1.1 Currently used HRMS instruments83 

Instrument 

type 

Mass 

Range 

(m/z) 

Resolution (in 

thousands, 

FWHM) 

Mass 

accuracy 

Manufacturers 

TOF 
Upto 

20000 
10-20 <3ppm 

AB Sciex, Agilent, Bruker-

Daltonics, Waters, Leco, 

Perkin-Elmer, Shimadzu 

Q-TOF 
Upto 

60000 
15-40 <3ppm 

AB Sciex, Bruker-Daltonics, 

Waters, Agilent, 

Q-Orbitrap® 50-6000 35-140 <1ppm Thermo Fisher Scientific 

LTQ-Orbitrap 

XL™ 
50-4000 7.5->100 <1 ppm Thermo Fisher Scientific 

 

1.2.3 Analytical significance of resolution, mass accuracy and mass extraction window 

(MEW) 

1.2.3.1 Mass resolution 

Mass resolution is an outcome of resolving power of a mass spectrometer, expressed as 

[m/Δm]. Higher the resolution more efficient is the separation between the ions with smaller 

mass difference. Table 1.1 and 1.2 represents a range of resolution offered by an instrument 

and amount of information which is accessible through it, respectively. High resolution offered 

by HRMS can resolve interference observed in case of nominally equal masses, as compared 

to a low-resolution quadrupole instrument where it is necessary to identify and track diagnostic 

product ion for qualification and/or quantification. HRMS such as Orbitrap® can accurately 

measure m/z with less than 2 ppm error. Such high mass accuracy drastically reduces the 

number of possible chemical formulae to be assigned to the observed ion.84,85 Thus, higher 

mass accuracy enables assignment of molecular formula and consequent database search. 
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Higher resolution also offers better ground for identification or characterization of analytes as 

it removes the interference of closely related molecules and reduces the chance of false positive 

or false negative result.86  

 

HRMS can accurately measure the m/z values up to 6 decimals. In such cases, it is 

essential to use exact masses (monoisotopic) in order to avoid errors in identification.53,63,81 

Figure 1.7 represents the role of resolution in the analysis of benzophenone. At 50,000 FWHM 

benzophenone is resolved from an unknown interfering peak.87  Mass analyzers which offer 

>10,000 units of resolution are considered as high-resolution mass analyzers. Fourier transform 

ion cyclotron resonance (FT-ICR), Reflector-time of flight (TOF) and Fourier transform 

Orbitrap are high-resolution mass analyzers used in today’s scenario. These are compatible 

with Electrospray ionization (ESI), matrix-assisted laser desorption (MALDI) and other 

atmospheric direct ionization sources. They are also available with a quadrupole and/or ion 

trap (IT) at preface as Q-TOF or Q-orbitrap or Q-IT-Orbitrap, which acts as mass filters for 

initial screening of ions. 

HRMS instruments can be operated at various mass resolutions. However, the choice 

of appropriate operational resolution is dependent on the differences of m/z values between two 

ions. Minimum resolution or Rmin is resolution required to separate two closely spaced ions. 

This is of practical significance especially when the two analytes have a very small difference 

in exact masses.  

Table 1.2 Resolution and its potential implications in the metabolomics analysis. 

Resolution Outcome Inference 

Unit resolution 

(Quadruple) 

Separation of ions with a mass 

difference of one Da and unit charge 

Isotopic peaks can be 

differentiated 

>10,000 FWHM 

(ion trap, TOF) 

Separation of ions with mass 

difference up to three decimal points 

(mDa) 

Analytes with mDa mass 

differences can be 

distinguished 

>100,000 FWHM 

(Orbitrap, FT-ICR) 

Separation ions with less than 1 mDa 

differences 

Isolation of nominally 

isobaric analytes 

 

For example, among the amino acids, hydroxyproline and leucine have m/z of 

132.06552 (m1) and 132.10191 (m2) respectively. The formula to calculate Rmin is as follows. 
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𝑅𝑚𝑖𝑛 = 2 ×
𝑚1

𝑚1 −𝑚2
 

Which returns Rmin for these amino acids as 7000 FWHM. Whereas pipecolic acid (m/z 

130.08626) has an isotopic peak at 132.09050 and to resolve hydroxyproline from potential 

interference from the isotopic peak, Rmin of 23,000 FWHM is necessary.85 

  

Figure 1.7 sample analyzed by LC/HRMS at three different mass resolving powers: (A) 10 000 FWHM, 

(B) 25 000 FWHM, and (C) 50 000 FWHM. (Reproduced with permission from H. Gallart-Ayala et. 

al. Rapid Commun. Mass Spectrom. 2011, 25, 3161–3166) 

1.2.3.2 Mass accuracy  

Mass accuracy is closeness to correct mass value generated using exact masses of each 

element present in the compound. It is essential to have high mass accuracy or low mass error 

in order to avoid any false positive or false negative identification.87,88 Therefore, periodic 

calibration of the instrument using a set of standards (with m/z in working ranges) is crucial in 

generating reliable data with acceptable accuracy and precision. In order to maintain a constant 

state of accurate mass measurement, few systems also provide an in-line infusion of calibration 

standards along with sample runs.  

There are various parameters that influence the accuracy of MS. These include, the 

temperature of the instrumental facility, instrument temperature (internal), calibration interval, 

and purity of calibration standards. Among these, room temperature is an external parameter, 

and should be regularly monitored to achieve consistent mass accuracy, post calibration. 

Rochat et. al. reports the impact of room temperature on the accurate mass measurement of 

caffeine using HRMS.89  
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1.2.3.3 Mass extraction window (MEW) 

 Analyte specific information from a high-resolution full-scan data (total ion 

chromatogram) is represented by the construction of an accurate mass – extracted ion 

chromatogram (AM-XIC).  XIC is generated using a narrow window around theoretical m/z 

known as mass-extraction-window (MEW).20,89,90 MEW is carefully selected based on mass 

accuracy, mass resolution, and mass accuracy precision (MAP) to avoid any false positive or 

false negative outcomes. It is advisable to consider the fixed width at half maximum (FWHM) 

of m/z peak before selecting a window of extraction, as the wider window more than FWHM 

may lead to false positive results. Also, the too narrow window should be avoided as in case 

of shifts in MA may lead to false negative results. MEW can be chosen as an absolute window 

around the mass (+/-mDa) or relative to m/z as ppm. As a general correlation with the increase 

in resolution FWHM decreases, so is the MEW.  Typical  MEW  values  for  different  

resolution  is  mentioned below in table 1.3.87,91,92 

Table 1.3 Mass resolution and corresponding MEW 

Sr. No Resolution @ 200 m/z Absolute MEW (mDa) Relative MEW (ppm) 

1 10,000 25-50 25-50 

2 25,000 25-10 25-10 

3 50,000 10-5 10-5 

4 >75,000 <5 <5 

    

1.2.4 Difference between data acquisition schemes of quadruple Vs HRMS analyzers 

HRMS application in the field of clinical and biological research has been restricted to 

qualitative analyses, while quadrupole analyzers have been extensively used in day to day 

quantitative analyses. This was owing to the reproducible ion transition monitoring and fast 

scanning speeds. Triple-quadrupole (TQ) has been proven excellent for single reaction 

monitoring (SRM) as well as multiple reaction monitoring (MRM) with good reproducibility 

and high sensitivity. SRM/MRM carried out using three quadrupoles in series (QqQ), where 

quadrupole at each end acts as a mass filter (ion selection in narrow m/z window), while one in 

the center acts as a collision cell. Because of the above mentioned desirable attributes, LC-TQ 

MS has entered most clinical research and industrial setup. Analysts have been rigorously 
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trained on LC-TQ MS instruments on setting up the precursor to product ion transition(s) using 

standards and perform quantitative assay. Thus, LC-TQ MS has become the gold standard in 

quantitative analysis analysis.  

On the other hand, HRMS instrument generates a full-scan high-resolution spectra. The 

data is represented as total ion chromatogram (TIC), which is a plot of total ion count of every 

single acquisition versus time or scan number. A single full-scan contains the details of all 

detected ions in terms of m/z values and their respective intensities. Data of each individual ion 

can be further extracted using MEW to generate AM-XIC and peak area can be 

determined.89,93,94 since the introduction of hybrid Orbitrap® (Q-Exactive™, LTQ-Orbitrap 

XL™) and TOF analyzers (Q-TOF, Q-IT-TOF), HRMS instrument have been re-evaluated for 

its quantitative nature. By now, various groups have reported quantification using high-

resolution instruments which were found to be comparable with TQ-MS in terms of sensitivity, 

level of accuracy and throughput capabilities.79,95,96 Recently introduced hybrid TOF-MS have 

shown improved resolution for ions having low m/z and increased dynamic range. Additionally, 

the TOF dynamic range has been significantly improved due to analogue to digital conversion 

protocol rather than previously used less efficient time to digital conversion protocol.89 The use 

of above mentioned HRMS(S) allows simultaneous qualitative and quantitative analysis along 

with the acquisition of high quality FS data for profiling and data mining in later stages. It is 

noteworthy that the triple-quadruple data contains limited information acquired via preset 

reaction monitoring schemes, whereas HRMS which generates full-scan data has a potential to 

facilitate re-evaluation of data for extended metabolite search and untargeted analysis.  A figure 

comparing the scan modes in low resolution and high resolution MS is mentioned in the figure. 

1.8. 

It is essential to follow fragmentation using collision-induced dissociation in case of 

quadrupole based analysis for targeted studies involving single or multiple ions. Quadrupole 

can be used in mainly three modes each involving filtration with the help of narrow range mass 

filter which is likely to be followed by fragmentation. These three modes are SIM (selected ion 

monitoring), SRM (selected reaction monitoring) or MRM (multiple reaction monitoring).79,97 

A major drawback of SIM/SRM/MRM is the loss of vital information during runs. While a 

particular ion(s) is/are being monitored, information on other ions is completely lost. This could 

be of great importance while carrying out global profiling studies in metabolomics, proteomics, 

and lipidomics. On other hand, HRMS can be used in full scan mode or SRM/MRM mode with 
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the possibility to perform MSn.98 This enhances the extent of information which can be obtained 

over a single run. A comparison of Triple Quad based mass spectra and HRMS has been given 

in figure 1.8. 

● Apart from the advantages of full-scan MS analysis with high resolution, HRMS instrument 

can monitor product ion transitions like triple-quad analyzer with high mass accuracy. 

Various modes of product ion monitoring are mentioned below. 

● Parallel reaction monitoring: Just like TQ-MS acquisition, HRMS instrument can select 

ions within single mass isolation windows and perform SRM or MRM studies with high 

spectral resolution.97,99,100 

● All ion fragmentation: Non-selective all ion fragmentation can also be performed.26 

● SWATH™: HRMS instrument also offers sequential fragmentation in a larger window of 

20-50 m/z.101  

● The rate of acquisition of high-resolution full-scan (HR-FS) is compatible with UPLC runs. 

The scan rate is more than 4Hz performed at >20,000 resolution. Because of high-resolution 

full-scan, there is no need of experimentally determining collision energy as it is must for 

SRM. Most HRMS instrument can record HR-FS, MSALL, and MSSWATH in sequential scans 

as well. This makes simultaneous acquisition of data for both quantitative and qualitative 

analysis.102,103HRMS, as a result of full-scan mode, provides a much detailed picture of the 

co-eluting compound, adducts, contaminants and matrix peaks. This can potentially 

advantageous in a holistic approach such as systems biology.55,104 
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Figure 1.8 Scan modes in low (QqQ-MS) versus high resolution (Q-TOF, Q-Orbitrap®) mass 

spectrometer (Adapted from Rochat et. al. Bioanalysis 4, 2939–2958 (2012)) 

 

1.3 Maintenance and Calibration of HRMS 

As explained earlier (Page 25-26), HRMS is sensitive to various environmental conditions and 

usage.  Over extended period of usage, it is likely to display signs of deposition of sample 

residue on ionization interface, carryover, and carbon deposition on internal parts exposed to 

ion trajectories. Therefore, it is necessary to perform a routine evaluation and maintenance 

procedure to ensure the best performance of MS instruments. The maintenance is carried out 

either by the user through software operated bake-out cycle as well as by cleaning of some 

internal parts, such as ion guide, by authorized personnel. Bake-out is a procedure involving 

the selective heating of internal parts to remove the organic deposits. Bake-out is followed by 

vacuum stabilization to preset levels.  

Bake-out is followed by mandatory mass calibration using calibration standard mix to 

ensure accuracy and precision of the MS instrument. The calibration standard set as well 
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technique may differ as per the analyzer. For example, in case of AB Sciex MALDI TOF/TOF 

5800 instrument, a mixture of peptides namely, des-Arg1-bradykinin, Angiotensin I, Glu-

Fibrinopeptide B, and adrenocorticotropic hormone (1-17 clip, 18-39 clip, and 7-38 clip) is 

used to perform the calibration. Briefly, CHCA is mixed with calibration standard mix and 

applied onto the MALDI target plate. The spots are allowed to dry.  Laser energy and the 

number of shots are optimized followed by optimization of the X and Y deflector parameters. 

Whereas, in the case of Thermo Q-ExactiveTM HRMS (Quadruple-Orbitrap analyzer) 

calibration is performed by direct infusion of calibration mix using a syringe and piston pump. 

The calibration mix, in this case, contains Caffeine, MRFA peptide (Met-Arg-Phe-Ala), 

Ultramark 1621(fluorinated phosphazines)105, sodium dodecyl sulfate, sodium taurocholate 

and n-Butyl-amine. 

 

1.4 Liquid chromatography techniques  

1.4.1 Reversed-phase chromatography 

Reversed phase chromatography (RPC) is one of the most widely used modes of 

chromatography techniques. The term reversed phase is used because of the reversed polarity 

of stationary and mobile phase in comparison to normal phase chromatography (NPC), where 

the polar stationary phase is used along with non-polar mobile phase. Stationary phases in RPC 

are comprised of silica particles grafted with non-polar alkyl chains ranging in length from 1 

to 18 carbons. The most prevalent example of RPC stationary phase is octadecylsilane; 

consisting of 18 carbon length alkyl chain. The mobile phase consists of polar aqueous phase 

mixed with the organic phase. Analyte retention in RPC could occur by two mechanisms, 

namely adsorption of the analyte molecules on alkyl chains, or by partitioning into the micro-

environment of alkyl chains, or both. RPC has widespread application in the analyses of a broad 

range of molecular structures with hydrophobic functional groups.106 As compared to its 

counterpart NPC, RPC eliminates limited solubility and potential toxicity issues encountered 

with NPC mobile phases/solvents by allowing the combined use of aqueous phase and less 

toxic organic phases such as methanol and acetonitrile. Reliability, robustness, repeatability, 

stability and well-understood mechanism of analytical separation efficiencies in RPC have 

made it widely acceptable for use in both LC and LC-MS.107 However, polar analytes are poorly 

retained on RP stationary phases significantly limiting its application in metabolomics, 
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especially with polar/semi-polar extracts derived from aqueous biofluids or tissue that 

comprises of a wealth of polar molecules.108–110 Use of ion-pairing agents (fluorinated 

carboxylic acids) has in part addressed retention of polar metabolites in RPC. Conversely, the 

traditional normal phase is capable of retaining and separating polar analytes. However, it 

suffers from poor reproducibility and column bleeding issues. Additionally, routinely used 

mobile phases such as hexane is MS incompatible and impose yet another limitation that has 

hampered the full-fledged tandem application of NPC with MS platforms.111 This void in polar 

analyte separation has been aptly filled by hydrophilic interaction liquid chromatography that 

was initially developed for carbohydrate separation now widely used for the separation of polar 

metabolites using aqueous mobile phases.112   

1.4.2 Hydrophilic interaction liquid chromatography and it’s retention mechanisms 

The HILIC retention mechanism is not completely elucidated and the availability of diverse 

stationary phases makes it an even more complex process with multiple possibilities. However, 

as per the current understanding, the separation is achieved through two major phenomena: (1) 

hydrophilic partitioning of analytes in aqueous surface/pockets formed by water and buffer, 

and (2) weak electrostatic interactions on charged stationary phase material.112–114 The first is 

evident by the fact that upon interaction with aqueous mobile phase, the polar surface of the 

stationary phase is known to strongly retain water. This forms a semi-immobilized phase of the 

water-rich layer in the vicinity of the stationary phase with increasing gradient of acetonitrile-

rich phase away from the stationary phase material towards the bulk. This formation of a 

‘water-rich layer’ has been experimentally shown by Wikberg and colleagues using nuclear 

magnetic resonance (NMR) spectroscopy.115 The two phases of different polarity made up of 

acetonitrile-rich bulk and the water-rich layer can be considered as a biphasic liquid-liquid 

separation system. A minimum of 2-3% water content in the mobile phase is essential to allow 

the formation of this biphasic system.116 Hydrogen bonding has frequently been cited as a 

causal in this regard. Polar analytes are partitioned into the semi-immobilized water-rich 

surface layer with stronger retention than the non-polar analytes, and thus eluting in the later 

stages of aqueous rich gradient.117 

Influence and contribution of electrostatic interaction in retention of polar metabolites 

is controlled by the presence of buffers, organic solvent content and acidity/basicity of 

analytes.118,119 While hydrogen bonding does play a role in some cases, most such postulations 
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are not accompanied by evidence to distinguish this from the dipole-dipole interactions that are 

probably responsible for the generation of the immobilized aqueous layer. For effective 

separation in HILIC mode, charged state of analytes is generally considered an ideal state as 

compared to their uncharged state as it renders analytes comparatively more hydrophilic in 

nature. In the presence of stationary phase with ionizable groups, for example, 

phosphate/ammonium/zwitterions, can enable electrostatic interactions with charged analytes. 

These interactions can be either attractive or repulsive, depending on the charged state of 

stationary phase and analyte ion. As expected, electrostatic attractions produce the increase of 

retention times, whereas electrostatic repulsion has the opposite effect on retention. 

Interestingly, in the case of repulsion, analytes can still be retained through hydrophilic 

interactions, owing to a proper orientation of the molecule, which aids in the reduction of the 

electrostatic repulsions. This combination has been described by Alpert as electrostatic 

repulsion–hydrophilic interaction chromatography (ERLIC).120,121  

Quantitative structure-retention relationship (QSRR) approaches have been employed 

by various groups to understand the role of different contributing factors in HILIC 

mechanisms.122 Among different QSSR models, the linear solvation energy relationship 

(LSER) model has been widely used to investigate the factors affecting retention in 

chromatographic systems.123 LSER relates the retention of a given analyte to its 

physicochemical and structural parameters, using the solvato-chromic descriptors provided by 

Abraham et al., which include hydrogen bond acidity and basicity parameters.124 The high 

values found for these parameters have proved that molecules with hydrogen donor or 

hydrogen acceptor functionalities can interact through the hydrogen bond formation with the 

stationary phase. This kind of interaction is however dependent on the possibility of the phase 

to create hydrogen bonds and becomes particularly important in case of uncharged analytes 

when electrostatic interactions are absent. 
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2.1 Introduction 

Liquid chromatography-mass spectrometry (LC-MS) is an invaluable tool for low 

molecular weight metabolite analysis from in vitro model systems.1,2 Metabolomic workflows 

generally employ high-resolution mass spectrometry (LC-HRMS) for qualitative profiling 

while triple-quadrupole (QqQ or TQ-MS) based low-resolution MS is separately used for 

quantitative measurements.3,4 There is an increasing shift away from viewing LC-HRMS as a 

stand-alone qualitative platform. Simultaneous accurate mass-based (HR-AM) qualitative and 

quantitative (qual/quant) metabolite measurements further enhance the ability to 

comprehensively evaluate biochemical pathways.3–6 For example, HRMS allows profiling of 

metabolites, from native pathways that could be impacted in drug metabolism investigations, 

beyond the traditional metabolized drug or degraded drug products alone.7–11 HR-AM 

quantitation is particularly useful in eliminating any potential m/z interferences from closely 

spaced metabolites. Data from such metabolic profiling can also be advantageously used in 

integrative systems biology approaches towards predictive metabolic modeling .12–15 

HRMS analysis of metabolites from mammalian and microbial samples, including 

quantitation, has been reported in several publications. Table 2.1 summarizes these and 

highlights the method aspects of these publications. However, relatively few studies have 

evaluated the performance of HR-AM quantitation specifically for metabolic consumption and 

release (CORE) analysis for study contexts that present analytical complexities of sample and 

scale. Often in vitro studies investigate differentially expressed biological systems. Various 

nutritional, drug and other environmental conditions and resultant phenotypic changes are 

probed.16 LC HR-AM workflows for the measurement of CORE in such scenarios can be 

process intensive potentially involving hundreds of analytical runs. Thus, in addition to the 

sample preparation strategies, it is crucial to optimize several method and instrumental 

parameters to establish the quantitative performance of HR-AM analysis in large-scale 

metabolic workflows. It is of utmost importance that these parameters remain unaltered over 

the course of the metabolomics study. To ensure the reliability of the results and reduce the 

possibilities of artifacts, it is also important to plan batches of sample, control and blank LC 

analytical runs interlaced with QC samples. 

In this work, we report an elaborate workflow implemented for the LC-HRAM 

quantitative analysis of metabolic CORE in two differentially expressed subpopulations of 
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glioblastoma cells. Intra and extra-cellular metabolites extracted at various time points and with 

the cells grown under different concentrations of the anti-cancer drug temozolomide were 

analyzed. The analysis focused on a set of metabolites for screening and quantitation according 

to their significance in cell growth and proliferation in culture media. A simple reverse phase 

LC-ESI-Orbitrap HRMS method was evaluated for quantitation of 34 metabolites (mainly 

amino acids, organic acids and carbohydrate) identified uniformly from the culture samples. 

The samples were analyzed in both positive and negative modes. Figure 2.1 shows the detailed 

experimental workflow from which samples were drawn resulting in 988 LC-HRAM analyses 

executed over 15 days. Principal component analysis was performed using the quantitative 

metabolomics data to obtain insights into the differentially expressed cell populations. 17 
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Table 2.1 Previous reports of quantitative analysis using HRMS 

Sr. 

No. 

System RP/HILIC HRMS Absolute quantitation Focus Ref. 

1 C. autoethanogenum HILIC Q-Orbitrap Yes  (LOD, LOQ, linearity, 

Accuracy, Precision) 

Novel method for LC-IDMS 18 

2 S. cerevisiae RP (ion 

pairing 

agent) 

Orbitrap Yes (LOD, linearity, Accuracy, 

Precision) 

Quantification of metabolites 

Identification of unknown peaks 

19 

3 Lymphoblastic 

leukemia 

HILIC Q-TOF Yes (LOD, linearity, intra and 

inter-batch variation, pooled QC) 

CORE profile 20 

4 Aortic endothelial 

cells (HAECs) 

Silica LTQ-

Orbitrap 

Yes Absolute quantification using 

isobaric tags (DiART) 

 

21 

5 Colon cancer cells 

(HT29) 

HILIC Q-TOF No (pooled QC) Untargeted metabolomics to 

identify effects of polyphenols 

22 

6 Pluripotent stem 

cells (iPSCs) 

RP Q-TOF No (Relative) Untargeted metabolomics 23 

7 Human plasma HILIC Qq-TOF Yes (Linearity, LOD, LLOQ, 

accuracy, Precision, sample 

stability, matrix effect, carry over) 

Quantification of kynurenine 

pathway metabolites 

24 

8 Human plasma & 

microsomes 

RP Q-TOF Yes (LLOQ, Linearity, accuracy) SWATH, qual/quant of bosentan 

and its metabolites 

5 

9 Mice Liver HILIC TOF Yes (LOD, LLOQ, linearity, 

recoveries, reproducibility) 

Quantification of ethionine pathway 

metabolites 

25 

10 Mouse 

hypothalamus 

RP Q-Orbitrap Yes (LOD, LOQ, linearity, 

accuracy, precision,  

Quantification of 

neurotransmitters/metabolites 

26 

11 fibrosarcoma cell 

line (HT1080M) 

HILIC Orbitrap Yes (isotope-based approach) Quantification of methionine 

metabolism 

27 
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Intra and extracellular (N1=2) metabolites from two cell culture samples (U87 and NSP; 
N2=2) were used. Each sample was run in triplicate in positive and negative ion modes; 
along with calibration levels (10 each) + QCs. Intermittent QC samples were also used 
during sample runs at the interval of 9hrs respectively. The total analysis was completed 
in 17 days. 
 

 Total number of time point pooled samples (a) = 12*N1*N2 = 48 

 Total number of biological replicate pooled samples (b) = 16*N1*N2 = 64 

 Common Zero hour samples (C) = 2 

 Total number of sample injections = (48+64+2)*3= 342 
 Total number of samples run in two modes (d) = 684 

 Total number of calibration runs (e) = 160 

 Total number of QC run during calibration (f) = 16 

 Total number of QCs run during sample run (g) = 112 

 Total number of runs for the experiment (a+b+c+d+e+f+g) =988 

 

Figure 2.1 Classification of glioblastoma samples. Details of analytical runs on LC-HRMS. The total 

number of runs includes standards, quality control (QC) samples, pooled representative samples, two 

modes of ionization and intra/extra-cellular samples. A total of 988 analytical runs were made in the 

span of 15 days. The cell lines were grown in four different conditions, one without temozolomide (Drug 

used in chemotherapy) and at three different concentration of temozolomide i.e. 10 µM, 100 µM and 

700 µM. For each experiment, samples were collected at an interval of 24 hrs for four days.  
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2.2 Materials and methods  

2.2.1 Materials 

All amino acids, glucose, L-ascorbic acid, citric acid, glyceraldehyde-3-phosphate, 

ketoglutaric acid, lactic acid, citrulline, ornithine, malic acid, maleic acid, methylmalonic acid, 

malonic acid, oxo-adipic acid, pyruvic acid, sorbitol, non-essential amino acids (NEA) 

medium, bovine serum albumin (BSA) and LC-MS grade formic acid were procured from 

Sigma Aldrich. LC-MS grade acetonitrile and methanol were purchased from J T Baker. 

Deionized water (specific resistivity 18.2 MΩ) was obtained from Millipore Milli-Q water 

purification system. Verapamil and atorvastatin, used as internal standards, were received as 

gratis samples from Mylan, Hyderabad, India. Dulbecco’s Modified Eagle’s Medium having 

minimal essential media (MEM) composition was acquired from HiMedia (India). 10% Fetal 

Bovine Serum (FBS, GibcoTM) were purchased from ThermoFisher Scientific. LC vials (200 

µL) vials with screw caps were purchased from Amkette analytics (India)  

2.2.2 Preparation of reference standards, calibrants, QCs, sample preprocessing and LC-

HRMS 

10 mg of L-ascorbic acid, citric acid, glyceraldehyde-3-phosphate, ketoglutaric acid, 

lactate, L-citrulline, L-ornithine, D-malic acid, maleic acid, methylmalonic acid, malonic acid, 

oxoadipic acid, pyruvate, and d-sorbitol was individually weighed and 10 mg each of the 

metabolite standards were dissolved in 1 mL of DI water. The metabolite concentrations in the 

respective stock solutions were as follows: L-ascorbic acid (2.84 mM), citric acid (5.20 mM), 

glyceraldehyde-3-Phosphate (11.76 mM), ketoglutaric acid (6.84 mM), lactate (111.01 mM), 

L-citrulline (28.54 mM), L-ornithine (1.48 mM), D-malic acid (14.92 mM), maleic acid (0.86 

mM), methylmalonic acid (25.40 mM), malonic acid (96.10 M), oxoadipic acid (62.45 mM), 

pyruvate (56.78 mM), D-sorbitol (10.98 mM). The standard mixture was 100 fold diluted using 

50 % acetonitrile (diluent).  

Subsequently, chemically defined media components; 445 µL MEM, 5µl of NEA and 

50 µL of water were thoroughly mixed in a clean 1.5ml centrifuge tube using vortex mixer. The 

mixture was subjected to cold methanol to remove any potential protein content. 100 µL of 

above solution was withdrawn and transferred to a fresh 1.5 mL tube. 400 µL of chilled 

methanol was added to the above-mentioned aliquot. The mixture was thoroughly mixed for ~1 
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min using a vortex mixer. The solution was allowed to stand on ice bath for 5 mins, followed 

by centrifugation for 15 min at 5000 rpm. 300 µL supernatant volume was carefully withdrawn. 

The supernatant was 20 fold diluted using the diluent. The solution was stored at -80 ℃ until 

further use.  

The above metabolite standard solution and mentioned media extract were mixed in 

equal volumes to prepare the primary stock solution. Subsequently, the stock was serially 

diluted to prepare different calibration levels as represented in table 2.2. These were 

subsequently diluted to obtain calibrants and QC samples at concentration 

ranges/concentrations described in the rest of the manuscript. Standard QCs (QC1 and QC2) 

were prepared at intermediate concentration levels by mixing 85 µL + 15 µL (higher), and 25 

µL + 75 µL (lower), of stock solution and diluent, respectively. Whereas, Spiked QCs (QC3 

and QC4) were prepared in similar fashion with a solution containing 10 % albumin. 

2.2.3 Cell culture  

Cells were cultured in Dubelco’s MEM containing glucose (1 mg/mL), L-glutamine 

(0.584mg/ml), and 10% Fetal Bovine Serum and 1% non-essential amino acids (NEA) was 

used. Cells lines were maintained at 37°C in a humidified atmosphere of 5% CO2/95% air. All 

the cells cultures and intracellular extractions were carried out by Selva Rupa Immanuel as part 

of a collaboration with Dr. Anu Raghunathan, NCL Pune. Detailed information is available 

elsewhere.16 

Table 2.2 Dilution chart for preparation of calibration levels. 

Sr. 

No 

Dilution 

factor 

Volm of 

stock 

(µL) 

Volm of 

diluent 

(ACN:H20, 

1:1) 

IS 

solution 

(µL) 

Diluent Total vol. 

(µL) 

1 1 100 0 100 200 400 

2 1.1 90 10 100 200 400 

3 1.3 80 20 100 200 400 

4 1.4 70 30 100 200 400 

5 1.7 60 40 100 200 400 

6 2 50 50 100 200 400 

7 2.5 40 60 100 200 400 

8 3.3 30 70 100 200 400 

9 5 20 80 100 200 400 

10 10 10 90 100 200 400 

11 15.4 6.5 93.5 100 200 400 

12 20 5 95 100 200 400 
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2.2.4 Extraction of media sample 

The samples were removed from -80°C and were allowed to thaw on an ice bath. Post-

thawing, the samples were thoroughly mixed to ensure content uniformity. In a fresh 1.5 mL 

tube, 100 µL of extracellular sample was mixed with 400 µL of chilled methanol followed by 

thorough mixing of samples for ~1 min. Subsequently, the mixture was subjected to 

centrifugation for 15 min at 5000 rpm in a temperature controlled centrifuge (4°C). 300 µL 

supernatant was collected at the end of the extraction procedure. The samples were further 

diluted 10 and 5 times in consecutive two steps. 50 µL extract was mixed with equal volume 

of internal standard (4.399 µM verapamil in 50% acetonitrile) solution prior to LC-HRMS run.  

2.2.5 LC-HRMS analysis 

Samples were analyzed on reverse-phase C18-hypersil gold column (10cm * 2.1mm * 

3.0µm, Thermo) with a flow rate of 1ml per min. The mobile phase consisted of 0.1% formic 

acid in deionized water (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase 

B). The mobile phase gradient was set to 30% ‘B’ (0-2.5 min), 90% ‘B’ (3.5-5.5 min), 30% 

‘B’ (5.6-8.0 min). Liquid chromatograph was coupled with Q-ExactiveTM (Thermo) high-

resolution mass spectrometer using a heated-ESI source. The instrument was operated using 

XcaliburTM (Thermo) software version 2.2. The data was acquired in 60-900 m/z range at 

70,000 FWHM resolution with AGC target 1e6 ions, maximum injection time 50 mSec, sheath 

gas 35, auxiliary gas 15 and ionization voltage 3.5 kV. Standard and sample data was acquired 

in triplicates in both positive and negative ion mode. MS data analysis was done following 

Qual/Quan approach. Initial qualification of metabolites of interest from biological matrix was 

based on following two tests of merits. First, the generation of accurate mass extracted ion 

chromatogram (AM-XIC) of individual analytes, and subsequent structural confirmation using 

tandem MS based signature fragment identification. Mass Frontier™ version 7.0.3.1 

(developed by High Chem™) was used for structural fragment evaluation of tandem MS data. 

The metabolites confirmed through the qualitative analysis were quantitated from various 

intra/extra-cellular samples. Accurate mass extracted ion chromatogram (AM-XIC) was used 

for generating calibration curve as well in quantitation of metabolites from samples with mass 

extraction window 20 ppm. The accuracy and precision of the method was checked using 

various standard and spiked QC samples. The reproducibility of the method was periodically 

monitored using intermittent QC runs. Raw data was processed using Thermo Xcalibur™ 
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version 2.2 SP1, build 48 (Modules: Qual browser, Quan browser). An average response for 

triplicate sample run was used for quantitation.  

2.3 Results and Discussion 

2.3.1 HRAM full scan and MS/MS analysis 

Figures 2.1 gives an overview of the scale of the qual/quant analytical workflow 

described in this work that necessitates detailed performance evaluation. Figure 2.2 describes 

the sequence of the quantitative workflow for investigating the CORE of metabolites in the 

differentially expressed sub populations of glioblastoma samples (U87 and NSP). Tentative 

times for the sample extraction and the entire quantitative LC-HRMS analysis subsequent to 

method optimization are indicated in figure 2.2. This did not include the time involved in data 

processing and interpretation. The entire sample extraction for this study was carried out in 

multiple steps, each performed discretely on a sample lot basis. The extra-cellular and intra-

cellular samples were extracted using two different protocols. Care was taken to prevent any 

sample degradation during the extraction and the samples were stored at -80°C prior to LC-

HRMS analysis.  

Figure 2.3 illustrates high-resolution data obtained for two representative intracellular 

metabolites from a pooled sample in the negative and positive ion modes respectively. The 

metabolites, (a) glutamine [M+H]+ and (b) lactic acid [M-H]-, were detected well within a mass 

accuracy of 5 ppm. The rest of the metabolites were detected within 10 ppm mass accuracy as 

well in the full scan mode. All the 34 targeted metabolites, which included amino acids, 

carbohydrates, and small organic acids, were subsequently qualified using MS/MS. A 

precursor ion selection window of ±0.5 m/z was used. Table 2.3 summarizes all the respective 

product ions detected for the metabolites. This data was in agreement with the respective 

libraries (METLIN and MASSBANK) confirming the presence of the metabolites in the 

samples under investigation. In case the MS/MS data for particular metabolites was not 

available in METLIN, the data was matched with the theoretical fragmentation pattern 

generated by MassFrontierTM (Thermo). 
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Figure 2.2 Overview of the qual/quant analytical workflow used for the LC-HRMS analysis of the 

glioblastoma metabolic CORE investigations. (http://planetorbitrap.com/q-exactive )  

  

http://planetorbitrap.com/q-exactive
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a)

 

b)

 

Figure 2.3 High-resolution mass spectrum of (a) glutamine and (b) lactic acid at 70,000 resolution (at 

m/z 200) in positive and negative ion mode respectively. 
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Table 2.3 MS/MS confirmation of 34 metabolites 

Metabolites Precursor m/z Matched product ions in MS/MS 

Alanine 90.0557 73.0292, 61.0293, 60.0453 

Arginine 175.1192 60.0565, 158.09272, 157.1086, 116.071, 112.0874 

Asparagine 133.06 99.0067 

Aspartic acid 134.0450 116.0347, 88.04, 74.0245, 90.00148 

Cysteine 241.0311 74.0244, 120.0118 

Glutamic acid 148.0607 130.0502, 101.0238, 84.0451, 102.0556, 116.0368 

Glutamine 147.0767 101.0715, 84.04515, 102.0556, 60.0453, 70.0659, 74.0244 

Glycine 76.04 Below lowest m/z range of instrument 

Histidine 156.077 110.071, 138.066, 115.0558, 95.061, 93.045, 83.061, 82.053, 

Leucine/Isoleu

cine 
132.1021 114.0667, 114.0917, 86.0971, 84.0452, 69.0707, 56.0502 

Lysine 147.113 
130.0866, 129.1026, 101.1078, 94.0658, 84.0815, 82.0658, 

74.0243 

Methionine 150.0577 118.0297, 73.0655 

Phenylalanine 166.0864 120.0811, 149.0598, 107.0496, 103.0547, 56.0503 

Proline 116.071 70.0659, 81.0339, 72.0816, 72.0455 

Serine 106.0504 60.0453, 56.0504, 88.04, 89.0108 

Threonine 120.0659 102.0556, 74.0608, 56.0504, 84.0451, 57.0344, 75.0448 

Tryptophan 205.0966 
188.0711, 170.0603, 159.092, 146.0604, 144.0811, 143.0732, 

118.0656 

Tyrosine 182.0816 
165.055, 150.0553, 136.076, 147.0444, 123.0445, 119.0496, 

103.0549, 56.0504 

Valine 118.0868 72.0816, 84.08016, 59.0501 

Ornithine 133.1056 116.0711, 72.0816, 70.066 

Citrulline 176.1072 156.0772, 102.0555, 72.0816, 70.0659, 59.05 

D-sorbitol 183.095 147.0645, 73.0293 

Ascorbic acid 175.0239 59.0125,87.0075,115.0025 

Citric acid 173.0082 73.0281,117.0181,129.0182 

Lactic Acid 89.0231 59.0125,71.0124,72.9918 

Malic acid 133.0142 89.0231,131.0131,59.0125 

Glucose 179.0561 59.0125 

Maleic acid 115.0025 68.9944, 71.0125 

Malonate 103.0026 59.0125 

Methymalonate 117.0182 55.0176, 73.0281 

G3P 150.9793 138.9784 

ketoglutarate 145.0144 57.0333,72.0281,101.0231 

Oxoadipate 159.0291 87.0439,115.0389,141.0183 
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2.3.2 Accuracy, precision, and reproducibility of LC-HRAM analysis 

Calibration ranges for various metabolites were selected following the comparison 

between the responses from the samples and the reference standards. The extracellular sample 

at the zeroth time point was essentially the culture media, which was subsequently used up by 

the cells to grow. However, the intracellular sample extracts had metabolite concentrations that 

were much lower than those for the extracellular samples. A suitable range to accommodate 

both the extra and intracellular metabolite sample concentrations was chosen. Samples were 

diluted accordingly to bring the signal responses within this working calibration range. A 10-

fold dilution for the intra-cellular samples and a 500-fold dilution for the extracellular samples 

were used and subsequently factored in. 10 point calibration curves were generated using the 

internal standard normalized peak area derived from AM-XIC. Details of calibration curves 

and QCs are showcased in table 2.4.  R2 ~0.94-0.99 was reproducibly obtained with the 

calibration curves for 31 of 34 metabolites establishing linearity across the respective 

concentration ranges. However, R2 for two metabolites, glucose, and lactic acid, was found to 

be 0.84 and 0.66, respectively. The lower correlation coefficient was a result of irregular peak 

shape observed for the two analytes.  

Consistency in instrumental behavior and reliable data generation necessitates 

evaluation of the LC-HRMS platform at regular intervals. Incorporating quality control (QC) 

sample runs and the use of an internal reference standard (IS) spiked in the sample are two 

widely accepted approaches to monitor the long-term reproducibility of the method. The 

assessment was carried out in terms of mass accuracy, AM-XIC peak shape, and AM-XIC peak 

intensity/area for individual analytes. QC samples generally are a representative set of 

standards or sample (or pooled samples) containing analytes of interest within the working 

concentration ranges. IS(s), when added to a sample in known concentration, facilitates the 

qualitative identification (for example peak matching). It also aids in normalization of data 

across samples to account for instrumental response variations towards the quantitative 

determination of the sample components.28 Although structurally similar or isotopically labeled 

IS are generally preferred, other non-endogenous IS have also been successfully used 

before.29,30 IS was uniformly spiked in the entire sample set. Unlike QC samples, IS was 

incorporated in the sample and hence observed in every single run. IS helps in monitoring any 

possible variation in consecutive sample runs. The instrumental performance was monitored 

during the span of sample analysis by measuring the reproducibility of an intermediate 
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calibration level, containing all the metabolites along with an internal standard (verapamil) was 

measured. 

Figure 2.4 illustrates the QC regime implemented in this work during calibrations and 

alongside sample data acquisition. Three levels of QC were used in the workflow to establish 

the accuracy, precision and long-term reproducibility of the LC HRAM method. Two technical 

QC samples, QC 1 and QC 2, consisted of reference standards from the combined metabolite 

mixture with concentrations intermittent to the calibrants. Two separate matrix matched sample 

QCs (QC3 and QC4) with known concentration spiked into a representative matrix were also 

prepared and used. QC 1 through 4 were analyzed along with the calibrants and the 

corresponding metabolite recoveries were used to validate the calibration curves. Additionally, 

a time-point pooled sample (extract of U87; extracellular) QC5 was prepared and subsequently 

analyzed intermittently to the sample runs at 9-hour intervals throughout the 17 days. All the 

QCs were analyzed both in the negative and positive ion modes. 

Metabolite concentrations in all the QC samples were measured and % recovery 

{(measured concentration/known concentration)*100} was estimated. The % recoveries for all 

the metabolites in the QC 1 through QC 4 were found to be within 85-115 % (figure 2.5 and 

2.6) indicating acceptable recoveries within 15% of the expected values. Glucose and lactic 

acid for QC1 and QC3 showed recoveries of 150%. Intermittently, QC5 injected at intervals of 

9 hr. in both positive and negative ion mode analysis was followed by a cleaning run at the 

same intervals. Thus, a total of 26 combined analysis runs for positive and negative ion mode 

for QC5 were accomplished through the 17 days. Reproducibility across QC samples was 

measured as the IS normalized-peak area for each of the 34 metabolites under consideration. 

The peak area distribution was found to be within ±15 % RSD throughout the 26 runs/17 days. 

The variation in QC5 data has been represented using SD error bars in figure 2.7. 

Quantitative TQ-MS workflows are established and the issues affecting quantitative 

analysis are well understood. TQ-MS approaches generally use a predefined targeted set of 

single or multiple precursor-to-product (ion) reaction monitoring (SRM, MRM) schemes for 

selective and sensitive quantitation.31–33 Calibrations from low resolution extracted ion 

chromatograms of reference standards are used for absolute quantitation of targeted metabolites 

from samples. In contrast, HRMS quantitation employs accurate-mass extracted ion 

chromatograms (HR-AM) in the full-scan mode (FS) or parallel reaction monitoring (PRM MS 



Chapter 2 

 

49 

 

or MS/MS) modes.34–37 Quantitative measurements can be performed on metabolic features 

identified with high mass accuracy in a targeted fashion on the same platform without having 

to setup separate LC TQ- MS analytical runs. Sensitive high-resolution measurements are 

susceptible to a method and instrumental variations. Performance of the analysis could be 

influenced by mobile phase flow rate, solvent volatility, ionization cone temperature, voltage, 

distance as well as angle between ESI source and the inlet capillary, sheath and auxiliary gas 

flow rates.38–40 Reproducible signal responses devoid of matrix interferences and linearity 

across variable concentration ranges for a diverse set of metabolites are also vital for 

establishing HR-AM quantitative analysis. The precision, accuracy and longer-term reliability 

demonstrated by the results in this study indicate full-scan mode HR-AM quantitative analysis 

to be analytically robust for quantifying a diverse set of metabolites.  
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Table 2.4 Calibration statistics and recoveries of quality control samples 

 

 

  

Analyte 
Calibration 

range (µM) 
R2 Slope 

Quality control sample 

QC1 QC2 QC3 QC4 

Alanine 0.02 - 0.50 0.942 0.24 97.9 110.6 102.7 100.2 

Arginine 0.10 - 1.99 0.986 0.52 104.4 98.1 101.2 89.8 

Asparagine 0.02 - 0.50 0.978 0.21 102.1 118.5 103.0 86.0 

Aspartic acid 0.02 - 0.50 0.960 0.30 113.6 101.4 113.7 88.2 

Cysteine 0.05 - 1.00 0.981 0.17 105.1 102.5 106.2 90.7 

Glutamic acid 0.02 - 0.50 0.979 0.35 115.9 111.6 100.3 93.1 

Glutamine 1.00 - 19.98 0.983 0.15 105.9 101.3 104.1 91.6 

Glycine 0.12 - 2.50 0.977 0.10 95.5 105.6 102.1 92.2 

Histidine 0.05 - 1.00 0.975 0.50 108.3 100.8 97.7 85.7 

Leucine/isoleucine 0.20 - 4.00 0.993 2.33 102.4 101.1 99.4 95.7 

Lysine 0.20 - 4.00 0.985 0.39 103.5 97.5 100.8 89.0 

Methionine 0.05 - 1.01 0.983 0.69 96.8 99.3 92.7 98.0 

Phenylalanine 0.10 - 2.00 0.986 0.96 100.3 101.6 96.4 94.9 

Proline 0.02 - 0.50 0.968 4.00 105.6 94.3 101.4 83.2 

Serine 0.12 - 2.50 0.974 0.15 112.1 100.5 109.9 91.5 

Threonine 0.20 - 3.95 0.983 0.35 103.6 100.1 101.6 90.1 

Tryptophan 0.02 - 0.39 0.979 0.48 102.3 110.1 97.3 108.0 

Tyrosine 0.12 - 2.30 0.979 0.40 95.1 99.8 93.3 99.0 

Valine 0.20 - 4.01 0.970 0.98 114.2 99.5 112.7 88.3 

Ascorbic acid 0.03 - 0.51 0.953 0.37 113.2 114.8 87.4 113.3 

Citric acid 0.05 - 0.93 0.956 0.31 111.6 110.3 101.2 109.3 

G3P 0.11 - 2.10 0.992 0.49 105.6 108.1 103.3 104.2 

Glucose 1.39 - 27.75 0.842 0.01 150.6 88.3 141.3 92.4 

Ketoglutarate 0.06 - 1.22 0.991 0.64 113.5 108.2 107.7 104.2 

Lactic acid 0.27 - 5.36 0.661 0.01 158.3 91.9 155.4 118.5 

Citrulline 0.25 - 5.10 0.983 0.09 116.7 105.5 117.9 104.5 

Ornithine 0.01 - 0.26 0.987 13.96 112.0 108.5 106.4 106.6 

Malic acid 0.13 - 2.66 0.974 0.44 106.1 112.0 102.0 102.6 

Maleic acid 0.01 - 0.15 0.991 2.65 112.8 112.1 104.0 106.0 

Methyl-MA 0.23 - 4.54 0.998 0.40 115.2 106.4 108.6 104.0 

Malonic acid 0.86 - 17.16 0.991 0.23 126.8 106.0 112.3 102.4 

Oxoadipic acid 0.56 - 11.15 0.988 0.44 115.2 106.4 108.6 104.0 

Pyruvic acid 0.51 - 10.14 0.967 0.09 126.8 106.0 112.3 102.4 
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Fig. 2.4. Schematic representation of the data acquisition sequence during sample analysis. The 

standard calibration runs were followed by QC samples, sample injections and intermittent quality 

control samples, respectively. 
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Fig. 1.5. Percentage recovery of standard quality control (QC1 and QC2) samples. 

 

Fig. 2.6. Percentage recovery of matrix matched quality control (QC4 and QC 3) samples. 

 

Fig. 2.7. Intermittent QC samples (QC5) were injected at an interval of 9 hours. The internal standard 

normalized data with standard deviation (SD) error bar is represented. 
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2.3.3 Targeted metabolomics of glioblastoma cell culture 

Quantitative profiles of the 34 metabolites were measured for the intra and extracellular 

samples using LC-HRMS.16 The sample set consisted of two glioblastoma cell lines, namely 

U87 (control) and NSP (differentiated) cells. The U87 is an adherent primary glioblastoma cell 

line whereas, NSP is a non-adherent differentiated cell line from U87. The cells were treated 

with a chemotherapeutic agent, temozolomide. The metabolomics expression of cell lines at 

three different levels of the drug was studied in order to understand the respective fold changes 

in the metabolite profiles (figure 2.1). To perform unsupervised principal component analysis 

(PCA), the metabolite concentrations in U87 and NSP were normalized using the internal 

standard to account for any instrumental variation. The IS normalized data was then subjected 

to feature scaling using maximum value normalization to obtain the data within 0 to 1 range. 

Maximum value normalization was carried out to avoid weightage based on concentration 

levels rather than the extent of variation observed across and within the sample set. The PCA 

plots were generated before and after the drug treatment of U87 and NSP cells. Untreated U87 

and NSP time points sample were distinctly grouped indicating clear metabolic difference 

between these sample types (figure 2.8). There is a clear time-point dependent divergence in 

the two sub populations as seen in the figure 2.8. 

 

Figure 2.8 PCA plot of untreated U87 VS NSP. The suffix 1, 2, 3, and 4 represents 24, 48, 72, and 96 

hrs. 
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Figure 2.9 PCA plot of drug-treated U87 and NSP samples. The samples were treated at three drug 

concentration levels i.e. 10, 100, and 700µM temozolomide. The suffix 1, 2, 3, and 4 represents 24, 48, 

72, and 96 hrs. Maximum contributing metabolites in PCA scores were found to be glucose, glutamine, 

serine, tryptophan, and pyruvate. 

Metabolic reprogramming is considered one of the hallmarks of carcinogenesis, which 

represents the dynamics of beginning and advancement of cancer.41 Cancer has been associated 

with specific changes in the cellular metabolism that are not simply byproducts of the disease, 

but rather deliberately drive the disease using alternative routes in the metabolic pathway. In 

this study, cultures of two (glioblastoma) cell lines were analyzed to identify differential 

profiles of metabolites as a part of their phenotypic expression. During the cell culture 

experiments clear differences between U87 and NSP were observed in terms of cell 

morphology, growth rate, and LD50 values.16 NSP had higher LD50 values as compared to U87 

cells. Subsequent PCA analysis (figure 2.9) of metabolic data from U87 and NSP under drug 

treatment groups revealed metabolic differences between these cells post drug treatment. 

Maximum contributing metabolites in PCA scores were found to be glucose, glutamine, serine, 

tryptophan, and pyruvate. 
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2.4 Conclusions and future scope 

Comparative evaluation of HRMS-based full-scan methodologies for quantification of 

drugs vis-à-vis LC-QqQ MS has been investigated before.42–45 However, acquisition of large-

scale metabolomics data using LC-HRMS involves multiple analytical operations with 

significant complexity that can potentially propagate inaccuracies of measurement.46 Analysis 

of metabolic CORE in glioblastoma cells investigated in this work is an illustrative example in 

this regard and involved large-scale analytical experimentation. Various levels of QC checks 

were necessary in order to monitor any potential variation in the HR-AM quantitation for 

ensuring confidence in the data generated. Precision, accuracy, and reproducibility of the HR-

AM method, as established, meet the US FDA guidelines for bioanalytical method validation.47 

Metabolic profiles of the two glioblastoma cell lines were successfully measured using the 

developed method. PCA revealed differential grouping and changes in metabolic expression 

changes between U87 and NSP cells. 

Measurement of biochemical pathways metabolite concentrations alone is often not 

sufficient in delineating cellular metabolic fluxes.1,48 Probing metabolic flux using isotopically 

labeled tracers, usually accompanied by low-resolution LC-MS measurements, has been 

resourceful in this pursuit.18,27,48 Extension of this work using isotopic tracer based CORE 

profiling for glioblastoma sub population would further delineate metabolic pathway fluxes. 

Improved separation of polar metabolites achieved using HILIC additionally resolves isomeric 

interferences. Quantitative analysis using a parallel reaction monitoring (PRM) in the MS/MS 

has been suggested for eliminating isomeric interferences.49 To enhance metabolite 

confirmation for targeted/untargeted analyses, quantitation in the MS/MS mode, and 

fragmentation-based approaches can be employed.50,51 
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3A. Determination of polar metabolites from intracellular extracts of 

Chromobacterium violaceum 

3.1 Introduction 

HILIC was first coined by Alpert in 1990 who described it as “an alternative 

chromatographic procedure for separating highly polar compounds”.1 In the last decade, HILIC 

has been used in a wide variety of analyses of uncharged hydrophilic and amphiphilic 

compounds that are too polar to be retained in RPC but have insufficient charge to allow 

effective electrostatic retention in ion-exchange chromatography (IEC). This is evidently 

reflected by the substantial increase in the number of publications on HILIC as the need to 

analyze polar compounds such as metabolites from complex mixtures has been constantly 

growing.2  HILIC employs traditional polar stationary phases such as silica (Si-OH), amino (-

NH2), amide (-CONH2) or cyano (-CN) comparable to NPC with the mobile phases 

comparable to those employed in the RPC, albeit in a reverse gradient of polarity.3–7 It is 

noteworthy that newer stationary phases are being constantly added to the HILIC portfolio, 

expanding the list of available phases for specific applications.5,8–14 HILIC allows separation 

of compounds such as amino acids, organic acids, carbohydrates, oligonucleotide, polar 

pharmaceuticals, small peptides and natural products.15–19  

HILIC offers several advantages in comparison to RPC and NPC. These include 

retention of analytes that generally elute at void volumes in RPC and the choice of aqueous 

phases that ensure solubility of polar compounds otherwise not feasible in case of conventional 

NPC. Additionally, HILIC removes the need for using ion pairing agents for polar separation. 

Complementary selectivity and compatibility with MS have resulted in a recent surge in its 

application for metabolomics. Current application of HILIC allows separation of compounds 

such as amino acids, organic acids, carbohydrates, oligonucleotide, polar pharmaceuticals, 

small peptides, natural products, et cetera.15–19 

The threat of antibiotic-resistant human pathogens and infectious microorganisms is a 

global concern with portending grave human health outcomes. Improved methods are 

necessary to identify and understand genetic modifications that ultimately give rise to an 

adapted system with drug resistance. Changes associated with the functional machinery of 
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microorganisms can be studied across the levels of molecular hierarchy. Monitoring metabolic 

expression can provide significant directions towards functional changes potentially leading to 

valuable insights into the pathways that were altered while acquiring the resistance. 

Understanding functional changes in an infectious organism can thus provide a necessary 

roadmap to identifying potential drug targets. Here, we describe HILIC-HRMS analysis for 

targeted metabolomics of intracellular polar metabolites of Chromobacterium violaceum (CV) 

grown in nutrient-rich media followed by untargeted analysis using offline XCMS platform. 

Metabolic profiles obtained using HILIC-MS in the wild-type and adaptive laboratory 

evolution strains of Chromobacterium violaceum with drug resistance were compared. As an 

extension of this work, application on of HILIC-HRMS for the determination of isotopically 

labelled intracellular metabolites from Chinese hamster ovary has been reported in subsequent 

section (3B). The work demonstrates and validates the potential utility of HILIC-HRMS in 

metabolomics. 

3.2 Materials and methods 

3.2.1 Materials 

All amino acids, glucose, L-ascorbic acid, citric acid, glyceraldehyde-3-phosphate, 

ketoglutaric acid, lactic acid, citrulline, ornithine, malic acid, maleic acid, methylmalonic acid, 

malonic acid, oxo-adipic acid, pyruvic acid, sorbitol, and LC-MS grade formic acid were 

procured from (MO, USA). LC-MS grade acetonitrile and methanol were purchased from J T 

Baker (PA, USA). Deionized water (specific resistivity 18.2 MΩ) was obtained from Millipore 

Milli-Q water purification system.  Verapamil and Atorvastatin, used as internal standards (IS), 

were received as gratis samples from Mylan, Hyderabad. Luria-Broth (LB, Hi-MediaM575) 

was procured from Hi-Media (Mumbai, India). 

3.2.2 Sample collection and extraction 

Cell culture experiments were carried out in the collaboration with Dr. Anu 

Raghunathan (by Deepanwita Banerjee). Chromobacterium violaceum strain ATCC 12472T, 

wild-type, (C. violaceum or WT) was obtained from the American Type Culture Collection 

Center (ATCC), USA. The wild-type C. violaceum was inoculated using 10% inoculum of 
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overnight starter culture in Luria-broth media. The culture was maintained at 30 °C with 

continuous aeration in a shaker incubator set at 180 revolutions per minute (rpm). 2 mL culture 

was harvested at the end of 0, 6, 12, 18, 24 and 30 h. The cell pellet was obtained by 

centrifugation at 12000 g at 4 °C. The pellets were reconstituted with ice-cold ethanol for 

quenching and extraction of metabolites as reported in previous studies. Subsequently, the 

suspension was centrifuged at 14000 g at 4 °C, the extracts were collected and stored at -80°C 

until further processed for LC-MS analysis. The intracellular ethanolic extract was dried in 

centrivap (Labconco) at 4°C, followed by reconstitution in 100 µL of 10% water in acetonitrile 

containing 2 µM atorvastatin (internal standard). The samples were maintained on ice in-

between the sample preprocessing steps to preserve the metabolites as much as possible. 

Quality control (QC) samples were prepared by pooling 10 µL extract of all the time points of 

three cultures. The pooled QC sample was dried as described earlier and reconstituted to the 

initial mobile phase composition. 5 µL of pooled sample was analyzed after every 12 sample 

injection (6 hours 30 min) of data acquisition interval. 

3.2.3 HILIC-HRMS analysis 

The metabolites were separated using hydrophilic interaction liquid chromatographic 

setup on Accela 1250 chromatograph (Thermo) equipped with Sequent ZIC-HILIC column 

(100mm*2.1mm*5µm, Merck Millipore) column with a mobile phase gradient containing 

0.1% formic acid in deionized water (Mobile phase ‘A’) and 0.08% formic acid in acetonitrile 

(Mobile phase ‘B’). Gradient was set with 5% of mobile phase A (0-.0-5.0mins, 300 µL/min), 

13% A (15.0, 300 µL/min), 45% A (20.0min, 300 µL/min), 90% A (23.0min-25.0min, 300 

µL/min), 5%A (27.0-32.0min, 700 µL/min).  Heated electrospray ionization (HESI) source was 

used as an interface between chromatograph and HRMS instrument. The spray voltage of the 

source was set at 3.7 kV with capillary temperature 300°C, sheath gas 45 units, auxiliary gas 

10 units, heater temperature 390 °C and S-lens RF at 50 units.  The data was acquired in a range 

of 70-1050 m/z at a resolution of 70,000 FWHM with AGC target 1e6 and injection time of 

120 ms. 

Prior to the sample analysis, HILIC column was stabilized using three preliminary 

injections of a pooled sample. Subsequently, 5 µL sample volume was injected during analysis 

in both positive and negative ion mode. Intermittently, QC samples were injected in between 
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the sample run in order to evaluate the reproducibility over the entire period of data acquisition. 

Accurate mass based extracted ion chromatograms (AM-XIC) of metabolites along with the 

internal standard (IS) were integrated based upon retention time profiles to generate area under 

peaks. The peak areas of all the metabolites were normalized to the uniformly spiked internal 

standard.  The relative responses of 57 metabolites and absolute response of Atorvastatin (IS), 

along with retention time, were monitored in these QC runs to ensure stable system 

performance over the duration of the sample run. The metabolites were confirmed using 

retention time specific MS/MS (20ev, both ion modes) of metabolites in an HCD cell of the Q-

Exactive™ mass spectrometer. The observed MS/MS profiles were compared with the 

METLIN database for confirmation.  In cases the MS/MS spectra were not available in the 

database, the MS/MS profiles were confirmed against theoretical fragments generated using 

MassFrontier (Thermo) software. 

3.3 Results and discussion 

3.3.1 Evaluation of reproducibility of HILIC-HRMS 

Initial method development was carried out using a cocktail containing standard 

metabolite mix and chemically defined media. C18 and ZIC-HILIC columns were compared 

with respect to the analyte retention times, peak shapes and separation resolution. The 

representative AM-XICs using RP and HILIC columns are shown in figure 3A.1. Unlike C18 

columns, HILIC provided the enhanced retention of polar metabolites. Accurate mass and 

added parameter of retention time (Rt) improved the metabolite peak assignment. On C18 

column, the analytes were not retained and eluted at dead volume even after trying different 

mobile phase compositions, pH(s) using buffers and gradient of mobile phases (data not 

shown). Evidently, the AM-XIC on C18 (RP) showcases the overlapping analyte peaks within 

the first 1 min. However, on HILIC columns, metabolites were retained and eluted over a period 

of 0-22 min (figure 3A.1) with a simple mobile phase composition containing 0.1% formic acid 

in water (phase A) and acetonitrile (phase B). Analyte peaks observed on HILIC were sharper 

with Gaussian profiles as compared to the C18 column for the same dilution levels of 

metabolite cocktail. This unambiguously demonstrates the improved separation of polar 

metabolites along with increment in the peaks areas using HILIC leading to potential 
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improvement in the sensitivity of the method for sample analysis. Sufficient chromatographic 

resolution between different analyte peaks was obtained by optimizing the elution gradient for 

HILIC (Figure 3A.2). These results are in agreement with previous report.20 

 

Figure 3A.1 AM-XIC chromatogram of polar metabolites on reverse phase-C18 (a) and ZIC-HILIC 

(b) columns. The mobile phases (aqueous and organic) used in both cases were unaltered. However, the 

gradient in the case of ZIC-HILIC was optimized for the best possible resolution of metabolite standard. 

 

Figure3A.2 Schematic representation of metabolite retention time. 
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Figure 3A.3 Analytical workflow of HILIC-HRMS analysis of Chromobacterium violaceum 

metabolites. Various steps such as sample preparation, HILIC-HRMS analysis, data analysis, and 

MS/MS confirmation as showcased here, were carried out sequentially. Time taken for the analysis (post 

optimization) has been indicated. 

Previously, HILIC columns have been reported to have poor reproducibility on account 

of lack of sufficient column stabilization that is necessary to allow the formation of the semi-

immobilized aqueous rich layer to achieve reproducible retention behavior.21 This limitation 

was overcome by stabilizing the HILIC column prior to initiating the sample analysis. The 

HILIC column was stabilized using 85% organic mobile phase for- 30 mins. This was followed 

by three analytical runs by injecting with mobile phase in its initial composition of the gradient 

(blank runs) prior to sample analysis. The schematic of the analytical workflow is shown in 

figure 3A.3. The blanks were repeated intermittently as well as at the end of the sample analysis 

and compared with the pre-sample blank runs. Reproducibility of the total ion chromatogram 

(TIC) profile was also monitored during the blank runs to evaluate column stability and any 

potential analyte carryover effects. 

Figure 3A.4 represents the TIC profile of blank runs. The Blank-01 and Blank-07 

represent the TIC profile at the beginning and end of the sample analysis, respectively. The rest 

of the blank TICs (indicated in the figure 3A.4) were acquired recurrently during sample runs. 

The reproducible TIC profiles of blank indicate consistent column performance. Additionally, 
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the retention time reproducibility of various metabolites was also monitored across the sample 

set and QC samples. The reproducibility of Rt was found to be within 1 percentage relative 

standard deviation (% RSD) of average retention time. 

 

Figure 3A.4 Total ion chromatogram (TIC) profile of intermittent blank runs during the HILIC 

analysis. The blanks were interspersed before, within and after the sample runs. The reproducible TIC 

profiles indicate stable column performance during sample data acquisition. 

The reproducibility of the sample data across the span of data acquisition was assessed 

using repeated injections of quality control samples. A total of 57 metabolites and atorvastatin 

(IS) were tracked in both ion modes using 16 QC runs. A plot of % RSD of analytes peak area 

is represented in figure 3A.5. As evident, for all the analytes reproducible peak area with <20 % 

RSD was observed. acetyl phosphate, bromobenzene, indole, mannitol, methylmalonic acid 

and uric acid were exceptions with % RSD values 21.9, 33.6, 41.7, 24.8, 21.2 and 28.9% 

respectively. The results indicate the robustness of the HILIC separation that is needed for using 

the analyte peak areas for further quantitative analysis (relative or absolute). 
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Figure 3A.5 Plot of %RSD of analyte peak areas obtained for the quality control samples is indicated 

against the respective metabolites. A representative sample was intermittently analyzed in both 

ionization modes. The retention time and peak areas were monitored to ensure the reproducibility of 

HILIC-HRMS. 

Internal standard behavior was also monitored to check the reproducibility of the peak 

areas over 170 hr of run time. Two IS, namely, verapamil and atorvastatin were uniformly 

spiked in all samples for positive and negative ion mode, respectively. The trends in absolute 

peak area of internal standard observed during QC runs has been represented in figure 3A.6. 

The deviation in the peak areas of verapamil and atorvastatin were well below 15 % RSD, 

indicating acceptable reproducibility of internal standards. Verapamil is only ionized in the 

positive ion mode. However, atorvastatin can be ionized in both modes. The comparison of 

peak area for atorvastatin in positive and negative ion mode indicated a higher degree of 

reproducibility is observed for positive ion mode as compared to negative ion mode.  This was 

also evident from the % RSD values for peak areas of the analytes analyzed in positive vs 

negative ion mode. The entire data for the samples were subsequently acquired after 

establishing the analytical robustness of the HILIC-HRMS as indicated by the standardization 

using QCs and ISs. A total of 254 analytical runs (QC + samples) for positive and negative 

mode analysis were performed. 
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Figure 3A.6 Plot of absolute peak areas of two internal standards, verapamil (positive ion mode) and 

atorvastatin (negative ion mode) during the sample data acquisition. The % RSD was found to be <15% 

for both internal standards. 

3.3.2 Metabolic profiling of Chromobacterium violaceum sample extracts 

After evaluation of QC performance and establishing that the HILIC dataset had 

acceptable reproducibility in terms of retention time, peak profile and peak area, the sample 

data was analyzed to investigate the differences in the metabolic profile from various time 

points of wild-type (WT) and drug-resistant (ChlR, StrR) strains to elucidate the impact of 

acquired drug resistance on the phenotypic metabolite expression. Figure 3A.7 details the 

classification of samples and the time points of sample collection for the HILIC-HRMS 

analysis. The peak areas were identified using Quan-browser module of XcaliburTM within 20 

ppm mass extraction window. The internal standard normalized dataset was subjected to 

maximum value normalization before unsupervised principal component analysis (PCA). PCA 

models were built with the exclusion of QC data set. The analytes processed in both positive 

(+) and negative (-) ion mode were included. Figure 3A.8 shows the PC 1 scores plots from 5 

time points of WT, ChlR, StrpR samples.  
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Figure3A.7 Representation of sample classification and time point of sample collection. 5 time point 

samples from three strains (WT, ChlR, StrpR) was collected in three biological replicates. The microbial 

cultures were performed at the collaborator (Dr. Anu Ragnunathan, NCL) laboratory.22 

 

As shown in figure 3A.8, in the PC1 plot, 0, 6, 12, 18, 24 hr time points are easily distinguished 

from each other in all three sample types indicating clear metabolic differences arising over 

culture time from 0 to 24 hr. Upon comparing the data from all the three classes of samples 

using PC1 and PC3, differential clustering of various time points was observed. Notably, major 

differences were observed in time points post 6 hr. However, this is expected as the cellular 

growth and metabolic expression might have a latency phase. Also, there was no time point 

between 0 and 6 hr, it is difficult to pinpoint the exact time from where the visible metabolic 

differences starts to appear. 
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Figure 3A.8 PCA score plot of sample data derived from WT (A), ChlR (C), StrpR (E) strains of 

Chromobacterium violaceum. PC1 able to differentiate between the time point sample data. While PC3 

identified the differences between the three strains. (a) PC1 biological replicate 1 (b) PC1 biological 

replicate 2 (c) PC3 biological replicate 1 (d) PC3 biological replicate 2. The differences were found to 

be consistent across biological replicates.  

The top significantly contributing metabolites were identified from the PCA loading 

values. PC1 (34%) and PC3 (12%) were considered in this aspect as these were the two 

components which were able to identify the differences between various sample types and 

group them. These metabolites included deoxyviolacein, xanthine, cytosine, uric acid, indole, 

phenylalanine, fumaric acid, pyruvic acid, succinic acid,  threonine, adenosine, lactic acid, 

aspartic acid, citronellyl cinnamate, tyrosine, indole, and prodeoxyviolacein. 

In summary, a HILIC-HRMS based method was developed for polar metabolites 

extracted from Chromobacterium Violaceum. The ZIC-HILIC provided separation of the polar 



Chapter 3 

73 

 

metabolites from the CV’s intracellular sample extracts. The quality controls indicated reliable 

reproducibility of HILIC with a reproducible retention time (Rt) and peak area, proving its 

merit for metabolomics applications from complex biological samples. Targeted analysis of 

metabolomics data revealed intracellular metabolic changes across the three different strains 

(WT, ChlR, StrpR) of CV demonstrating the utility of the developed HILIC-HRMS method.  

3.4 Conclusions 

Recent reports of HILIC separation in tandem with MS explore its applicability for 

various metabolomics investigations, especially to resolve the polar analytes and fatty acids 

from diverse biological samples.23–27 ZIC-HILIC coupled with LTQ-Orbitrap mass 

spectrometer has been reported for the determination of polar metabolites in Leishmania 

donovani28,29  wherein a proof-of-concept of untargeted metabolomics analysis by HILIC-

HRMS has been demonstrated with a 40 min gradient method. In yet another comparable study, 

aqueous phase compatible silica column has been used for the metabolic profiling with the aim 

of biomarker identification in fungi, Candida albicans.30 However, most of the previously 

reported literature have not delved deeper into various analytical aspects of HILIC-HRMS such 

as reproducibility, column performance, and retention behavior along with measurement of 

kinetic profiles. The work described herein has specifically looked at these aspects for targeted 

intracellular metabolomics from Chromobacterium violaceum using HILIC-HRMS presenting 

an advancement. As an outcome of this study, relative profiles based on internal standard 

normalized data was generated for three strains of Chromobacterium violaceum.22 Significantly 

varying metabolites contributing maximally in differential metabolite expression were 

identified using unsupervised principal component analysis (PCA). The result indicated 

substantial changes in metabolic expression of resistant strains, especially chloramphenicol 

resistant (ChlR), post 6 hours. The metabolomics data provided an experimental base for the 

generation of the pathway network model of Chromobacterium using in a systems biology 

approach.22 It also showcases the ability of the analysis method for delineating metabolic 

insights from in hypothesis-driven investigations such as the role of metabolic reprogramming 

in drug resistance. 
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3B. HILIC-HRMS of stable isotope labelled tricarboxylic acid cycle 

metabolites in Chinese hamster ovary (CHO) cells  

3.5 Introduction 

Various biological systems has been commercially used in industrial applications as a 

host for the production of valuable chemicals such as pharmaceuticals, foods and dairy 

products, and pigments. Continuous attempts are made to modify them in order to achieve 

enhanced yields or survival.1–5 Inputs from metabolomics investigations offer valuable 

mechanistic insights into the phenotype of modified systems. It also allows cross-comparison 

against control (s) and aids in systematic optimization of synthetic strain designing 

experiments. Modification pertaining to specific pathways can be efficiently traced using stable 

isotopically labelled (SIL) tracers, for example through the cellular uptake of 13C labelled 

glucose. Information from stable isotope labelling experiments has been pivotal in 

identification of cascade of downstream metabolic transformations and in filling the gaps about 

specific enzymes or metabolites.6–9 SIL is an established and recommended technique for 

determination of fate of individual metabolites, delineate metabolic pathways and flux 

determination through targeted analysis by MS or 13C NMR analysis.10–14  SIL also offers easier 

and safer handling as compared to precedent radioactive labelling. So far, pathway networks  

in various systems such as bacteria, yeast, plant, and mammalian cells (cancer, Chinese hamster 

ovary) have been successfully elucidated with 13C-labelling experiments.14,15,24–28,16–23 

Combined use of SIL and hyphenated HRMS in full-scan mode, provide an opportunity for 

network wide investigation of metabolic pathways. High mass accuracy offered by HRMS 

often allows reliable formula assignment for each detected mass.29  

As an extension of the previous chapter, this work evaluated the suitability of HILIC-

HRMS method for the accurate detection and estimation of targeted set of isotopically labelled 
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metabolites in the intracellular extracts of CHO cells. HILIC-HRMS analysis on metabolites 

from CHO cells has not been reported before. Co-elution of isotopologues and other 

metabolites (including isobaric) and associated ion suppression effects is a known challenge 

with SIL experiments.30 Separation of the metabolites using HILIC column chemistry, reported 

herein, addresses this challenge for reliable use of the metabolite and isotopologue peak areas 

for relative profiling. 

3.6 Materials and methods 

3.6.1 Chemicals 

All amino acids, glucose, citric acid, glyceraldehyde-3-phosphate, α-ketoglutaric acid, 

lactic acid, fumaric acid, succinic acid, malic acid (Mal), pyruvic acid, sorbitol, and LC-MS 

grade formic acid were procured from (MO, USA). LC-MS grade acetonitrile and methanol 

were purchased from J T Baker (PA, USA). Deionized water (specific resistivity 18.2 MΩ) 

was obtained from Millipore Milli-Q water purification system. Verapamil (Ver) and 

Atorvastatin (Atv), used as internal standards (IS), were received as gratis samples from Mylan, 

Hyderabad. Uniformly labelled 13C-glucose was purchased from Cambridge isotope 

laboratories (MA, USA). CD CHO medium was purchased from Thermo Fisher Scientific Inc. 

(MA, USA). Unless otherwise stated all other chemicals were purchased from Sigma Aldrich 

(MO, USA). 

3.6.2 Research Contributions 

Cell culture experiments and associated metabolite extractions were carried by 

Vishwanathgouda Maralingannavar out as part of collaboration with Dr. Mugdha Gadgil 

(CSIR-NCL, Pune). The biological contexts of this work are part of a separate dissertation (Dr. 

Gadgil’s group). Optimization of the HILIC-HRMS method, data acquisition on the extracted 
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samples, and LCMS data processing were performed by Dharmesh Parmar (Dr. Venkat 

Panchagnula group, CSIR-NCL Pune) and are reported as part of this dissertation. For further 

details of the complete study including cell culture experimental details, please see the 

published work.31  

3.6.3 Sample collection and extraction 

Briefly, after 24 hours CHO cells were harvested. Subsequently, cells (7.5x106) were 

extracted using two 100% -80 °C methanol (500 µL each) extractions followed by a single ice 

cold water extraction (250 µL). Internal standards were staged at two phases of samples 

preparation. 1 µM of verapamil, was added to the cell pellet before extraction. Recovery (%) 

of verapamil post extraction was used for estimating any variations during the extraction 

process. A second internal standard, 1 µM atorvastatin, was added during the reconstitution 

step and prior to the LC-HRMS analysis. The atorvastatin profile used to account for any 

instrumental variations during the course of data acquisition. The extracts were pooled and 

dried in a vacuum concentrator at 4 °C and stored at -80 °C. The sample extracts were 

reconstituted using 125 µL volume of 90% methanol by thorough mixing on vortex mixer for 

a period of 3 min. Atorvastatin prepared in acetonitrile: 20 mM ammonium acetate, pH 7.9 

(90:10 v/v) was added to the reconstituted sample (0.8 µM in final solution) prior to the LC 

HRMS analysis. The samples were then transferred to the auto sampler maintained at 4 °C 

during the analysis. 5 µL of the final sample was injected for LC-HRMS analysis. 

3.6.4 HILIC-HRMS analysis 

LC-HRMS data was acquired on a Thermo Scientific Q-Exactive™ high resolution 

mass spectrometer equipped with a heated electrospray ionization (HESI) source, Accela auto 

sampler and quaternary pump, and. The instrumental setup was operated using Xcalibur™ 
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(Thermo Scientific) software modules. A syncronis HILIC column, Thermo Fisher (100 

mm*2.1 mm*1.7 µm) was used for the chromatographic separation of the metabolites. Mobile 

phase A and B consisted of 5% IPA isopropyl alcohol in acetonitrile (v/v) and 20 mM 

ammonium acetate buffer in water, pH adjusted to 7.9 using ammonium hydroxide, 

respectively. The mobile phase gradient consisted of 25% A initially maintained up to 2.0 min, 

followed by linear increase up to 35% A by 2.5 min, 80% A by 6.0 min and 90% A by 10 min 

further maintained up to 12.0 min. The column was restabilized with 25% A for 3 min period 

starting from 12.0 to 15 min. The gradient elution was carried out at a constant flow rate of 500 

µL/min with a column temperature maintained at 35 °C using column oven. The spray voltage 

of the HESI source was set at 3 kV. Capillary temperature at 320 °C, heater temperature at 300 

°C, sheath gas at 45 arbitrary units and auxiliary gas at 15 arbitrary units were maintained. The 

data was acquired in both negative and positive ion mode within m/z range of 70-750 at m/z 

resolution of 70,000 with automatic gain control (AGC) target 1e6 and maximum injection 

time of 120 ms.  

Prior to the sample analysis, the HILIC column was stabilized for 30 minutes followed 

by three preliminary blank runs. Data for the samples was acquired in three technical replicates 

analysed in randomized fashion. Metabolites and atorvastatin were detected as [M-H] in 

negative ion mode. Further confirmation of the metabolites was achieved using retention time 

specific tandem MS of the observed precursor ion m/z (collision energy 20 NCE). Accurate 

mass-extracted ion chromatograms (AM-XIC) generated using a narrow mass extraction 

window (MEW) of 10 ppm was used to obtain the peak areas for the metabolites. The samples 

were also analysed in the positive ion mode to obtain the peak areas of the internal standard 

verapamil to assess extraction efficiency. The percentage relative standard deviation (%RSD) 
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of verapamil AM- XIC peak area across all samples was calculated. Measured isotopologue 

distributions were not corrected for the 13C natural abundance. 

3.7 Results and discussion 

3.7.1 Reproducibility of HILIC-HRMS method 

 

Figure 3B.1 Staging of internal standard 

The method optimization, as described in the previous chapter, was used for the analysis 

of the samples after re-validating it with reference standards. Subsequently, the response of 

internal standards, verapamil and atorvastatin), spiked at two different stages, was evaluated to 

assess the robustness of the method and the instrument. Verapamil spiked before the metabolite 

extraction accounted for variations observed in the sample extraction process. Atorvastatin 

spiked in the sample extracts prior to the LCMS analysis was indicative of the reproducibility 

of HILIC-HRMS through the duration of the analysis. The staging of internal standard and the 

absolute responses obtained is shown in figure 3B.1 and 3B.2, respectively. The variation of 

verapamil (stage 1) and atorvastatin (stage 2) across samples was found to be at 19.2 and 10.9 

% RSD. These values, <20 % RSD, indicated consistency in the extraction protocols and 

excellent instrumental reproducibility, respectively. The relatively higher %RSD in extraction 

could be a result of the manual extraction process. 

 Figure 3B.3 illustrates the HILIC separation obtained using reference standards of the 

metabolites from the TCA cycle. All the metabolites under investigation were well resolved 

within the 5 mins Rt as seen from the AM-XICs of the metabolites. The peak shapes for some 

of the metabolites (for example, aspartate) were non-ideal. However, these were consistent and 

were reproducibly obtained during the sample analysis and hence were used for metabolite 

profiling.  
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Figure 3B.2 Maximum value normalized peak areas of internal standards verapamil and 

atorvastatin across the analytical runs. Values represented are the average of technical 

replicates (n=3). 

3.7.2 Isotopologues of 13C labelled TCA metabolites (succinate, fumarate, malate, 

asparate) from CHO cells 

CHO cell lines are the model systems of choice for optimization of upstream bioreactor 

conditions for recombinant protein production. Two different cell types were considered for 

the SIL study that aimed to understand the effects of the phosphate limitation on upstream 

recombinant processes. Intracellular metabolites from CHO cells adapted to phosphate limited 

environment (PL) were compared with control cells (PC), both grown using 13C labelled 

glucose. Different isotopologues could result from the path adopted by the 13C incorporation 

for which other competing carbon sources could also contribute. Figure 3B.4 shows the 

complete intracellular incorporation of the 13C labeled glucose in cells studies as compared to 

the cells grown in the absence of the labelled isotope. Glucose was predominantly observed in 

its M+6 isotopologue in both the control CHO cells (PC) and PL cells that were under 

investigation within the durations expected for the steady state to be achieved.31 
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Succinate, fumarate, malate, and aspartate are the key TCA metabolites that contributes 

into pyruvate carboxylase flux. These metabolites arise through various enzymatic reactions 

from acetyl-CoA, citrate/isocitrate, and α-ketoglutarate. The isotopologues for these 

metabolites in the cells grown under 13C-labelled conditions were monitored for the two cell 

types. Figure 3B.5 showcases the peak areas for the various isotopologues for the metabolites 

in context as compared to the glucose uptake. The peak areas for all the isotopes for fumarate 

and malate were found to be greater in the PL cells as compared to the PC indicating a higher 

flux in the former. The corresponding peak areas for aspartate and succinate all the isotopes 

did not show significant changes in both the cells indicating that comparable fluxes in both the 

cell types for these metabolites.  

 

Figure 3B.3 Elution profiles of various polar metabolites (reference standards) on HILIC column. 
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Figure 3B.4 The distribution of intracellular 13C glucose in PC and PL after the cells were 

grown in complex media with glucose (U-13C6) in comparison to unlabelled complex media. 

 

 

 

 

Figure 3B.5 Absolute peak area profile of various metabolite isotopologues in PL and PC cells 

in complex media with glucose (U-13C6). 
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Table 3B.1 Variation in the peak areas of metabolites in a representative QC sample (12C-PC 

pooled) 

QC Run Atv Asp FA Gluc Lac Suc Mal 

1 2.48E+07 4.27E+08 3.28E+06 2.25E+08 6.72E+08 1.56E+07 6.47E+07 

2 2.63E+07 4.74E+08 3.79E+06 2.04E+08 6.17E+08 1.58E+07 8.74E+07 

3 2.32E+07 3.74E+08 2.26E+06 1.48E+08 4.74E+08 1.15E+07 5.26E+07 

Average 2.48E+07 4.25E+08 3.11E+06 1.92E+08 5.88E+08 1.43E+07 6.83E+07 

%RSD 6.3 11.8 25.1 20.8 17.3 17.1 25.9 

 

The HILIC-HRMS method was further evaluated using pooled QC samples for the 

duration of the analytical run. A common pooled sample was prepared by using three biological 

replicates of the PC cells. The metabolite extractions were carried out along with the samples 

as described above. Atorvastatin (IS) was added prior to the analysis. Table 3B.1 showcases 

the data obtained (peak areas) for three technical HILIC-HRMS analysis runs for the QC 

samples. These were analysed at the beginning, intermittently and at the end of the sample 

analysis. Any variation observed in these samples could help in the establishing the threshold 

of variations in the PL samples vis-à-vis PC that could be considered significant. Expectedly, 

atorvastatin showed the least of the peak area variations in terms of % RSD. The % RSDs for 

the rest of the metabolites were in the range of 11-26%. Bioanalyical method validation 

regulations generally allow a 15% variation for quantitative LC-MS analysis.32 A higher 

allowance up to 30% RSD is indeed allowed in certain cases of metabolite analysis. The peak-

area variations estimated in this study are relative indications of the metabolites present. 

Further normalizations, and calibration-based quantitative approaches will help bring down the 
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variations to acceptable ranges. Nevertheless, the results from the peak-areas alone are 

indicative of the comparative trends that could potentially give insights into the metabolic 

fluxes in operation for the varying environmental conditions investigated.    

3.8 Conclusion 

The measurement of metabolite level alone is insufficient to understand the direction 

or fluxes of biochemical reactions. Relative presence or abundance of any metabolite(s) is an 

output of multitude of pathways involving production/degradation, 

consumption/transformation as well as influx/efflux of metabolites. Therefore, pathways flux 

analysis is advised to be carried out in metabolic steady state.33 As system reaches metabolic 

steady state, it has relatively stable pathway flux and renders reliable interpretation of 

metabolomics data. This preliminary study demonstrates the use of HILIC-HRMS as a valuable 

tool in the determination of 13C labelled metabolites from mammalian cell culture samples. 

Excellent reproducibility of the HILIC-HRMS method offers reliable estimation of TCA 

intermediates even in a relative fashion instead of lengthy calibration-based quantitative 

regimes. High resolution-accurate mass detection of labelled isotopologues enabled 

determination of relative abundances of asprartate, fumarate, malate, and succinate. The 

contribution of various isotopologues allowed comparison of fluxes between control and 

adapted CHO cells. Furthermore, use of unlabelled IS and QC samples further increased the 

confidence of measurements and establishing the method associated variations that have to be 

taken into account for metabolic flux analysis using HILIC-HRMS. 
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4.1 Introduction 

Development of MALDI-MS methods for small molecule analysis has been 

significantly thwarted because of interferences from UV absorptive MALDI matrices that 

introduce complex high-intensity background signals in the region below 500 m/z, often 

confounding with analyte peaks. Many attempts have been made to overcome matrix 

interference through the introduction of novel matrices and other ion suppression strategies in 

the last two decades.1–6 However, these approaches led to limited success often restricting the 

analysis to specific molecules that could be efficiently ionized in the presence of novel 

matrices. Analysis using MALDI MS/MS, on the other hand, offers a potential alternative to 

overcome matrix peak interferences without a need for novel matrices. Monitoring specific 

diagnostic ions in tandem mass spectrometry resulting from fragmentation of analytes can be 

used for simultaneous selective qualification as well as quantification purposes.7 It is 

noteworthy that monitoring MS/MS transitions has been rather quintessential with triple-

quadruple MS analyses, albeit in combination with liquid chromatography. This mode of 

analysis has provided sensitivity and selectivity for quantitative LC-MS workflows. MALDI-

MS/MS approach as an alternative to tackle matrix interferences has been emphasized 

previously by Karas et al. 8  However, this work has not yet seen the wider adaptation. MALDI-

MS data is acquired following discrete laser shots on a specific sample surface that is exhausted 

rapidly unlike LC-MS that enables longer-duration continuous sample injection and data 

acquisition. Hence, the number of metabolites that can be simultaneously monitored on a single 

spot can be limited. Nevertheless, MALDI MS/MS provides superior selectivity over single 

stage MS while still retaining high throughput nature. This can be especially advantageous for 

the measurement of structural isomers from complex biological samples.  

Dimethylarginine (DMA) exists in two isomeric forms, namely, asymmetric 

dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA). These structural 

isomers are formed as a result of lysis of proteins with methylated arginine residues.9,10 

Increased plasma levels of ADMA has a direct inhibitory effect on nitric oxide synthase (NOS) 

causing impaired nitric oxide generation.11–13 This subsequently results in endothelial 

dysfunction and several physiological complications such as hypertension and immune 

dysfunction in chronic renal failure patients.14–18 While SDMA does not have direct inhibitory 

effect on NOS, its competitive nature towards arginine transporters has been postulated to 

induce indirect NOS inhibition.19 Altered asymmetric to symmetric dimethylarginine ratio 
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(ASR) in blood plasma has been observed in the case of cardiovascular diseases (CVD), 

diabetes, chronic kidney disease(CKD), chronic active hepatitis, muscular dystrophy and end-

stage renal failure patients.11,20–22 Methods to detect the DMAs are thus important in clinical 

studies across a wide spectrum of diseases. As of now, determination of ADMA and SDMA 

involves various analytical strategies that invariably use liquid chromatography and 

calibrations from biological matrix-matched standards for absolute quantitation.23–29 We have 

previously demonstrated the precise determination and absolute quantitation of isomeric 

dimethylarginines (DMA) using MALDI-TOF MS approach 30. Calibration curves from 

reference standards in matrix-matched simulated urine were generated and used for single stage 

MALDI-TOF MS quantitation of isomeric DMAs from urine samples from healthy individuals 

in the reported work30. However, estimation of isomeric DMAs from urine in disease 

conditions presents significant challenges limiting the applicability of the previous method. 

Urinary concentrations of the DMA markers can significantly vary with individual hydration 

levels, among other patient and environment specific factors, rendering urine an unreliable 

sample matrix for physiological estimations and to draw meaningful disease correlations. Urine 

from proteinuric individuals could also induce protein binding and resultant inefficient 

extractions. This invariably leads to measurement inaccuracies that would make it difficult to 

compare estimated absolute concentrations both within a particular group and between disease 

and control groups.  

In this work, we describe the selective MALDI-TOF MS/MS detection and estimation 

of urinary asymmetric and symmetric dimethylarginine ratio (ASR) as an alternative to 

absolute quantitation. We further demonstrate the potential prognostic use of urinary ASR 

measured using MALDI-TOF MS/MS in diabetes complications. The method was validated 

against LC-MS/MS data using a subset of 25 samples drawn from diabetic individuals at 

different stages of progression towards nephropathy. Inter-day reproducibility of the method 

was investigated using healthy and macroalbuminuric urine samples as quality controls during 

implementation in a randomized clinical study (n=555) over several days of sample data 

acquisitions. This method of measuring ratios using MALDI-TOF MS/MS overcomes the 

inherent limitations of absolute quantitative MS methods from urine samples. The high 

throughput MALDI-TOF MS/MS approach is devoid of chromatographic or derivatization 

steps and eliminates the need for isotopically labeled reference standards.  
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4.2 Materials and methods 

4.2.1 Materials 

Ultrapure α-cyano-4-hydroxycinnamic acid (CHCA), NG, NG’-dimethyl L-arginine di(p-

hydroxyazobenzene-p’-sulphonate) salt (SDMA), NG, NG-dimethylarginine hydrochloride 

(ADMA), bovine serum albumin (BSA) and trifluoroacetic acid (TFA) were purchased from 

Sigma Aldrich (MA, USA). LC-MS grade acetonitrile (ACN) and methanol were purchased 

from J T Baker (PA, USA). Deionized water with a specific resistivity of 18.2 MΩ cm-1 

(Merck-Millipore) was used for analysis. 

4.2.2 Recruitment of study participants  

Participant recruitment, sample collection, and processing was performed by Madras Diabetes 

Research Foundation (MDRF, Chennai, India) after appropriate approvals of the study  from 

Institutional Ethics Committee. A written informed consent was obtained from all individuals 

prior to the sample collection. A total of 25 individuals were recruited for the method 

standardization and cross-platform validation. The individuals were assigned to 5 different 

categories as (1) normal glucose tolerance (NGT), (2) impaired glucose tolerance (IGT), (3) 

newly diagnosed diabetes (NDD), (4) Type 2 diabetes with microalbuminuria (MIC), and (5) 

Type 2 diabetes with macroalbuminuria (MAC). The categories were made according to the 

World Health Organization consulting group criteria. Each category consisted of 5 individuals. 

4.2.3 Standards, sample processing, and method validation  

Standard calibration levels were prepared by serial dilution. The levels included 0.06, 

0.125, 0.25, 5, and 9 µM solution for both ADMA and SDMA. Two standard QCs at 7 and 3 

µM were also prepared. Urine samples were collected, aliquoted and immediately stored at -

80°C until further processing. Samples were thawed on ice prior to further processing. 400µL 

cold methanol was added to 100 µL aliquot of each urine sample. The contents were thoroughly 

mixed using vortex mixer followed by centrifugation at 13,200 rpm, 4°C for 15 minutes. ~250 

µL supernatant was subsequently collected, divided into aliquots and used for MS analysis. For 

cross-platform comparison, identical aliquots of all the 25 processed samples were prepared as 

above and used for MALDI-MS/MS and LC-MS/MS analyses. These samples were analyzed 

to obtain the ASR from the respective methods.  
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Detailed performance evaluation of the MALDI-TOF MS/MS method to measure ASR 

was undertaken in a series of experiments described below. Sample matrix effects that might 

have a bearing on ion suppression or enhancement and analyte recovery were evaluated using 

pooled samples and surrogate matrices. Pooled samples were prepared by mixing 100µL of 5 

representative NGT and MAC individual urine samples, randomly chosen from a sample set of 

555 clinical samples collected. The sample processing for pooled samples was also performed 

as described above. (i) Separate QC samples to estimate the ion suppression effects were 

prepared by spiking three concentration levels of ADMA and SDMA (1:1), 9 µM, 30 µM and 

45 µM, in pooled NGT and MAC samples. A corresponding control solution of these without 

the sample matrix was also similarly analyzed. (ii) Additionally, influence of varying (excess) 

amounts SDMA on endogenous ADMA levels was investigated by spiking pooled NGT and 

MAC samples with the three levels of SDMA (9 µM, 30 µM and 45 µM) and measuring 

ADMA alone (diagnostic peak m/z 46). Similar experiment to investigate the effect of excess 

ADMA on endogenous SDMA was also performed by spiking the pooled NGT and MAC 

matrices with three concentration levels of ADMA (9 µM, 30 µM and 45 µM) and measuring 

SDMA alone (diagnostic peak m/z 172). (iii) To estimate the effect of albumin content on the 

ASR measurement, spiked NGT* 1 and 2 were prepared with the variable concentration of 

albumin representing the MIC and MAC, respectively. Further, albumin spiked NTG* 3 and 4 

were prepared with excess on albumin content. Spiked samples were extracted using the 

protocol described above. (iv) Two randomly selected samples, one each from NGT and MAC 

categories were used as quality control samples (QC1 and QC2) throughout the course of data 

acquisitions for the 555 clinical samples. 

4.2.4 MALDI-MS/MS analysis 

96-well MALDI target plate was pre-spotted with 0.5µL CHCA matrix (10mg/mL). 

After drying, 0.5 µL of each sample or QC were applied on to the target plate. The target plate 

was dried overnight before being analyzed. MALDI-MS/MS was performed on AB Sciex 5800 

MALDI TOF/TOF instrument with a collision-induced dissociation (CID) cell. The instrument 

is equipped with Nd-YAG laser operating at 345 nm, pulse length - 500 ps and repetition rate 

- 1000 Hz. CID was performed at 1 kV in positive ion mode and the pressure was maintained 

at 1 X 10e-6 Torr. Optimized laser fluence at 5200 units, delayed extraction (DE) time at 200 

ns, 2000 laser shots and a precursor selection window 203.15±0.5 m/z were used for MS/MS 

analysis. Detector voltage was optimized at 2.69 eV for small molecule analysis. Entire 
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analysis was performed in automated mode. Data analysis was performed using Data Explorer 

(AB Sciex) and an in-house developed data processing algorithm MQ [(http://www.ldi-

ms.com/services/software) respectively. Briefly, raw instrumental files (T2D) were converted 

to ASCII format using T2Dconverter (software version 1.0) prior to processing using ‘MQ’. 

was estimated Ratio of peak intensities, within mass extraction window (MEW) of 50 ppm, of 

the diagnostic product ions of ADMA and SDMA at m/z 46 and m/z 172 respectively were 

estimated using the ‘relative quantitation’ module of MQ and reported as ADMA: SDMA ratio 

(ASR). The above optimized method was used for the 25 standardization samples used for 

cross-platform validation as well as the remaining clinical samples (n=555) and other QC 

samples. 

4.2.5 LC-MS/MS analysis 

LC-MS/MS of the 25 samples intended for cross-platform validation was performed on 

an Agilent 6420 triple quadrupole mass spectrometer with electrospray ionization (ESI) 

interface. The samples were reconstituted in 160 µl of ACN: water (50:50) and maintained at 

4˚C in the autosampler. Injection volume was set to 5 µL. The separation was achieved using 

Agilent ZORBAX HILIC PLUS column (100mm*4.6mm*3.5µm) with isocratic mobile phase 

consisting of ACN:water (90:10) with 0.3% acetic acid and 0.0125% trifluoroacetic acid, flow 

rate 600 µL/min, and total run time of 9 min. The column temperature was maintained at 28±2.5 

˚C. The ESI capillary temperature, sheath gas, and auxiliary gas were set at 300 ˚C, 45, 15 

arbitrary units, respectively. The mass spectrometer was operated in positive ion mode with 

ionization voltage 4000 V. Ion transitions, m/z 203.1→46.1 for ADMA and m/z 203.1→172.1 

for SDMA, were monitored in multiple reaction monitoring mode (MRM). MS/MS for ADMA 

and SDMA was performed at 20 eV, 13 eV, respectively. MassHunter software, version 

B.07.00, was used for data analysis. 

4.3 Results and Discussion 

MALDI MS/MS of the precursor ion at m/z 203 from the urine samples yielded the 

expected diagnostic product ion peaks for ADMA and SDMA at m/z 46 and 172 (m/z 46.0641 

and 172.1048 in NGT, and m/z 46.0643 and 172.1031 in MAC). Measurement of ADMA and 

SDMA by diagnostic product ions in healthy urine samples has been demonstrated 

previously.30 The observed MS/MS product ions from both the control and the diabetic samples 

http://www.ldi-ms.com/services/software
http://www.ldi-ms.com/services/software
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were in agreement with previous results. MS/MS peaks were observed within 25 ppm mass 

accuracy. Figure 4.1 shows representative annotated m/z data for NGT and MAC urine samples 

subjected to MALD-TOF MS/MS. Preliminary inspection of the MS/MS data from the NGT 

and MAC samples showed marked differences in the relative peak intensities of the diagnostic 

ADMA and SDMA peaks. Both the metabolites were unequivocally detected from the urine 

samples of NGT, IGT, NDD, MIC and MAC individuals simultaneously detecting and 

confirming the presence of ADMA and SDMA. Detection of the DMA metabolites from the 

urine samples by MALDI-TOF MS/MS within a narrowly defined m/z window ensured a high 

degree of selectivity that would be retained with the ASR measurements as well.8,31 

 

 

 

Figure 4.1 Representative MALDI-TOF MS/MS of urinary isomeric dimethylarginine (m/z 203) from 

(a) normoglycemic (NGT) and (b) type 2 diabetes with macroalbuminuria (MAC) samples. The 

diagnostic product ions at m/z 46 and m/z 172 represent ADMA and SDMA, respectively. 

 

Calibration curves for ADMA and SDMA were prepared using an absolute intensity of 46 and 

172 ions. Excellent linearity with R2 0.99 was observed for both ADMA and SDMA. The QC 

recoveries were within ± 20%, except in case of one QC (SDMA 3 µM), where the recovery 

was 123.96%. Subsequently, the calibration curve was used to measure the ADMA and SDMA 

concentration in representative pool samples from NGT and MAC categories. The samples 

concertation were within the reported urinary concentration of ADMA and SDMA metabolites 
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as per HMDB database.32 The slopes of both isomers, ADMA and SDMA, were comparable 

indicating similar ionization behavior. 

 

Table 4.1 Details of the calibration curve and QC recoveries. The absolute concentration of 

ADMA and SDMA measured in pooled samples is shown. 

 

a Pooled sample; values indicated factored in a 5X dilution to fit the calibration range 

 

The MALDI-TOF MS/MS method was further evaluated prior to using the ratios of 

peak-intensities of the detected diagnostic ions as a measure for the ASR from the urine 

samples. Sample matrix-associated ion suppression effects, variability owing to the presence 

of protein (in MIC and MAC urine samples), inter and intra assay reproducibility were 

investigated. Figure 4.2 and table 4.2 summarize the results obtained. ADMA and SDMA 

reference standards spiked (1:1) in pooled NGT and MAC at 9 µM, 30 µM, and 45 µM showed 

a proportional and linear increase in the peak intensity for the respective diagnostic ions (Figure 

4.2 (b) and (c)). The increase is similar to that of the reference standards (Figure 4.2 (a)) in the 

absence of any biological matrix. The peak intensities of ADMA and SDMA were overlapping 

at each of the spiked levels. The corresponding ASR (m/z 46/172) estimated from the peak 

intensities (seen in figure. 4.2 a, b & c) was nearly constant (Figure 4.2 (d)). The ASR was 

relatively uninfluenced by the three different concentration levels and from the urine sample 

Analyte  Ion 

(m/z) 
Calibration 

range  
(µM) 

Calibration 

Equation; R
2 

Sample  
  

Measured 

Concentration  
(% Recovery) 

ADMA 46 (0.06-9) y=299.76X+15.444; 
0.99 

QC 7 µM 6.87 µM (98.13) 

 QC 3 µM 2.65 µM (88.48) 

NGTa 23.3 µM 

MACa 6.1 µM 

SDMA 172 (0.06-9)  y=215.92X-7.976; 
0.99 

QC 7 µM 6.74 µM (96.24) 

QC 3 µM 3.72 µM (123.96) 

NGTa 28.95 µM 

MACa 13.5 µM 
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matrix that had the analyte spiked (NGT, MAC, and the control reference standard solution; 

figure 4.2 (d)). These results indicate that the MS/MS ionization efficiencies were similar for 

both the isomers, responses were linear and the urine matrix-associated ion suppression effects 

(represented by two extremes of the urine samples NGT and MAC) were negligible. 

 

Figure 4.2 MALDI-TOF MS/MS peak intensity profiles of ADMA (m/z 46) and SDMA (m/z 

172) as measured in standard solution (a) are shown. Three concentration levels of ADMA and 

SDMA (1:1) were used – 9 µM, 30 µM and 45 µM and a proportional increase in the intensity 

for the respective diagnostic ions was observed. ADMA and SDMA standards were also spiked 

in pooled NGT (b) and MAC (c) samples with similar trends observed. The corresponding m/z 

46/172 ASR estimated as a ratio of peak intensities (from a, b & c) is relatively uninfluenced 

by the three concentration levels (d). Influence of varying amounts SDMA (spiked in excess) 

on endogenous ADMA levels (e) and varying amounts of ADMA (spiked in excess) on 

endogenous SDMA (f) indicate no significant ion suppression or enhancement effects in both 

the pooled NGT and MAC matrices. 

Low abundant analytes could potentially encounter inefficient ionization and resultant 

signal suppression in the presence of highly abundant analytes of similar m/z and chemical 

nature. To rule out any competitive ionization between ADMA and SDMA with potential 
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resultant ion population losses, the effect of excess analyte (spiked) on the endogenous (non-

spiked) counterpart was investigated. In the first case, three concentration levels of SDMA 

were spiked in the NGT and MAC samples (in significant excess, 18 µM, 60 µM and 90 µM 

in the final solution) and the endogenous ADMA levels were monitored using MALDI TOF 

MS/MS. The marginal increase in the absolute peak intensities was observed for ADMA in the 

MAC pooled sample in the presence of 60 and 90 µM spiked SDMA (figure 4.2 (e)). There 

was no significant peak intensity change at 9 µM spiked SDMA in MAC and all the three levels 

of spiked SDMA in NGT sample. Likewise, SDMA measured in the presence of excess spiked 

ADMA at the three levels (18 µM, 60 µM and 90 µM) showed no significant enhancement or 

suppression in both NGT and MAC samples (figure 4.2 (f)).All the peak intensities were 

observed reproducibly with low standard deviations as indicated by the error bars. The 

outcomes of these investigations indicate an absence of abundant analyte associated 

competitive or selective ionization of ADMA and SDMA from NGT and MAC samples. Thus, 

any variations of ASR measured from urine samples would in all likelihood be free from ion 

suppression effects and uninfluenced by relative abundancies of the respective metabolites. 

To understand the impact of higher protein content in micro and macro-albuminuria, 

the change in ASR was monitored in albumin spiked pooled NGT sample (n=5). The average 

normal concentration of albumin in human urine is 30 µg/mg of creatinine. This corresponds 

to an absolute concentration of albumin being 377.25 µM. As per the NKF-KDOQI (National 

Kidney Foundation–Kidney Disease Outcomes Quality Initiative) guidelines, the albumin 

excretion rate (AER) for MIC and MAC are 30-300  µg/mg and >300 µg/mg creatinine, 

respectively.33,34 Corresponding to the guidelines, pooled NGT samples were spiked with 

albumin to obtain a representative albumin concentration for MIC and MAC categories. To 

understand the influence of variable albumin concentration on the measurement of ASR, 100 

µL pooled NGT urine was spiked with albumin to bring the albuminuria content level to MIC 

and MAC, respectively. The final concentration of albumin in the spiked sample was 4.263 µM 

(spiked NGT* 1), 9.1 µM (spiked NGT* 2), 1.4 mM (spiked NGT* 3), and 4.3 mM (spiked 

NGT* 4). Spiked sample NGT* 1 and NGT* 2 represented albumin level within the range of 

MIC and MAC samples. Table 1 contains the details of replicate data for control and albumin 

spiked NGT* samples. The RSD of technical replicates was found to be <10 % RSD, indicating 

acceptable reproducibility. The changes in the ASR in control and spiked samples showed 

<10% variation from the control sample indicating the negligible influence of albumin content 
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on ASR measurement using MALDI-MS/MS. Spiked sample NGT* 3 and NGT* 4 were 

prepared in extreme excess albumin content to further evaluate the influence of albumin on 

ASR measurement. The albumin content in spiked sample 3 and 4 is in practically impossible 

in real life scenario. Despite of extreme levels of albumin, the reproducibility of ASR 

measurement remained unaffected. The changes in ASR values were at 10%. 

NGT sample was dried and reconstituted with albumin equivalent to 5 and 15 µg / 50 

µL sample volume, representative of albumin content in microalbuminuric and 

macroalbuminuric urine, respectively (Spiked NGT*1 and 2). Whereas, post extraction, 

ADMA/SDMA ratio in control and albumin spiked samples were measured using MALDI-

TOF MS/MS. 

Reproducibility of MALDI-MS/MS measurement was evaluated by monitoring QC 

control samples. In a clinical study comprised of 555 participants, data for all samples were 

acquired in triplicate using 18 iterations of 96-well MALDI target plate. Each plate was spotted 

with duplicate spots of 2 QC samples from NGT and MAC categories. The ASR in these two 

QCs was monitored over the span of the entire MALDI-TOF MS/MS analysis of the18 target 

plates. This generated 36 data points for each of the QCs that were used to estimate the intra 

and inter-day reproducibility of the ASR measurement. 

The box-whiskers plot of replicate data of QC1 and QC2 is showcased in figure 4.3. 

The reproducibility measured as % RSD of QC1 and QC2 over 18 days was found to be 8.8 % 

(average ASR 0.85) and 15.9 % (average ASR 0.39) respectively, both within acceptable values 

of 15%. The lower RSD for the NGT (QC1) that indicates the baseline control values in 

comparison to the MAC (QC 2) might indicate slightly more variability in the latter. The data 

encompassing 18 MALDI target plates indicate that the ASR can be reproducibly measured in 

a clinical sample using MALDI-MS/MS over a period of several days and the data comparisons 

can be drawn. Any prolonged use of MALDI-MS/MS for the measurement of ASR in a study 

of larger sample set may require the use of QC checks and monitoring of reproducibility to 

ensure any time-associated variations. 

 

 



Chapter 4 

100 

 

Table 4.2 ADMA / SDMA ratio measured as a peak intensity ratio (m/z 46/172) in NGT 

(control) and albumin spiked NGT samples (spiked NGT* 1 to 4) to estimate the influence of 

protein content on ASR measurement.  

Sample Name Replicate m/z 46 m/z 172 m/z 

46/172 

Replicate 

avg. (%RSD) 

% Variation 

from control 

NGT* (control) 

R1 7.53E+03 6.19E+03 1.22 

1.20 (4.7) 00.00 R2 4.97E+03 3.97E+03 1.25 

R3 5.16E+03 4.53E+03 1.14 

Spiked NGT* 1 

(4.2 µM of 

albumin ) 

R1 1.73E+03 1.52E+03 1.13 

1.11(5.30) -7.09 R2 1.80E+03 1.71E+03 1.05 

R3 1.32E+03 1.14E+03 1.16 

Spiked NGT* 2 

(9.1 µM of 

albumin ) 

R1 1.13E+03 9.28E+02 1.22 

1.13 (7.51) -6.19 R2 1.07E+03 9.74E+02 1.10 

R3 1.04E+03 9.78E+02 1.06 

Spiked NGT* 3 

(1.4 mM 

albumin) 

R1 2.67E+03 2.54E+03 1.05 

1.08 (2.8) -10.00 R2 2.74E+03 2.47E+03 1.11 

R3 2.36E+03 2.19E+03 1.08 

Spiked NGT* 4 

(4.3 mM 

albumin) 

R1 5.70E+03 4.71E+03 1.21 

1.33 (8.7) +10.83 R2 4.26E+03 3.20E+03 1.33 

R3 3.19E+03 2.21E+03 1.44 

NGT* = Pooled sample (n=5) 
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Figure 4.3 Box-Whiskers plot representing inter-day reproducibility of two quality control (QC1 and 

QC2) samples used over the course of MALDI-TOF MS/MS analysis of 555 clinical samples. The data 

was acquired in duplicates on each occasion and compiled for 18 MALDI target plates (analyzed over 

several days; 36 data points for each QC). A variation of 8.8 % (average=0.85) and 15.9 % 

(average=0.39) were observed for QC1 and QC2 respectively. 
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Figure 4.4 Bland-Altman plot for the ADMA/SDMA ratio measured in 24 samples from the 5 

different diabetes classes of samples studied (NGT, IGT, NDD, MIC, and MAC) using MALDI-

MS/MS and LC-MS/MS. ADMA/SDMA ratio measured for 23 out of 24 samples showed 

agreement between both methods within 95% confidence interval.  

LC-MS/MS, widely accepted as the gold standard in quantitative analysis, was used to 

cross-validate the results obtained from MALDI MS/MS. A subset of 25 urine samples, five 

each encompassing the control and all the categories of the diabetic samples in the study were 

used for the validation. The transitions m/z 203 to 46 and 203 to 172 indicative of the presence 

of ADMA and SDMA were monitored from the urine samples as well as reference standards. 

ASR in the 25 urine samples from five clinical categories was measured on both the platforms. 

The data was acquired in triplicate on both platforms and is tabulated in Table 4.3. Intra-assay 

repeatability for the technical replicates (n=3) was found to be well within 15 % RSD for 

MALDI MS/MS and 3% RSD for LC-MS/MS. Both data indicated a high degree of 

reproducibility across the sample sets with notably lower RSDs observed in case of LC-

MS/MS. Subsequently, the agreement between the two methods was tested using a Bland-

Altman plot.35  Figure 4.4 showcases the Bland-Altman plot of replicate average data from 

both platforms. 
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Table 4.3 ASR (%RSD) values of 24 samples measured on MALDI MS/MS and LC-MS/MS. 

Category Sample No. MALDI MS/MS LC-MS/MS 

NGT 

1 1.077(4.9%) 1.546(1.3%) 

2 1.196(12.2%) 1.180(0.3%) 

3 1.144(1.9%) 1.017(0.4%) 

4 1.427(8.0%) 1.560(0.4%) 

5 1.332(5.5%) 1.275(0.5%) 

IGT 

1 1.305(2.5%) 1.442(1.7%) 

2 1.842(5.4%) 1.530(0.4%) 

3 1.086(1.2%) 1.184(0.4%) 

4 1.372(5.2%) 0.903(0.4%) 

5 0.818(1.7%) 1.104(0.7%) 

NDD 

1 1.216(5.6%) 1.478(2.2%) 

2 2.055(8.3%) 1.808(0.7%) 

3 1.444(14.5%) 1.358(0.5%) 

4 0.924(6.0%) 1.148(0.7%) 

5 1.306(9.6%) 1.201(0.3%) 

MIC 

1 1.457(5.1%) 1.157(0.5%) 

2 0.915(5.3%) 1.080(0.2%) 

3 0.723(2.8%) 1.156(1.0%) 

4 0.825(2.1%) 1.026(1.2%) 

5 0.852(2.0%) 0.916(1.0%) 

MAC 

1 0.720(3.1%) 0.968(0.8%) 

2 0.841(3.0%) 1.033(2.5%) 

3 0.805(7.7%) 1.012(0.5%) 

4 0.521(22.5%) 0.632(0.5%) 

 

The agreement was measured with an α value of 0.05, which signifies agreement 

interval of 95% with respect to LC-MS/MS measurements. 24 out of 25 samples analyzed for 

this comparison were found to be within the 95% interval limit. These results indicate 

agreement with the LC-MS/MS validating the MALDI MS/MS measurement of ASR.  
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4.4 Conclusions 

MALDI MS/MS estimation of ASR in diabetic urine sample is reliable and analytically robust 

approach which involves minimal sample preparation. The validated method described herein 

would significantly simplify and render high throughput investigations involving large 

numbers of samples feasible. This work presents advancement over the previously reported 

absolute quantitation of isomeric DMAs using MALDI MS.30 MALDI MS/MS allows precise, 

accurate and simultaneous confirmation and relative estimation of the DMA isomers without 

the need for absolute quantitation. MALDI MS/MS measurement of ion ratios also allows a 

chromatography-free analysis, which is a marked departure from absolute small molecule 

quantitation from urine and dialysates reported previously.36,37 As ASR is the ratio of two 

metabolites and not individual concentration being measured, the effect of dilution or 

instrumental variation will be negligible on measurements. Hence, a necessity of creatinine 

estimation during urine testing can potentially be avoided. MALDI MS/MS as a method offers 

a viable alternative for diagnostic measurement of isomeric DMA metabolites in other class of 

samples such as serum/plasma and tissues. 

Urinary ADMA to SDMA distribution has been detected earlier from various disease 

conditions.26,38,39  However, to our knowledge this is the first report that measures the urinary 

DMA distribution from different stages of diabetes. Physiologically, urinary ASR reflects 

impaired arginine metabolism in progressive diabetes mellitus.27,40 Decreasing trends of this 

ratio can correlate to worsening pathological condition and can serve as a potential biomarker 

of diabetic renal complication. There have also been no reports, till date, of implementation 

and validation of the analytical performance of MALDI-TOF MS/MS method for the 

measurement of ASR in clinical samples from diabetic and proteinuric individuals. Further 

investigations measuring ASR from a statistically relevant cohort are necessary to establish 

any correlations of ASR with the onset and progression of renal disease. 
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5.1 Introduction 

Diabetic nephropathy (DN) is one of the most important long-term complications of 

diabetes mellitus. Indeed, diabetes is estimated to increase the risk of end-stage renal disease 

(ESRD) approximately 12-fold, leading to premature morbidity and mortality.1 A recent 

epidemiological study reported a significant increase in mortality rates associated with renal 

complications in diabetes.2 Microalbuminuria (MAU) is an early sign of incipient renal disease 

and a marker of its progression. Furthermore, it is a key indicator of the need for intensified 

treatment of diabetes and hypertension, the most powerful predictor of cardiovascular and 

atherosclerotic risk and a prognostic marker in the development of ESRD and mortality.3 

Although MAU is the best available noninvasive predictor for risk of diabetic nephropathy, it 

occurs after several years of diabetes. Some patients with MAU have quite advanced renal 

pathological changes, for which therapies are less effective than the earlier stages of the 

disease.4 Therefore, along with MAU, more sensitive markers and alternative approaches are 

essential for the diagnosis of early stages of diabetic nephropathy. Such diagnostic markers are 

also vital for assessing the renal state, optimizing diabetes care and for monitoring the success 

of therapy. 

Asymmetric dimethylarginine (ADMA) and its structural isomer symmetric 

dimethylarginine (SDMA) are formed in the protein methylation biosynthetic pathway when 

methylated protein arginine residues are hydrolyzed and released 5,6. They were originally 

discovered from urine in relatively high abundance 5. Studies have reported that over 90% of 

ADMA entering the kidney is metabolized by DDAH1 (dimethylarginine dimethylamino 

hydrolase) isoform located primarily in the proximal tubule of renal tissue 7., while the 

remaining 10% is removed by urinary excretion 8. Thus kidney plays a major role in eliminating 

ADMA and injury to renal tissue leads to the alteration in the metabolism of ADMA. Studies 

have demonstrated that SDMA may indirectly reduce nitric oxide (NO) production by inducing 

intracellular arginine deficiency, as SDMA competes with the cationic amino acid transporter 

in the endothelial cell membrane 9. Accumulation of plasma ADMA, an inhibitor of nitric oxide 

synthase (NOS), is caused primarily by the disruption of the DDAH pathway that metabolizes 

ADMA to citrulline and dimethylamine 10,11. Overexpression of renal DDAH and increased 

urinary elimination of ADMA reduces renal injury in diabetic nephropathy 12. Longitudinal 
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studies reported that patients with elevated plasma ADMA and SDMA are at higher risk of 

CKD progression and incident atherosclerotic cardiovascular events 13,14. Altered asymmetric 

to symmetric dimethylarginine ratio (ASR) was found in patients with end-stage renal failure 

15–17 and suggest that ASR may be a potential mediator and early biomarker of nephropathy in 

T2DM.  Hence, we hypothesize that the altered ASR level in the urine could serve as a potent 

early biomarker for diabetic nephropathy. 

Validated MALDI MS/MS method (described in chapter 4) to directly measure urinary 

ASR using diagnostic ion ratios of the isomeric DMA metabolites. Measuring the ASR, a ratio 

is an alternative to absolute quantification for the isomeric metabolite measurement and 

overcomes a multitude of variations that could arise from urine. To the best of our knowledge, 

direct MALDI MS/MS relative estimation of the DMA (dimethylarginine) isomers in relation 

to type 2 diabetes and nephropathy has not been previously reported. This high throughput 

MALDI MS/MS approach was validated using LC-MS/MS, is devoid of either 

chromatographic or derivatization steps and eliminates the need for isotopically labeled internal 

standards.  

As Asian Indians are known to be more insulin resistant 18. and more susceptible to 

cardio-metabolic diseases and DN 19–21. There is a lack of data on ASR in relation to 

nephropathy in this high-risk population. Therefore, we aimed to study the efficacy of ASR, 

measured by the high throughput MALDI MS/MS approach, as a marker of early nephropathy 

and to evaluate ASR in Asian Indians with different degrees of glucose intolerance and type 2 

diabetes mellitus (T2DM) subjects with and without diabetic nephropathy. Methods 

5.2 Research Design and Methods 

Study participants were recruited from, a large tertiary diabetes care center at Chennai in South 

India. Individuals with (a) normal glucose tolerance (NGT; n=95), (b) impaired glucose 

tolerance (IGT; n=80), (c) newly diagnosed diabetes (NDD; n=120), (d) T2DM with 

microalbuminuria (MIC; n=140), and (e) T2DM with macroalbuminuria (MAC; n=120) were 

recruited. Oral glucose tolerance test (OGTT) was done in those without self-reported diabetes.  

Institutional Ethics Committee (IEC) approval (from the Madras Diabetes Research 
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Foundation, Chennai, and National Chemical Laboratory, Pune) was obtained prior to the start 

of the study and written informed consent was obtained from the study participants. 

Anthropometric measurements including weight, height, and waist circumference, were 

obtained by trained data collectors using standardized methods.22 Body mass index (BMI) was 

calculated as weight (kg)/height (m)2. Blood pressure was recorded from the right arm in a 

sitting position to the nearest 2 mmHg with a mercury sphygmomanometer (Diamond Deluxe 

BP apparatus, Pune, India). Two readings were taken 5 minutes apart and the mean of the two 

was taken as the blood pressure. Fasting plasma glucose (hexokinase method), serum 

cholesterol (cholesterol oxidase-peroxidase-amidopyrine method), serum triglycerides 

(glycerol phosphate oxidase-peroxidase-amidopyrine method) and HDL cholesterol (direct 

method-polyethylene glycol-pretreated enzymes), were measured using Hitachi-912 

Autoanalyser (Hitachi, Mannheim, Germany). Low-density lipoprotein (LDL) cholesterol was 

calculated using the Friedewald formula. Glycated hemoglobin (HbA1c) was measured by 

high-pressure liquid chromatography using the Variant machine (Bio-Rad, Hercules, Calif., 

USA). Serum insulin concentration was estimated using the electrochemiluminescence method 

(COBAS E 411; Roche Diagnostics). Blood urea and serum creatinine (CRE) (Jaffe's method) 

were measured using a Hitachi-912 Autoanalyser (Hitachi, Mannheim, Germany). The intra- 

and inter-assay coefficients of variation for the biochemical assays ranged between 3.1% and 

7.6%.  

Urinary albumin was measured in fasting urine sample using immunoturbidimetric 

assay (Hitachi 902 autoanalyzer; Roche Diagnostics). eGFR was calculated by using CKD-epi 

equation. The CKD-EPI equation was calculated as GFR (ml/min/1.73 m2) = 141× min (serum 

creatinine/k, 1)α ×max (serum creatinine/k, 1)−1.209 ×0.993Age ×1.018 (if women) × 1.159 

(if black), where k is 0.7 for women and 0.9 for men, α is −0.329 for women and −0.411 for 

men; ‘min’ indicates minimum serum creatinine/k or 1, and ‘max’ indicates maximum serum 

creatinine/k or 1.23  All measurements were performed in a laboratory that is certified by the 

College of American Pathologists (Northfield, IL) and the National Accreditation Board for 

Testing and Calibration of Laboratories (New Delhi, India).  
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5.2.1 Statistical analysis 

We compared anthropometric, clinical, and biochemical characteristics of groups using 

one-way ANOVA [with Tukey’s HSD] for continuous variables and Chi-square test or Fisher’s 

exact test to compare proportions. We performed Pearson correlation analysis to examine the 

correlation of various risk factors with ASR. Standardized polytomous regression analysis was 

done to assess how incremental changes in ASR were associated with MIC and MAC.  We 

adjusted models for any demographic, anthropometric, clinical, or biochemical characteristics 

that were significantly different across groups.  

Receiver operating characteristic curves (ROC) were plotted for ASR to identify MIC 

and MAC. Sensitivity, specificity, positive and negative predictive values and accuracy for 

predicting MIC and MAC were calculated for various ASR cut points. C statistic or the area 

under the ROC (AROC) was estimated and by interpolation from the area under the curve, the 

point closest to the upper-left corner, which maximized sensitivity and specificity, was selected 

as the optimal cut point; this identified the highest number of subjects with or without MIC or 

MAC.25 All analyses was done using Windows-based SPSS statistical package (version 12.0, 

Chicago, IL). 

5.3 Results and discussion 

Table 6.1 shows the clinical and biochemical characteristics of the study participants. Age, 

Waist circumference, systolic and diastolic blood pressure, total cholesterol and serum 

triglycerides were significantly higher in patients with MIC (p<0.05) and MAC (p<0.05) 

compared to NDD, IGT, and NGT. Serum creatinine (p<0.05) was higher and eGFR (p<0.05) 

was lower in patients with MIC and MAC compared to NDD or NGT. 

ASR was measured for the 555 urine samples across all the sample groups. As shown 

in figure 6.1, ASR was significantly lower in MIC (0.909; p<0.01) and MAC (0.741; p<0.01) 

in comparison to the NGT and NDD groups while there were no significant differences 

between NGT, IGT and NDD groups.  
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Figure 5.1 Category wise representation of ASR. A number of the candidates in each category 

has been shown. 

To examine the influence of gender on the association of ASR with MIC and MAC, 

study subjects were stratified by gender. There were no significant differences in the ASR by 

gender in individuals with NDD, MIC, and MAC [Data not shown]. ASR was negatively 

correlated with age (p<0.001), systolic blood pressure (p<0.001), fasting plasma glucose 

(p=0.004) and glycated hemoglobin (p<0.001), total cholesterol (p<0.01), blood urea 

(p<0.001), serum creatinine (p<0.001) and microalbuminuria (p<0.001). ASR showed a 

positive correlation with HDL cholesterol (p<0.001) and eGFR (p<0.001) (Table 6.2) 
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Table 5.1 Clinical and biochemical characterization of study subjects. 

Variables NGT(n=95) IGT(n=80) NDD (n=120) MIC  (n=140) MAC (n=120) 

 Male/Female 49/46 34/46 68/52 96/44 84/36 

Age (years) 44 ± 10 48 ± 9.3 47 ± 10 54 ± 10 *# 56 ± 11*# 

Waist circumference (cm) 90 ± 11.0 95 ± 11.0* 96 ± 10* 96 ± 11* 98 ± 10* 

Body mass index (kg/m2) 27 ± 4.6 29 ± 7.0 28 ± 4.1 27 ± 4.3 27 ± 4.5 

Systolic blood pressure (mmHg) 124 ± 16 125 ± 15 124 ± 16 136 ± 19*# 139 ± 18*# 

Diastolic blood pressure (mmHg) 79 ± 11 79 ± 9.0 80 ± 9.0 82 ± 9.0* 81 ± 12^ 

Fasting plasma glucose (mg/dl) 90 ± 13 107 ± 23 175 ± 63* 179 ± 77* 182 ± 85* 

HbA1c (%) 5.6 ± 0.4 6.1 ± 0.6 8.4 ± 2.2* 8.8 ± 2.0* 8.6 ± 2.2* 

Total cholesterol (mg/dl) 178 ± 31 187 ± 37 197 ± 46* 169 ± 45# 173 ± 53# 

Serum triglycerides (mg/dl) 127 ± 59 145 ± 85 169 ± 116 186 ± 115* 217 ± 188*# 

Serum HDL cholesterol (mg/dl) 42 ± 9.3 42 ± 9.1 39 ± 9.0 37 ± 7.6* 38 ± 8.8* 

Serum LDL cholesterol (mg/dl) 112 ± 25 118 ± 34 126 ± 42 96 ± 35 *# 94 ± 40 *# 

Blood urea (mg/dl) 21 ± 5.2 21 ± 5.1 22 ± 6.1 27 ± 11*# 40 ± 23*#^ 

Serum creatinine (mg/dl) 0.72 ± 0.17 0.73 ± 0.16 0.76 ± 0.17 0.98 ± 0.33 * 1.5 ± 1.0*#^ 

eGFR (mL/min/1.73m2) 107  ± 33 102  ±  23 102  ±  21 92  ±  31*# 63  ±  32*#^ 

Hypertension n (%) 8 (8.4) 21 (26.3) 37 (30.8) 81 (57.9) 88 (73.3) 

Retinopathy n (%) 0 1 (1.3) 4 (3.3) 34 (24.3) 34 (28.3) 

CAD n (%) 0 1 (1.3) 5 (4.2) 7 (5.0) 13 (10.8) 

Insulin + OHA n (%) 0 0 0 82 (58.6) 99 (82.5) 

OHA n (%) 0 0 0 58 (41.4) 21 (17.5) 

Antihypertensive drug n (%) 6 (6.3) 16 (20.0) 32 (26.7) 75 (53.6) 81 (67.5) 

Aspirin n (%) 0 0 5 (4.2) 10 (7.1) 16 (13.3) 

Fenofibrate   n (%) 7 (7.4) 11 (13.8) 26 (21.7) 34 (24.3) 27 (17.5) 

Statin n (%) 16 (16.5) 28 (35.0) 52 (43.3) 89 (63.6) 77 (64.2) 

*p<0.05 compared to NGT; # p<0.05 compared to NDD; ^ p<0.05 compared to MI
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Table 5.2 Correlation analysis of ASR with metabolic risk factors 

 ADMA/SDMA 

r-value p-value 

Age -0.267 p<0.001 

Body Mass Index  0.047 0.278 

Waist  -0.091 0.056 

Systolic blood pressure -0.189 p<0.001 

Diastolic blood pressure 0.001 0.981 

Fasting plasma glucose -0.136 p= 0.004 

HbA1c  -0.176 p<0.001 

Serum cholesterol  0.165 p<0.001 

Serum triglycerides  -0.077 0.088 

High density lipoprotein  0.161 p<0.001 

Low density lipoprotein  0.214 p<0.001 

Urea -0.323 p<0.001 

Creatinine -0.321 p<0.001 

eGFR 0.334 p<0.001 

Microalbumin -0.519 p<0.001 

 

 

Table 5.3 Standardized polytomous logistic regression estimates for the risk of MIC and MAC 
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VARIABLES 
NDD 

Ref. 

MIC 

OR (CI) 

MAC 

OR (CI) 

ADMA/SDMA Ratio – Independent variable* 

 
 

ADMA/SDMA ratio unadjusted 

 

1 

 

0.307 (0.213 –0.444)* 0.138 (0.090 – 0.211)* 

Model 1: 

Adjusted for age and gender 

 

 

 

 

1 

 

0.316 (0.213 – 0.468)* 0.147 (0.094 - 0.230)* 

Model 2: 

Model 1 plus systolic, diastolic 

blood pressure and glycated 

hemoglobin 

0.304 (0.196 – 0.473)* 0.145 (0.088 – 0.240)* 

Model 3: 

Model 2 plus serum cholesterol, 

triglycerides, HDL and LDL 

cholesterol 

0.287 (0.171 – 0.483)* 0.117 (0.064 – 0.215)* 

Model 4: 

Model 3 plus Urea, Serum 

Creatinine, and eGFR 

0.287 (0.162 – 0.508)* 0.152 (0.076 – 0.302)* 

* p<0.01 compared to NDD 

*per standard deviation changes in ADMA/SDMA 

 

Standardized polytomous logistic regression analysis was performed with NDD as the 

dependent variable and ASR as the independent variable (Table 6.3). Every one standard 

deviation decrease in ASR was independently associated MIC [odds ratio (OR): 0.307, 95% 

confidence interval (CI): 0.213 – 0.444; p<0.01]. This association remained statistically 

significant even after adjusting for age, gender, blood pressure, glycated hemoglobin serum 

cholesterol, triglycerides, HDL and LDL cholesterol, Urea, serum Creatinine and eGFR [OR: 

0.287; 95% CI: 0.162 – 0.508; p<0.01].  ASR was independently associated with MAC [OR 

per standard deviation: 0.138; 95% CI: 0.090 – 0.211; p<0.01]. Adjustment for age, gender, 

blood pressure, glycated hemoglobin serum cholesterol, triglycerides, HDL and LDL 
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cholesterol, Urea, serum Creatinine and eGFR did not substantially change the association 

between ASR and MAC [OR per standard deviation: 0.152; 95% CI: 0.076 – 0.302; p<0.01]. 

 

Figure 5.2 ROC curves and details of sensitivity and specificity of ASR between individuals 

with (a) Microalbuminuria and (b) Macroalbuminuria. 

Receiver operating characteristic curves (ROC) were constructed to derive the cut-point 

for ASR with the best sensitivity and specificity to identify MIC and MAC.  Figure 6.2 shows 

the C statistic for the ASR in predicting MIC and MAC. An ASR cut-point of 0.95 had C 

statistic of 0.691 (95% CI: 0.627-0.755; p<0.001) indicating the high ability of ASR to 

discriminate MIC from NDD. The sensitivity and specificity of this ASR cut-off of ≥ 0.95 were 

72% and 60%, respectively, for identifying patients with MIC. The positive predictive value 

was 60.5%, and the negative predictive value, 71.3%. An ASR cut-point of 0.82 had C statistic 

of 0.846 (95% CI: 0.800 - 0.893, p<0.001) had a sensitivity of 91% and specificity of 72%, for 

identifying MAC. The positive predictive and the negative predictive values were 68.5% and 

87.6% respectively. 
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The natural history of DN is characterized by albuminuria, overt nephropathy, and 

eventually renal insufficiency with declining glomerular filtration rate (GFR), ultimately 

leading to ESRD.26 We earlier reported that the prevalence of overt nephropathy and 

microalbuminuria was 2.2 and 26.9%, respectively in urban Asian Indians.21 Studies have 

shown that low-grade albuminuria (microalbuminuria) is a poor predictor of diabetic 

nephropathy and high-grade albuminuria, which is a strong predictor of disease progression, 

only develops at advanced diabetic nephropathy, a stage when less can be done to prevent the 

development of end-stage kidney failure. It is, therefore, necessary to detect at an early stage 

of the condition to prevent the progression into overt nephropathy. Thus a sensitive biomarker 

could be helpful to detect earlier stages in the natural history of diabetes and this could be 

useful to prevent or delay the onset of nephropathy at an early stage. In this context, our study 

reports the following significant findings: 1) ASR is lower in patients with MIC and MAC 

compared to NGT or NDD. 2) ASR shows a significant inverse correlation with age, systolic 

blood pressure, blood urea, serum creatinine and microalbuminuria and positively correlated 

with HDL cholesterol and eGFR.      3) ASR is independently associated with higher risk of 

MIC and MAC even after adjusting for other risk variables known to be associated with 

nephropathy. 4) An ASR cut-points of 0.95 and 0.82 had a best sensitivity and specificity for 

identifying MIC and MAC respectively among Asian Indians.  

ADMA and SDMA are important disease markers implicated in clinical findings across 

a spectrum of diseases that include cardiovascular, renal disorders, hypertension and diabetes 

27–30 ADMA and SDMA, having a nominal mass of 203, are generated as a consequence of the 

protein methylation biosynthetic pathway and subsequent hydrolysis. Both ADMA and SDMA 

are released during the proteolytic breakdown of nuclear proteins and both have been studied 

as biomarkers for kidney disease.31,32 SDMA is primarily excreted through the kidney and is 

strongly associated with renal function.33 ADMA to SDMA ratio (ASR), also known as 

catabolism index, has been implicated in hypertension, malnutrition, and inflammation.34–36 A 

direct correlation between malnutrition, the inflammatory marker C-reactive protein, and the 

ASR was also established in patients undergoing hemodialysis.36 In this context, the decreased 

ASR in patients with MIC and MAC in our study is an important finding. Additionally, our 

data suggest that an ASR cut-point of 0.95 and 0.82 could be used to correctly identify 72% of 

MIC and 91% of MAC respectively in this Asian Indian population. 
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Clinical trial studies that included patients with diabetic and non-diabetic CKD (chronic 

kidney disease) have demonstrated an association of ADMA and SDMA levels with declining 

renal function after stratification of patients according to glomerular filtration rate. The 

prognostic value of ADMA in patients with CKD has been evaluated by Fliser et al., in the 

‘Mild to Moderate Kidney Disease Study’ and reported that plasma ADMA levels were the 

independent predictor of progression of renal disease. 37 Similar findings were made by Ravani 

et al., in which ADMA emerged as an independent predictor of progression to dialysis. 38 These 

studies support the potential role of ADMA and SDMA to predict the severity of renal disease. 

In this context, we found a negative correlation between ASR and glycemic parameters 

including fasting glucose and Glycated hemoglobulin. This supports our hypothesis that an 

increase in glucose can cause kidney injury and in turn, leads to the decrease in ASR. The 

inverse correlation between ASR and established kidney injury markers such as serum 

creatinine and microalbuminuria suggests a diagnostic as well as the prognostic value of ASR. 

The significant positive correlation of ASR with eGFR also substantiates the role of ASR in 

assessing diabetic kidney injury. Interestingly, the association of ASR with MIC or MAC is 

significant even after adjusting the conventional risk factors for diabetic nephropathy and 

emphasizes a potential risk factor role of ASR. Decreased ASR may, therefore, represent a 

biomarker for MIC and MAC but this needs to be confirmed by longitudinal studies. 

Identification of new biomarkers such as ASR would open up new avenues for assessing 

progressive diabetic nephropathy and our work is a proof of concept in this direction. 

5.4 Conclusion 

Direct estimation of the ASR overcomes the inherent challenges of metabolite variations in 

urine samples and allows for comparisons to be made across disease conditions. We report that 

in Asian Indians, the ASR profile is lower in MIC and MAC suggesting that it has the potential 

to be used as an early diagnostic marker for MIC or MAC. ASR cut-points of 0.95 and 0.82 

could be used to correctly identify 72% of MIC and 91% of MAC respectively among Asian 

Indians a population which is currently the epicenter of the global diabetes epidemic.  Further 

prospective studies are needed to understand the mechanisms that contribute to decreased ASR 

and the factors that could be beneficially used to neutralize their cellular action both from the 
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prevention aspect as well as for novel therapeutic measures in the management of diabetic 

nephropathy.  

To our knowledge, this is the first report that measures the urinary DMA distribution 

from different stages of diabetes. The strengths of the study are that the cases (MIC, 

MAC/NDD) and IGT and controls (NGT) were classified using standard methods.  One of the 

limitations of this study is that being a cross-sectional study, no cause and effect relationship 

between ASR and NDD, MIC or MAC could be established, for which prospective studies are 

needed. Furthermore, while the ASR cut-points of 0.95 and 0.82 may be useful in South Asians, 

this cut points may well differ in other ethnic groups. The current study is a proof of concept 

demonstrating the method using a cross-sectional cohort. To translate the findings into a 

meaningful diagnostic test or to help understand the underlying disease mechanisms, 

prospective studies with clinical follow up are indeed necessary. The study nevertheless 

showcases the robustness of the high throughput method for any prospective studies that often 

span longer durations of investigations. 
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