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Foreword

Metabolic profileof a systencollectively reflects the phenotypic expressresulting
from a complex interplay adenetic, epigenetigjutritional, and environmental factors along
with exposure to various stresses. In the post genomic era, mass spectrometnagéts)
approaches have become the mainstay in metabolomics research contributing significantly to
the fundamental understandiraf disease biology, diagnostics and therapy.-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 ascomplementary 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 advancemeiiat has revolutionized bioanalysis and continues to
carve a niche in metabolomics analysis. HRM&agable of separatirapalyte ionsith high
mass accuracies (up to the fifth decimal exact mass) whereaesolution triple quadrupole
(QgQ)MS is limited to unit mass resolutioA.single HR fulkscan analysis provides farore
detailed metabolic profiles in comparison to conventiémakr resolution analysisThis has
made comprehensive metabolic profilingcomplexbiological system a possibility

HR-accurate mass (HRM) 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 @fquantitation with a
smaller scope using selected single or multiple ion monitoring schemes. However,-AMHR
methodologies are process intensive and few studies have explored the breadth of complexities
involved for use in metabolomics. Specifically, the performance evaluafib® 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 H&® MS methods have been investigated from
metabolomics aatexts using specific mammalian and microbial model systems. Firstly, the
analytical robustnes®f LC HR-AM MS was evaluated for estimating the metabolic
consumption and release (CORE) profiles in two sub populations of glioblastoma at various
drug concemttions. 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 chromatograpHyee 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

Metabolitesare low molecular weight (< 1500a) molecular components that
representthe phenotypical expression of functional machinery in a biological system.
Metabolomics*the study of a collection of systemic metabolitgsovides crucial insights
into the statand dynamic®f a systemunder consideratiomMetabolomics haa wide gamut
of current and potentiabpplicationsin diverse fields such as healthcare (clinical and
pharmaceutica)snutriomics, industrialbiotechnologybiofuels,ecologicalandplant research.

For example, metabolomics in clinical investigations holds immense potentialfor
understanding diseages progressionidentification of biomarkersestablishing standards for
diagnosis development of therapeutic interventions and finally addressing therapeutic
challenges ipatient care through personalized medici&tudy of biological modification in
various disease stataBows us to explore and understatia dynamics of molecular change

with respect to etiology and epidemiology. So far different biomarkers have been identified
and assigned to diagnose disedfiee diabetes, hypertension, cancers, kidney dysfunction,
neurological diseases, tuberculosis and oxigatstress in multipledisease state<®
Metabolomicsnvestigatiors can be broadly classified into targetaduntargeted approaeh
These approackare governed by fundamental knowledge of the biological system and aim
of the studyThe untargeted approachusuallya comprehensivand globakearch foawide
rangeof metabolic featuredJntargeted metabolomicsn be used to attambroaderview of
metabolic changes in response to disease, environmental or genetic perturhaionss
algorithmic and database resources such as software such as MeMBa\ nalyst, MZmine,
MAVEN, AMDORAP are available for aiding untargeted metabolomics anai{y8fsOften,

the untargetedanalysis is followed by targeted profiling for more confident quatidin of
relevant metabolite¥. The targeted approach focuses on the analysiseqiredefinedist of
metabolites pertaining to specific groupaech aschemicalclass, interconnected pathways or
unique metabolites).181° Targeted analysis is often usémr quantitative measurement of
specific metabolites using calibration curves from metabobferencestandardsandor
isotopicallylabelledstandardsinstrumental malytical approacheand methods$o accurately
detect and quantitatively measure metabolites are of paramount importance in metabolomics

pursuits.
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There are severalevels of complexitiesinvolved in the analysis of metabolomics
samplesin samples of biological originanalyte(s) of interest coexist withargenumberof
compoundsvith distinct chemical propertiesftenreferredio asamatrix. Biological matrices
influencevarious stages afample preprocessing and analySemefficient extraction, ion
suppression/enhancemerdadinterferences from background signals are the key influences
of matrices?>?2 These contributionsnake detection, qualification and/ayuantification a
challengingtask This is even ma evident in metabolomics as the comprehensive metabolome
consists ohundredsof metabolites thatould be presenwithin relatively narrow molecalr
weight legiors. Unlike proteins that are made up of repetitive umitstabolite arestructurally
unique molecules with vasthemo diversity It is alsonoteworthy that many metabolites
undergo biotransformation susceptible to environmental degradati@ml are extremely
difficult to detectowing to their complexation withio-macromoleculed.imited availability
of synthetic standardsfurther contributes in reducinghe odds of identificationand
confirmationof many classes of metabolitdsetabolites oftemmanifest in diverse abundances
making a direct simultaneouseasurement challengifg.Therefore,optimization ofthe
analytical methodologiess essentialin order to distinguish between the analyt@nd
background signafor reliable and acarate measurements®f metabolites Evidently, the
efficiencyof an analytical instrument to distinguish between closely related angtdytical
resolution - constitutes a factor of primary interest for analysts in various fieldls
metabolomics apmations

Various chromatograjt and electresepaation techniques have traditionally been
used for analytical resolution of metabolites from complex biological samjleseéhave been
extensivelyusedin tandem with mass spectromeifyS), and occasionally withnuclear
magnetic resonancBlIR) to resolvametabolitesrom each other as well as from background
matrix signal$*®® Hyphenated and tandem analyticakthodologieshave proven to be
promising inmany applicationsas they offer synergistic advantages of batimensions
Advancements igeparation sciendbatinclude development of novstationary phases, new
ultra-high pressure liquid chromatography systems)imization of batch to batch variability
of columns and introduction ahicrofluidic separationsave significantly enhanced the
bioanalyticaltoolboxin general andnass spectrometiyasednetabolomicsin particular343°
In spite of the significant progress in thanalytical methodologieghere is still scope for

improvementtowardsaccurate andeliable assessment aidividual metabolite(sand of




comprehensivenetabolome from a biologicalystem.Furtherexplanation on reverdephase
and hydrophilic interaction chromatography has been provided lattéepart of this chapter.

Mass spectrometry is a separation techejdgua gas phase albeit, capabfeachieving
significantly higher separatiorefficiencies than liquid/gas phase chromatography MS
instrumentationhas undergone significant evolutiom the last two decadewith highly
efficient and soft ionization sourcesriouscombinations of precise maasalyzersand most
prominently accomgnying algorithmic advancementSlectrospray(ESIy*®8 and matrix-
assistedaser desorptioionization(MALDI) *°*! amongonization sourcesard time-of-flight
(TOF)*243and Qbitrap®***% amonghigh-resolutionmas analyzer§HRMS) are prominent
in this regardThese developmentsive broadened the areas of application Sfaddrace level
metabolites can be accuraely and efficiently measured with high throughpuind
sensitivity*”*®HRMS has revolutionized metabolomics research (witness#étduration of
this dissertation wodkand is now beingsed on a large scals massspectrometer that offers
aresolutionof more than 1@00 FWHM isconsidered as HRM&urrertly available HRMS
analyzers includéurrier-transform ion cyclotron resonanceT¢ICR), TOF, and Orbitraf3.
Resolution more than 200,000 FWHM is achievablehv@rbitrap and FICR HRMS#%:*0
Apart from major applicationsn qualitative analysis like metabolite identification and
structure elucidation, latest HRMS instrument possesses desirable specifisatiorzshigh
scan speed compatible for HES, wide dynamic range and MS/MS capabilities essfatia
anyquantitatve metabolomics investigations

In conventionalvorkflows, liquid chromatographyL.C) coupled withunit resolution
triple quadruple (QqQ) MShas been the most eered platform for quantitative analysis.
There weretwo main reasondehind the success aiC-QqQ MS. First, the ability of
chromatographtechniqueo retain analyte and elute thémsedn polarity providegbrimary
separatiorand reducegthe complexity of analytes being injected into M8ehighly specific,
sensitive, and reproducibiaonitoring of precursor to product transition usM&/MS, was
the second At present,QqQ-based quantitationsing selective precursoo-production
monitoring, for single or multiple ions B/ and MRM), is generallyaccepgédas an industry
gold standad by regulatory agencies in food and phatin@ustry However, QqQ M&an
only generatelow-resolution datg which pose significant limitation for discovery
metabolomics? For high specificity, it requires monitoring of individual molecular transitions

(single/multiple reetion monitoring) during the analysi8lso, themaximumnumber ofion
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transition that can be monitoredthin a chromatographic peak lasting for few seconds is
limited.>? This dacesamajorconstrainon the total number of moleculdstcan be analyzed

in a given samplethrough a single analytical ru’y LIQLILFDQWO\ OLPLWLQJ WK
metabolic measuremerits

High-resolution mass spectrometryHRMS), largely used only for qualitative
metabolomicsnalysis, on the othéand overcanes thelimitationsof conventionaQqQMS.
HRMS-based analysis, with simultaneous qualitative and quantitative (Quéead) is a viable
alternative toQgQ MS (or TQ MS) Various groups have evaluated the quantitative
performance of HRMS against TS as a standaloneplatform for analyzing sampde
belonging toa diversesetof matrices such as manalian tissue (kidney}, honey>>*® urine,
rat and human plasnia®’®°, dried blood spofd, hair®?, food?>*°. It was observed that the
sensitivity of MS/MS is better only if smaflumbers of analytes al®ing monitored. This
occursmainly because akductionin the dwell time per analyte witnincreasen the number
of ions monitored. HRMS (especially theDrbitrap® was found to be more sensitive in
monitoring alargenumber of compounds a ful-scan modeAdditionally, the HRMS method
was found to be more generic and applicable to aitodicibly detected compounds for
untargeted profiling of sampleBut anera of fultfledged utilization of HRMS foqualfuart
analyses is yet to come.

Accurate mass HRMS emabolomics analysi$HR-AM) in most biological model
systemsas well as clinical spemens,encountesignificant process complexitieshesehave
neither been fully evaluated nor optaad with a process analytical perspectiv@eld or
clinical translation of important outcomes of discovery metabolomics prdaehisrscaleup
challenges asvell. In certain scenario® validate estdlshed metabolite disease marker
direct HRMS or HRAM devoid ofchromatographic front end might be a viable alternative for
largerscale clinical validation. This again remains relativatgxplored.

This thesisexplores the use of HRMBasedqualitative and quantitative analysis for
specific biological and translational applications with a focusherperformancesvaluation
and analytical process optimizatiorhe introductory chapteiprovides an overview of mass
spectrometrynstrumentation, variougspects and MS terminologiedevant to metabolomics
and a general description of the methodology that forms the basis of the remaining chapters.
Chapter twadescribes the method developthandperformance evaluation etcurate mass

textracted ion chromatogram (AMIC) based targeted metabolomics analysia model




mammalian cell culture systerm this, the analytical robustness of the LC-ARI analysis
workflow to profileconsumption and releaseraktabolites from differentially expressed sub
populationsof glioblastoma cell culturewith various sampling time points and aocéincer
drug concentrations was evaluat€thapter threedescribes the use of hydrophilnteracton
liquid chromatography (HILIC) in combination witHR-AM analysis for profiling of polar
intracellular metabolites. Metabolic changes @Ghromobacteriunviolaceum(CV) between
wild-type and two adapted laboratory evolution (ALE) developed chlorampher@sistant
(ChIR) and streptomycin resistant (StpR) strains were investigaged In the subsequent
sectionanextensionof HILIC HR-AM analysis to'*C-glucosdabeledpolar metabolites from
Chinese hamster ovary (CHO) culture is descrig@8). Chapterfour and fivedescribe the
evaluation and translational application of chromatography free HRMS analysis. These
chaptersdemonstrateshe application of MALDIHR-AM analysis for the determination of
isomericdimethylarginineratio from diabetic urine sarfgs in a clinical studynvolving 555

individuals.

1.2 Overview of massspectrometry

Mass spectrometry & analyticaltechniquecapable oflistinguishing ions based upon
mass tacquiredcharge ratigm/2. A mass spectrometer mainly consists of four different parts
namely (i) sample inlet(ii) ionization source(iii) analyzer and (iv) detector.A schematic
repregntation ofa massspectrometers portrayed in figure 1.1n the first step,lHe sample
inlet is usedto introduce the sample, from a chromatograph or a direct insertion probe or
crystallized bed of matrixas per the ionizatiortechnique employedn the analysis
Subsequently, amonization source ionizeghe chemical moieties present in tlsamples,
eventually producingas phase ions frothhe sample After ionization the ions are directed
into the analyzer, where they are separated based on mass to chargen/ztidn (a
contemporary mass spectromegesjngle omultiple mass analyzsin combination are being
usedare usedo separate the ion&inally, ionsaredetected bya detectoranda processing

system produces the mass spectagna plot ofonsand their respective intensities
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Figure 1.1 Schematic ofhe massspectrometer

1.2.1lonization source

The instrumental part used to generate ions is callednization source. A variety of
commercialionization techniques aravailable for usein mass spectrometry. The ost
commonly used ionization souscare electrospray ionization (ESInatrix-assistedaser
desorption ionization (MALDI), electron lonization (EI) and chemical ionizat©oh).% El,
which generates ions using a beam of high energy elecisong)y suitable for gaphase
ionization and thusits use is limited tdonize compoundghat aresufficiently volatile and
thermally stableEl also causes substantial fragntation as a result of high energy electfdns.
A CI soure@ producsions through a collision of thenalytemoleculein the gasphase with
primary gaseousions presenin the ionization chambé&f The commonly used gases in
chemical ionization are methane, ammoaiadisobutené®’® MALDI and ESI are two soft
ionization techniquepreferablyusedin metabolomics and proteomics reseasanie described

in details in following paragraphs

1.2.1.1Electrospray ionization

Electrospray ionizatignrmore commonly referred dsSl, is a liquid phase ionization

technique operating at atmospheric presstine.schematicfdESI has is represented below in




figure 1.2 Electrosprayanization is obtained bypplying a high electripotential(up to8 kV)

on capillary through which the liquid containing analyte is flowitéf. The electricpotential
induces charge accumulation on liquid surface passing thcagglhary. Liquidleaves the end

of the capillarylRUPLQJ D 7 D\whiRtUsTibsegUR@preaksinto the highly charged
droplets. A gas injected coaxially allows the dispersion ofitbpletsin alimited space. These
droplets then passthrough asheathof heated inert gas, most often nitrogen, to vaporize and
remove solvent moleculé$The process of evaporation ends up generating a singly/multiply
charged analyte iothat are introduced into MS using a capillary ifféThe accumulation of
charge on an ion is governed by thaarity of solventsurface areaand proton affinity of
analyte3’ Formation of nultiply charged iosis advantageous assihableshe analysis of high

molecularweightionsusing analyzers with a lowemn/zscan range.

| Voltage |
‘ supply |

Figure 1.2 Schematic representation of an electrospray ionization (ESI) source
1.2.1.2Matrix Assisted Laser Desorption/lonizatiGlALDI)

Matrix Assisted Laser Desorptidohization, usesa laseras a sourcef energy to
produce gaseous phase i¢Rgure 1.3)Generallya UV or IR laser is used in the procé$é:
Many moleculeslo not possesstaomophores for UV absorption. Therefore, UV absorbing
VPDOO RUJDQLF DFLGV FRPPR@@athix N&®RIEED O Vfachitaie/',
desorption/ionization process. The most commonly used MALDI matrices are 2,5
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GLK\GURJ[\EHQ]RLF -@yd&nb&Ghydrexdtcinnamicacid (CHCA), sinapic aciar
sinapinic acidSA), < e-trimydroxyacetophenon@HAP), and Saminaacridine (9AA. For
analyses, the matrix solution is either premixed or applied in-layéayerpatern with sample
solution ona stainless steel platenown as™ALDI target plat€. Post applicatiorthe spots
areallowed to dry Drying procesdeaves a bed of matrix crystals containing sample molecules
on the plateSubsequentlythe plate is placed in thenizationsourcechamber and subjected

to repetitive laseshots. Expeureto laser generatesngly charged ions.

MALDI target plate

Pulsed laser

Analyser

.| Desorption

lon plume

Matrix + Analyte

Figure 1.3 Schematic representation miatrix-assistedaser desorption/ionization (MALDI)

The exact mechanism afesorption andonization isnot yet fully understogdbut
several theories are available explaining the possible unuigmyechanism in ionizatiofy:"®
MALDI is a sensitive ionization technique, which is hitjitoughput in nature and hasigh
tolerance to salts, bufferand detergents. MALDIcan be operated in both vacuum and

atmospheric pressure conditions.

1.2.2Mass analyzers

After the ions are produced by ionization source ctie@rgedyaseous plume is pushed
into the next part othe massspectrometer, aanalyzer Using ananalyzer, theadns are
separated based upon their mass to changg ratio rather than their masses alone. Hence, a
PXOWLSO\ FKDUJHG LRQVY Hhn/iwilFbe a¥adctichD\tY oligpaMhiddd PV R |




accordingoits charge staté® Several mass analyzérase been developed based upon various
principles of discriminating ions from each other accordingite All analyzersuseeither

electric or nagnetic field or both in combination to discriminaetweerthe ions.The ability

of an analyzer to distinguish between ions is called as resolving pasvarentioned earlier,

use ofthe electricor magnetic field is an essential requirementtf@analyzerto work. In
practice, it is very difficult to generate and maintaspatiallyuniform magnetic field. Hence,

uses of electric field based analyzers have gained popularity over magnetic field based sector
analyzersMost widely used analyzersimass spectrometry nametyadrupoletime of flight

(TOF) andOrbitrapEanalyzer are explaindterein details

1.2.2.1Quadrupole mass analyzer

Quadrupole, as the name suggestsnsanalyzerconsising of four poles made of
conductingrods. The four rods are of circular or hyperbolic geometacedin parallel
alignment with perfectly similar dimensioffggure 1.43. Each pair of oppositely aligned rods
is connected to a DC voltage of opposite polaribns are made tvavel in an axis passing
right through the quadrupolé Additionally, anAC voltage is aperposed over the constantly
apdied DC voltage. This caus@ésns passinghrough quadrupole to oscillata voltage ratio
between DC and A@otentialdetermines the stability of the path.representation othe

relatiorshipbetween the stability gfathandthe appliedvoltageis given belown figure 1.4b

Figurel.4a) Schematic representation of quadrupole analyrdrian trajectoriesb) Stabldrajectory
areasfor ions with different masses (MI2<M 3) as a function of DC and A@ltage

During scanningthe oscillating voltageresonats the ions.While passing the poles,
lighter and heavier iortstthe rodsEHFDXVH RI WKH XQVWDEOH WUDMHFWR

10
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DQG 0DWKH Z V§Aetarimyw [tHRiQeduation of trajectompe relationbetweerDC

andAC determines the stable trajectory of an iGhanging DQinearly as a functiof 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 longpasseshrough the stability areas.
ChangingDC and AC voltage alongf the opeating line (1, 2, 3,and 4 enablesa stable
trajectory for selected ionwith variable resolution and ion intensitieQuadrupole mass
spectrometeoffers unit resolution L itttan effectivelydistinguish two peaks with at least

1 Da masglifference between thef The resolution nanally obtained is not sufficient to
deduce the elemental compositidnespite low resolution offered by quadrupole mass
analyzer, LWV SRSXODU EHFDXVH RI Vdd&itdpiesetMp Vidaricl RITHUV
reaction monitoring schemel cansimultaneoul/ monitor transition of one or more ions
through single reaction monitoring (SRM) or multiple reaction monitoring (MRM)
respectively. In these scheméisst and third quadruple acts as ion filter, while thecond

guadruple performs theollision-induceddissociation (CID).

1.2.2.2Time 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 fréeld region, called a flight tubéFigure 1.5) The ions are
uniformly accelerad by an electric field. This process occurs in bundles of ions. Because of
uniform acceleration, all ionacquirethe samekinetic energy.However because of the
difference in their mass they exhibit different acceleration andelocities. This can be

explainedby the equation of kinetic energy mentioned below.
' L—S 4 8°
t

Where, E represenkanetic energy; M isnassof theion, and V is elocity. The lighter
ions (lower nVz) acquirehighervelocity ascomparedo heavier ionghigher m/2. Therefore,
the lighter ionsrequireless time to travel tanother endof the flight tube asomparedo
heavier ion$? Timetaken to reach from one end of fligiube to another end iselated with
the mass to generate the ion profiles. The TOF analyfers high-resolution power as
compared to previouslylescribedquadrupolemass analyzerS. Further, theresolutionis

improvedin proportion tothe flight distancewhich is theoreticallydoubled by using the

analyzer in reflector mod¥irtually, the upper mass range of a TOF instrument has no*fimit.

11



This makes it especially suitable for analyses of molecules with high mgs$es300,000

Da?®

1.2.2.30rbitrap mass analyzer

Orbitrapg® mass analyzer is based on the principle of ion trapping techftitfuailizes
electrostatic field for trapping ions in small spdmtween a central and peripakcoaxial
cylindrical electrodelons are injected into the Orbitrap from an offset to its equator using a
voltagepotential at the inleénd. Onceon pack enters the ®@itrap, under the influence of the
electric field applied by two electrodes, thetart 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 mas$ésSchematic of Orbitrap mass analyzer is provided in

figure 1.6.

» ]

Figure 1.5 Schematic representation DOF analyzer (reflector modélhe ions are generated using an
ionization source, such as MALDI and guided into Ti0Be. TOFtube is dield-freedrift regionwith
mean free path equivalent lengthof the tubeThe analyzer can be operated in linear and reflector
mode (showcased here). The distainaeelledin reflector mode is double the distance in linear mode.
Reflector modgrovidehigherresoluton as compared to linear mode.

12
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Figure 1.6 Schematic representation of Orbitrap mass analyfreproducedwith permissionfrom
Briois et.al., Planetary and Space Science 131 (2016453

Initially, when an ion packet enters t@ebitrap the kinetic energy of ions is poorly
matched witlthe radial electricalfield component. Because of thisns follow a randonmon
circular orbit around the central electrode faitial few hundred revolutions. In subsequent
revolutions, ionsalign thenselves in eccentric motion circles around the central electrode,
matching closely to a doughnut sh&b®uring this period of each ion align itself to a nearly
circular path with different radii. The radius is a factormfz of an ion. According to the
eqguation of a centripetal force, mentioned belimns with higherm/ztends to acquire larger
radius wherea®ns withsmallm/zhaverelativelysmaller radius. The maxum radiusof ion

trajectoryis controlledby the outer cylindrical electrode to avoid loss of ions.

WhereW, is a frequency of oscillation, K is field curvature antk mass by charge ratfg

In terms of angular velocity with respect hetcentripetal force, lighter ions move with
higher angular velocity than heavier iofifie radiusof circular motion and angular velocity
determines the frequency of rotation of an ion irf©Oabitrap An ion follows the motion along
the axial electrode from one half ©fbitrapto another. Movement from one halftbe outer

electrode to the other generates an image current, thus creating a sigiaddttted by

13



differential amplification and Faoier transform. Because each ion has characteristic velocity
and axial movement, ions can lbidferentigded from each other witha high degree of
specificity. This provides the basis of high resolution offeredblyitrap massanalyzer A

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

Tablel.1 Currently used HRMS instrumefits

Instrument Mass  Resolution (n Mass Manufacturers
type Range thousands,  accuracy
(m/z) FWHM)
Upto AB Sciex, Agilent, Bruker
TOF 20000 10-20 <3ppm Daltonics, Waters, Leco,
PerkinElmer. Shimadzu
Upto AB Sciex, BrukefDaltonics,
- <
Q-TOF 60000 1540 3ppm Waters, Agilent,
Q-Orbitrap® 50-6000 35140 <lppm Thermo Fisher Scientific

LTQ-(/)EEanp 50-4000  7.5>100 <1 ppm Thermo Fisher Scientific

1.2.3Analytical significance of resolution, mass accuracy and mass extraction window
(MEW)

1.2.3.1Mass esolution

Mass esolutionis an outcome of resolving power of a mass spectromeigmessedas

[m/ 0m]. Higher the resolution more efficient is the separation between the idmsmatler

mass difference. Table.1l and 1.Zepresents rangeof resolution offered by an instrument

and amount of information which is accessible througlegpectivelyHigh resolutionoffered

by HRMS canresolveinterference observed in case of nominally equal masses, as compared
to alow-resolutionquadrupole instrument where it is necessary to identify anddragkostic
product ionfor qualification and/or quantificatiotHRMS such as Orbitrap® can accurately
measurem/z with less than 2 ppnerror. Such high mass accuradyastically reduceshe
number of possible chemical formulae to be assigned to the obsen®® Thus, hgher

mass accuracgnablesassignment of molecular formula aosdnsequentiatabasesearch.

14
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Higherresolutionalsooffers better grountbr identification or charaerization of aalytes as
it removes the interference of closely related moleculesaghatsthe chance of false positive

or false negative resut.

HRMS can accurately measuilee m/z valuesup to 6 decimalsin suchcasesit is
essentl to use exact mass@monoisotopic)in order to avoid errors in identificatici538!
Figurel.7 represents thmle of resolutionin theanalysisof benophenone. At 50,000 FWHM
benzophenone is resolved from an unknown interfering Pedkass analyzers whichffer
>10,000 units of resolution are consideretligh-resolutionrmass analyzers. Fourier transform
ion cyclotron resonance (FCR), Reflectottime of flight (TOF) and Fourier transform
Orbitrap ae high-resolution PDVV DQDO\JHUV XVHG LQ WRGD\{V VFHQD
with Electrospray ionization (ESl)natrix-assistedlaser desorption (MALDI) and other
atmospheric direct ionization sources. They are also available with a quadrupole and/or ion
trap (IT) at preface as-QOF or Qorbitrap or QIT-Orbitrap, which acts as mass filters for
initial screening of ions.

HRMS indruments can be operated at variousssresolutionsHowever,the choice
of appropriateperationatesolution islependent on the differencesfzvaluesbetween two
ions. Minimum resolution or Rin is resolution required to separate talosely spaceibns
This is of practical significance especially when the amalyteshaveavery small difference

in exact masses.

Tablel1.2 Resolution and its potential implicationsthre metabolomicanalysis

Resolution Outcome Inference
Unit resolution Separation of ions witha mass Isotopic peaks can b
(Quadruple) difference of one Dand unit charge differentiated
>10,000FWHM Separation of ions with mas Analytes with mDa mass
(ion trap, TOF) differenceup to three decimal point: differences can b
(mDa) distinguished

>100,000FWHM  Separation ions with less thamiDa Isolation ~ of  nominally
(Orbitrap, FFICR) differences isobaric analytes

For example, among the aminacids hydroxyproline and leucine have/z of
132.065524m;) and 132.1019{m,) respectively. The formula to calculateilis as follows.
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Which returns Rmin for these amino acids as 7000 FWHMhereaspipecolic acid (n/z

4554l t H

130.08626) haan isotopic peakat 132.09050 antb resolve hydroxyproline from potential
interference frontheisotopicpeak,Rmin of 23,000 FWHM is necessafy.

183.0908 Benzophenone Unknown
Benzophenone Be183.(;919 P
i [CyaH; O]+ =183.0804 s & "é°,p_‘i’é%“gs 04 100 183.0806 183.0916
Error: 56.8 ppm (Cad .] e Benzophenone R=47984
o % Emors 61.7,ppen 904 [CiHy0] +=183.0804 || [CyHy Nyl =183.0017
8 80 80 o 80 Error: 1.09 ppm Eror: 0.5 ppm
g § 70 2 7
Ew HE § 60
3 3 3
< 50 2 s 2 50
2w 2 w0 5 2 4
kS 3 0834 E]
2 Y o 2 Benzophenone e %
20 201 [CyHy(O)= 183.0804 20
10 10 Error: 16.1 ppm 10
0 0 0
183.06 183.07 183.08 183.09 183.10 183.11 183.06 183.07 183.08 183.09 183.10 183.11 183.06 183.07 183.08 183.09 183.10 183.11
m/z m/z m/z

Figurel.7 sample analyzed by LC/HRMS at three different mass resolving powers: (A) 10 000 FWHM,
(B) 25 000 FWHM, and (C) 50 000 FWHNReproducedvith permissiorfrom H. GallartAyalaet.
al. Rapid Commun. Mass Spectrom. 2011, 25, 38366

1.2.3.2Mass accuracy

Mass accuracy is closeness to correct mass value generated using exact masses of each
elementpresent ithecompound It is essentiato have high mass accuracy or low mass error
in order to avoid any false positive false negative identificatict:®® Therefore peiodic
calibration oftheinstrumentusinga setof standardgwith m/zin working rangekis crucialin
generang reliable datavith acceptable accuracy and precisiltnorder to maintain a constant
state of accurate mass measurement, few systemzalsteanin-line infusion of calibration
standardslong with sample runs

There are various parameters thdtuencethe accuracyof MS. Thesenclude the
temperaturef theinstrumental facilityinstrument temperatuaternal) calibrationinterval,
andpurity of calibration standardémong thesefoomtemperatureés an externaparameter
and should be regularly monitored to achieve consistent mass accuracy, post calibration
Rochatet. al.reports the impact of rootemperaturen the acaratemass measurement of

caffeine using HRM$?
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1.2.3.3Mass extractionvindow (MEW)

Analyte specific information from ahighresolution full-scan data(total ion
chromatogram)is represented by theonstruction of araccurate masst extractedion
chromatogramAM-XIC). XIC is generated using a narrawndow around theoreticah/z
known as massextractionwindow (MEW).208%90MEW is carefully selected based on mass
accuracy, mass resolution, and mass accuracyspe (MAP) to avoid any false positive or
false negative outcomdsis advisable to consider the fixed width at half maximum (FWHM)
of m/zpeakbefore selecting a window of extraction, as the wider window more than FWHM
may lead to false positive retail Also,thetoo 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 (-hhDa) or relative tan/zas ppm. As a general correlation witieincrease
in resoution FWHM decreases, so is tMEW. Typical MEW values for different

resolution is mentionebelowin table1.387:9%:92

Tablel1.3 Mass reolution and corresponding MEW

Sr. No Resolution @ 200n/z Absolute MEW (mDa) Relative MEW (ppm)
1 10,000 2550 2550
2 25,000 2510 2510
3 50,000 105 105
4 >75,000 <5 <5

1.2.4Difference between dataacquisition schemes ofjuadruple Vs HRMS analyzers

HRMS application in the field of clinical and biological research has been restricted to
gualitative analyss while quadrupole analyzers have been extensively used in day to day
guantitative analyses. This was owing to tBproducible ion tranon monitoring and fast
scanning speedsTriple-quadrupole (TQ) has been provemcellent for single reaction
monitoring (SRM) as well as multiple reaction monitoring (MRM) with good reproducibility
and high sensitivitySRM/MRM carried out using threaugdrupols in series(QqQ), where
guadrupole atachend act asa masdilter (ion selection in narrown/zwindow), while onein
thecenter actasacollision cell. Because oftheabovementioneddesirable attributes.C-TQ
MS has entered most clinicedsearchand industrialsetup. Analysts haveekn rigorously
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trained on LEGTQ MS instruments on setting dipe precursoto production transitior(s) using
standardsrad perform quantitative assayhus,LC-TQ MS has become the gold standerd
guantitatve analysisanalysis.

On the other handjRMS instrument generatesfull-scan highresolution spectralhe
data is represented as total ion chromatogram (TIC), which is a plot of total ion ceuweityof
single acquisition versus time or scan numbBesingle fulkscancontains the detailsf all
detected ions in terms of/zvaluesand their respective intensitid3ata ofeachindividual ion
can be further extractd using MEW to generate AMXIC and peak area can be
determined® %% since the introduction dfybrid Orbitrapg® (Q- ([D F W L Y H @rbittaps

;/ & and TOFanalyzergQ-TOF, QIT-TOF), HRMS instrument have beeneealuated for
its quantitative nature. By now, various groups have reported quantification higimg
resolutioninstruments whickverefound to be comparable with TRIS in terms of sensitivity,
level of accuracy and throughput capabilitit®>°Recently introduced hybrid TGMS have
shown impoved resolution for ions having low/zand increased dynamic randelditionally,
the TOF ¢gnamic range has besignificantlyimproved due t@nalogudo digital conversion
protocol rather thapreviously usedess efficient time to digital conversiongpocol® The use
of above mentioned HRMS) allows simultaneougqualitative and quantitative analysi®ng
with the acquisitionof high qualityFS data for profiling and data minirig later stagedlt is
noteworthy that the triplgquadruple data contains limited information acquired via preset
reaction monitoring s@mes, whereas HRMS which generatesgadn data has a potential to
facilitate reevaluation of data for extended metabolite search and untargeted analygise
comparing thescan modes low resolution andhigh resolutiorMS is mentioned in thiégure.
1.8.

It is essential to follow fragmentation usingllisionrinduceddissociation in case of
guadrupole based analysis for targeted studies involving single or multiple ions. Quadrupole
can be used in mainly three modes each involving filtratidin 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 monitoffig).

A major drawback of SIM/SRM/MRM s the loss of vital information during runs. While a
particular ion(s) is/are being monitored, information on otheri®osmpletely lost. This could

be of great importance while carrying out global profiling studies in metabolomics, proteomics
andlipidomics. Onother handHRMS can be used in full scarodeor SRM/MRM mode with
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thepossibilityto perform MS.°8 This enhanes 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 fromtheadvantagesf full-scan MS analysis with high resolution, HRMS instrument
can monitorproduct iontransitions like triplequad analyzewith high mass accuracy
Various modes gbroduct ionmonitoringarementioned below.

Parallel reaction monitoringlust like TQMS acquisition, HRMS instrument caelect
ions within single mass isolation windows and perform SRM or MRM studies with high

spectral resolutiofi:9%:100
All ion fragmentationNon-selective all ion fragmentation can also be perforfied.

6:$ 7+ EHRMS instrument also offers sequential fragmentatioalargerwindow of
20-50 m/z1%!

The rate of acquisition dfigh-resolutionfull-scan (HRFS)is compatible with UPLC runs.

The scan rate is more than 4Hz perfed at >20,000 resolution. Becauséigh-resolution
full-scan there is no need of experimentally determining collision energy as it is must for
SRM. Most HRMS instrument can record HFS, M3 and MSSWATHin sequential scans

as well. Thismakes simultaneous acquisition of data for both quantitative quaditative
analysis!®?10HRMS, as aesultof full-scan mode, providesmuchdetailed picture othe
co-eluting compound, adducts, contaminants and matrix peaks. This can potentially
adwantageous i@ holistic approactsuchassystems biology®%
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1 Precursor ion = 1 Product ion

n Precursor ion = n Product ion

Figure 1.8 Scan modes in low (Qq®IS) versus high resolutiofiQ-TOF, QOrbitrap®) mass
spectromete(Adapted from Rochat et. &ioanalysis4, 29392958 (2012)

1.3 Maintenance andCalibration of HRMS

As explaineckarlier(Page 25826), HRMS is sensitive to various environmental conditions and
usage. Over extendegberiod of usage, it is likely tdisplay signs oflgposition of sample
residue on ionization interface, carryovandcarbon deposition on internal parts exposed to
ion trajectoriesTherefore, it is necessary to perfoemoutine evaluation and maintenance
procedure to ensure the best performance of MS instrunfér@snaintenance is carried out
either bythe userthrough software operated bakaut cycle as well as by cleaning of some
internal parts, such asn guide, byauthorizedpersonnelBakeout is a procedure involving
the selectiveheating of internal parts to remove thrganicdepositsBakeout is followed by
vacuumstabilization to preset levels.

Bakeout is followed bymandatory massalibration usingcalibration standard mito

ensure accuracgnd precision of the MS instrumenthe calibration standard set as well
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technique may differ as per the analyXar example, in case of AB Sciex MALDI TORDF
5800 instrumenta mixture ofpeptides namely, de&rgl-bradykinin, Angidensin I, Glu
Fibrinopeptide Bandadrenocorticotropic hormone-(I7 clip, 1839 clip, and 7-38 clip) is
used to perform the calibratioBriefly, CHCA is mixed with calibration standard mix and
applied onto the MALDI target plate. The spots are allowed to digser energy anthe
numberof shots ar@ptimizedfollowed by optimization ofhe XandY deflector parameters
Whereas, inthe case of Thermo GQExactivé® HRMS (QuadrupleOrbitrap analyzer)
calibration is performedly direct infusion of calibration mix using a syringe and piston pump.
The calibration mix in this casecontainsCaffeine, MRFA pepide (Met-Arg-PheAla),
Ultramark 162 (fluorinated phosphaziné$), sodium dodecyl sulfate, sodium taurocholate

andn-Butyl-amine

1.4 Liquid c hromatography techniques

1.4.1Reversal-phasechromatography

5HYHUSYKDVKURPOBWRIBBEY RQH RI WKH PRVRRGHRGHO\ X\
FKURPDWRJUDS KK W MAKQACEIBNHH VIMH KB K GH RI WKH UHYHU V|
RI VWDWLRQDU\ DLQGFRREDWH \SK@WR QRUKDO1SKDVAK AKUBIR P
W ISHR O/DMD W L R QDXUAHSK DO R Q $ ZQ VI PR EBVD BIVSLKROQIHB\3 8K D V H

DUH FRPSULVHG RJUDIGHABER BB MEINRCCHIPW JLQJ LQ OHQJIWK
W R FDUBRQPRVW SUHYDOHQW H[DPSOH RI 53& VWDWLR
FRQVLVWLQJ RI  FDUERQ OHQJW K POVRIBRIOKCOL @ T XK IR P\R BK
PL[HG IMKRKJDSMEFEH DO HWHQWLRBERXO0G RWF2ZR) PHFKDQLVPYV
QDPH GVRUSW DR RROAKARX@EN\O FRDLEAVSDUW L WRIRRULRJ LQ\
HQYLURQPHQW RR D GRWKFKZLOMVSUHDG WK$HOD @DEMWLREX R |

UDQJH RI PROHFXODU VWUXFWXUHV ZLWYX RRESRSKRE WR I}
FRXQWH3KS DEBE H O LPLLRVRBIVDIQOL. WRW HQ WY D BIW R LFWW U H G
ZLWK 13& PRELOH SKDVHV VROYHQWYV E\ DOORZLQJ WKH FF
WR[LF RUJDQLF SKDVHV VXFK D5H © HBKLDOLR\O DURGE O\ QVHR\D\L
VWD E L O2M\X QIEHI R MRFDQ LVP RlI DQDO\WLFDO VHSDUDWLRQ
PDAMLGHO\ DFFHSWDEOH IR W &V H R DHERRVKD (& IDABRORIWE YV DU |
UHWDLQHG RQ S5XDMMMWYLRFDOWO\ OLPLWIPGIWDEROBREE OV
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HVSHFLDOO\ ZLWRKOBROBWUYPBFWIDTEHEKBHEXUGRWRVVXH WK
FRPSULVIHVZ HROO®RORBU PROHBX®GHRISDRQLQJ DIHQWV [OXH
FDUER[\OLF IDF LS®W WK MG B/HIQWWLHRR RI SR O D & RRHWHIIERIDL W H V
W U D G LO\RILRRDEDA. YK BYSIDEOHI RO QGH WIS QUOWL QYRIRFIBW DQDC
VXITHUV IURP SRRU UHSUR G XF LIE\.\DXMAG LDV IGRRE BV KDRHNE R YA H
PRELOH $XPK DW K& DLQHF RRFSDWLEOHW @® RRWERWHOLPLWDW
KDPSHUHGIOWKGHI HGOWDQGHP DSSOLFDWLRUPRINRBEE& ZQOWKR OO E
DQD ®HBH UDW L FDE WIDVOREGSB\R SKLOLF TXQWEHEFERAIRWYRI U D S K
ZDV LQLWLDOO\ GHYHORSHG IRU FDUERK\GUDWH YRIGDUDWL
PHWDEROLWHY XVLQJ DTXHRXV PRELOH SKDVHYV

142+\GURSKLOLF LQWHUDFWLRQ OLT stenGonFnkechBnBmIV RJU D S K\ [

The HILIC retention mechanism is not completely elucidated and the availability of diverse
stationary phases makesitevenmore complex process with multiple possibilities. However,
as per the current understanditige separatiois 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 m&téHarhe first is
evident by the fact that upon interaction with agueous mobile phase, the polar sutfece of
stationaryphaseés known to strongly retain water. This formsemiimmobilized phase ahe
waterrich layer in the viciniy of the stationary phase with increasing gradient of acetonitrile
rich phase away from the stationary phase material towards the bulkfofinetion of a
waterrich layerfhas been experimentalghownby Wikberg and colleagues using nuclear
magnetic esonance (NMR3pectroscopy’® The two phases of different polarity made up of
acetonitrilerich bulk and the watenich layer can be considered as a biphéguaid-liquid
separatn system. A minimum of-3% water content in the mobile phase is essential to allow
the formation of this biphasic systéii.Hydrogen bonding has frequénbeen cited as a
causal in this regardPolar analytesare partitiored into the semimmobilized waterrich
surface layewith stronger retentiothanthe non-polar analytesandthus eluting in the later
stages of aqueous rich gradiétt.

,QIOXHQFH DQG FRQWULEXWLRQ RI HOHFWURVWDWLF L
LWRQWURWEBHGH ERQ FEHXIITHUYVY RUJDQLF VROYHQW FRQWHQ)
DQDO\WHKLOH K\GURJHMH ERBQGL®JI WERROH RPRVWRFNMFKDSRVWXO
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DUH QRW DFFRPSDQLHG E\ HYLGHQFHGK B REM/IULIFIW L R K W W1
SUREDEO\ UHVSRQVLEOH IRU WKH JHQHUDWIRRR HRIHWWH YL
VHSDUDWLRQ LQ +,/,& PRGH EKBQHU® &OADBNRHG RDWEBONDHIGIA/H \
FRPSDUHG WR WKHLU XQFKDUVWHGE ¥R P SVEHR D W LKW QLRDS IGLHIL\F
QDWXUMKHQ SUHVMNQPWLRIQDU\ SKDVH ZLWRU L RQRPSHOH
SKRVSKDWH [ZARRQHDER B @ DEG MW UR VW DML KL © MIHUWIHFGNVD R Q ¢
7KHVH LQWHUDFW L R\WQU/D RWQ YEHE XA WKHU GMWSHQGLQJ RQ Wi
VWDWLRQDU\ SKD W MO SHBORARG WY MROCE/UL R CGIEW U DFW HR @ W
UHWHRQ WLPHV ZKHUHDV HIHEKH RR/SSIRW L B HU HHS M-OFW. RR)G
L QWHUHVWLKH GF\DRHS X OV L R QF DIQ EBWOMWDLQHG WKURXJK k
LQWHUDFWLRQV RULBQWRWL FBQ RS HADKLHG WRUEHGXRMAMRRKIL F K
HOHVFWIDWLF W HBKIOW LFRP EL BB MEHR/F IKEWG EVHSE SWW\R VWDV
UHSXEKWGR® S KL OV ERLQD RKHWROFFDW RJUD SK\ (5/,&
AXDQWLWDWUHNW MOYWXKRYXUHODWLRQVKLS 4655 DSSUR
E\YDULRXV JURXSV WR XQGHUVWDQG WKH UROH RI GLII
PHFKDQLWPRQGLIIHUBEPNPRGHOV WKH OLQHDHODRQARMW KR
/6(5 PRGHO KDV EHHQ ZLGHOW KN H® FWRWNQ DH IV MM HIWH.
FKURPDWRJUDSKUB (3 \UWBPWHY WKH UHWHQWLRQ RI D
SK\VLFRFKIBPY WX VQX UDO S DG ABWHRBH MXAULGBMWWRKN SURY L
$SEUDKDP IDXKLFK LIQEANRIHQ HRQGDQELEDVLFLW\K S DRIDIKH W H
YDOXHV IRXQG IRU WKHVH SDPRPHI\WKOMVKDIYWKS K RUHRG] HA
K\GURJHQ DF FHSORWL HVQ FVQ R@ WHWIRFW QVE R @ & J KR WKW L R
VWDDMWLRSKDVH 7KLV NLQKR RH & SHHUDH@R IR EVRHW\ RI WK H

WR FUHDWH K\GURJHQSBRGGV X003 @ H E R BRMVK IDENHBW AV V +
ZKHQ WOR¥WDWQF DWENHQBFWLR
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Chapter 2

High Resolution-Accurate Mass Quantitation of
Targeted Endo and Exo Metabolites in

Glioblastoma Sub Populations



2.1 Introduction

Liquid chromatographynassspectrometry(LC-MS) is an invaluable toofor low
molecular weight metaboli@nalysisfrom in vitro model system$? Metabolomic workflows
generally employhigh-resolutionmassspectrometry (LEHRMS) for qualitative profiling
while triple-quadrupole QqQ or TQMS) basedlow-resolutionMS is separatelyused for
quantitative measuremerit$There is an increasing shift away from viewing-HRMS as a
standalone qualitative platfornrSimultaneousaccurate masBased (HRAM) qualitative and
guantitative (qual/quant) metabolite measurements hdurtenhance the ability to
comprehensively evaluate biochemical pathwi¥&or example, HRMS allows profiling of
metabolitesfrom native pathways that could be impaciedrug metabolism investigations
beyond the traditional metabolized drug or degraded drug products ‘&oéR-AM
guantitation is particularly useful in eliminating any potentmdt interferences from closely
spaced metabolite®ata from such metaho profiling can also be advantageously used in

integrativesystems biologyapproaches towards predictive metaboliedelng .124°

HRMS analysis of metabolitesom mammalian and microbial samples, including
guanttation, has been reported in several publications. T&ble summarizes these and
highlights the method aspeaté these publicationsHowever, elatively few studieshave
evaluated the performanocéHR-AM quantitation specifically fometabolicconsumption and
release CORE) analysisfor study contexts that preseamialyticalcomplexities of sample and
scale Oftenin vitro studies investigate differentially expressed biological systems. Various
nutritional, drug and other environmental condisaend resultant phenotypic changes are
probed'® LC HR-AM workflows for the measurement ORE in such scenariosan be
process intensiveotentially involving hundreds of analytical rurigus in addition to the
sample preparation strategies, it is crucial to optimize sewveeshod and instrumental
parameters to establish the quantitative performance cfAMRanalysisin largescale
metabolicworkflows. It is of utmost importance that thesargmeters remain unaltered over
the course ofhe metabolomics studylo ensurehe reliability of the results and reduce the
possibilities ofartifacts it is also important to plan batchessaimple controland blanklL.C

analytical runsnterlaced with QC samples.

In this work, we report ra elaborateworkflow implemented for the LEHRAM

guantitative analysis of metabolic CORE in two differentially expressed subpopulations of
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glioblastoma celldntra andextracellularmetabolites extracted at various time points and with
the cells grown under different concentrations of the-@antcer drug temozolomideere
analyzedThe analysis focused @set of metabolitefor screening and quantitati@eccording

to their signifcance in cell growth and proliferation in auk media. A simpleeverse phase
LC-ESIOrbitrap HRMS method wasvaluatedfor quantitation of34 metabolites (mainly
amino acids, organic acids and carbohydrateintified uniformlyfrom the culture samples.
The samples wer@nalyzedn both positive and negativeodes Figure2.1 shows the detailed
experimental workflow from which samples were drawn resulting in $IB88IRAM analyses
executed over 18ays.Principal component analysis was performed using the quantitative
metabolomics data to obtain insightto the differentially expressed cell populatiohs
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Table2.1 Previous reports of quantitative analysis using HRMS

Focus

Ref.

Sr. System RP/HILIC  HRMS Absolute quantitation

No.

1 C.autoethanogenun  HILIC Q-Orbitrap Yes (LOD, LOQ, linearity,
Accuracy, Precision)

2 S.cerevisiae RP(ion  Orbitrap Yes (LOD, linearity, Accuracy,

pairing Precision)
agent)

3 Lymphoblastic HILIC Q-TOF Yes (LOD, linearityjntraand

leukemia inter-batch variationpooled Q¢

4 Aortic endothelial Silica LTQ- Yes

cells (HAECS) Orbitrap
5 Colon cancer cells HILIC Q-TOF No (pooled QC)
(HT29)

6 Pluripotent stem RP Q-TOF No (Relative)

cells (iPSCs)

7 Human plasma HILIC Qg TOF Yes (Linearity, LOD, LLOQ,
accuracy, Precision, sample
stability, matrix effectcarry over)

8 Human plasma & RP Q-TOF Yes (LLOQ, Linearity, accuracy)

microsomes

9 Mice Liver HILIC TOF Yes (LOD, LLOQ, linearity,
recoveries, reproducibility)

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

hypothalamus accuracy, precision,

11 fibrosarcoma cell HILIC Orbitrap Yes (sotopebasedapproach)

line (HT1080M)

Novel method foL.C-IDMS

Quantification of metabolites
Identification of unknown peaks

CORE profile

Absolute quantification using
isobaric tags (DIART)

Untargeted metabolomics to
identify effects of polyphenols
Untargeted metabolomics

Quantification ofkynurenine
pathwaymetabolites

SWATH, qual/quanbf bosentan
and its metabolites

Quantification of ethionine pathwa

metabolites
Quantification of
neurotransmittersietabolites
Quantification ofmethionine
metabolism
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All Time point pooled Biological replicate pooled
samples (Three replicates pooled for each without and with drug classes)
(24, 48,72, 96 hr)
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Figure 2.1 Classification ofglioblastomasamples. Details of analytical runs on {HRMS. The total
number of runs includes standards, quality control (QC) samples, pooled representative samples, two
modes of ionization andtra/extra-cellular samples. A total of 988 analyticalns were made in the

span of 15lays.The cell lines were grown in four different conditiomse without temozolomide (Drug

used inchemotherapy) and at three different concentration of temoudéi.e.10 pM, 100puM and

700puM. For each experiment, samples were collected aht@mial of 24hrs for four days.
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2.2 Materials and methods

2.2.1Materials

All amino acids,glucose L-ascorbicacid, citric acid, glyceraldehyde3-phosphatge
ketoglutaricacid,lacticaad, citrulline, ornithing malic acid, maleicacid, methymalonicacid,
malonic acid, oxo-adipic acid, pyruvic acid, sorbitol nonessential amino acids (NEA)
medium bovine serum albumin (BSAnd LGMS grade formic acid were procured from
Sigma Aldrich. LGMS grade acetonitrile and methanol were purchased from J T Baker.
Deionizedwater VSHFLILF UHVLVWLYLW)\ from MiNor&Z RiM -QREMED L QH G
purification systemVerapamil anditorvastatin used as internal standards, were received as
gratis samples from Mylan, Hyderabdddia DUOEHFFRfV ORGLILHG (DJOHTYV Ot
minimal essential media (MEM) composition was acquired fitiMedia (India). 10% Fetal
Bovine Serum (FBS, Gibeg were purchased fromhermoFisher Scientifid_C vials (200

ML) vials with screw capwere purchased frotamkette analyticgindia)

2.2.2Preparation of reference standards, calibrants, QCssample preprocessing and LE
HRMS

10 mg of L-ascorbic acid, citriacid, glyceraldehyd&-phosphat, ketoglutaric acid,
lactate, Lcitrulline, L-ornithine, Dmalic acid, maleic acidnethylmalonicacid, malonic adi,
oxoadipicacid, pyruvate and d-sorbitol was individually weighed anti0 mg each of the
metabolite standds weredissolved in ImL of DI water The metabolite concentrations in the
respective stockolutiors were as followsL-ascorbic acid (2.84 mMJitric acid (5.20 mM),
glyceraldehyde3-Phosphate (11.76 miyiketoglutaric acid (6.84 mM), lactate (111.01 mM
L-citrulline (28.54 mM), Lornithine (1.48 mM), Bmalic acid (14.92 mM), maleic acid (0.86
mM), methylmalonicacid (25.40 mM), malonic acid (96.10 M)xoadipicacid (62.45 mM),
pyruvate (56.78 mM)D-sorbitol (10.98 mM) The standard mixture wd®0fold diluted using
50 % acetonitrilgdiluent).

Subsequently, chemically defined media compon&dSuL MEM, 5ul of NEA and
50 uL of water wereghoroughly mixed in a clean 1.5ml centrifuge tube using vortex mikes.
mixture was subjected to cold methanolrémnoveany potential protein content00 pL of
above solution was withdrawn and transferred to a freshmlLSube. 400uL of chilled

methanol was added to thbovementionedaliquot. The mixture was thoroulgtmixed for ~1
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min usinga vortex mixer. The solution was allowed to stand on ice bath for 5 mins, followed
by centrifugation for 15 min at 5000 rpm. 30D supernatant volume was chriy withdrawn.
The supernatant was 20 fold diluted using the diluEimé¢ solution was storeat -80 ¢ until
further use.

The abovemetabolite standardolutionand mentioned media extrasere mixed in
egual volumesto prepare the primary stock solution. Subsequently, the stock was serially
diluted to preparedifferent cdibration levels as represented in table 2.Zhese were
subsequently diluted to obtain calibrants and QC samples at concentration
ranges/concentrations described in the rest of the manuSmpdard QCs (QC1 and QC2)
were prepared at intermediatencentration levels by mixing 83 + 15 pL (higher) and 25
puL + 75 pL (lower), of stock solutiorand diluent, respectivel\WhereasSpiked QCqQC3

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

2.2.3Cell culture

Cells werecultured inD X E H ONdFERMdHNntaining glucose (1 mg/mL),-glutamine
(0.584mg/ml) and 10% Fetal Bovine Seruamd 1%non-essential amino acidiNEA) was
used. Cells lines were maintained at 37°C lumidified atmosphere of 5% CO2/95% &il.
the ells culturesandintracellularextractonswere carried out by Selva Rupa Immaraspart
of a collaborationwith Dr. Anu Raghunathan, NCL PunBetailed informatioris available

elsewheré?®

Tale 2.2 Dilution chart for prepaation of calibration levels.

Sr.  Dilution Volmof  Volm of IS Diluent Total vol.
No factor stock diluent solution (uL)
(uL) (ACN:H20, (uL)
1:1)

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
11 154 6.5 93.5 100 200 400
12 20 5 95 100 200 400
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2.2.4Extraction of mediasample

The samples were removed freBD°Cand were allowed to thaw @mice bath.Post
thawing the samples were thoroughly mixed to ensure content uniformity. In a frestL1.5
tube, 10QuL of extracellular sample was mixed w0 uL of chilled methanol followed by
thorough mixing of samples for ~fin. Subsequently, the mixture was subjected to
centrifugation forl5 min at 5000 rpm i@ temperatureontrolled centrifuge (4°C 300 L
supenatantwas collected at the end of the extraction procedure. The samples were further
diluted 10 and 5times in consecutive two steps. BD extract was mixed witkequal volume

of internal standar®.399 puMverapamil in 50% acetonitrilesplution priorto LC-HRMS run.

2.2.5LC-HRMS analysis

Samples weranalyzed omeversephase Cl&ypersilgold column (10cm * 2.1mm *

3.0um, Thermdwith aflow rate of 1ml per minThe mobile phase consisted®iL% formic
acidin deionized water (mobile phase A) ahd %formic acidin acetonitrile (mobile phase
B). 7KH PRELOH SKDVH JUDGL({@-Q¥i@DV V HI@HB/Tmin), 300406
1 %(%.6-8.0 min). Liquid chromatograpiwas coupled withQ-Exactive™ (Thermo) high-
resolutionmass spectrometeising a hea&d-ESI source.The instrumentvas operated using
Xcalibur™ (Thermo) softwareversion 2.2 The data was acquired 80-900 m/zrange at
70,000 FWHMresolutionwith AGC target 1e6 ions, maximum injection tiB@mSeg¢sheath
gas 35, auxiliary gak5 andionization voltage 3.5 kVStandard and sampiata was acquired
in triplicatesin both positive and negative ion moddS data analysis was de following
Qual/Quan approacinitial qualification of metabolites of interest from biological matrix was
baed on following two tests of merits. Fir¢he generationof accuratemassextractedion
chromatogram (AMXIC) of individual analytes, and subsequent structural confirmation using
tandem MS based signhature fragmadentification. ODVV J)URQWLHU@B.1YHUVLR

GHYHORSHG E\ +LJK &KHPE& ZDV XVHG IRU VWUXFWXUDO Il
The metabolites confirmed through the qualitative analysis were quantitated from various
intralextracellular samplesAccurate mass extracted ion chromatog(&ml -XIC) was used
for generating calibration curve as well in quantitation of metabolites from sawifilemass
extraction window 20 ppmThe accuracynd precision othe methodwas checked using
variousstandard and spiked QC sampléke reproducibility of the method was periodically
monitored using intermittent QC runRaw datawas SURFHVVHG XVLQJ 7KHUPR ;
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version 2.2 SP1, build 48 (Modules: Qual browser, Quan browser). An average response for
triplicate sample run was useat quantitation.

2.3 Results and Discussion

2.3.1HRAM full scan and MS/MSanalysis

Figures 2.1gives an overview of the scale of the qual/quant analytical workflow
described in this workhat necessitates detailed performance evaludfigare 2.2 describes
the £quence of the quantitative workflow for investigating the CORE of metabolites in the
differentially expressedub population®f glioblastoma samples (U87 and NSPgntative
times for the sample extraction and the entire quantitativ¢IR®S analysis sudequent to
method optimization are indicatedfigure 2.2. This did not include the time involved in data
processing and interpretationhe entiresample extraction fothis study was carried out in
multiple steps, each performed discretelyacssamplelot basis.The extracellular and intra
cellular samples were extracted using two different protoGase was taken to prevent any
sample degradation during the extraction and the samples were ste88dGyprior to LG
HRMS analysis

Figure 2.3 illugrateshightresolutiondata obtained for two representative intracellular
metabolites from a pooled sample in the negative and positive ion modes respectively. The
metabolites(a) glutamine [M+HJ and (b) lactic acifiM-H]", were detected well witha mas
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,
carbohydratesand small organic acids, were subsequently qualified uidS/MS. A
precursor ion selection window of £01¥zwas used. Table 2summarizes all the respective
product ionsdetected for the metabolites. This data was in agreement with the respective
libraries (METLIN and MASSBANK) confirming the presence of thnetabolites in the
samples under investigation. In case the MS/MS data for particular metabolites was not
available in METLIN, the data was matched withe theoretical fragmentation pattern

generated biassFontier™ (Thermo).
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Figure 2.2 Overview of the qual/quantnalytical workflowused forthe LC-HRMS analysiof the

glioblastoma metabolic CORE investigatio(tgtp://planetorbitrap.com/gxactive )
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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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Table2.3 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
Aspatrtic 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 lowestm/zrange of instrument
Histidine 156.077 110.071, 138.066, 115.0558, 95.061, 93.045, 83.061, 82.053
tii‘éc'”e/ Iseeu 135 1021 114.0667, 114.0917, 86.0971, 84.0452, 69.0707, 56.0502
. 130.0866, 129.1026,101.1078, 94.0658, 84.0815, 82.06!
Lysine 147.113 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, 88.089.0108
Threonine 120.0659 102.0556, 74.0608, 56.0504, 84.0451, 57.0344, 75.0448
Tryptophan 205.0966 ﬁgggéé 170.0603, 159.092, 146.0604, 144.0811, 143.(
. 165.055, 150.0553, 136.076, 147.0444, 123.0445, 119.(
Tyrosine 182.0816 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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2.3.2Accuracy, precision and reproducibility of LC -HRAM analysis

Calibration ranges for various metabolites wesdectedfollowing the comparison
betweerthe responses from tisampls andthe referencstandard. Theextracellularsample
at the zeroth time point was essentially the culture media, which was subsegsedtiyp by
the cells to grow. However, the intracellular sample extracts had metabolite concentnations
weremuch lower than those for the extracellular samples. A suitable range to accommodate
both the extra and intracellular metabolite sample cdratonswaschosen. Samples were
diluted accordingly to bring the signal responses within this working calibration range. A 10
fold dilution for the intracellular samples and a 580ld dilution for the extracellular samples
wereused and subsequentlyctared in.10 point calibration curves were generated ushe
internal standard normalized peak area derived from-XI&. Details of calibration curves
and QCsare showcased in table 2.4R? ~0.940.99 was reproducibly obtained tvithe
calibration curves for 31 of 34netabolitesestablishing linearity across the respective
concentration rangeblowever,R? for two metabolites, glucosandlactic acid, was found to
be 0.84 and 0.66, respectivelyhe lower correlation coefficientasaresult of irregular peak

shapeobserved fothetwo analytes.

Consistegy in instrumental behavior and reliable data generation necessitates
evaluation othe LGHRMS platform at regular interval$ncorporating quality control (QC)
sampleruns andthe use ofaninternalreferencestandard (1S) spiked in the samplee tvo
widely accepted approaesito monitor thelong-term reproducibility of the method.The
assessment waarried out in terms of mass accuracy,-XM peak shape, and AMIC peak
intensity/area for individual analyge QC samples generally are a representative set of
standards or sample (or pooled samptEs)tainng analytes of interest withithe working
concentration rangeIS(s) when added to a sample in known concentrafacilitates the
gualitative dentification(for example peak matching). It also aids in normalization of data
across samples to account for instrumental response varidtomsds the quantitative
determination of the sample componéfitalthough structurally similar or isotopicallsgbeled
IS are generally preferred, other rendogenous IS have also been successfully used
before?®2° IS was uniformly spiked in the entire sample seinlike 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 ruftse hstrumentaperformance was monitored

during the span of sample analysis by measuring the reproducibilign ahtermediate
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calibration levelcontaining all the metabolitesoaig with an internal standardefapamil)was

measured

Figure 2.4 illustrates the QC regime implemented in this work during calibrations and
alongside sample data acquisitidimree leved of QC were used in the workflow to establish
the accuracy, precision and leteym reproducibility of the LC HRAM method. Two technical
QC samples, QC 1 and QC 2, consisted of referelacelard from thecombined metabolite
mixture with concentrationsifermittent to the calibrant§wo separatenatrix matchedample
QCs(QC3 and Q@) with known concentratiospikedinto a representativatrix were also
prepared and usedQC 1 through 4were analyzed along with the calibrants atite
corresponding metalite recoveries weresed to validate the calibration curves. Additionally
atime-pointpooled sampléextract of U87; extracellula)C5 was prepared arsglibsequently
analyzedntermittenty to the sample runs ati®our intervals throughout the 17 daydl. the

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

Metabolite concentration in all the QCsamples weraneasured and % recovery
{(measured concentration/known concentratid®9} wasestimatedThe % recoveriefor all
the metabolitesn the QC 1 through QC were foundto bewithin 85115 %(figure 25 and
2.6) indicating acceptable recoveries within 18¥%the expected value$lucose and lactic
acidfor QC1 and QC3 showed recoveries of 1508termittently, QC5 injected aintervak of
9 hr. in both positive and negative ion mode analys#s followed by a cleaning ruat the
same intervalsThus, atotal of 26 combinedanalysis rungor positive and negative ion mode
for QC5 were accomplished through the 17 day&eproducibility across QC samplesas
measured as the IS normalizeeak area for each of the 34 metabolites under consideration.
The peak area distribution wlmindto bewithin £15 % RSthroughout the 26 runs/17 days

The variation in Q6 data has been representathg SD error bars in figure 2.

QuantitativeTQ-MS workflows are established and the issues affecting quanstati
analysisare well understood. TS approachegenerally use a predefined targeted set of
singleor multiple precurseto-product (ion)readion monitoring(SRM, MRM) schemes for
selective and sensitive quantitatidif> Calibrations fromlow resolution extracted ion
chromatograms of reference standards are used for absolute quantitation of targeted metabolites
from samples. In contrastHRMS quantitation employs accurateass extracted ion

chromatograms (HRAM) in thefull-scan mod€FS)or parallel reaction monitoringPRM MS
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or MS/MS) modes$*®” Quantitative measurements can be performed on metabolic features
identified with high mass accuracy in a targeted fashion on the same platform without having
to setupseparate LC TQMS analytical runsSensitivehigh-resolutionmeasurementare
susceptible ta methodand instrumental variation®erformance of the analysis could be
influenced bymobile fhase flow rate, solvent volatilityonization cone temperatyreoltage,
distance as well aanglebetween ESI source artdeinlet capillary,sheath and auxiliary gas

flow rates.38*° Reproducible signal responses devoid of matrix interferences and linearity
across variable concentration ranges & diverse set of metabolitege also vital for
establishingHR-AM quantitative analysisihe precision, accuracy and longerm reliability
demonstrated by the results in this stutticatefull-scan mode HRAM quantitative analysis

to be aalytically robust for quantifying a diverse set of metabolites.
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Table2.4 Calibration statistics and recoveries of quality control samples

Calibration

Quality control sample

2
Analyte angeqM) N S°P® Toci ocz  ocs aca
Alanine 0.02-0.50 0.942 0.24 979 1106 102.7 100.2
Arginine 0.10-1.99 0.986 0.52 1044 98.1 101.2 89.8
Asparagine 0.02-0.50 0978 0.21 1021 1185 103.0 86.0
Aspartic acid 0.02-0.50 0.960 0.30 1136 1014 113.7 88.2
Cysteine 0.05-1.00 0.981 0.17 105.1 1025 106.2 90.7
Glutamic acid 0.02-0.50 0979 0.35 1159 1116 100.3 93.1
Glutamine 1.00-19.98 0.983 0.15 1059 101.3 104.1 916
Glycine 0.12- 2.50 0.977 0.10 955 1056 102.1 92.2
Histidine 0.05-1.00 0.975 0.50 108.3 100.8 97.7 85.7
Leucindisoleucine 0.20- 4.00 0.993 233 1024 101.1 99.4 957
Lysine 0.20- 4.00 0.985 0.39 1035 975 100.8 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 96.4 949
Proline 0.02-0.50 0.968 4.00 1056 94.3 101.4 83.2
Serine 0.12-2.50 0974 0.15 1121 100.5 109.9 915
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 1142 995 112.7 88.3
Ascorbic acid 0.03-0.51 0.953 0.37 113.2 1148 87.4 113.3
Citric acid 0.05-0.93 0956 0.31 111.6 110.3 101.2 109.3
G3P 0.11-2.10 0.992 0.49 1056 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 1135 108.2 107.7 104.2
Lactic acid 0.27-5.36 0.661 0.01 158.3 919 155.4 1185
Citrulline 0.25-5.10 0.983 0.09 116.7 1055 1179 104.5
Ornithine 0.01-0.26 0.987 1396 112.0 1085 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 0991 265 1128 112.1 104.0 106.0
Methyl-MA 0.23-4.54 0.998 040 115.2 106.4 108.6 104.0
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

50



Chapter 2

Fig. 2.4. Schematic representation tfie data acquisition sequence during sample analysis. The
standard calibration runs were followed by QC samples, sample injectionmiamehittent quality

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

Fig. 2.6. Percentage recovery afiatrix matchedjuality control (QC4 and QC 3) samples.

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

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

Quantitative pofiles of the34 metabolites were measufedtheintraand extracellular
samplesusing LGHRMS.® The sample satonsistedf two glioblastoma cell lines, namely
U87 (control) and NSP (differentiated) cellThe U87 is an adhergarimary glioblastomaell
line whereas, NSk a noradherent differentiated cell line from U8Ihe cells were treated
with a chemotheaspeuticagent, temozolomidélhe metabolomics expression of cell lines at
three different levels dhedrugwas studied in order to understand tbgpectivdold changs
in the metaboliteprofiles (figure 2.1) To perform wmsupervised principal component analysis
(PCA), the metabote concentrations in U87 and NSP were normalized usiagnternal
standard to account for any instrumental variation. The IS normalized data was then subjected
to feature scaling using maximum value normalization to olite data within O to 1 range.
Maximum value normalization was carried out to awsgightagebased on concentration
levels rather than the extent of variation observed across and within the sampie $&CA
plots were generated before and dferdrugtreatment of U87 and NSP celldntreated U87
and NSP time points sample were distinctly grouped indicatiegr metabolic difference
betweerthese sample typdfigure 2.8) There is a clear timpoint dependent divergence in

the twosub populationas seen in the figuiz8.

Figure 28 PCAplot of untreatedU87 VS NSPThe suffix 1, 2, 3, and 4 represefts 48, 72, and 96

hrs.
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Figure 2.9 PCA plot ofdrug-treatedU87 and NSPBamplesThe samples were treated at three drug
concentration levels i.e. 10, 100, and 700tdvhozolomideThe suffix 1, 2, 3, and 4 represents 24, 48,
72, and 96 hrsMaximum contributing metabolites in PCA scores were found ¢hugese glutamine

serine tryptophan and pyruvate

Metabolic reprogramming is considered one of tiadimarks of carcinogenesis, which
represents the dynamics of beginning and advancement of ¢4@eercehas been associated
with specific changes in theellularmetabolism that are not simply byproduet the disease
but ratherdeliberatelydrive the diseasasing alternative routes in timetabolicpathway In
this study cultures of two (glioblastomagell lines were analyzed to identify differential
profiles of metabolites as a part of their phenotypic expres&omning the cell culture
experimentsclear differences between U87 and NSP were observed in terncellof
morphology, growth rate, ardsovaluest® NSP had higher LE values as compared to U87
cells. SubsequenPCA analysigfigure 2.9)of metabolic data fron87 and NSRunderdrug
treatment groupsevealed metabolic differencdmetween these cells post drug treatment.
Maximum contributing metabolites in PCA scores were found glumse glutamine serine

tryptophan and yruvate
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2.4 Conclusionsand future scope

Comparative evaluation of HRMgased fullscan metbdologies for quantification of
drugs visavis LC-QgqQ MS has been investigated befts& However, aquisition oflarge
scale metabolomics data using EBRMS involves multiple analytical operationswith
significant complexitythat can potentially propagate inaccuracies of measuréfvnalysis
of metabolic CORE in glioblastoma cells investigatethia workis an illustrative example in
this regard and involveldrge scaleanalytical experimentatioryYariouslevels of QCchecks
were necessary in order to monitor any potential variatrothe HRAM quantitationfor
ensuringconfidence in the dateegeratedPrecision, accuragyandreproducibility of the HR
AM method as establishetheetthe US FDA guidelines for bioanalytical methedlidation*’
Metabolic profiles ofthe two glioblastoma cell lines were successfully measusdg the
developed methodPCA revealed differential grouping and changesnietabolic expression

changes heveen U87 and NSP cells.

Measurement of biochemical pathways metabolite concentrations alone is often not
sufficient in delineating cellular metabolic fluxe®¥ Probing metabolic flux using isotopically
labeled tracers, usuallyaccompanied byow-resolution LC-MS measurements, has been
resourceful in this pursutt:?’48 Extension of this workusing isotopic tracer based CORE
profiling for glioblastomasub poplation would furtherdelineate metabolic pathway fluxes.
Improved separation of polar metabolites achieved using Hitttionally resolves isomeric
interferencesQuantitative analysis usirggparallel reaction monitoring (PRM) the MS/MS
has beensuggested for eliminatingisomeric interference®. To enhance metabolite
confirmation for targeted/untargeted analysegsiantitation in the MS/MS modeand

fragmentatiorbased approachesn be employetf.>!
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Chapter 3

/DUJHOMAMDO EROLF 8BWURILGL@UR SK
L OQWHUDFWLRQ /LTXLG &KURPDYV
5HVROXWLRQ ODVV+45K&FBRIAER P HW



$ 'HWHUPLQDWLRQ RI SRODU PHWDEROLWHV IUR
&KURPREDFWHULXP YLRODFHXP

31 QWURGXFWLRQ

+,/,& ZDNVUNRWL QBHG O S HQW ZKR GHVFUDLEHDBO W UMD W L
FKURPDW BURFHIGIMUIRWL\OH KLJIKO\ 'S RD WK H FOMS/RKIG & ¥ D G H
KDV EHHQQ@XAMHGH YDURBWORIXYFKDXVIGURSKLOLF DQG DPSK
FRPSBXQWKDW DUH WRR/ SIRRDREXVORK EMH LQVXIILFLHQW FKI
HIITHFWLYH HOHFWURVMWB WO FKHW P RQWRRGXER\ LEQHQW O\
UHIOHFWHG E\ WKH VXEQWPBML RO $REO HRDW LR R @R
DQDO\]H SROD W XRE DR/X D IGW BER P S Q/HI[V P K DWVX BFHRMIQV WD QW O\
JURZL®J,& HPSOR\V WODELWIRQYERQER\VIIOR¥BD DPLQR
1+ DPL&21+ RU F\D®R FRPSDUD E&H MWKKMHRELOHVSKDVH
FRP DEWHR WHKRYGIR\HG5BODWEHLW UHYHURH SRODMHEW
QRWHZRUWK\ WKDW QHZHH VWD RRROWD Y& OD\DHBG BGHWR W
H[SDQGLQJ WKH OLVW RI DYDLODEOH SKRERVBUARDVVSHSED LB
RI FRPSRXQGV VXFK DV DPLQR DFLGV RUJDQLF DFLGV F
SKDUPDFHMDIORDSMSWLGHY DGG QDWXUDO SURGXFWYV

+,/,&RITHUV VHYH U DIOQ DFGRYPIS@WEEBI RIPQ B/ RL3& 7KHVH LQF
UHWHQW LR QVR D WQIHID MINN Y R\L 6 QYRBDEORMMEHK R IRA HD T X HR X V
SKDNWHOWXUH VREXERB SW RGG\H Q RV HH DRV \EHD BRAYH QW LR QD
13% $GGLWLRQDOO\ +,/,8 RKWRRNE\SWKH QHBEGHQWE IRU SR
&RPSOHPHQW D UD QFR®IS DWEEMBLOBY H UHVXHFHO W QWY JH LG
DSSOLFRW PRI@ DERORMEW DSSOLFDWLRQ RI +,/,& DOORZV
VXFKDPYQR DFLGV RADDBRK\®BDBRHY/XSRODVULSKDUPDFHXW
VPDOO SBDBWKXGBDHNW R 8WHWD

7 K W K U HIDQWV R B IHRAW K WADBDQV' S D N @ B JH@IH FWR R ¥V DRALLD/ P V
JOREDO FRQSRUWHDGYKMPDQ KROWWKPHY ,PSURYHG PHW
QHFHVVDU\ WR LGHQWLI\ DQG X WGWXDWD B BWHID HMRLYH RRC
DGDSWHGZ MMWKWGE B X F HE&K Y Q\DWAR @ F L D W HIG ZRAWIKR YIX®l PDFKLQ]



&KDSWHU

PLFURRUJDQLV P VDF@ B WAHIBRE IOHFLHWDUWRFELWR ULQJ PHWDE
H[SUHVVLRQ FDQ SURYLGH VLJQLILFDQWSBWH-OQRWLIRGOA WR DI
YDOXDEOH LQVLJKWYV LQWUWRH WDKHNV ISDWE ZDKY OW KDRT XAHIL Q.
8QGHUVWDQGLQJ IXQPYOROPWUREKFPQVHFVED@ YRV@EMKH V VD U\
URDGPDS WRIFW Q@M L\D O +GHUDH) GEAY B UH N 59,6, ® Q DIRV LV
WDUJHWHG PHWDERDB FSLREVDRI R ENDRREEWRWHHRULED YLRODI
JURZ@XW WILHPE\EIRDORZHG E\ XQWDUJHWHG DQDO\VLV XVLC
OHWDEROLF SURILOHV REWDQQWEMRSHQG BHGBSWLYH ODEF
HYROXW LR @ RAWREFDRE W ¥ LRUX P ZYLL\R IO TBAHOIPUHVLVWDERW D @HUH |
H[WHQVLRQ Rl WKLV ZRUN +5$SO0RFUDWKRQGRY HRUPLOQRWLRQ
ODEHOOHG LQWUDFHOOXODU PHWDEROLW H VL QUR R EQ/KLTHNH
VHFWERDKH ZRUN GHPRYDW UG DSHRNVEWBH DO XWE@A W® RI +,/
PHWDERORPLFV

320DWHULDOV DQG PHWKRGYV

3.210DWHULDOV

$O00 DPLQBORFERUWMFRUELF DFLG FLWULF KRGS KIDWHH U
NHWRJOXWDULF DFLG RODFMWMKL QHL G DL\ HDAFA @& REDEDORBLLA- D F
PDORQLF DIFEGSLER[®MFLG S\UXYD@GDH&E GUNMEHEIRMRQF DFLG
SURFXUHG2I| BB/ & 06 JUDGH DFHWRQLWULOH DQG PHWKDQR(
%DNHU 3$' HIGPEBDWWEHFLILF UHVLYVZDLW RE WWDR.EDIB GOOLSRUF
OLOLOADWHU SXULILPHWDRQ PLU VDR $SWRUYDVWDWILB) XVHG
ZHUH UHFHLYHG DV JUDWLV VDPSOHMWRIRKR 0¥0OITH@O+\GHUDE
ZDSURFXUHGOHXRM+DXPEDL ,QGLD

3226DPSOH FROOHWF VR RWLERQG H

&HOO FXOWXUH H[SHULPHQWYV ZHUH FDUULHG RXW L
SDIKXQDENKBRSDQZLWD& U DRPIRBMMHAHWHULXP YLRODFHXP VWU
ZLOMGASH& YLRO®REFEHX ZDV REWDLQHG IURP WKH $PHULFDQ
&HQWHU $7&RKHEEMXH YLRODFHXP ZDV LQRFXODWHG XVLC



RYHUQLJKW VWDUWHEHURWXOMXGUID LK WFXBIDWXUH ZDV PDLQ
FROQWLQXRXY DHYIKMNNHRWLQFXEDWRU VHW DW UHYROXWLEF
ZDV KDUYHVWHG DW WKH HO@®XRI K 7KH FHOO &HOOHW .

FHQWULIXJDWLRQ DW J DW f& 7KH BROGHWWKRERBBO |
TXHQFKLQJ DQG H[WUDFWLRQ RI PHWDEROLWHYV MKHHSRU
VXVSHRMYRFPMHQWULIXIHG DW J DW f& WKH H[WUDFWYV

XQWLO IXUWKHU 86 FORHV/OAWG VIRTUK H L Q W UHD[MADEMD B G H@/ KL
FHQWUDEBRQFR DW f& IROORZHG—E\RUHFRZOWWHUNXWDR W]
FRQWDLOQOQWMWRUYDVWDWLQ LQWHUQDO VWDQGDUG 7KH

EHWZHHQ WKH VDPSOH SUHSURKHVRHW D ERDHSWH W B \S PK YK
AXDOLW\ FREDRROHVMZHUH SUHSBUHGVWRITFRRWKEIJWLPH SRL
WKUHH FXOWXUHV 7KH SRROHG 4& VDPSOH ZDV GULHG DV
LQLWLDO PRELOHGQSKDVRI BSRRIRAVEWDRSOH ZDV DQDO\]HG D
LOQOMHFWRDRQPL®!I GDWD DFTXLVLWLRQ LQWHUYDO

323+,/,&+506DQDO\VLV

7KH PHWDEROLWHY ZHUH VHSDUDWHG XVLQJ K\GURSKL
VHWXS RQ $FFHOD 7RKHWAPRD VIR XWB SK G Z+ W & GFHRIORRQN =
PP PP —P OHUFN OLOOLSRUH FROXPQ ZLWK D PRELC
IRUPLF DFLG LQ GHLRQL]HG X@VHU ORERDH BKIDG/HQ DF|
ORELOH BKDUWHGLHYWW ZYWK LORI PREVH BLQV  PLQ
$ —/ PLQ $ PLQPLQ —/ $ P IPQ Q
—I/PLQ $ PLQ —/PLQ +HDWHG HOHFWURVSUD\ LRQL]D
XVHG DV DQ ZOIWE UAPBRPHOMMARIUDSK DQG +506 LQVWUXPHQW
VRXUFH ZDVN@HA WKW FDSLOODU\ WHPSHUDWXUH  f& VKHD
XQLWY KHDWHUf & PRSHOVBX DRV XQLWV 7KW DBQWD ZD\
RI P  DDUHVROGRXWLRQ):+0 ZLWK $*& WDUJHW H DQG LQ
PV
3ULRU WR WKH VDPSOH DQDO\VLV +,/,& FROXPQ ZDV
LOQOMHFWLRQV RI D SRROHG- VBB BO6 @ H 6YEYXABXIRW Q. \Q K B DWW
LQ ERWK SRVLWLYH DQG QHJDWLYH LRQ PRGH ,QWHUPLWW



&KDSWHU

WKH VDPSOH UXQ LQ RUGHU WR HYDOXDWH WKH UHSURGXFL
$FFXUDWH PDVV EDVHG H[WUBF W& GRLRRHWPERPDLWR¥JDB R C
LOWHNWDRGDUG ,6 ZHUH LQWHIJUDWHG EDVHG XSRQ UHWHC
SHDNV 7KH SHDN DUHDV RI DOO WKH PHWDEROLWHYV ZHUH
VWDQGDUG AMSROMAODWLYHPHWDEROLWHY DQG DEVROXWH
DORQJ ZLWK UHWHQWLRQ WLPH ZHUH PRQLWRUHG LQ W
SHUIRUPDQFH RY HUWMKMHP &DD WKRIQPRWDEROLWHYV ZHUH F
UHWHQWLHRQ IWE PO U6 HY ERWK LRQ PRGHVHRWRRHW DERO L
([(DFWVeBVV VSHFWURPHWHU 7KH REVHUYHG 06 WKHSURIL
0(7/,1GDWDRWDVHRQILUPDWLRQ , Q F DZAHUGHRNK HD YO[B MAORIHE O H F M
GDWDBABBHOG6 SURILOHYV ZHUH FRQILUPHG DJDLQVW WKHRUF
ODVV)URQWLHU 7KHUPR VRIWZDUH

335 HVXOWY DQG GLVFXVVLRQ

331 (YDOXDWLRQ RI UHSURGXBBELOLW\ RI +,/,&

,QLWLDO PHWKRG GHYHORSP HQWR EBW DALIDWPENFGRIXNE. G
PHWDER®Q\GHFXIHPLFDOO\ & HIRQG &, REFRLDX P Q ¥ RZAMSIHU H G
ZLWK UHVSHFW WHRWW RMWEBED G\WBRSH VH S DH B WQRAGH. R Q
UHSUHVEOW®WYYBJ 53 DQG +,/DMHKRARQPIQYVS L BXQOH NH &
FROXPQV +,/,& SHRXD®WEGNVKHWHQWLRQ Rl SRODU PHWDE
DGGHG SDUDPHWHU R/ LUPHSW R @ W& RQK W LFPHHW BE RAQL\& H SHDN
FROXPQ WKH DQDO\WHV ZHUH QRW UHWHDL Q HABH D QUGU MIOQIWG
PRELOH SKDVH FRRRVOQWLROYEWBYDGLHQW RI| GOREDR OPR WK |
VKRZ(QYLGHQMKOA,&RQ & BBRZFDVHV WK B QRYGWIHD\E ZL@XKLQ
WHKHUVWLQ +RZRQHBFROXPRAWWEROH UHWBLOBIEWHG RYHU D
Rl PLQ ILJXUHWK D VLPSOH PRELOH SKDVH FRPSRVLWLRQ
LQ ZDSWDWB QG D FHWSRK@MM PID@NW R BUBNYHG R Q WK D & SAHHW H
ZLWK *DXVVLDY FRBREINHEE MROXPQ IRU WKH VDPH GLOXV
PHWDEROLWH PR PANIDPIEQ J X R X V ON KEHPIRRMEVED DWWY RQ RIS
PHWDE RORBEWK LQFUHPHQW LQXWLRQH $H PEN\O HIRGALBDD \WW B O



LPSURYHPHQW W RQYWWH RMHRKHY PR ®® B®IQIDFL\WQW FKURPDWR
UHVROXWLRQ EHWZHHQ GLIIHUHQW DQDO\WH SHDNV ZDV RE
+,/,&)LIXYH 7KHVHVXO W\ DHHPHQW ZUWEBRIUMYLRXV

JLIXWH $0;,& FKURPDWRJUDP RI SRODU PH® DERODQ®WRQ UHYH
E FROXRRRELOH KEXWHHRKY DQG RQIPRWK KIVWHHEYV ZAHRWHH KIQU OMKH
JUDGLWEW R =+&/,& ZDV RSWLPL]J]HG IRU WKH EHWW BFRRODNCED0HE UH

JLIXYH6FKHPDWLF UHSUHVHQWBDW] QR RQ PHVWBIEROLWH



&KDSWHU

JLIXUH $QDO\WLFDO ZRUN#BREZ RQDOVWE&YV Rl &KURPREDFWHUL
PHWDERDUWRIXV VWHSV VXFK DV VDPHIBHDRUHSBUDWER®QD +D/IQ& O
06 06 FRQILDNKWEZRRMHEBIUH FDUULHG RX\P IV MVIDMHHQQVILFOWD WK H D QD
RSPAIDWLRQ LKDGLEBWE G

BUHYLRXVO\ +,/,& FROXPQV KDYH EHHQ URSRLAFRE QWR
RIODFN RI VXIILFLHQW RRKDHMP@WIW D BMRDHRDG IR/ RAEH RIL
LPPRELOIMHRXV ULFK OD\HU WR DFKLHYH UKISW PG R E WEDOL |
ZDV RYHUFRPH E\ VWDEROKX|RQ JIUDKRNI+PMRE QJ WKHRKHDPSOH
+,/,8FROXPQ ZDV VWDELOL]HG XVLQJ PROQ¥BEQVFZPRHROW BK
EWKDBBO\WLFDO UXQW FEE LLQM S RMYBNLY O FRWIRWDIGN HRQ R |
EODQNSUWIXRW WR VD P BIOH \DRKHAVRHM) B RERILADIORZ LV VKRZQ
ILJX$H 7KH EODQNV ZHUH UHSHDWHG LQWHUPLWWHQWO\ D\
DQG FRPSDUHGVARSIO W [EIDTHHN R & R & MEKNRIVWE ®RRRMW R J U D P
7,& SURIDODRPROVWRUHG GXULQJHWKGXDOH RRDXPWY WR/DE L
SRWHQWLDO DQDO\WH FDUU\RYHU HIIHFWYV

JLIXWH UHSUHVHQWY WKH 7,& SURHL @0 IRDNE COWMINQ N X Q
UHS UMN\KHHQWE& SUR | LLAH) DQVI \B QWK EIHY® RS OH DQDO\VLY UHVSH
RI WKH EODQGLFBWHG 1$Q WHWIHIIDIKIKHUHG UHFXUUHQWO\ G
7KH UHSURGXFLEOH 718 6 URDH®HVWH GW FRO XPQ SHUIRUPD



WKWHAWLRQ WLPH UHSURGXFLELOLW\ RI YDULRXV PHWDER
VHW DQG 4& VDPSOHV 7KH UHSURGXFLELOLW\ RI 5W ZDV |
VWD Q@& Du® WIeRQRI DYHUDJH UHWHQWLRQ WLPH

JLIXWH 7RWDO LRQ FKURPDWRJUDP 7,& SURILOH RI LQWHUPLY
DQDO\VLVY 7KH EODQNV ZHUH LOQWHUVSHUVHG EHIRUH ZLWKLQ D
SURILOEBWWWHOH FROXPH) GXWLIRUAD@SOH GDWD DFTXLVLWLRQ

7KH UHSURGXFLELOLW\ Rl WKH VDPSOH @DW D DVFRVNGV
XVLQJ UHSHDWH DQMWFRARRYW RN VORIOHFPHWDEROLWHYV T
6 ZHUH WEPRWNKHAR G VLRGHV 4 &$UXARM/6 RR | D Q DSH N M D
LV UHSUHVHHGVLBYILGXQW IR U HDDCRGEXFHLEQHB MM DUHTC
56' ZDV REVIAHVWBNGR VS KEDURHP REHQ]HQH L ® & R/EG MO FITARGL WFR O
DQG XU IZH DWW LK[FHS W L5FQ W ZQ WHYV DQG
UHVSHFVMKHYBIOY XOWYV LQGLFDWH WKH UREXVWQHVYV RI WKH -
WKH DQDO\WH SHDN DUHDV IRU IXUWKHU TXDQWLWDWLYH D



&KDSWHU

JLIXWBH3ORW RI B®DRI\WH SRHEOWDD QHIEN DROL WK AR Q MR FDWSGH \
DJDLQVW WKH UHWSHEFW HSH HAHHWQDWERWLYH VDPSOH ZDV LQWHUF
LRQL]DWLRQ PHRGHOYWERB® WLPH DQG SHDN DUHDV ZHUH PRQLWRI
+,/,& 506

,QWHUQDO VWDQGDUG EHKDYLRU ZDV DOVR PRQLWRUH
DUHDV RYHU KOZR|,BXQDPHRH YHUDSDPLO XBQQAGRDW®RW Y L
VSLNHG LQ DOO VDPSOHV IRU SRVLWLYHKBQBUGIQIDMWILY HD EF
SHDN DUHD RI LQWHUQDO VWD ®NUEHR BDVUINY UIG\SE QWHGE 146
7KH GHYLDWLRQ LQ WKH SHDN D UMD ¥ HRIHYHUO®G DEFHMR R Q G
LQGLFDWLQJ DFFHSWDEOH UHSURGXFLELOLW\ RI WERWHUQD
SRVLWLYH LRIHPMGMHRUYDVWDWLQ FDQ EH LRQL]JHG LQ ERW
SHDN DUHD IRU DWRUY DMWWDWLYH LLR G RPR.GH. YLH) ®BLF® WQH G T
UHSURGXFLELOLW\ LV REVHUYHG IRU SRVLWLYRKLRQZPRGH |
DOMRLGHQW IURP WKH SHEBN YDIDKDIYRRW KM DQDO\]HG LQ S
QHJDWLYH LK@ RPHRGHLIRK GVIKW DY B BREOEHWH TXOHFGWIOUHG DIWH
HVWDEOLVKLQJ WKH D Q D O\ WHFIBEODWY RIEXS MFQ WG RE \ WAKKHH +\/ W
XVLQJ 4&V B QR VWBYD® @D O WKFDOVHPSOHV LRHW BRELRHIDWL
PRGABMOYHUWH SHUIRUPHG



JLIXWBH3ORW RI DEVROXWH SHDN DUHBHVIRIDPIR LYRWHWQADG VY ROQ
DNRUYDVWDWLQ QHJIJDWLYH LRQ PRGH GXULQJ WKH VDPSOH GDW
IRU ERWK LOQOWHUQDO VWDQGDUGYV

3320HWDEROLF SURILOLQJ RI 4KURPREDFWHULXP YLRODFH X

$IWHU HYDOXDWLRQ M®IQG& HYHILD W & B WQLRGS D W R/P& W
DFFHSWDEOH UHSURGXFLELOLW\ LQ WHUPV RWKHWBO®QR Q
GDWD ZDV DQ@OHMWKIDRMHUHQFHY LQ WK HURRWDER QXA SALF
SRLQWNORISH D QE3JXHVLVAKIDGW6WUSVR/\WOREQEDWH WKH L
DFTXLUHG GUXJ UHVLVWDQFH RQ WKRQSKHE R3S DE CP\H WK E
FODVVLILFDWLRQ RI VDPSOHV DQG \RKHIRWL PHK-BFOEQ\EYV R
DQDOAKHVSBIDNDY ZHUH LGH QWU RZVG X WPLR)G X4MHZ QW KALIO L E X U
SSP PDVV H[WUDFWKHRWHAM@B®@EDUG QRUPDOL]HG GDWDVH
PD[LPXP YDOXH QRUPDOL]DWLRQ EHIRUH XQVXSHUYLVHG SL
PRGHOV ZHUHNVEMEOWRIIR®KGDWD VHW 7KH DQDO\WHV SURF

DQG QHJDXWPRBHHUH LQFOXGH&KRZIXWHKHS 3& VFRUHV SO
WLBRLQWYV Rl :7 &KO5 6WUS5 VDPSOHYV



&KDSWHU

JLIXYHSHSUHVHQWDWLRQ Rl VDPSOH FODVVLILFDWI.RFRID@QW WLP
VDPSOHV IURP WKUHH VWUDLQV :7 &KOS5 6WUSS57KH ¥ IFRIREH B\WW F
FXOWXUHV ZHUH SHUIRUPHG DW WWHKDFRODODERDEWRBDWRUWQX 5C

$V VKRZQ LQ ILIXUH $ LQ WKH 38 SSOARWYV DUH HDVL&XKUGW
IURP HDFK RWKHU LQ DOO WKUHH VDPSOH W\SHV LQGLFDW
FXOWXUH WLPH IURP WR KU 8SRQ FRPSDULQJ WKH GDYV
XVLQJ 3& DQG 3& @&HUHWQH QY LYIDA) EDXRE WH. B Y1 HSR LIRWWD E O\

GLIIHUHQFHYVY ZHUH REVHUYHG LQ WLPH SRLQWYV SRVW KU
JURZWK DQG PHWDEROLF HBWHWPBBEAY P LWKW KD YIBWD QR WL
EHWZHHQ KWDQGV LV SUQWK@WHWRW WLPH IURP ZKHUH WKH
GLITHUWWBHWLNSSHDU



JLIXUWH 3&% VFRUH SORW RI VDPSOH $G RWOD%G6WUBE®UDRRV: R |
SKURPREDHFWRODRKRRXMEOH WR GLITHUHQWLDWH EHWZIBHWQ WKH WI
LGHQWLILHG WKH GLITHUHQFHV && WEZIHHIR WKH OVKH IS LMD WHL Q VE
UHSOLFDWH F 3& ELRORJLEBROLEBOOUHPWMHDWH 3&KBLKSLIIHULI
EH FRQVLVWHQW DFURVY ELRORJLFDO UHSOLFDWHYV

7KH WRS VLJQLILFDQWO\ FRQWULEXWLQJ PHWDEROLWF
YDOXHV 3&DQG 3& ZHUH FRQVLGHUHG LQ WKLV DVSHFW
FRPSRQHQWYV ZKLFK ZHUH DEOH WR LGHQWLI\ WKH GLIIHUI
JURXS WKHHWPH P HW D ER GIHWRE\W ILLREFDMIKGQH F\WRVLQH XULF
SKHQ\ODODQEQMFLIXPBWXYLF DFLG VXFFLQLPMFLE DRALRU
D/ S D UW LFL BVRULFEQ®! @ DR W IHQIE RIDGESU RGHR[\YLRODFHLQ

,QVXPPDWD\ +,/+&06 EDWVHGV/ KRG ZDV GHYHORSHG IRU SR
HIWUDFWHKGRPREPPFPWRODKKIXKER4&,& SURYLGHG VHSDUDWLRQ



&KDSWHU

PHWDEROLWHY IWRPUWWKH@GOXODKH/DREBOHW [ WVRIDWWROV LQG
UHSURGXFLELOLWURISY R RKHAL @GN LR ® QWA BSHHDSNWDUHD SUR®
PHULW IRU PHWDERORPLFV DSSOLFDWLROQVJRWRGFRRIPO@HY L
PHWDERORBHNWHGBGOMD LOQOWUDFHOOXODU PHWDEROLF FKDQJ
7 &KO5 6WUSS5 RI &9 GMRRQWW RD WIKGI CAHIH RRISHKR G, /, &

34&RQFOXVLRQV

5HFHQW UHSRUWV RI +,/,& VHSDUDWLRQ LQ WDQGHP Z
YDULRXV PHWDERORPHNS® HBLOHIBWRO WL RV SRODU DQDO\
IURP GLYHUVH ELRORJ,RPQ, & FRXGKWHG ZUEKWIUIBS PDV\V
VSHFWURPHWHU KDV EHHQ UHSRUWHG IRU WHIHV IGRHMGWDP L
GRQRYD@KHUHSQRBFRQFHSW RI XQWDUJHWHG PHWDERORP
+506 KDV EHHQ GHPRQVWUDWHG Z L \WKWDRWARRP® D WDVETBHQ W P
DTXHRXV SKDVH FRPSDWLEOH VLOLFD FROXPQ KDV EHHQ XV
RI ELRPDUNHU LGHQ\&DQGD®ERKDRYHNYPRMW RI WKH SUHYL
UHSRUMWNHGEUDWXUH KDYH QRW)X3/HDY B G\ @RH FHS 5D ¥ @MRWAWD U
DWHSURGXFLELOLW\ FROQGRWHSHULRQPOKEBYLRU DORQJ ZL
NLQHWLF7SHRAZRONVGHV FKUL\E WG HKIHUHEDO O\ ORRNHG DW WKH
LQWUDPHWDERMBRPKINRPREDFWH U DXL @ 1 ROEBBHIBPHVHQWLQJ
DQ DGYDQPHPKQRXMMFRWRHY WMOMGEWLYH SURILOHV EDVHG RC
QRUPDGDRYWHI ZDV JHQKHWHDHVWEG UBUQV RI1 &K U R BREPLAWHLQ WP \
YDU\LQJ PHWREGROLWXWLQJ PD[LPDOO\ LQ GLIIHUHQWLDO
LGHQWLILHG XVLQJ XQVXSHUYLVHG SULQFLSDO FRPSRQHC
VXEVWBKDMUMY LQ PHWDEROLF WNSWIH\QAL RQVE H BIHD/QA® W PO
UHVLVWDQW &KO5 SRVW KRXUV D/®HSRHWEBR®BRE UFW KL
JHQHUD WEKRIWR@ZBWZRUN PRGHO Rl &KURPREDFWHULXP XVI
DSSURDWKDOVR VKRZFDVHV WKH DEKREWR R IGW RHQH@WNAL\Y 1L
LQVLJIKW K \ISRPKAMY YBQHVWLIDWLRQV VXFK DV WKH UROH R
LQ GUXJ UHVLVWDQFH



3B. HILIC -HRMS of stable isotope labelled tricarboxylic acid cycle

metabolitesin Chinese hamster ovary (CHO) cells

3.5Introduction

Variousbiological systems hassbn commercially used industrial applications as a
host for the pwduction of valuable chemicals such pisarmaceuticals, foods ardhiry
products, and pigments.o@tinuous attemgtare maddo modify them in ordeto achieve
enhanced vyields or survivaP. Inputs from metabolomics investigationsffer valuable
mechanistiansights intothe phenotypeof modified systemslt also allows crossomparison
against control (s) and aids igystematic optimization of synthetic strairdesignng
experimentsModificationpertaining to specific pathways can be efficiently traced using stable
isotopically labelled (SIL) tracerdor example through the cellular uptake'é€ labelled
glucose Information from $able isotope labelling experimentsas been pivotalin
identification of cascade of downstream metabolic transformsaiod infilling the gapsabout
specific enzymes or metabolitt8 SIL is anestablished andecommendedechnique for
determination of fate of individual metabolitedelineate metabolic pathways afidx
determinatiorthrough targeted analydiy MS or :*C NMR analysig®®* SIL alsoofferseaser
and safer handlings compared to precedent radioactive labelBwgfar, @mthway networks
in various systems such as bacteria, y@demt andmammalian cells (canceChinese hamster
ovary) have been successfully elucidated wth °C-labelling experiment$} 1524281623
Combined usef SIL and hyphenated HRMS in fedcan mode, provide an opportunity for
network wide investigation of metabolic pathwalBgh mass accuracy offered by HRMS
often allowsreliableformula assignment for each detected nfass.

As an extension dhe previous chaptethis workevaluated theuitability of HILIC-

HRMS methodfor the accurate detection and estimation of targeted set of isotopically labelled
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metabolites in the intracellular extracts of CHO cdi.IC-HRMS analysis on metabolites

from CHO cells has not been reported before-etion of isotopologues and other
metabolites (including isobaric) and associated ion suppression effects is a known challenge
with SIL experiments® Separation of the metalitas 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

3.6.1Chemicals

All amino acids glucose citric acid, glyceraldehyd@-phosphate,.-ketoglutaric acid
lactic acid, fumaric acid, succinic aciahalic acid(Mal), pyruvic acid, sorbitol, and LG&AS
grade formic acid were procured frdiO, USA). LC-MS grade acetonitrile and methanol
were purchasd from J T Baker (PA, USADeionizedwater VSHFLILF UHVLVWLYLW\
was obtainedfrom Millipore Milli-Q water purification systemVerapamil (Ver) and
Atorvastatin(Atv), used as internal standaftts), were received as gratis samples from Mylan,
Hyderabad Uniformly labelled *C-glucos was purchased from a@bridge isotope
laboratories (MA, USA)CD CHO medium s purchased from Thermo Fisher Scientific Inc.
(MA, USA). Unless otherwise stated all other chemicals were purchased from Sigma Aldrich

(MO, USA).

3.6.2ResearchContributions

Cell culture experimentsand associatedmetabolite extractions were carriday
Vishwanathgouda Maralingannavaut as part ofcollaboration with Dr. Mugdha Gadgil
(CSIRNCL, Pune) Thebiological contexts athis work argpart of a separate dissertati@r.

*D G JL O Y VOptuniatiSn of the HILIGHRMS method, data acquisition on teracted

75



samples, and LCMS data processing were performed by Dharmesh Parmar (Dr. Venkat
Panchagnula groy€SIR-NCL Pung andarereporteal aspart of this dissertatioror further
details of he complete studyncluding cell culture experimental details, please see the

publishedwork.3!

3.6.3Sample collectionand extraction

Briefly, after 24 hoursCHO cells wereharvested. Subsequently, cells5x1¢) were
extracted using two 100980 °C methanol (50QL each) extractions followed by a single ice
cold water extraction (25@). Internal standards were staged at two phases of samples
preparationl uM of verapamilwas added to the cell pellet before ext@ttRecovery (%)
of verapamil post extraction was uskm estimating any variations during the extraction
processA second internal standartl uM atorvastatinwas added during the reconstitution
stepand prior to the LEHRMS analysis The atorvastatirprofile used to account faany
instrumental variationsluring the course of data acquisitidrhe extracts were pooled and
dried in a vacuum concentrator at 4 °C and storeeB@t°C. The sample extracts were
reconstituted using 125 pL volume of 90% methanol by thorough mixing on vortex mixer for
a period of 3 minAtorvastatin prepared in acetonitrile: 20 mM ammonium acetate, pH 7.9
(90:10 v/v) was added to the reconstituted sampk (M in final solution) prior to the LC
HRMS analysis. The samples were then transferred to thesaatpler maintained at 4C

during the analysis. 5 yL dhe finalsample was injected for L&IRMS analysis.

3.6.4HILIC -HRMS analysis

LC-HRMS data was acquiredn a Thermo Scientific g&xactiveE high resolution
mass spectrometequipped with a heated electrospray ionization (HESI) source, Accela auto

VDPSOHU DQG TXDWHUQDU\ SXPS DQG 7KH LQVWUXPHQW!
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(Thermo Scientific) softm@ modules. A yncronis HILIC column, Thermo Fisher (100
mm*2.1 mm*1.7 um) 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 iwater, pH adjusted to 7.9 using ammonium hydroxide,
respectively. The mobile phase gradient consisted of 25% A initially maintairtedupmin,
followed by linear increase up 35% A by 2.5 min, 80% A by 6.0 min and 90% A by 10 min
further maintainedip 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
pL/min with a column temperature maintained af@5using column oven. The spray \age

of the HESI source was set at\8.ICapillary temperature at 32C, 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 mottenwn/z range of 7050 at m/z
resolution of 70,000 with automatgain control (AGC) target Beand maximum injection

time of 120 ms.

Prior to the sample analysis, the HILIC column was stabilized for 30 minutes followed
by three preliminary blank runBata for the samples was acquired in three technical replicates
analysed in randomized fashion. Metabolites and atorvastatin were detectedHjsn[M
negative ion mode. Further confirmation of the metabolites was achieved using retention time
specific tamlem MS of the observed precursor oz (collision energy 20NCE). Accurate
massextracted ion chromatograr(AM-XIC) generated using aarrow mass extraction
window (MEW) of 10 ppnwas used to obtain the peak areas for the metabdllhesamples
wereaso analysedin the positive ion mode to obtain the peak areas of the internal standard

verapamil to assess extraction efficientlie percentage relative standard devia(f®RSD)
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of verapamil AM XIC peak area across all samples was calcul&edsuredsotopologue

distributionswerenot correctd for the'*C natural abundance.

3.7 Results and discussion

3.7.1Reproducibility of HILIC -HRMS method

Figure 3B.1 Staging of internal standard

The method optimization, as described inghevious chapter, was used for the analysis
of the samples after tealidating itwith reference standardSubsequently,hie response of
internal standardserapamil and atorvastajirspiked at two differerstageswas evaluatetb
assess the robustsasf the method antieinstrument Verapamilspiked before the metabolite
extractionaccounted for variatianobserved in the sample extractiprocess Atorvastatin
spiked in the sample extracts prior to the LCMS analysss indicative othe reprodcibility
of HILIC-HRMS through the duration of the analysi$ie stagng of internal standard arttie
absolute responsebtaineds shownin figure 3B.1and 3B.2, respectivelyrhe variation of
verapamil (stage 1) and atorvastatin (stage 2) across sangsésuwwd to be at 19.2 and 10.9
% RSD. These valuess20 % RSD indicatedconsistency in thextractionprotocolsand
excellentinstrumentateproducibility, respectively. The relatively higher %RSD in extraction

could be a result dhemanual extractioprocess.

Figure 3B.3 illustrates the HILIC separation obtained using reference standards of the
metabolites from the TCA cycle. All the metabolitesder investigationvere well resolved
within the 5 mins Ras seen from thaM -XICs of the metabolites. Ehpeak shapes for some
of the metabolites (for example, aspartate) wereideal. However, these were consistent and
were reproducibly obtaineduring the sample analysis and hence were used for metabolite

profiling.
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1.30 Verapamil Atorvastatin
1.10
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-0.10 number of analytical runs

Figure 3B.2 Maximumvalue normalizedpeak areas of internal standard verapamil and
atorvastatin across the analytical runsvValues represented are the average of technical
replicates (n=3).

3.7.2Isotopologus 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 productidiwo different cell types were considered for
the SIL studythat aimed to understand the effects of the phosphate limitation on upstream
recombinant processdstracellular metabolites from CHO cells adapted to phosphate limited
environment (PL) were compared with control cells (PC), both grown déihdabelled
glucose Different isotopologues could result from the path adopted by*@éncorporation
for which other competing carbon sources could also contrilbideire 3B.4shows the
completeintracellular incorporation of thEC labekdglucose incells studies as compared to
the cells grown in the absence of the labelled isotope. Glucose was predonubaetied in
its M+6 isotopologuen both the control CHO cells (PC) and RkElls that were under

investigatiorwithin the durations expected fthre steady state to be achieyéd
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Succinate, fumarate, malate, and aspartate are the key TCA metahalitesntributes
into pyruvate carboxylase flux. These metabolites arise through various enzymatic reactions
from acetylCoA, citrate/isocitrate, D Q Gketoglutarate. The isotopologuesfor these
metabolites in the cells grown undé€-labelled conditions were monitored for the two cell
types.Figure 3B5 showcases the peak areas for the various isotopologues for the metabolites
in contextas compared to the glucose uptakiee 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 sigtiicant 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 metabolité®ference standardg)n HILIC column
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Figure 3B4 The distribution of intracellulat3C glucose in PC and PL after the cells were
grown in complex media with glucose-{#C6) in comparison to unlabelled complex media.

Figure 3B.5 Absolute peak area profile of variomgetaboliteésotopologues ifPL and FC cells
in complex media with glucose {&C6).
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Table 3Bl Variation in the peak areas of metabolites in a representative QC sampld>@2C
pooled)

4& 5XQ $WY $VS )% *OXF /DF 6XF 0DO
( ( ( ( ( ( (
( ( ( ( ( ( (
( ( ( ( ( ( (

$YHUD. 2.48E+07 4.25E+08 3.11E+06 1.92E+08 5.88E+08 1.43E+07 6.83E+07

56"

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 cell$he metabolite extractions were carried out along withs#maples
as described abovAtorvastatin (IS) was added prior to the analysis. Table 3B.1 showcases
the data obtained (peak areas) for three technical HHR®S analysis runs for the QC
samples. These were analysed at the beginning, intermittently dinel @nd of the sample
analysis. Any variation observed in these samples could help in the establishing the threshold
of variations in the PL samples ysvis PC that could be considered significant. Expectedly,
atorvastatin showed the least of the pe@aaariations in terms of % RSD. The % RSDs for
the rest of the metabolites were in the range 628%. Bioanalyical method validation
regulations generally allow a 15% variation for quantitative IS analysis? A higher
allowance up to 30% RSD is indeed allowed in certain cases of metabolite analysis. FThe peak
area variations estimated in this study are relative indications of the metabolites present.

Further normalizations, and calibratibased quantitative papoaches will help bring down the
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variations to acceptable ranges. Nevertheless, the results from thearpaskalone are
indicative of the comparative trendisat could potentially give insights into the metabolic

fluxes in operation for the varying em@nmental conditions investigated.

3.8 Conclusion

The measurement of metabolite level alone is insufficienntierstandhe direction
or fluxes of biochemical reactionRelative presence obandance of any metaboliggis 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*3tasesystem reaches metabolic
steady state, it has relatively stable pathway flux and renders reliable interpretation of
metabolomics datdhis preliminary study demonstrates the usdidiC -HRMS as a valuable
tool in the determinain of 3C labelled metabolites from mammalian cell culture samples.
Excellent reproducibility of the HILIGHRMS method offers reliable estimation of TCA
intermediates even in a relative fashion instead of lengthy calibiadised quantitative
regimes. Hjh resolutioraccurate 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
adaptedCHO 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 HHHRMS.
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Chapter 4

Performance evaluation of MALDI-TOF
MS/MS estimation of asymmetric to synmetric

dimethylarginine ratio



4.1 Introduction

Development of MALDI-MS method for small molecule analysis hasbeen
significantly thwarted because of interferences from EbsorptiveMALDI matrices that
introduce complex high-intensity backgroundsignalsin the region belows00 m/z often
confounding with analyte peaksMany attemptshave been made to overcome matrix
interferencehroughtheintroductionof novel matrices andtherion suppressiostrategiesn
the last two decadé€® However these approachésd to limited success often restricting the
analysis to specific molecules that could be efficiently ionized in the presence of novel
matrices.Analysis using MALDIMS/MS, on the other hanaffers a potential alternativéo
overcome matrix peak interfereeswithout a needfor novel matricesMonitoring specific
diagnostic iongn tandem mass spectrometgsulting fromfragmentation ofinalytes can be
used for simultaneousselective qualification aswell as quantification purposes.It is
noteworthy that monitoring MS/MS transitions has been rather quintessential with triple
guadruple MS analyses, albéit combination with liquid chromatography. This mode of
analysis has provided sensitivity and selectivity for quantitativeviSoworkflows. MALDI -
MS/MS approachas an alternativeo tackle matrix interferencebas been emphasized
previouslyby Karaset al. 8 However, thisvork has not yet seg¢hewideradaptationMALDI -

MS data is acquired following discrete laser shurta specifisamplesurfacethatis exhausted
rapidly unlike LC-MS that enabledongerduration contiruous sample injection and data
acquisitionHence the number of metabolites that can be simultaneously monitored on a single
spot can be limitedNevethelessMALDI MS/MS provides superiorselectivity over single
stageMS while still retaininghigh throughput natur@his can be especially advantageous for
the measurement of structural isomers from complex biological samples.

Dimethylarginine (DMA) exists in two isomeric forms, neely, asymmetric
dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA). These structural
isomersare formed as a result of lysis of proteins with methylated arginine resititfe
Increased plasma levels of ADMA hadirectinhibitory effect omitric oxide synthase (NOS)
causing impaired nitric oxide generatithi® This subsequently reswdtin endothelial
dysfunction and several physiological complications suchhygsertensionand immune
dysfunction in chronic renal failuggatients**28 While SDMA does not have direimhibitory
effect on NOS, itcompetitive nature towards arginine transporters has been postulated to

induce indirect NOS inhibitio®® Altered asymmetric to symmetridimethylarginineratio
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(ASR) in blood plasmahas been observdad the case otardiovascular diseases (CVD),
diabetes, chronic kidney disease(CKEhronic active hepatitis, muscular dystrophy and
stagerenal failure patients2°22 Methods to detect the DMAs are thus important in clinical
studies across a widgpexctrum of diseaseés of now, atermination of ADMA and SDMA
involves various analytical strategies that invariably Udisgiid chromatography and
calibrations from biologicaiatrix-matchedstandards for absolutpiantitation>2° We have
previously demonstrated the precise determination and absolute quantitation of isomeric
dimethylarginines(DMA) using MALDI-TOF MS approach®®. Calibration curves from
reference standards in matnxatched simulated urine wegenerated and uséat single stage
MALDI -TOF MSquantitationof isomeric DMAs from urine sampl&é®m healthy individuals
in the reported worf. 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 withividual hydration
levels among other patient and environment specific fact@sderingurine an ureliable
sample matrix fophysiological estimations arid drawmeaningfuldiseaseorrelationsUrine
from proteinuric individualscould also induce ptein binding andresultantinefficient
extractions Thisinvariably leads taneasuremenhaccuracies that would make it difficult to
compare estimateabsolute concentratiot®th within a particular group and between disease
and control groups

In this work, we describe the selective MAL-DOF MS/MS detection and estimation
of urinary asymmetric and symmetrdimethylarginineratio (ASR) as an alternative to
absolute quantitation. We further demonstrate the potential prognostic use of urinary ASR
measured using MALDTOF MS/MS in diabetes complicatioriBhe methodvasvalidated
against LGMS/MS datausing a subset of 25 sampldsawn from diabetic individuals at
different stages of progression towards nephropdtitgrday reproducibilityof the method
wasinvestigatedisinghealthyand macralbuminuricurine samples as gty controlsduring
implementation in a randomized clinical study %65 over severaldays of sampledata
acquisitions This method of measuring ratios using MALDOF MS/MS overcomes the
inherent limitations of absolute quantitative MS methods from urine sanipheshigh
throughput MALDITOF MS/MS approach is devoid of chromatographic or derivatization
stepsand eliminate the need for isotopically labelesferencestandards.
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4.2 Materials and methods

4.2.1Materials

Ultrapure .-cyanc4-hydroxycinnamic acidlCHCA), NG, 1 * fdimethyl L-arginine di(p
hydroxyazobenzen&-§ulphonate) salt (SDMA), NGNG-dimethylargininehydrochloride
(ADMA), bovine serumalbumin(BSA) andtrifluoroacetic acid (TFA) were purchased from
Sigma Aldrich(MA, USA). LC-MS grade eetonitrile (ACN)andmethanol were purchased
from J T Baker (PA, USA)Deionized water witha specific resistivity ol 0 EP

(Merck-Millipore) was used for analysis.

4.2.2Recruitment of study participants

Participantrecruitment, sample collectipandprocessing was performed by Madras Diabetes
Research Foundation (MDRF, Chennai, India) after appropriate approvhks stidy from
Institutional Ethics Committe@\ written informed consenwasobtainedfrom all individuals
prior to the sample collecon. A total of 25 individuals were recruited fahe method
standardization and crogpfatform validation The individuals weressigned tdb different
categories as JInormalglucose tolerance (NQT(2) impairedglucose tolerance (IGT (3)
newly diagmsed diabetes (NDD (4) Type 2 diabetes with micalbuminuria (MC), and (5
Type 2 diabetewith macroalbuminuria (MAE The categories were madecarding tothe
World Health Organization consulting group criteiach category consisted5 individuals

4.2.3Standards, smple processing and method validation

Standard calibration levels were prepared by serial dilufibe.levels included 0.06,
0.125, 0.25, 5, and |9M solution for both ADMA and SDMA. Two standard QCs at 7 and 3
UM were alsopreparedUrine samples were collectedliquotedandimmediatelystored at -
80°C until further processinGamples were thaweah iceprior to further processingtOOuL
cold methanol was addéal100 pL aliquotof eachurinesample. The contesiverethoroughly
mixed using vortex mixer followed kpentrifugation at 13,200 rpm;C for 15 minutes. ~250
ML supernatanivassubsequentlgollected divided into aliquotendused foMS analysisFor
crossplatformcomparisonidentical aliquots oéll the 25 processedamplewere prepared as
above and usefdr MALDI -MS/MS and LEMS/MS analysesThese samples were dgaed
to obtain the ASR from the respective methods.
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Detailed performance evaluation of the MALDOF MS/MS method to measure ASR
was undegken in a series of experiments described be®ample matrix effects that might
have a bearing on ion suppression or enhanceamehainalyte recovemyere evaluatedsing
pooled samples and surrogate matri€led samples were prepared by mixing 100fib
representativBlGT and MACindividualurinesamples, randomly chosen from a sample set of
555 clinicalsample collected Thesample processingr pooled samplewasalso performed
as described abovdi) SeparateQC samples to estimate the ion suppression effects were
prepared by spiking three concentration levels of ADMA and SDMA (1:1), 9 uM, 30 uM and
45 uM, in pooled NGT and MAC samples. A corresponding control solution of these without
the sample matrix was alsimilarly 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 uM, 30 id 45 uM) and measuring
ADMA alone (diagnostigpeakm/z46). Similar experiment tmvestigatethe effect of excess
ADMA on endogenous SDMA was algerformedby spiking the pooled NGT and MAC
matrices with three concentration levels of ADMA (9 uM, 30 phti45 uM) and measuring
SDMA alone (diagnostipeakm/z172).(iii) To estimate the effect @lbumin contenon the
ASR measuremenspiked NGT* 1 and® were preparedvith the variableconcentration of
albumin representing the MIC and MAC, respectivElyrther, albumin spiked NTG* 3 and 4
were prepared with excess on albumin cont&ptked samples were extracted using the
protocoldescribed abovéiv) Two randomly selected samples, one each from NGT and MAC
categories were used as quality control dasmfQC1 and QC2) throughout the course of data
acquisitions for the 555 clinical samples.

4.2.AMALDI -MS/MS analysis

96-well MALDI target platewas pre-spotted with0.5uL CHCA matrix (10mg/mb).

After drying, 0.5 pL ofeachsampleor QC were applied on to thargetplate.Thetargetplate
was driecbvernightbefore being analyzetMALDI-MS/MS was performed on AB Sciex 5800
MALDI TOF/TOF instrument with @ollision-induceddissociation (CID) cell. The strument

is equipped with Ne¥AG laser operating at 345m pulse length 500 ps andepetition rate

- 1000 Hz. CIiDwas performed at 1 kV ipositive ion mode and the pressure was maintained
at 1 X10e6 Torr.Optimized &ser fluence at B® units, delayed extraction (DE) time at 200
ns, 2000 laser shots aagrecursor selectiowindow 203.15+0.5m/zwereusedfor 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 md2hta analysis waserformed usind@ata Explorer

(AB Sciex) and an in-housedeveloped data processing algoritiQ [(http://www.|di-

ms.com/services/softwgreespectively Briefly, raw instrumental file§T2D) were converted
to ASCII format usingT2Dconverter (sdfvare version 1.0SULRU WR SURFHVVLQJ X'

wasestimatedRatio of pakintensitieswithin mass extraction window (MEW) of05pgpm, of

the diagnostic product isrof ADMA and SDMAat m/z46 andm/z 172 respectively were
HVWLPDWHG XVLQJ WKH pUHODWLYH TXDQWLIWRAVY4RQY PRG?
(ASR). The above optimizednethod was used for the 25 standardization samples used for
crossplatform validation as well as the remaining clinisaimples (n=555) and other QC

samples.

4.2.5L.C-MS/MS analysis

LC-MS/MS of the 25 samples intended for crpéstform validation was performed on
an Agilent 6420 triple quadrumple mass spectrometavith eectrospray ionization (ESI)
interface.The samples weneconstituted in 160 pl of ACN: wat€b0:50)andmaintained at

U & theautosamplerinjection volume was set tojl.. The separatiowas achieved using
Agilent ZORBAX HILIC PLUS column100mm*4.6mm*3.5um) with isocraticmobile phase
consisting ofACN:water(90:10) with 0.3% acetic acichd 0.0125% trifluoroacetic acid, flow
rate600 pL/min, and total run time of 9 miffhe @lumntemperature was maintained8t2.5

Q. The ESlI capillary temperaturesheath gasand auxiliary gas wereset at300 @, 45,15
arbitrary units, respectively. The mass spectrometeropagated irpositiveion mode with
ionization voltaget000 V.lon transitionsm/z : IRU $'0$ PQG

for SDMA, were monitored imultiple reaction monitoringhode(MRM). MS/MS for ADMA
and SDMA was performed &0 eV, 13 eV respectively MassHunter softwareyersion

B.07.0Q was used forata analysis.

4.3 Results andDiscussion

MALDI MS/MS of the precursor ion an/z203 from the urine samplegelded the
expecteddiagnostigoroduct ionpeaks for ADMA and SDMA ain/z46 and 172 1(n/z46.064
and172.1048n NGT, andm/z46.0643 and 172.1031 in MAQMleasurement cADMA and
SDMA by diagnostic product ionsn healthy urine samples has been demonstrated

previously® The observed MS/MBroduct iongrom both the control ahthe diabetic samples
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were in agreement with previous results. MS/MS peaks were observed 2b6thpm mass
accuracyFigure4.1 shows representative annotatettdata for NGT and MAC urine samples
subjected to MALBTOF MS/MS.Preliminary inspection othe MS/MS data from the NGT
and MAC samples showed marked differences indlagivepeak intensities of the diagnostic
ADMA and SDMA peaksBoth the metabolites wer@nequivocallydetectedrom the urine
samples of NGT, IGT, NDD, MIC and MAGndividuals simultaneously detecting and
confirming the presence of ADMA and SDMAetectionof the DMA metabolitefrom the
urine sampleby MALDI-TOF MS/MS within a narravly definedm/zwindow ensurea high

degree of electivity that would be retained with the ASReasurements as wéft!

Figure 4.1 Representative MALBTOF MS/MS of urinary isomeric dimethylarginine (m/z 203) from
(@) normoglycemic (NGT) and (b) type 2 diabetes with macroalbuminuria (MAC) sarfples.
diagnostic product ions at m/z 46 and m/z 172 represent ADMA and SDMA, respectively.

Calibration curves for ADMA and SDMavereprepared usingnabsoluteantensity of 46 and
172 ions Excellent linearity with R0.99 was observed for both ADMA and SDMA. The QC
recoveries were withiet 20%, except in case of one QC (SDMAuBI), where the recovery
was 123.96%Subsequently, the calibration curve was used to metdsIADMA and SDMA
concentration in representative pool samples from NGT and MAC categbnesamples

concertation were within the reported urinary coneiinof ADMA and SDMA metabolites
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as per HMDB databas® The slopes of botisomers ADMA and SDMA, were comparable

indicatingsimilar ionization behavior.

Table4.1 Details ofthe calibration curve and QC recoverie$he dsoluteconcentration of
ADMA and SDMA measured in pooled samples is shown.

$QDO ,RQ &DOLEU &DOLEUDW 6DPSQO  OHDVXUH
P ] UDQJF  (TXDWLRQ &RQFHQW!
—0 5HFRYHI
$°0% \ : 48 —0 —0
48 —0 —0
1*7P —0
0$&° —0
6'0% \ : 48 —0 —0
48 —0 —0
1*7P —0
0$&° —0

Pooled sample; values indicated factored in a 5X dilution to fit the calibration range

The MALDI-TOF MS/MS methodwas further evaluatedprior to using the ratios of
peakintensities of the detected diagnostic ions as a measure for the ASR from the urine
samplesSample natrix-associated ion suppressieffects, variability owing to the presence
of protein (in MIC and MACurine samplées inter and intra assayepoducibility were
investigated Figure 4.2 and table 4. Zummarizethe results obtained. ADMA and SDMA
referencestandards spiked.:1)in pooledNGT and MACat 9 uM, 30 uM and45 uM showed
a proportionalnd lineaincrease in the peak intensity for the respective diagnosti¢kanse
4.2 (b) and (c)) The increase is similar to thaftthe reference standards (Figurg2 @)) in the
absence adinybiological matrix.The peak intensitiesf ADMA and SDMAwere ovelapping
at each of the spiked levelShe corresponding ASRM(z46/172) estimated from the peak
intensities ¢een in figure4.2 a, b & c)wasnearly constan(Figure4.2 (d)). The ASRwas

relatively uninfluenced by the three different concentrationl$esed from the urine sample
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matrix that had the analyte spiked (NGT, MA&hdthe control eference standard solution;
figure 4.2 (d)). These results indicate that the MS/MS ionization efficiencies were similar for
boththeisomers, respons&gerelinearandtheurine matrixassociated 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)l SDMA (m/z
172) as measured in standard solution (a) are sh@wree concentration levels of ADMA and
SDMA (1:1) were used9 pM, 30 uM and 45 pM and a proportional increase in the intensity
for the respective diagnostic ions was observed. ADMA antiASédandards were also spiked
in pooled NGT (b) and MAC (c) samples with similar trends observed. The correspovizling
46/172 ASR estimated as a ratio of peak intensities (from a, b & c) is relatively uninfluenced
by the three concentration levels (d)fllilence 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 smfland chemical

nature. To rule out any competitive ionization between ADMA and SDMA with paten
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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 excesgML&0 uM and 90 pM
in the final solution) and the endogenous ADMA levels were monitored using MALDI TOF
MS/MS.The nmarginalincrease in the absolute peak intensivasobserved for ADMA in the
MAC pooled sample in the presence of 60 and 90 uM spiked/ASQigure 4.2 (e)). There
was no significant peak intensity change at 9 pM 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 uM, 60 uM and 90 phowed no significant enhancement or
suppression in both NGT and MAC samples (figure 4.2A(f)the peak intensities were
observed reproduciblwith low standard deviationas indicated by the error bar§he
outcomesof these investigationsndicate an absence ofabundant analyte associated
competitive or selective ionizatiamf ADMA and SDMA from NGT and MAC sample§hus,
any variations of ASR measured from urine samples would in all likelihood be free from ion
suppression effects and uninfluenced &wptiveabundanciesf the respective metabolites.

To understand the impact bigherproteincontent in micro and mac@buminuria
the change iMSR was monitored in albumin spiked poole&GT sanple (n=5) Theaverage
normal concentratioof albumin inhuman urine is 30 g/mg of creatinineThis corresponds
to an absoluteoncentration of albumibheng 377.25 M. As per theNKF-KDOQI (National
Kidney FoundationKidney Disease Outcomes Quality Initiajvguidelinesthe albumin
excretion rate (AER) for MIC and MAC are -3D0 pg/mg and 800 pug/mg creatinine
respectively?>3* Corresponding to the guidelinegpoled NGT samples were spiked with
albumin to obtain a representative atbo concentration for MIC and MAC categories. To
understand the influence of variable albumin concentraticth®@measuremendf ASR, 100
ML pooled NGT urine was spiklewith albuminto bring the albuminuria content level to MIC
and MAC, respectively. Thignal concentration of albumin itmespikedsamplevas4.263 uM
(spiked NGT* 1),9.1 uM (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 witl@rangeof
MIC and MAC samplesTable 1 contains the details of replicate datactortrol and albumin
spiked NGT samplesTheRSD of technical replicasavas found to be ¥0% RSD, indicating
acceptable reproducibilityThe clanges inthe ASRin control and sfked sampleshowed

<10%variation from the control sampiedicatingthe negligibleinfluence of albumin content
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on ASR measurement using MALIDAS/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 practhpalbgible

in real life scenarioDespite of exeme levels of albumin, the reproducibility of ASR

measurement remained unaffect€de changes in ASR values were at 10%.

NGT sample was dried and reconstituted with albumin equivalent to 5 and 2EDug /
pL  sample volume, representative of albumin content in  microalbuminuric and
macroalbuminuric urine, respectively (Spiked NGT*1 and 2). Wherpast, 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 comprisedbbb participants, data for all samplegre
acquiredn triplicate using 18 iterations of 98ell MALDI target plate Each plate waspotted
with duplicate spots of 2 QC samples from NGT and MAC categoriesASRan these two
QCs was monitored over the spartteé entireMALDI -TOF MS/MSanalysisof thel8 target
plates. This generated 36 data points for each of the QCs that were es¢ichate the intra

and interday reproducibility of the ASR measurement

The boxwhiskers plot of replicate data of QChdaQC2 is showcased in figu#e3.
The reproducibility measured as % RSD of QC1 and QC2 over 18 days was found to be 8.8 %
(averageASR0.85) andL5.9 % (averagASR 0.39) respectivelyboth 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 |aftez.data
encompssing 18 MALDI target plataadicatethat theASR can be reproducibly measured in
a clinical sample using MALDMS/MS overa period okeveral dayand the data comparisons
can be drawnAny prolonged use of MALDMS/MS for the measurement ABER in a study
of larger sample set may requitee use of QC checks amdonitoring of reproducibilityto

ensure any timassociated variations
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Table 4.2 ADMA / SDMA ratiomeasured as peakintensityratio (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/z46 m/z172 m/z Replicate % Variation
46/172 avg. (%RSD) from control

R1 7.53E+03 6.19E+03 1.22

NGT* (control) R2 4.97E+03 3.97E+03 1.25 1.20 (4.7) 00.00
R3 5.16E+03 4.53E+03 1.14

Spiked NGT* 1 R1 1.73E+03 1.52E+03 1.13

(4.2pM of R2 1.80E+03 1.71E+03  1.05 1.11(5.30) -7.09

albumin) R3 1.32E+03 1.14E+03 1.16

Spiked NGTF 2 R1 1.13E+03 9.28E+02 1.22

(9.1uM of R2 1.07E+03 9.74E+02  1.10 1.13(7.51) -6.19

albumin) R3 1.04E+03 9.78E+02  1.06

SpikedNGT* 3 R1 2.67E+03 2.54E+03 1.05

(2.4 mM R2 2.74E+03 2.47E+03 1.11 1.08 (2.8) -10.00

albumin) R3 2.36E+03 2.19E+03 1.08

SpikedNGT* 4 R1 5.70E+03 4.71E+03 1.21

(4.3mM R2 4.26E+03 3.20E+03 1.33 1.33 (8.7) +10.83

albumin) R3 3.19E+03 2.21E+03 1.44

NGT* = Pooled sample (n=5)
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Figure 4.3 BoxWhiskers plot representing inteiay reproducibility of two quality control (QC1 and
QC2) samples used over tbeurse of MALDITOF 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) anddl5.9
(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 measured2#h samples from the 5
different diabetes classes of samples studied (N&IT, NDD, MIC, and MAC) using MALDI
MS/MS and LEMS/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
crossvalidate 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 samplesuhytine st
used for the validation. The transitiom$z203 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 waasured on both the platforms.
The data was acquired in triplicate on both platfs and is tabulated in Table di®ra-assay
repeatability for the technical replicates (n=3) was found to be well within 15 % RSD for
MALDI MS/MS and 3% RSD for LEMS/MS. Both data indicate@ high degree of
reproducibility across the sample sets with notably lower RSDs observed iofca€e
MS/MS. Subsequently, the agreement between the two methods was testea Bising
Altman plot.3® Figure 4.4 showcases the Blapéltman plot of replicate average data from

both platforms.
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Table4.3 ASR (%RSD) values of 24 samples measured on MALDI MS/MS avi&IMS.

Category Sample No. MALDI MS/MS LC-MS/MS
1 1.077(4.9%) 1.546(1.3%)
2 1.196(12.2%) 1.180(0.3%)
NGT 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%)
1 1.305(2.5%) 1.442(1.7%)
2 1.842(5.4%) 1.530(0.4%)
IGT 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%)
1 1.216(5.6%) 1.478(2.2%)
2 2.055(8.3%) 1.808(0.7%)
NDD 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%)
1 1.457(5.1%) 1.157(0.5%)
2 0.915(5.3%) 1.080(0.2%)
MIC 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%)
1 0.720(3.1%) 0.968(0.8%)
AC 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 wath . value of 0.05, which signifies agreement
interval of 95% with respect to L-@1S/MS measurements. 24 out of 25 samples analyzed for
this comparison were found to be withihe 95% interval limit. These results indicate
agreement with the LMS/MS validatingthe MALDI MS/MS measurement of ASR.

103



4.4 Conclusions

MALDI MS/MS estimation ofASR in diabeticurine samples reliableandanalytically robust
approach whiclinvolvesminimal sample preparatiofhevalidatedmethod described herein
would significantly simpfy and render high throughputinvestigations involving large
numbers of samplefeasible This work presents advancememter the previously reported
absolute quantitation of isomeric DMAsing MALDI MS .3 MALDI MS/MS allowsprecise,
accurate andimultaneous confirmation amdlative estimation of the DMA isomers without
the need for absolute quantitati?ddALDI MS/MS measurement of ion ratios also allows
chromatographyree analysis, which is a marked departure from absolute small molecule
quantitation from urine and diadgtes reported previousli¥y3’ As ASR is the ratio of tw
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 cpotentiallypbeavoided MALDI MS/MS asa methodffers
a viablealternativefor diagnostic measurement of isomeric DMA metabolitestirerclass of
samples such as serum/plasma and tissues

Urinary ADMA to SDMA distribution has been detectearlierfrom various disease
conditions?%383% However, to our knowledge this is the first report that measures the urinary
DMA distribution from diffeent stages of diabeteBhysiologically, winary ASR reflects
impaired arginine metabolism in progressive diabetes meffitiecreasing trends of this
ratio can correlate to worsening pathologiaatdition and can serve agpotentialbiomarker
of diabetic renal complicatiorThere favealsobeen no reporidill date of implementation
and validation ofthe analytical performance of MALDITOF MS/MS method for the
measurement of ASR in clinical salap from diabetic andrpteinuricindividuals 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 H@mgn complications of
diabetes mellitus. Indeed, diabetes is estimatedctease the risk of erstage renal disease
(ESRD) approximately kfld, leading to premature morbidity and mortalitA recent
epidemiological study reportesignificantincrease in mortality rates associated with renal
complications in diabeteaMicroalbuminuria (MAU)is an early sign of incipient renal disease
and a marker of its progression. Furthermore, it is a key imdticdéitthe need for intensified
treatmentof diabetes and hypertension, the most powerful predictor of cardiovascular and
atherosclerotic risk and arqgnastic marker in the development of ESRD and mortality
Although MAU is the best available noninvasive predictor for risk of diabetic nephropathy, it
occurs after several years of diabetes. Some patientsM#ith have quite advanced renal
pathological changes, for which therapies are less effetlimethe earlier stages of the
diseasée Therefore, along with MAU, more sensitive markers and alternative approaches are
essential fothediagnosiof early stages of diabetic nephropatBych diagnostic markers are
also vitalfor assesing 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 rel@ds@tiey were originally
discovered from urine in relatively high abundanc8tudieshave reported that over 90% of
ADMA entering the kidney is metabolized by DDAH#limethylargininedimethylamino
hydrolasg isoform located primarily in the proximal tubule of renal tisSyewhile the
remaining 10% is removed by urinary excrefiofihuskidney plays a major role in eliminating
ADMA and injury to renal tissukeads to the alteration in the metabolism of ADMA. Studies
have demonstrated tf@DMA mayindirectly reducanitric oxide (NO) production by inducing
intracellular arginine deficiency, as SDMA competes with the cationic amino acid transporter
in the enddtelial cell membran& Accumulation of plasma ADMAan inhibitorof nitric oxide
synthase (NOS)s caused primarily by the disruption of the DDAH pathway that metabolizes
ADMA to citrulline and dimethylmine %11 Overexpressiomf renal DDAH and increas
urinary elimination of ADMA reduces renal injury in diabetic nephropathy.ongitudinal
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studies reported that patients with elevategmp® ADMA and SDMA are at higher risk of
CKD progression and incident atherosclerotic cardiovascular eVefitaltered asymmetric

to symmetric dimethylarginine ratio (ASR) was found in patients eiithstagerenal failure

1547 andsuggest that ASR may be a potential mediator and early biomarker of nephropathy in
T2DM. Hence, we hypothesize thhe alteredASR levé in the urine could serve agatent

early biomarler for diabetic nephropathy.

ValidatedMALDI MS/MS method(described in chapter 4) directly measurarinary
ASR usingdiagnostic ion ratiosf the isomerid®MA metabolitesMeasuring the ASR, @atio
is an alternative to absolute quantificatifom the isomericmetabolite measuremeiaind
overcomes a multitude of variations that could arise from ufio¢he best of our knowledge,
directMALDI MS/MS relative estimation of the DMAdimethylargining isomersin relation
to type 2 diabetes and nephropatias not been previously reported. This high throughput
MALDI MS/MS approach was validated usingLC-MS/MS, is devoid of either
chromatographic or derivatizatistepsand eliminates the need for isotopigadiibeled internal
standards.

As Asian Indians are known to be more insulin resistarand more susceptible to
cardiometabdic diseases and DN°2L There & a lack of data on ASR in relation to
nephropathy in thigigh-risk population. Therefore, we aimed study the efficacy of ASR,
measured by thieigh throughput MALDI MS/MS approachs a marker of early nephropathy
and to evaluate ASR in Asian Indiangwdifferent degrees of glucose intolerance and type 2
diabetes mellitus (T2DM) subjects with and withdigbetic nephropathyethods

5.2 ResearchDesignand Methods

Study participants were recruited from, a large tertiary diabeteseaieeat Chennai irsouth
India. Individuals with(a) normal glucose tolerance (NGM:95), (b) impaired glucose
tolerance (IGT;n=80), (c) newly diagnosed diabetes (NDDs120), (d) T2DM with
microalbuminurigMIC; n=140), and (e)T2DM with macroalbuminurigMAC; n=120 were
recruited Oral glucose tolerance test (OGTT) was done in those withoutegadfted diabetes.

Institutional Ethics Committee (IEC) approval (from the Madras Diabetes Research
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Foundation, ChenngandNational Chemical Laboratory, Pune) was obtainéal po 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 methBddy mass index (BMI) was
calculated as weightkg)/height (m§. 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 t&en as the blood pressure. Fasting plasma glucose (hexokinase method), serum
cholesterol (cholesterol oxidaperoxidaseamidopyrine method), serum triglycerides
(glycerol phosphate oxidageroxidaseamidopyrine method) and HDL cholesterol (direct
methodpolyethylene glycopretreated enzymes), were measured using H{&Lhi
Autoanalyser (Hitachi, Mannheim, Germany). L-aensity lipoprotein (LDL) cholesterol was
calculated using the Friedewald formula. Glycatetnoglobin(HbAlc) was measured by
high-presure liquid chromatography using the Variant machine-@ad, Hercules, Calif.,
USA). Serum insulin concentration was estimated using the electrochemiluminescence method
(COBAS E 411; Roche Diagnostic8jood urea and serum creatinine (CREgffe's metbd)
were measured using a Hitad@i2 Autoanalyse(Hitachi, Mannheim, GermanyThe intra
and interassay coefficients of variation for the biochemical assays ranged between 3.1% and
7.6%.
Urinary albumin was measured in fasting urine sample usimgunoturbidimetric
assay (Hitachi 90autoanalyer, Roche Diagnostics). eGFR was calculated by using-@KD
eqguation. The CKEEPI equation was calculated as GFR (ml/min/1.73 m2) = 141x min (serum
FUHDWLQLQH N . TPD[ MH20X$0.908A4® ¥¥.01B L(indmen) x 1.159
LI EODFN ZKHUH N LV IRU Z ROBROGorDvQnEen ach iDRUL fBrHQ . LV
PHQ upuPLQY LQGLFDWHY PLQLPXP VHUXP FUHDWLQLQH N RU
creatinine/k or 2 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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5.2.1Statistical analysis

We compared anthropometric, clinical, and biochemical characteristics of groups using
oneZD\ $129% >ZLWK 7XNH\{V +6'@ IRU FROQTMAHMHXRWHYWURWD BLC
exact test to compare proportions. We performed Peamsoglation analysis to examine the
correlation of various risk factors with ASR. Standardized polytomous regression analysis was
done to assess hawcremental changes in ASR were associated with MIC and MAC. We
adjusted models for any demographic, arpibroetric, 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 predictiaduesand accuracy for
predicting MIC and MAC were calculated for various ASR cut poi@tstatisticor the area
under the ROC (AROC) was estimated and by interpolation from the area under the curve, the
point closest to the uppéeft corner, which maximizd sensitivity and specificity, was selected
as the optimal cut point; this identified the highest number of subjects with or without MIC or
MAC.2° All analyses was done usiMfindowsbasedSPSS statistical package (version 12.0,
Chicago, IL).

5.3 Resultsand discussion

Table 6.1shows the clinical and biochemical characteristics of the study participants. Age,
Waist circumference, systolic and diastolic blood pressure, total cholesterol and serum
triglycerides were significantly highan patients with MIC (p<0.05) and MAC (p<0.05)
compared to NDD, IGTandNGT. Serum creatinine (p<0.05) was higher and eGFR (p<0.05)
was lower in patients with MIC and MAC compared to NDINGT.

ASR was measured for the 555 urine samples across aththgle 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 comparisonto the NGT and NDD grouwpwhile there were no significant differences
between NGT, IGT and NDD groups.
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Figure 5.1 Category wise representation of ASRmumberof the candidate in each category
has been shown.

To examine the influence of gender on the associatigkS&t with MIC and MAC,
study subjectsvere stratified by gender. There were no significant differences in thebfSR
genderin 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<0.00lptal cholesterol (p<0.01)blood urea
(p<0.001), serum creatinine (p<0.001) and microalbuminuria (p<0.001). $®BRed a
positivecorrelaton with HDL cholesterol (p<0.001and eGFR (p<0.001)Yéable 6.2
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Table5.1 Clinical and biochemical characterization of study subjects

Chapter 5

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 £ 1¥#
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+43 2745
Systolic blood pressure (mmHQ) 124 + 16 125+ 15 124 + 16 136 + 19*# 139 + 18*#
Diastolicblood pressure (mmHQ) 7911 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*
HbAlc (%) 56+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/1.73r) 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<0.05compared to NGT; #p<0.05 compared to NDD; "p<0.05 compared to Mi
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Table5.2 Correlation analysis oASRwith 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
HbAlc -0.176 p<0.001
Serum cholesterol 0.165 p<0.001
Serum triglycerides -0.077 0.088
High density lipopreein 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

Table5.3 Standardized polytomous logistic regies 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 (0.2130.444)* | 0.138 (0.090+0.211)*
Model 1:

. 0.316(0.213 +0.468)* | 0.147 (0.094 0.230)*
Adjusted for age and gender
Model 2:
Model 1 plussystolic, diastolic

0.304 (0.196+0.473)* | 0.145 (0.088+0.240)*

blood pressure and glycated 1

hemoglobin

Model 3:
Model 2 plusserum cholesterol,
triglycerides, HDL and LDL

cholesterol

Model 4:
Model 3 plusUrea,Serum
CreatinineandeGHR

0.287 (0.171 +0.483)*

0.117 (0.064+0.215)*

0.287 (0.162+0.508)*

0.152 (0.0760.302)*

* p<0.01 compared to DD

*per standard deviation changesABMA/SDMA

Standardized polytomous logistic regies analysis wagerformedwith NDD as the

dependentariable andASR as the independent variablEable 6.3). Every one standard

deviation decrease in ASR was independently associated MIC [odds ratio (OR): 0.307, 95%

confidence interval (Cl): 0.213t0.444; 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, UrearumCreatinine and eGFR [OR:

0.287; 95% CI: 0.162t0.508; p<0.01]. ASR was independently associated with MAC [OR

per standard deviation: 0.138; 95% CI: 0.090.211; p<0.01]. Adjustment for age, gender,

blood pressure, glycated hemoglobin serum cholesterol, triglycerides, HDL and LDL
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cholesterol, UreaserumCreatinine and eGFR did not substantially change the association
between ASR and MAC [OR per standard deviation: 0.152; 95% CI: Gt03D2 p<0.01].

Figure 5.2 ROC curve and details of sensitivity and specificity of ASR between individuals

with (a) Microalbuminuria andb) Macroalbuminuria.

Receiver operating characteristic curves (ROC) were constructed to derive ploetut
for ASR with the best sensitivity and spéditfy to identify MIC and MAC. Figure6.2 shows
the C statistic for the ASR in predicting MIC and MAC. An ASR-paint of 0.95 had C
statistic of 0.691 (95% CI: 0.627.755; p<0.001) indicating the high ability of ASR to
discriminate MIC from NDD. The ssitivity and specificity of this ASR cwdff R | =95 were
72% and 60%, respectively, for identifying patients WtiC. The positive predictive value
was 60.5%, and the negative predictive value, 718%ASR cutpoint 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 albuminumigert nephropathy, and
eventually renal insufficiency with declining glomerular filtration rate RgFultimately
leading to ESR3® We earlier reported that the prevalence of overt nephropathy and
microalbuminuria was 2.2 dn26.9%, resgctively in urban Asian Indiarfs Studies have
shown that lowgrade albuminuria (microalbuminuria) is a poor predictor of diabetic
nephropathy and higgrade albuminuria, which is a strong predictor of disease progression,
only develops at advanced diabetic nephropathy, a stagye ks can be done to prevent the
development of endtage kidney failurelt is, thereforenecessary to detect am early stage
of the condition to prevent the progression into overt nephropathy. Tders#ive biomarker
could be helpful to detect di@r stages in the natural history of diabetes and this could be
useful to prevent or delay the onset of nephropathy at an early Istdlgis. context, our study
reports the following significant findings: 1) ASR is lower in patients with MIC and MAC
compared to NGT or NDD. 2) ASRhows asignificant inverse correlation with age, systolic
blood pressure, blood urea, serum creatinine and microalbuminuria and positively correlated
with HDL cholesterol and eGFR. 3) ASR s independently associated wittyher risk of
MIC and MAC even afteadjusting for other risk variables known to be associated with
nephropathy. 4) An ASR cyttoints 0f0.95 and 0.82 had a best sensitivity and specificity for
identifying MIC and MAC repectively 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
2180 ADMA and SDMA, having a nominal mass of 203, are generated as a consequence of the
protein methylation lmisynthetic pathway and subsequent hydrolysis. Both ADMA and SDMA
are released durintpe proteolyticbreakdown of nuclear proteins and both have been studied
as biomarkers for kidney disea®€? SDMA is primaily excretedthroughthe kidney and is
strongly associated with renal functi¥tnADMA to SDMA ratio (ASR) also known as
catabolism index, has been implicated in hypertensi@inutrition andinflammation34£6 A
direct correlation etween malnutrition, the inflammatory marker€active proteinandthe
ASR was also established in patients undergoing hemodi&fiysithis context, the decreased
ASR in patients with MIC and MAC in our study is an important finding. Additionally, our
data suggest that an ASR -@gint 0f0.95 and).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 anddiabetic CKD(chronic
kidney disease)ave demonstrated an association BIMA 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, @t tie
HOLOG WR ORGHUDWH . faad@reportédvirgidagrib ADWIA Gevels were the
independent predictor of progression of renal dis€aSémilar findings were made by Ravani
et al.,in which ADMA emerged as an independent predictor of progression to didfy&iese
studies support the potential role of ADMA and SDMA to prettieseverity of renal disease.

In this context, we found aegativecorrelation between ASR and glycemic parameters
including fasting glucose and Glytea hemoglobulin. This supports our hypothesis that an
increase in glucose can cause kidney inmmgin turn, leads to the decrease in ASR. The
inverse correlation between ASR and established kidney injury markers such as serum
creatinine and microalbumiria suggests a diagnostic as wellreeprognosticvalue of ASR.

The significantpositive 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 dialbegphropathyand
emphasizes a potential risk factor role of ASR. Decreased ASR thexgfore represent
biomarker for MIC and MAC but thisveed to be confirmed by longitudinal studie
Identification of new biomarkersuch asASR would openup 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 obotiegavariations in

urine samples and allows for comparisons to be made across disease coNdéiceysort that

in Asian Indians, the ASR profile is lower in MIC and MAC suggesting that it hgsotieatial

to be used as an early diagnostic marketM¢€ or MAC. ASR cutpoints 0f0.95 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 neededinderstand 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
nephopathy.

To our knowledge, this is the first report that measures the urinary DMA distribution
from different stages of diabete$he strengths of the study are that the cases (MIC,
MAC/NDD) and IGT and controls (NGT) were classified using standard mettuaks of the
limitations of this study is that being a cresesctional study, no cause and effect relationship
between ASR and NDD, MIC or MAC could be established, for which prospective studies are
neededFurthermore, while thASR cutpoints 0f0.95 aml 0.82 may be useful BouthAsians,
this cut points may well differ in other ethnic groupke current study is proof of concept
demonstrating the method using a cfssstional cohort. To translate the findings into a
meaningful diagnostic test or thelp 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 duratiors investigations.
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