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Summary

Summary

The potential of respiration measurements, metahiok and*>*C metabolic flux analysis~C-
MFA) for the determination of drug-induced carditity was analysed. Two cardiaa vitro
models, namely murine HL-1 cells and human embiyatem cell derived cardiomyocytes
(hESC-CM) were applied for this purpose.

Respiration measurement in HL-1 cells upon drugtinent revealed distinct B&profiles. The
toxicity occurred either fast or with a delay. TheBect was dependant on the mechanism of
toxicity of the respective drugs.

Metabolite profiling of HL-1 cells in response tabstoxic drug concentrations was carried out
by using HPLC. The considered metabolites inclugledose, lactate, pyruvate and amino acids.
The metabolic profiles were drug class dependanshown by multivariate statistics, thereby
allowing classification of drugs according to theiechanisms of action.

3C-MFA was carried out to determine the effect of ‘Cehannel blocker verapamil and the
cytostatic drug doxorubicin on the central metabuliat concentrations which were clinically
relevant and non-toxic. Verapamil-treatment resuitea highly efficient glucose metabolism in
HL-1 cells. In both HL-1 cell and hESC-CM, doxorcibitreatment resulted in an increased
oxidative metabolism, most likely to avoid ATP-detbn.

The obtained results potentially have pharmaco@dgielevancy, but also provide novel

strategies for preclinical toxicity determinatiohnew drug compounds.



Zusammenfassung

Zusammenfassung

In dieser Arbeit wurde das Potential von Respirsimessungen, Metabolomics-Anwendungen
und *C basierten metabolischen Flussanaly$&®-iFA) zur Bestimmung von Medikamenten-
induzierter Kardiotoxizitat untersucht. Es wurdeh-H Kardiomyozyten sowie aus humanen
embryonalen Stammzellen gewonnene Herzzellen (hEBLalsin vitro Modelle verwendet.

Die Respirationsmessungen an HL-1 Zellen ergaberagh Medikament sehr unterschiedliche
ECso-Dynamiken. Der toxische Effekt trat entweder ssbhnell oder mit einer zeitlichen
Verzogerung ein. Die BEfDynamiken waren von den Toxizitdtsmechanismen der
entsprechenden Medikamente abh&ngig.

Die Erstellung von Metabolit-Profilen in HL-1 Zeflewurde nach Gabe von subtoxischen
Medikamentenkonzentrationen mittels HPLC durchgefiss wurden Glukose, Laktat, Pyruvat
sowie 20 Aminosauren gemessen. Mit Hilfe multiviiastatistischer Methoden konnten
Medikamentenklassen-abhangige Metabolit-Profilditvest werden.

13C-MFA wurde angewandt, um den Einfluss des Kalzians#-Blockers Verapamil sowie des
Zytostatikums Doxorubicin auf den Zentralstoffweslhszu bestimmen. Die betrachteten
Konzentrationen der Wirkstoffe waren sowohl klimiselevant also auch nicht toxisch. Die
Behandlung von HL-1 Zellen mit Verapamil resultei einer deutlich hoheren Effizienz in der
Glukosenutzung. Sowohl in hESC-CM als auch in HEdllen resultierte die Doxorubicin-
Behandlung in einer Zunahme des oxidativen Stoffsels, welche wahrscheinlich der
Aufrechterhaltung der intrazellularen ATP-Konzetitma dient.

Die erzielten Ergebnisse haben pharmakologischev@ef und zeigen des Weiteren auch neue

Strategien fur praklinische Kardiotoxizitats-Mesgan von neuen Wirkstoffen.



Introduction

Chapter 1

Introduction

Drug induced cardiotoxicity and the need for preditive in vitro models and

assays
Drug induced cardiotoxicity may emerge as alteraddiac contractility, changes of cardiac
rhythm or ischemia (Mandeniwes al., 2011). These potentially life threatening siffects still
challenge the pharmaceutical industry as well agy degulatory agencies (Darpo, 2007) and
have resulted in drug withdrawal from the markethe past several years (Gwathmetyal.,
2009). The withdrawal of several cardiac and nawhea drugs due to cardiotoxic effects in
man, while toxicity was observed in animals (Lassel., 2002; Lexchin, 2005; Redfest al.,
2003), has led to extended requirements by regwlatathorities concerning cardiotoxicity
testing. Determination of cardiotoxicity in predial studies is therefore of high importance in
the regulatory procedure. Cardiotoxicity assessmhotlld be oriented on guidelines regarding
repeated dose studies as well as cardiac safetynpbalogy ((ICH) S4 guideline (ICH, 1997),
EMEA (EMA, 2008; ICH, 2005). These guidelines sugjgelectrophysiological aspeatsvitro
andin vivo such as repolarisation and conduction abnormsylitieart rate and ECG. In addition,
the assessment of endpoints such as blood pressamt rate or cardiac output is recommended.
Preclinicalin vitro determination of cardiac side effects mainly casgs electrophysiological
measurements in canine or rabbit Purkinje fiberd egll lines which express the hERG ion
channel (Braamet al., 2010). Drug induced prolongation of the QT iu&rin an
electrocardiogram (ECG) potentially produces a atkardiac arrhythmia, such as Torsades de
Pointes (TdP), which can result in sudden deathnlECG the QT-interval is defined as the time
span between the start of the QRS-complex andeitmiriation of the T-wave (Braast al.,
2010).

Reliable electrophysiological measurements recapggropriate cell models. The major drawback
of animal models is the low predictability of casttixic outcome in humans. ldeally, primary
human cardiomyocytes represent a convenient cardiel, as they possess all relevant ion
channels. However, the use of primary human cargoaytes is limited by a shortage of

available cells. Irrespective of the cardiac cefid®l, predictions of cardiotoxic outcome merely

3



Introduction

based on electrophysiological measurements seeuffiaisnt since molecular and energetic
aspects of cardiotoxicity might be neglected. Cttarization of functional parameters such as
substrate usage and metabolic fluxes by using sfatbe art analysis on reliable cardiac cell
types, such as hESC-CM may greatly improve theigtied potential of a test system, thus

providing a more reliable test system.

Cardiac in vitro models for preclinical drug testing

Determination of potential cardiac effects of newemical entities (NCE) in man necessitates
cardiacin vitro models which closely mimic the terminally diffetetted, adult cardiomyocyte in
terms of concerted ion channel activity (Mandersua ., 2011) but also in terms of the substrate
spectrum for ATP generation. Ideally, suchiarvitro model is of human origin which would
circumvent interspecies variability, especially wheonsidering the low predictive power of
animal models. The use of human cardiomyocwesivo is rather limited for drug testing
purposes, since these cells are non-proliferatimdytheir availibilty is very limited for obvious
reasons. Human embryonic stem cells (ESCs) can ifferedtiated into spontaneously
contracting cells with characteristics of cardiommytes (Jensest al., 2009; Kehatt al., 2001,
Synnergrenet al., 2008). It has been suggested that cardiomyocgtes/ed from human
embryonic stem cells (hESC-CM) may be usediragitro cardiac test models since their
functionality makes them attractive and applicdbledrug discovery and drug testing (Jensen
al., 2009). To date the physiology of hESC-CM hasnbeetensively characterised. One main
advantage of hESC-CM over primary cardiomyocytethat they can be maintained in culture
while keeping a contractile phenotype. Besides fhattional synchronisation of contraction can
be observed both in monolayer culture and in lacgdiraggregates. In addition, gene expression
levels of voltage-gated potassium channels (hER&}¥@nilar as compared with human cardiac
tissue (Aspet al., 2010; Mandeniugt al., 2011). The presence of hERG channels is of high
importance since drug-induced QT-prolongation carthe result of interaction with the hERG
ion channel (Moss and Kass, 2005). Recent work B8GtCM demonstrated the potential of
these cells for predictiven vitro drug testing by using multielectrode arrays (MEBRyaamet

al., 2010; Caspet al., 2009), a system which allows much higher and tasstly throughput as
compared with conventional patch clamp technigeasgusingle cells.

Besides hESC-CM other animal cardiac cell modedsaamilable for use either for interspecies

comparison, method optimisation or method validatirimary cells from either chicken or rats



Introduction

are widely used as a cardiarcvitro model. Murine HL-1 cardiomyocytes, a cardiac mesml|
line, derived from an atrial mouse tumour linea@daycombet al., 1998), represent a very
convenient alternative to neonatal chicken hedlt o rat cardiomyocytes. These cells can be
serially passaged, without loosing their ability ¢ontract. Besides, HL-1 cells maintain a
differentiated cardiac phenotype, regarding biodhamand electrophysiological properties
(Claycombet al., 1998; Whiteet al., 2004). HL-1 cells have been shown to be quitfuldor
studying cardiac physiology (Claycorebal., 1998; Whiteet al., 2004) since they express many
genes typical for differentiated adult cardiomyasyt (Claycombet al., 1998). HL-1
cardiomyocytes express several cardiac ion chanseth as L-and T-Type &achannels (Xia
et al., 2004), ATP-sensitive Kchannels (Foxt al., 2005) and inward rectifier 'Kchannels
(Goldoni et al., 2010). These properties make them attractivepfeclinical studies on drug
induced cardiotoxicity.

Nevertheless, the non-human origin of both HL-Iscahd animal derived primary cells might
not allow any reproductive conclusions in man, lasytdo not mimic human cardiomyocytes
(Mandeniuset al., 2010). Besides, HL-1 cells are highly relying gigcolysis (Mongeet al.,

2009), while the adult human myocardium mainlyaglon oxidative metabolism.

Respiration measurement in cardiac cells using oxgm sensitive sensors

The healthy and resting human myocardium cover80B@-of its energy demand by oxidation of
fatty acids. The remainder is covered by catabolsimglucose and organic acids. This
distribution is owed to the high amount of ATP whizan be gained from oxidation of one mole
of fatty acids. The stepwise process of [3-oxidatibfatty acids leads to the formation of actyl-
CoA which enters the TCA-cycle to gain NADH*tnd FADH. The reduction equivalents
enter the respiratory chain in the inner mitoch@dmembrane where they are oxidized at
respiratory complex | or Il. The electrons are $farred to molecular oxygen, a process which is
coupled to phosphorylation of ADP to yield ATP. Tiaher high workload of the contracting
cardiac tissue highly depends on oxidative metabolin ischemic heart disease altered cardiac
respiration is the result of insufficient bloodfleand thus oxygen supply, which may result in
energy deprivation. Besides cardiac disease, aigced alterations of cardiac respiration can be
the result of altered cardiac substrate usage. g&dsaim substrate metabolism may lead to
contractile dysfunction (Stanlegt al., 2005). Both altered substrate usage and regpirative
been observed in case of some drugs with potemtiahown cardiac risk.
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Measuring cardiac respiration in response to neamital entities (NCE) botim vivo andin
vitro might reflect the cardiac energy status and thesige information of potential cardiac
risk. Determination of cardiac oxygen consumptiaghhtherefore complement well established
preclinical measurements of cardiac electrophygiold of either single cells or isolated animal
hearts.

Several methods for the determination of oxygensuoomption are available, such as Clark
electrodes or electrochemical cells (Ramamoorthyal., 2003). Clark electrodes are most
commonly used. Though, the major drawback of théeshod is the oxygen consumption by the
electrode (Ramamoorthgt al., 2003; Wilsonet al., 1987). In addition, they are not easily
applicable for high throughput measurements sims@ral cost-intensive electrodes would be
required. In preclinicalin vitro drug testing on cardiac models, the usenoh-invasive
immobilised fluorescence based sensors (Bamtait, 1994; Johret al., 2003) would provide a
convenient solution for high throughput drug tegtisince they are now broadly available in high
density well formats.

Use of oxygen sensitive optodes in drug screenasgbeen shown to be very reliable (Becletrs
al., 2009; Deshpandet al., 2005; Hynest al., 2003; Wodnickeet al., 2000) On top of that,
optodes allow the determination of dynamic toxieefs, as shown recently (Beckestsal.,
2009; Nooret al., 2009; Wolfet al., 2011).

Metabolomics in cardiac research

Metabolomics or metabolite profiling includes theagtitative and qualitative analysis of the
complete set of small molecules in a certain biglalgsystem, e.g. in prokaryotic or eukaryotic
cells, body fluids and tissues (Koekal., 2011). Metabolome analysis involves quantitative
qualitative measurement of extracellular and/orargllular metabolites. Most frequently,
chromatographic techniques combined with mass speetry are applied, such as GC/MS or
LC/MS. The measurement of small molecules potdptelows conclusions about alterations of
metabolic pathways upon perturbation by either atiseor pharmacological intervention. The
metabolome may be more tractable than the protedueeto its lower complexity (Lewet al.,
2008). It is assumed that the human metabolomeistensf approximately 3000 metabolites,
while the complexity of post-transtranslational rifisdtions of proteins might give £(protein
species. The metabolome comprises many differemtpoand classes, including metabolites
which are anionic and cationic as well as lipoghiéind hydrophilic (Lewiset al., 2008).
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Presently, several different strategies are apphatetabolomics research, i.e. metabolic target
analysis, metabolic profiling, metabolic fingerghy and metabolomics (Koeét al., 2011).
According to Koecket al. metabolic target analysis can be summarized asqthantitative
(absolute or relative) analysis of one or only & feetabolites. Metabolic profiling refers to the
quantitative and qualitative analysis of metabdijceor analytically related metabolites.
Metabolic fingerprinting was defined as the scregniof samples to provide sample
classification. Metabolomics aims at quantificatiand qualitative analysis of the total set of
metabolites in a biological matrix (Koeekal., 2011).

Most metabolomics related studies result in highetisional data sets. For the proper analysis of
potential differences in the metabolite concentragi between healthy/untreated control groups
and diseased/treated groups the respective samglatient groups should be large enough to
allow statistical reliability and furthermore nesiate proper statistical tools which allow
analysis of multivariate data. These tools compeitieer unsupervised or supervised algorithms
(Blekhermanet al., 2011). Principal component analysis (PCA) isuasupervised data analysis
method which is used for dimension reduction anth dasualisation, preferably in a 2-
dimensional space. Other common unsupervised methoe hierarchical clustering and self-
organizing maps. Supervised statistical methodsnaaly used for generating classification
models (healthy vs. diseased) based on observedlesapadings, e.g. by linear regression in
order to find the best linear predictor of a clgdBsekhermanet al., 2011). Most popular
supervised methods in metabolomic studies inclublOXA, partial-least square discriminant
analysis (PLS-DA) and discriminant function anadydFA).

The use of metabolomic techniques and appropriat@ @nalysis potentially allows the
identification of novel biomarkers of drug induceardiotoxicity and the respective mechanism
of toxicity. Many cardiac diseases are related Iteraions of cardiac substrate utilisation and
energy deprivation (Ashrafian and Neubauer, 200%fi® et al., 2011; Mayr, 2008; Stanlest

al., 2005). Thus, the number of metabolomic studasied out in plasma and body fluids have
increased in the past several years. Recently, Bi&eb measurement of metabolic changes in
plasma/serum of patients in whom ischemia was rith@éuced by stress or due to cardiac
surgery were determined (Sabatigeal., 2005; Tureret al., 2009). Both studies suggested
significant alterations of TCA-cycle activity inghcourse of ischemia and potentially provided

targeted optimization in patients undergoing cargiargery.
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Besides biomarker identification of cardiac dissa#ehas also been used in toxicity assessments
of drugs. By usingH-NMR spectroscopy the effect of 3,4-methylenediogthamphetamine on
the metabolism in rat hearts was determined (Restral., 2009). In addition, the effect of
doxorubicin, an anticancer drug with high cardiatogide effects, has been assessed similarly
(Andreadovet al., 2009).

It can be assumed that metabolomic studies have paential in preclinical studies on
cardiotoxic side effects of new chemical entitiBy. mapping metabolic effects of compounds
with known cardiac effects in humans, preferablyusing hESC-CM, the risk of new chemical
entities/pharmaceuticals for cardiac side effectghinbe reliably assessed, e.g. by applying
pattern recognition techniques on the basis ofiadlly observed side effects, such as QT-

prolongation or cardiac arrest.

3C metabolic flux analysis

The quantification of cellular metabolism is of grénterest in several fields of biotechnological
research (Kohlstedt al., 2010; Niklas and Heinzle, 2011; Nikleisal., 2010; Quelet al., 2010;
Wittmann, 2007; Zupkeet al., 1997). By applying metabolic flux analysis qutative
information on enzyme activity as well as substrdtisation can be obtained (Vo and Palsson,
2006). Estimation of intracellular fluxes relies both experimental measurements but also
computational approaches. Metabolic fluxes can dterchined either by flux balance analysis
(Leeet al., 2006) (FBA, metabolite balancing) or by applyifig-labelled substrates (Letal.,
2006; Schmidet al., 1998) {3C metabolic flux analysis). Determination of metibduxes by
using FBA is the least complicated method among MHA methods in terms of both
experimental and computational techniques. Experialky, it mainly necessitates measurement
of metabolite uptake and production rates of a pepulation. A set of linear mass balance
equations around intracellular metabolites is gpeamd the information in the metabolic network
is stored in a stoichiometric matrix. This matrontains information of known fluxes (measured
extracellular uptake and production fluxes) and nowin intracellular fluxes. In case of
determined systems the set of equations can ehsilgolved. In case of underdetermined
systems, linear programming tools help finding gatimal solution space, depending on the

defined objective function.
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The main assumption in FBA is usually a metabaiagy-state, i.e. constant concentrations of
intracellular metabolites. FBA has been successfapplied to study mammalian cell
metabolism (Niklagt al., 2009; Niklast al., 2010; Sidorenket al., 2008).

The major drawback of FBA is that it does not allmwresolve reversible, parallel or circular
reactions (Niklagt al., 2010). These drawbacks can be tackled Withmetabolic flux analysis
approaches. The use BE tracers (e.g"C-labelled glucose) combined with the GC/MS based
analysis of*3*C-enrichment in intra- or extracellular metabolisin monomers from cellular
polymers (e.g. amino acids in proteins) allows areneeliable determination of intracellular
fluxes. For*C metabolic flux analysis several modelling appheschave been established.
These approaches are mainly optimization-basedfinad intracellular flux distribution to the
measured®C labelling pattern of the considered metabolifésese concepts mainly make use of
atom mapping matrices (Zupleeal., 1997) and isotopomer mapping matrices (IMM) (Sich

et al., 1997), which allow to track the carbon trangfeindividual enzymatic reactions.

While metabolic flux analysis in prokaryotic celdsa well established procedure, e.g. in the field
of metabolic engineering, application of this metblogy in eukaryotic cells is still very limited,
mainly due to compartmentation in these cells bsb @ue to necessary biological conditions,
such as metabolic and/or isotopically steady stataéch are rather hard to achieve in these
systems (Niklagt al., 2010).

Nevertheless, metabolic flux analysis has been @methe analysis of mammalian metabolism
mainly in the areas of cell culture technology egiewed recently (Niklast al., 2010). Other
applications include the physiological charactearmaof animal cell lines, such as hybridomas
(Bonariuset al., 2001), CHO-cells (Goudat al., 2010), human production cell lines (Herty
al., 2011; Niklaset al., 2011), hepatocytes (Maiet al., 2009), kidney cells (Sidorenia al.,
2008), the analysis of effects of drugs (Nikéaal., 2009).

13C tracer studies have been carried out to deterthmsubstrate metabolism and anaplerosis in
the heart (Cohen and Bergman, 1997; Coehtal., 1997a; Comtet al., 1997b; Malloyet al.,
1996; Malloy et al., 1987; Panchakt al., 2001). In most of the studies the fluxes were
analytically derived. It has been suggested theh sunalytical solutions are only applicable for
small network models and not obtainable for sontavpay structures (Vo and Palsson, 2006).

A C-based analysis of carbon substrate metabolistheirperfused mouse heart applying the
IMM concept was recently described (Vo and Pals2®06). Detailed studies on the effect of

cardiotoxic drugs on the cardiac metabolism by rmeainmetabolic flux analysis hasn’t been
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carried out and is rather limited to toxicologistuidies in hepatic cell models (Magtral., 2009;
Niklas et al., 2009). Given that the failing heart changessiibstrate spectrum (Stanlelyal.,
2005), metabolic flux analysis using systemic apphes, as recently described (Vo and Palsson,
2006) might potentially be useful for the precladidetermination of a drug candidates influence
on cardiac energy metabolism. Ideally, such studiesld make use of reliablin vitro cell

models, such as human embryonic stem cells decastiomyocytes.

Objective of the thesis

The main objective of this thesis is to determihe potential of 1. dynamic respiration
measurement systems, 2. metabolite profiling (nm@tahics) and 3*C-metabolic flux analysis
in preclinicalin vitro cardiotoxicity testing of drug compounds. Two diffint cardiagn vitro
models were used, namely HL-1 cardiomyocytes andiaayocytes derived from human
embryonic stem cells (hRESC-CM). For the assesswietiie applicability of each method aid
vitro model for drug testing a set of drugs with knovmagmacology and cardiotoxic risk in man
were considered. The applied drugs comprised sSeygrarmacological classes such as
antiarrhythmics, cytostatics, antihistamines angcpsactive drugs. Each of the methods was
optimized by using HL-1 cardiomyocytes prior to thee of hESC-CM, since HL-1 cells are
easier to maintain and their availability is notited, due to their proliferating phenotype.

The first part of this thesis mainly consists ofatgxicity screening of model drugs with known
pharmacological effects. This cytotoxicity scregniwas carried out by applying dynamic
respiration measurement in HL-1 cells or hESC-Chhgi®xygen sensitive optodes. Since the
dynamic aspect of respiration measurement usingdegt seems to have a high potential,
corresponding dynamics of drugs tested on HL-1scalidd hESC-CM were established and
compared. In addition, determination and comparisb&GCsy dynamics of cardioactive drugs,
oxygen measurement based cytotoxicity screeningigeed essential information for subsequent
metabolomic and fluxomic studies, since it gaveolnfation on the toxicity range of a
compound.

The second main objective was to assess whethaboige profiling on HL-1 cells and hESC-
CM allows the determination of potential cardiotoside effects of new drug compounds.
Significant alterations in the metabolome at dragaentrations significantly below B&£values
where common toxicity screening assays fail to sgggotential harm im vitro assays would
illustrate the benefit of metabolomics as in addi#él tool forin vitro drug testing. This part of
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the work comprised the exposure of HL-1 cells tagdr analysis of the metabolome in the
respective culture medium and finally the data eat@bn using multivariate statistics, which are
commonly used in this field. For this kind of are$ydrug concentrations were considered which
showed no significant alteration of cell respiratias determined in the first part of the thesis.
The third main objective of the thesis was the mieiree whether*C metabolic flux analysis on
HL-1 cells and hESC-CM allows the determinatiordnig induced changes of fluxes in central
metabolic pathways, such as glycolysis and TCAeyS8imilar to the metabolite profiling
approach*C MFA was carried out at drug concentrations whdithnot result in alterations of

cell viability i.e. at sub-toxic concentrations.
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Chapter 2

ECso dynamics for a better understanding of toxicity
Abstract

Determination of the E£& dynamic of a drug can give valuable informationtlo® mechanism of
its toxicity. Recent studies have reported theiappllity of dynamic measurement of parameters
such as dissolved oxygen or pH, as possible esiisaif cellular respiration or metabolic
activity. However, a direct comparison of &@ynamics obtained from reported approaches with
corresponding dynamics of common cytotoxicity asdagsn’t been carried out yet. In addition,
variability of EGo dynamics of drugs from the same and from diffegrdrmacological classes
has not been determined yet.

First, we assessed the performance of a recenglyrided dynamic screening system (24 — well
OxoDishes) by comparing time dependantg&lues with values obtained from two common
cytotoxicity assays (SRB- and LDH assay) by scrmgriour different drugs (amiodarone,
desipramine, doxorubicin, terfenadine) on HL-1 eardyocytes. Secondly, we assessed to what
extent EGy dynamics obtained from oxygen measurement weferthi§ between model drugs
belonging to different pharmacological classes. tht purpose, another five drugs from similar
classes were screened by oxygen measurement addtthef nine different Efg dynamics were
compared by calculating the Euclidean distance.

ECso values obtained from oxygen measurement showesigmificant differences as compared
to corresponding values from SRB- and LDH assayslfaconsidered time points. Though, SRB
showed the highest sensitivity of all three assaybijle LDH assay was least sensitive.
Comparison of E§ dynamics from an extended panel of tested drugeated distinct
differences in the E£ profiles. Data analysis by means of hierarchidaktering revealed
distinct grouping of drugs according to known toxaffects, for the majority of drugs.
Considering EG dynamics of a drug can give information on theetidependant toxicity of a
drug. This information can not be obtained fromesmnsideration of individual Egvalues at a
certain time point. This approach might therefoeedvaluable tool for the estimation of the

potential mechanism of action and/or toxicity afrag candidate.

This chapter has been submitted as a manuscript ithe Journal of Applied Toxicology.
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Introduction

The pharmacological assessment of the toxicity offtay is mainly carried out using routine
toxicity assays during preclinical drug developmevibst of these assays are carried out upon
exposure of cells to a compound for a certain peeaiod the half effective concentration @)ds
determined for the respective time period. Howedetermination of E§; dynamics necessitates
use and preparation of several cell culture platgsarallel (Beckerst al., 2009). In addition,
due to the invasive nature of many commonly usedyasssuch as MTT, XTT or WST-1, in
which a reagent is added to the cells, reductiorthebe dyes by media components or by
reducing groups of drugs (Hynetsal., 2003) cannot be excluded. The reagent may iselé an
adverse effect which is not observed by commongdisssays.

To overcome these drawbacks non-invasive immoblilfagorescent based sens@¢Bambotet

al., 1994; Johret al., 2003) for the measurement of dissolved oxygere ieeen developed and
were described as a convenient solution. Use of@xgensitive optodes in drug screening using
mammalian cell culture has been demonstrated astentml alternative to commonly used
cytotoxicity assays (Beckegs al., 2009; Deshpandet al., 2005; Hynest al., 2003; Wodnicka

et al., 2000). Furthermore, determination of gg@ynamics has been reported for several drugs
and cell type¢Beckerset al., 2009; Nooret al., 2009; Wolfet al., 2011).

Although use of fluorescent dyes as a potenti@radttive to common cytotoxicity assays has
been proposed, a direct comparison ofsgynamics obtainedia oxygen measurement and
other common assays has not been carried out wsidé&s, to our knowledge no study has
performed a direct comparison of &Qlynamic profiles within drugs of the same clasd an
within different classes. Thus, it is not clear wiee compounds from the same pharmacological
class share similarities in their Efdynamics. We addressed these issues and compared t
dependant E& values of amiodarone (antiarrhythmic), terfenadiaetihistamine), desipramin
(antidepressant) and doxorubicin (antineoplastigia murine atrial cell line (HL-1 cells). We
measured respiration/oxygen-consumption and cordpatiee results with LDH and
sulforhodamine B assay. The HL-1 cells were firssatibed by Claycomkt al. (1998). HL-1
cells have been extensively used for toxicologécad pharmacological studies (Andersgbal.,
2010; Denget al., 2009; Foxet al., 2005; Fritzschet al., 2009; Striguret al., 2011a) and are
quite useful for studying concentration dependaxictdrugs effects as shown recently (Fritzsche
et al., 2009; Striguret al., 2011a).
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Due to the different mechanism of toxicity of themtioned drugs which have known toxic side
effects, we assumed that these different toxic @eisims are also reflected in the respective

ECso dynamics.

Material and methods

Cell Culture

HL-1 cells (Claycombet al., 1998) were kindly provided by Dr. Claycomb (Leuna State
University) for research within the framework of Hulitroheart project (LSHB-CT-2007-
037636). The cells were maintained in Claycomb mm@adiSigma Chemical, USA) supplemented
with 2 mM glutamine (PAA Laboratories, Austria),@Q/ml penicillin 100 pg/ml streptomycin
(PenStrep stock solution: CC Pro, Germany), 100noképinephrine (Sigma Chemical, USA) in
30 mM L-ascorbic acid (Sigma Chemical, USA) and 1BB& (JRH Biosciences, UK). Cells
were passaged at confluency in a split ratio of C@lture flasks (75 cf Falcon, Germany)
were pre-coated with a solution of 0.02% (wt./vgk)atine (AppliChem, Germany) containing 5
png/ml fibronectin (Sigma Chemical, USA). The cell®re maintained at standard culture
conditions (37°C, 5% Cfand 95% relative humidity).

Preparation of test solutions

All drugs were purchased from Sigma Chemical USAhwhe highest purity available. Stock
solutions of amiodarone (50 mM), verapamil (100 miBunorubicin (10 mM), terfandine (10
mM), astemizol (10 mM), diclofenac (500 mM), halddel (10 mM) and desipramin (10 mM)
were prepared in DMSO (Sigma Chemical, USA). A 1@ stock solution of doxorubicin was
prepared in cell culture grade water (PAN BioteBlyrmany). For the cytotoxicity screening all
stock solutions were serially diluted in suppleneentClaycomb medium. The end DMSO

concentration did not exceed 1% (v/v) in any offihal test solutions.
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Measurement of dissolved oxygen

HL-1 cells were trypsinized at confluency and cednthree times via trypan blue exclusion in a
hemocytometer. Cells were seeded in 24—well Oxaf3igRPreSens) which were pre-coated with
500 pl of a gelatine/fibronectine solution (see) 2ot 24 h- Cells seeding density was 1.5 X 10
cells in a total volume of 1 ml Claycomb mediumgi8a Chemical, USA) supplemented with 2
mM glutamine (PAA Laboratories, Austria), 100 U/meénicillin 100 pg/ml streptomycin
(PenStrep stock solution: CC Pro, Germany), 100noképinephrine (Sigma Chemical, USA) in
30 mM L-ascorbic acid (Sigma Chemical, USA) and 18B%& (JRH Biosciences, UK). After 24
h preincubation, the supernatant was removed anddls were washed twice with Claycomb
medium without any supplements. Afterwards, 1 mlfigfsh medium containing drugs at
different concentration was added to the cells.réated controls, DMSO-controls and drugs
treated cells were tested in triplicates. To mimenevaporation, plates were covered with gas

impermeable sticky foils. Cells were exposed tagdrior 48 h.

Sulforhodamine B and Lactate dehydrogenase release (LDH ) assay

Cytotoxicity of the tested drugs on HL-1 cardiomylms was assessed using lactate
dehydrogenase release (LDH-release assay) andepatitn (SRB-proliferation assay). 1.5 x°10
cells/well were seeded in four gelatin/fibroneatoated (see 2.3) 24-well plates (Greiner,
Germany) in 1 ml Claycomb medium (containing 2 mMtgmine, 100 U/ml penicillin, 100
pa/ml streptomycin, 100 uM norepinephrine in 30 mMscorbic acid and 10% fetal bovine
serum (FBS). After 24 hours (h) incubation, theesnptant was removed and the cells were
washed twice with Claycomb medium. Fresh mediuntainimg different concentrations of the
drugs was added to the cells in triplicates. THEs egere exposed to the drugs for 48 h. Finally,
lactate dehydrogenase assay (Cytotoxicity Detectdn (LDH), Roche Applied Science,
Germany) was carried out according manufactunesisuctions. Sulfornodamine B (SRB) assay,
a colorimetric protein quantification assay (Skelsaral., 1990) was carried out as recently
described (Nooet al., 2009).

Both assays were carried out after different exposimes (20 h, 30 h, 40 h, 48 h, referring to
four plates). The SRB-assay was carried out agibesicrecently (Striguet al., 2011a). Lactate
dehydrogenase assay (Cytotoxicity Detection Kit li)PRoche Applied Science, Germany) was
carried out according kit instructions on supernetabtained from SRB-assay. All conditions,

untreated controls and different drug concentratiovere tested in triplicates.
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Calculation of ECsp-values

For the respective time points, gGralues were calculated with a four parameter sidaio
concentration-response curve using Origin Pro dersi.5G, exactly as described recently
(Beckerset al., 2009; Nootet al., 2009).

Satistical analysis

The similarity of the Eg dynamics as determined by oxygen measurement, hbdH SRB-
assay for amiodarone, desipramin, doxorubicin @nénadin was tested by repeated-measures
one-way ANOVA following Tukey’s posthoc test usiRgsm 5 V.5.04 (GraphPad Software,
Inc., USA).

For the determination of the Euclidean distanc&@f, dynamics of all drugs as determined by
oxygen measurement, all ECQvalues were normalized to the respectivesB@lues obtained
from 20 h time-point (100%). The dataset was thaalysed by calculating the Euclidean
distance between all tested drugs using XLSTAT 2006 (Addinsoft, Germany).

Results

Continuous oxygen measurement gives similar ECsp values and ECsp dynamics as compared to
SRB and LDH assay

The time course of Ef values of amiodarone (class Ill antiarrhythmigysiggramin (tricyclic
antidepressant), doxorubicin (cytostatic) and teatene (antihistamine) was determined by
continuous measurement of dissolved oxygen measumtesis well as SRB- and LDH-assay.

In case of oxygen measurement, the amount of ¢isdaxygen decreased from 70-80 % to 20-
30 % within 48 h incubation in medium containingreated cells (Fig. 1 A-D). Medium controls
remained steady at 80-90%. In case of cells treatdddrugs a concentration dependant effect

of each drug could be observed.

16



Determination of Egydynamics

50

Dissolved oxygen [% air saturation]

50

t [h]
Figure 1: Time course of dissolved oxygen in culture mediumtaining HL-1 cells with different concentratioofs
(A) amiodarone : medium only; A: 100 pM; A: 33 uM; e: 11 uM;o: 3.7 uM;o: 0 uM); (B) desipraminu
medium only; A: 100 uM;A: 50 uM; e: 25 uM;¢: 3.2 uM;o: 0 uM); (C) doxorubicing: medium only;A: 2.5
UM; A: 0.625 pM;e: 0.156 pM;0: 3.2 uM;o: 0 pM) and (D) terfenadinaa( medium only;e: 12.5 pM;o: 6.25
UM; e: 3.12 uM;0: 0.002 uM;o: 0 uM). Cells were seeded in 24 — well OxoDishesee$ens) and allowed to

equilibrate for 24 h. Afterwards medium was remosaed fresh medium containing drugs at differentcesirations

was added to the cells. Dissolved oxygen in cultaeglium was then continuously measured for 48 b. ®as

determined from triplicate measurement.

Concentration-response curves were determined @pdm of exposure to the respective drugs.

This initial time point allowed determination ofpaoper concentration dependant effect for each
drug and assay. Subsequent considered time pantefermination of concentration-response

curves were 30 h, 40 h and 48h. Corresponding timeses were also determined by SRB- and
LDH-assay. A direct comparison of concentratiorpagse curves obtained by all three assays is
shown using the example of doxorubicin (Fig. 2).
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Figure 2: Concentration-response curves of doxorubicin siréeon HL-1 cells by using (A) continuous oxygen
measurement; (B) sulforhodamine B proliferation ags@nd (C) lactate dehydrogenase release assay. The
concentration response was determined after 20abli(Isymbols), 30 h (red symbols), 40 h (blue syisiband 48 h

(turquoise symbols) of exposure. Standard deviatieere determined from triplicate measurement.

As apparent, a time-dependant shift of concenmmagsponse curves towards decreasing
concentrations was observed for all considereddimughe three assays (Fig. 2 and Fig. S1 in the
appendix for chapter 2), pointing towards an inswe@ toxic effect. This is reflected by
decreasing E& values (Tab. 1). The Egvalues obtained for all four drugs were quite &mi
for all three tested assays and all considered pionas.

The EG value of amiodarone obtained from oxygen measunem@as 19 uM at 20 h and
decreased to 15 uM after 48 h. In SRB- and LDH3a#isa corresponding value decreased from
18 uM (20 h) to 10 uM (48 h) and from 30 pM (2012 uM (49h), respectively. Bgvalues

at each time point obtained from all three assagt®wot significantly different.

The EGp value of desipramin obtained by oxygen measurehecrteased from 64 uM after 20 h
to 33 uM after 48 h. Corresponding values obtaime®RB and LDH-assay decreased from 35
UM (20 h) to 19 uM (48 h) and from 51 uM (20 h)3@ uM (48 h), respectively (Tab. 1). The
ECsp values obtained by oxygen measurement were signiliy higher at each time point as
compared with SRB-assay (p < 0.01), but not sigaiftly different as compared with LDH-
assay.
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Table 1: EG; values of amiodarone, desipramin, doxorubicin terfenadin tested on HL-1 cells for different
exposure time points (20 h, 30 h, 40 h and 48 B)sQvere incubated in 24 — well OxoDishes andadigs] oxygen
was continuously measured for 48. Corresponding, E@lues were determined by using sulforhodaminen8 a

LDH-release assay. The brackets represent 95%deomtfe intervals. **: p < 0.01 (as compared with SikBay)

ECso [UM]

Amiodarone Desipramin Doxorubicin Terfenadin

t[h]

oxygen SRB LDH oxygen** SRB LDH oxygen SRB LDH oxygen SRB LDH

20

30

40

48

19(17-21) | 18(16-20) | 30(28-31) | 64(61-67) | 35(33-38) | 51(45-57) | 3.5(3.3-3.6) | 6.1(3.8-7.7) | 13(4.5-17.6) | 5.3 (5.0-5.6) | 5.3(5.0-5.4) | 7.5(7-7.9)
18(17-19) | 12(11-13) | 16(15-18) | 43(42-44) | 25(23-27) | 35(34-36) | 2.1(2.2-3.3) | 1.8(1.4-2.2) 6(5.1-7.1) | 4.4(4.2-4.6 | 4(3.84.2) |5.7(5.2-6.1)

16(15-17) | 9(8-10) | 13(10-15) | 35(34-36) | 19(16-21) | 30(27-33) | 0.7(0.7-0.9) | 0.77(0.62-0.88) | 2.1(1.3-2.7) | 4.3(4.1-4.5) | 3.9(3.8-4.1) | 4.5(4-4.9)

15(14-16) | 10(9-11) | 12(10-14) | 33(32-34) nd. nd. 0.5(0.4-0.6) | 0.39(0.31-0.44) | 1.7(1.3-1.9) | 4.1(3.8-4.4) | 3.7(3.5-3.8) | 4.5(4.2-4.8)

In case of doxorubicin, the EEvalue decreased from 3.5 uM at 20 h to 0.5 pMr &&h in
oxygen measurement. In SRB- and LDH-assay the saleereased from 6.1 uM (20 h) to 0.4
UM (48 h) and from 12.7 uM (20 h) to 1.6 uM (48 Np significant differences between &C
values at each time point could be determined.

For terfenadine, the Bgvalue obtained from oxygen measurement decreased 5.3 uM (20

h) to 4.1 uM (48 h). In case of SRB and LDH as$myualues decreased from 5.2 uM (20 h) to
3.7 uM (48 h) and from 7.5 uM (20 h) to 5.5 uM @B EG, values obtained from oxygen

measurement were not significantly different fro@H- and SRB assay.

Hierarchical clustering of ECsy dynamics obtained from oxygen measurement allows distinction

of drugs according to their mechanisms of toxicity

We screened five additional drugs (astemizol, hadiojpl, daunorubicin, diclofenac and
verapamil) using oxygen measurement to perform gendetailed analysis of time dependant
ECso profiles. Due to the differences of the actuakf&@lues of each drug and time point,s5C
values were normalized to the first determinedsE@t time point 20 h for better visual
comparison of E€ dynamics. The E&g values for these drugs are given in Tab. S1 (Adpen
for chapter 2). As apparent, the @ynamics of all considered drugs were quite dvdfSg.
3A). While EGy values of some drugs remained constant after 20dh as astemizol, a merely
slight decrease by 10-20% was observed in casenafdarone or verapamil. A rather high
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change of the E£ values was observed for daunorubicin and doxombivhere the E&;
decreased by some 80% after 20 h.

For better visualisation of similarities betweensiE@ynamics of different drugs, hierarchical
clustering was carried out on the data set by detetion of the Euclidean distance (Fig. 3 B).
This approach allowed the identification of thrastidct drug groups with similarities in their
ECsodynamics.

The first group, which was least related to theeptfvo groups, consisted of daunorubicin and
doxorubicin (both anthracyclines). This group rdedathe lowest E§; range, which was
between 3.5 and 0.1 uM (Tab. S1, appendix for @mapt. Compared to the other groups, a

distinct decrease of Egvalues characterized this group.

A
100 a—— B

- 80 Group 1 Doxorubicin ———
T ~ Daunorubicin ——
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Figure 3: (A) ECso dynamics as percent of the respectivesEalues at 20 h of several drugs determined by
continuous measurement of dissolved oxygen usirgv2#t OxoDishes. Drugs were tested on HL-1 cardiooyyes

for 48 h. The underlying E&gvalues are given in Table S1 (Appendix for chag)eXB) Euclidean distance of drugs
from tested groups calculated from &g@ynamics (Tab. S1 and Fig. 3 A).

The second group contained diclofenac (NSAID), miasnin (tricyclic antidepressant) and
haloperidol (neuroleptic). Within this group haloplel was closely related to desipramin. The
actual EGp values, which were between 33 uM and 596 uM, ledethat these drugs are least
toxic among all tested drugs (Tab. S1, appendixi@pter 2).

The third group contained amiodarone (class Illiaantthmic), verapamil (class IV
antiarrhythmic), astemizol and terfenadine (bothhéstamines). Compared to the second group,
this group had a lower Egrange (Tab. S1, appendix for chapter 2), which betsveen 4 uM
and 44 pM.

20



Determination of Egydynamics

Discussion

The benefit of measurement systems which allow icoatis measurement of metabolic
parameters, such as respiration or acidificatide, raas recently suggested as they avoid the
need for multiplate seeding when determination yfasnic EG, values is desired (Beckees

al., 2009; Wolfet al., 2011). A direct comparison of B£dynamics obtained from these
approaches with corresponding dynamics obtainezblrynonly used cytotoxicity assays has not
been carried out yet, least of all a comparisorEG§, dynamics between drugs with distinct
pharmacological properties.

We determined the EBg dynamics of four drugs using continuous oxygen susament and
compared them with the dynamics obtained from coniynosed cytotoxicity assays (SRB- and
LDH-assay). In case of oxygen measurement condemtreesponse curves were determined
from the underlying dissolved oxygen profiles (Flg, similarly as recently described (Beckers
et al., 2009; Wolfet al., 2011). Using oxygen measurement a proper coratent dependant
effect could be determined after 20 h of drug ewpesThe response span at earlier time points
did not cover the whole viability range (0% - 10Q.%hough, concentration response curves
determined after 20 h allowed accurate calculatadnEGs, values in case of oxygen
measurement.

Independent of the applied assay the concentraisponse curves showed a time dependant
shift towards lower drug concentrations (Fig. 2jnigr as reported recently for the same
measurement setup for hepatic cells (Becletral., 2009). This shift is reflected by the time
dependant decrease of g@alues independent of the applied assay (TabTHis decrease of
ECsp values points towards a time dependant increasexafity depending on the drug and its
mechanism of toxicity. The values obtained from thllee approaches were similar for all
considered time points which is represented byigwificant differences of the time course of the
corresponding E& values, thus justifying comparative studies ofsgE@ynamics by using
oxygen measurement and thereby eliminating the fegadultiplate seeding.

Subsequent respiration measurements on an exteindgganel showed that E{dynamics of
the considered drugs were quite diverse (Fig. B#grarchical clustering on the respectivesEC
dynamics revealed a unique grouping of drugs (Bid®), which seemed to result from their
known mechanism of action.

Group 3 (Fig. 3 B) consisted of amiodarone, verapémth channel blockers), astemizol and

terfandine (both antihistamines). This group waaratterized by a relatively low decrease of
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ECso values (5%-22% within 24 h). It is well establidhtbat toxicity of astemizol, terfenadin and
amiodarone is partially related to blockade of psitam and calcium channels (Taglialatetlal.,
1999; Yap and Camm, 1999, Waldhaueteal., 2006), while verapamil’s main indication is the
blockade of L-type calcium channels. Though, weem&vcarried out mechanistic studies, it can
be assumed that a toxic effect, which has partignbattributed to the interaction with ion
channels, occurs relatively fast, as reflectedly decent decrease of the &®@alues.

Group 2 (Fig. 3 B), which consists of both anthcdieyes daunorubicin and doxorubicin formed a
group with a distinct dissimilarity to all otherudys. As apparent from the underlying §C
dynamics (Fig. 3 A) a significant decrease okg@@lues was observed after 20 h of exposure for
both drugs (80%-90% within 24 h). This significamtrease of toxicity with time is reflected by
the versatile acute and chronic toxicity of botlugd, which might become synergistic in the
course of exposure. Toxicity of anthracycline hasrbstudied extensively. Its hallmark is the
formation of reactive oxygen species due to a mashaknown as redox cycling. Consequences
of oxidative stress include formation of reactiveygen species (Bachet al., 1977; Sinhat al.,
1989) and consequently oxidative damage of DNAofEd al., 1984; Feinsteiret al., 1993).
Besides, doxorubicin has been shown to detericgatrgy metabolism of cardiac cells both
acutely and chronically (Tokarska-Schlatteeal. 2010), consequently leading to ATP depletion
(Strigunet al., 2011c; Pointomt al., 2011). A significant decrease of &@alues, as observed in
our study, might therefore be related to time depehcumulative effects.

Group 1 (Fig. 3 B) contains the two psychoactivegdr desipramin and haloperidol, as well as
diclofenac. These drugs were least toxic as comdp&weall other drugs. Despite a higher
similarity with the first group (amiodarone, veraph terfenadin and astemizol), these drugs also
showed a significant decrease ofsg@alues (40% - 60% within 24 h), pointing towardsnae
dependant increase of their toxicity. Timevitro toxicity of'these drugs has been described for
several cell lines. While toxicity of desipramintentially involves block of potassium channels,
it was recently shown that diclofenac inhibits [péycalcium channels in ventricular myocytes.
In spite of their channel blocking ability (Homgal., 2010; Staudachet al., 2011; Yarishkiret

al., 2009) they formed an individual cluster apadnirthe group which contains amiodarone,
verapamil, astemizol and terfenadin. The reasorhigrdifference remains to be assessed but is
probably related to cumulative toxic effects, sarly as observed for the anthracyclines,
resulting in a delayed toxic effect.
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Determination of Egydynamics

We conclude that determination of a drug”s&fynamic allows a rough estimation whether the
toxicity of a drug is either immediate or delay&@imple consideration of an BLvalue at a
certain time point gives information on a drugsatiek toxicity. However, measurement of the
actual EGy dynamics will include the dynamic information, whiis otherwise mostly neglected
due to the necessity of multi-plate seeding whengusommon cytotoxicity assays (such as
SRB- or LDH-assay). The presented approach camibote to the understanding of the potential
mechanism of toxicity of an unknown drug. Howewacurate estimation of the mechanism of
toxicity based on its dynamic B&will necessitate an expanded set of training camge with
known toxicological and/or pharmacological propestiWork in this regard is underway in our
laboratory.
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Chapter 3

Metabolic profiling using HPLC allows classification of drugs

according to their mechanisms of action in HL-1 cagdiomyocytes

Abstract

Along with hepatotoxicity, cardiotoxic side effeatsmain one of the major reasons for drug
withdrawals and boxed warnings. Prediction methfmiscardiotoxicity are insufficient. High
content screening comprising of not only electrgblpgical characterization but also cellular
molecular alterations are expected to improve tladiotoxicity prediction potential.
Metabolomic approaches recently have become an rtamio focus of research in
pharmacological testing and prediction. In thiggfuhe culture medium supernatants from HL-1
cardiomyocytes after exposure to drugs from differelasses (analgesics, antimetabolites,
anthracyclines, antihistamines, channel blockeesevanalyzed to determine specific metabolic
footprints in response to the tested drugs. Sinostrdrugs influence energy metabolism in
cardiac cells, the metabolite “sub-profile” conisigt of glucose, lactate, pyruvate and amino
acids was considered. These metabolites were dedntising HPLC in samples after exposure
of cells to test compounds of the respective dmayigs. The studied drug concentrations were
selected from concentration response curves foh elag. The metabolite profiles were
randomly split into training/validation and test;send then analysed using multivariate statistics
(principal component analysis and discriminant ysig). Discriminant analysis resulted in
clustering of drugs according to their modes ofcactAfter cross validation and cross model
validation, the underlying training data was aldgtedict 50%-80% of conditions to the correct
classification group. We show that HPLC based daharesation of known cell culture medium
components is sufficient to predict a drug’s patntlassification according to its mode of

action.

This chapter has been published as: Strigun A, Walheit J, Beckers S, Heinzle E, Noor F, (2011). Metabc
profiling using HPLC allows classification of drugs according to their mechanisms of action in HL-1
cardiomyocytes. Toxicology and Applied Pharmacolog252: 183-191
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Introduction

Cardiac injury, a severe side effect of drugsfiextreme concern to the pharmaceutical industry
and drug regulatory agencies (Darpo, 2007). Despitegent regulations and guidelines for the
assessment of cardiac injury, several drugs haes b@thdrawn from the market due to
cardiotoxic side effects (Gwathmest al., 2009). Most traditional methods for preclinical
assessment of cardiac side effects address elbygsiopogical aspects and involve determination
of voltage-clamp analysis of ionic currents, actmotential recordings in myocytes/tissues or
measurement of QT-interval using whole animals ¢Baretti and Mitcheson, 2005). Predictions
on the basis of only electrophysiological screeriage proved to be insufficient and at the same
time may result in termination of lead compoundedegment in preclinical assessment, even for
compounds which may have been of beneficial vahta b the patient and the pharmaceutical
industry. In addition to electrophysiological ewation, characterization of other cellular
functional parameters such as substrate usage atabatite trafficking may greatly improve the
prediction potential of a test system. Over thergeaxtensive knowledge has been gained on
cardiac substrate usage and metabolism; and @sadins in myocardial diseases (Ashrafén
al., 2007; Gertzet al., 1988; Mudgeet al., 1976; Panchatt al., 2001; Randlet al., 1964;
Stanleyet al., 1997; Wisneskét al., 1985), e.g. in myocardial ischemia (Depre andgiimeyer,
2000). There is growing evidence that changes iostsate metabolism lead to contractile
dysfunction (Stanleyet al., 2005). These changes therefore more or lesgcteftardiac
pathological conditions or a drug’s action/toxicipn the cardiac tissues (Ashrafian and
Neubauer, 2009; Henney, 2009; Ho and Lieu, 2008h&lson and Wilson, 2003; Zhat al.,
2008).

Metabolomic approaches have been successfullyeapplicardiovascular research, for example,
in profiling the metabolomic response of cardialtsa® induced ischemia (Sabatieteal., 2005)
and human atrial fibrillation (Mayet al., 2008b). Moreover, metabolic profiling has pradd
interesting insights on the response of microbélsc mammalian cell cultures, other tissues or
organs to drugs (Allemt al., 2004; Tizianiet al., 2009) and their mechanisms of toxicity
(Andreadouet al., 2009; Begekt al., 2010; Clarke and Haselden, 2008; Kaddurah-Dabak,
2008; Keun, 2006; Robertson, 2005; Wai al., 2009; Westet al., 2010). Similarly,
metabolomics may also be useful for mapping speafetabolic responses of cardiac céfis
vivo andin vitro upon exposure to drugs from specific groups diassaccording to their modes

of action. Mapping groups of drugs with known catdkic outcome in humans in terms of the
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metabolic response of cardiac cell or tissue tygre lwe helpful in identifying whether new drug
candidates share similar metabolic profiles andefioee bear a potential risk to share similar
toxic properties.

Assessment of drug induced toxicity using metabaemequires cell or tissue models which
closely reflect then vivo system in humans. Immortalized cell lines respiond different way
than primary cells (Robertson, 2005). Human embrystem cell derived cell types, such as
cardiomyocytes or hepatocytes have the potentiaétapplied af vitro test models, since they
have the required homogeneity and functionalityrtake them attractive for drug discovery
(Jenseret al., 2009) as well as for human relevant toxicityeassent. Nevertheless, suitable cell
lines of human or non-human origin still prove ®useful for preliminary screening and method
optimisation since they are less costly and easibandle.

HL-1 cells have been shown to be quite useful fodywng cardiac physiology (Clayconabal.,
1998; White et al., 2004) since they express many genes typicalditfierentiated adult
cardiomyocytes (Claycomlet al., 1998). HL-1 cardiomyocytes express several aardon
channels, such as L-and T-Type?Cahannels (Xiaet al., 2004), ATP-sensitive Kchannels
(Fox et al., 2005) and inward rectifier 'Kchannels (Goldoneét al., 2010). Besides, there is
evidence that HL-1 cardiomyocytes possess intraleelicalcium release channels (Kenal.,
2010), that are assumed to play a role iA*@inaling and in excitation-contraction couplimg i
cardiomyocytes (Lippet al., 2000). These properties make them attractive afsgessing
metabolic responses upon targeting these cells witigs which have channel blocking
properties. In addition these cells are useful ttadyy mechanisms of anthracycline induced
apoptosis (Kimet al., 2003) as well as in assessing damage of drugsoponin T release
(Anderssonet al., 2010). Besides, presence of inducible nitricdexsynthase in these cells
(Sanderset al., 2001) makes them attractive for studying druduced disturbances of nitric
oxide signalling pathways. Furthermore, cardiacmadme receptors have been described in these
cells, which are of high interest in studying eféeof cardioprotective adenosine agonists on
cardiomyocytes damage either induced by anthrasglor due to hypoxia (Chaudasyal.,
2004; Keenet al., 2010).

In this study, we investigated if selected drugassified into groups; namely analgesics
(acetaminophen, diclofenac), antimetabolites (ntethxate, 5-fluorouracil), anthracyclines
(daunorubicin, doxorubicin), antihistamines (asthi terfenadin) and channel blockers

(amiodarone, quinidine, verapamil); leave groupcgpeprofiles in culture supernatants of HL-1
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cardiomyocytes. These drugs with the exceptioncetaminophen have been associated with
cardiac side effects. Diclofenac has been associaith cardiovascular risk (McGettigan and
Henry, 2006; Waksmaset al., 2007). A recent study indicated that diclofemaaibits L-type
calcium channel in cardiac cells, which was suggksis a potential reason for diclofenac
associated risk of heart failure (Yarishlenal., 2009). 5-fluoruracil is considered cardiotoxic
(Senkus and Jassem, 2010), though the mechanigmof well understood. Symptoms such as
cardiac arrhythmias, congestive heart failure amttien death due to 5-FU have been reported
(Schimmel et al., 2004). Although methotrexate is not definitelgnsidered cardiotoxic,
supraventricular and ventricular arrhythmias wesgoaiated with this drug (Gassral., 1982;
Kettunenet al., 1995). Terfenadin has been withdrawn from theketadue to cardiotoxicity. It

is cardiotoxic in overdose or when its first passtabolism (by hepatic CYP3A4) is impaired,
resulting in QT-prolongation (Armstrong and Coz2803). Terfenadin induced cardiotoxicity
may involve inhibition of the delayed rectifier pgsium channel in cardiac tisqUaglialatelaet

al., 1999; Yap and Camm, 1999). Astemizol also blgektassium channels and prolongs the
QT-interval (Yap and Camm, 1999). CardiotoxicityshHaeen extensively reviewed with the use
of anthracyclines, daunorubicin and doxorubicinogél et al., 2005; Schimmekt al., 2004,
Simuneket al., 2009). Anthracyclines have been reported to eaasdiomyopathy, congestive
heart failure and QT-prolongation. Potential ariimyic effects of antiarrhythmic drugs are well
known (Lazzara, 1993). QT- prolongation, in patacwuafter amiodarone and quinidine therapy
has been described repeatedly (&tiial., 1992; McCombet al., 1980; Schrickekt al., 2003;
Schrickelet al., 2006; White, 2007).

In our study, unlike other recently reported stadising MS-based methods, we focused on
HPLC quantification of metabolites which is accerand precis¢Hanset al., 2003; Niklas et

al., 2009) based on selective derivatization of anadoms using ortho-pthaldehyde (OPA). We
focused on common culture medium nutrients suajllaose, pyruvate and amino acids as well
as lactate which is the most commonly secreted boéta by cell lines. The presented data
shows that this approach, combined with multivargatistics (principal component analysis and
discriminant analysis) is adequate for correct jotexh of drug classification. It might prove
useful in not only predicting a compound’s potdntiassification based on mode of action but
may also help in the assessment of risk of carchaay in clinical applications based on

classification.
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Material and methods

Cell Culture

HL-1 cardiomyocytes were obtained from Dr. Claycorfilmuisiana State University) for
research within the framework of EU-STREP (LSHB-2007-037636) project
“Invitroheart”(Claycombet al., 1998). The cells were maintained in Claycomb iomad(Sigma
Chemical, USA) supplemented with 2 mM glutamine gPRaboratories, Austria), 100 U/ml
penicillin, 100 pg/ml streptomycin (PenStrep staaiution: CC Pro, Germany), 100 pM
norepinephrine (Sigma Chemical, USA) in 30 mM Leabac acid (Sigma Chemical, USA) and
10% foetal bovine serum (FBS, JRH Biosciences, W@&lls were sub-cultured when confluent
in a split ratio of 1:3. Culture flasks (75 gnfralcon, Germany) were pre-coated with a solution
of 0.02% (w/v) gelatine (AppliChem, Germany) contag 5 pg/ml fibronectin (Sigma
Chemical, USA). Beating HL-1 cardiomyocytes wereinteaned at standard cell culture
conditions (37°C, 5% Cfand 95% relative humidity).

Preparation of test solutions

All drugs were purchased from Sigma Chemical (USAh the highest purity available. Stock

solutions of terfenadine (10 mM), diclofenac (500 verapamil (100 mM), methotrexate

(100 mM), 5-fluorouracil (100 mM), quinidine (100M), daunorubicin (10 mM), amiodarone

(50 mM) were prepared in dimethylsulfoxide (DMSQ3aapurchased from Sigma Chemical,
USA. A doxorubicin stock solution (10 mM) was pregah in cell culture grade water (PAN

Biotech, Germany). The stock solution of acetamimerp (30 mM) was directly prepared in

supplemented Claycomb medium. For the cytotoxiedeening all stock solutions were serially
diluted in supplemented Claycomb medium. The endS@Mtoncentration did not exceed 1%
(v/v) in any of the final test solutions. Solverintrols using DMSO (DMSO controls) at

concentrations identical to the corresponding teshcentrations were also tested. The

concentrations analyzed for metabolic footprintamg given in table 1.

Determination of concentration response curves

HL-1 cardiomyocytes were trypsinized at confluermeyd counted using trypan blue exclusion
method in a hemocytometer. 1.5R1€ells/well were seeded in 24-well OxoDishes (PrsSe
Germany) in a volume of 1 ml supplemented Claycanddium per well. After 24 hours (h)

incubation, the supernatant was removed and ths wedre washed twice with Claycomb
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medium without any supplements. Afterwards, fresbdimm containing drugs at different
concentrations was added to the cells. All condgiuntreated controls, DMSO controls, drugs)
were tested in triplicates. For all drugs, cellsravéreated for 48h with the exception of
antimetabolites, 5-fluorouracil (5-FU) and metha#&te, for which the exposure time was 96h.
After the test period, cell culture supernatantsenellected and spun down at 10000 x g for 5
minutes (min) at 4°C to remove cell debris. The @as were stored at -20°C until further
analysis of metabolic footprint&fter medium removal each well was washed thrice i ml
non-supplemented Claycomb medium. Cells were fixed°C for one hour by adding 250 pl
TFA-solution (50% trifluoracetic acid (v/v) in wajeinto each well containing 1 ml of non-
supplemented Claycomb medium. After fixation, tkeds were washed carefully five times with
deionized water. 250 ul of 0.4% sulforhodamine Byf®& Chemical, USA) solution (w/v) in
0.1% acetic acid (Sigma Chemical) (v/v) was addedstaining cellular proteins for 30 minutes
at room temperature on a plate shaker set at 200 The staining solution was removed and the
wells were washed thrice with 0.1% acetic acid ¥ remove unbound dye. The stained cells
were then dried for 30 minutes and the dye wasaetéd from the cells with 500 pl of 10 mM
Tris base (Roth, Germany) solution (pH 10). Extoactwas performed for 10 minutes on a
microplate shaker set at 200 rpm. The absorptiahefdye was measured in 96 well microtiter
plates using a fluorescence reader (IEMS, Labsysteana wavelength of 540 nm against a

reference wavelength of 660 nm.

Sample preparation for metabolic footprint analysis

The supernatant from each well was collected asribesi above. Serum proteins, such as
albumin were removed by microfiltration using Micom® Filter Devices (Millipore, Germany)
with an exclusion size of 10kDa. Subsequently ddichte was diluted 1:2 witlw-aminobutyric

acid solution (400 uM in deionized water) which wagd as internal standard.

Metabolic footprinting

Quantification of glucose, lactate and pyruvate

Glucose, lactate and pyruvate were quantified asrieed recently (Hanat al., 2003; Niklaset
al., 2009). In short, quantification was carried asing HPLC (Kontron Instruments, Germany)
with an Aminex HPX 87H ion exchange column (300 mifh8 mm, Biorad, USA). The isocratic

separation was carried out using 7 mM sulfuric asceluent and a flow rate of 0.8 ml/min at a
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column temperature of 60°C. Injection volume wagu2(_actate and pyruvate were detected by
UV-detection (UV-detector: HPLC 535, Biotek, Gerrgpat a wavelength of 210 nm. Glucose
was determined by measuring the refractive indeRQ&515A, ERC Inc, Germany). Standard
solutions of glucose, lactate and pyruvate (Sigrhand@ical, USA) were used for identification
and quantification of these metabolites, respelgtivEhe standard concentration of glucose,
lactate and pyruvate included 10mM, 5mM, 2.5mM 51, 0.625mM, 0.312mM, 0.156mM

and 0.078mM. Retention times of these metaboliteg&en in Table 2.

Quantification of amino acids

Amino acids were quantified as described earlieaan@¢t al., 2003; Kromeet al., 2005; Niklas

et al., 2009). In short, quantification was carried aging HPLC (Agilent 1100 series, Agilent
technologies, Germany) with a C18 RP-column (Ge®&ibu C18 110A, 150 mm x 4.6 mm,
Phenomenex, Germany) at 40°C. A gradient separatias carried out (Eluent 1 : 40 mM
NaHPO,, pH 7.8; Eluent 2: methanol, acetonitrile, watérdb:10 (v/v)) with a flow rate of 1
ml/min. Primary amino acids were derivatized by -poumn derivatisation using ortho-
pthaldehyde (OPA) (Agilent, Germany) (excitationwelength: 330 nm; emission wavelength:
450 nm). Proline, a secondary amino acid, was dgried using 9-fluorenylmethyl-chloroform
(FMOC) (Agilent, Germany) (excitation wavelengtt862nm, emission wavelength: 305 nm).
Amino acids were obtained from Sigma Chemical, UStandard solutions of amino acids were
used for identification and quantification of theseetabolites, respectively. The standard
concentrations of amino acids included 1000pM, B00@50uM, 125uM, 62.5uM, 31.25uM,

15.6puM and 7.8uM, respectively. Retention timealb&dmino acids are given in Table. 2.

Data handling and statistical analysis

The changes in the metabolite concentrations (gkidactate and amino acids) upon exposure to
the drugs were compared with the respective umitleabntrols using studentistest. The
changes were considered significanp<®.05.

The concentrations of each metabolite in the rdspesupernatants were normalized to the
individual untreated controls (% of control) of Baexperiment. Principal component analysis
(PCA) and discriminant analysis (DA) were carriatt asing XLSTAT 2010.3.06 (Addinsoft,
Germany). For discriminant analysis, all conditiomsre assigned to specific classification,

which represents the group labels. These are: ttpated controls 2) DMSO controls (cells
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treated with concentrations of DMSO identical togé which were used in case of drugs) 3)
channel blockers (amiodarone, quinidine & verappm) antihistamines (astemizol &
terfenadine) 5) anthracyclines (daunorubicin & dwoicin) 6) analgesics (acetaminophen &
diclofenac) and 7) antimetabolites (5-fluoroura&iimethotrexate). Cross model validation was
carried out similar to a recently reported appro@akesterhuiset al., 2008). Briefly, the data
matrix, which consisted of 152 rows and 18 colunwas split into a test set (76 rows) and a
second training/validation set (76 rows). From trening/validation set, which was used to
determine discriminant models of drug groups, 3&olmations were randomly selected and cross
validation was carried out. This procedure was agzk until all conditions of the whole data set
were part of the test set at least once. Thustahriamber of 76 prediction models were created.
In no case, conditions from the test set were tigemleate a prediction model. The accuracy of
each prediction model was assessed by determinafitihe percentage of correctly predicted
groups in conditions from the test set. 95% comfageintervals were calculated with XLSTAT.

In order to determine whether correct classificatal conditions in the test set is random, a
permutation test was carried out. Hereby, assigtsneihgroup labels in the training/validation
set were permuted in a random way. Prediction guakias determined by comparing the

accuracy of both permuted and non-permuted predictiodels.
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Results

Concentration response curves

A complete set of concentration response curveth@ftested drugs is shown in Fig. 1. Each
experiment was carried out with its individual watted control. As apparent, the effective
concentrations for different drugs were quite dsegiranging from the nanomolar range in case
of anthracyclines and antimetabolites to the uppieromolar range in case of analgesics. Along
with anthracyclines and antimetabolites, the ast#mines (astemizol and terfenadine) were
quite toxic, since the effective concentration ®ngas in the lower micromolar range. The
concentration response curves of both compound® wenost identical. Channel blockers
amiodarone, quinidine and verapamil gave similagmgidal curves with similar shapes.
However, they showed a shift in concentration rasporange. The effective concentration
ranges for both analgesics (acetaminophen and feli@do) were quite different, while
corresponding curves for anthracyclines (daunomband doxorubicin) were almost identical.
Based on these concentration response results, admgcentrations were selected (Table 1) at
specific points of the concentration response cufnanging from 40%-100% of relative

proliferation) for further HPLC quantification ofetabolites in the supernatants.

120 A 120 | B

'S 100 128

e 80 1

S 6. 60

o 40

° 40 A 20

2 20 0

= 0 . . : . -20

2 10 100 1000 10000 100000  0.00001  0.001 0.1 10 1000

£

2 120-C 120 1 D

— 100 - 100

Q 80 - 80

: 60 - 60

2 40 - 40

& 20 20

Q 0 - 0

X 5 . . . . 20 . : : ,
0.1 1 10 100 1000 0.0001  0.01 1 100 10000

Concentration [uM]

Figure 1: Concentration response curves of selected déug&nalgesics: acetaminophem)(& diclofenac ¢) B.
Antihistamines: astemizob] & terfenadine ¢) C. Channel blockers: amiodarone)(quinidine ¢) & verapamil @)
D. Anthracyclines/antimetabolites: methotrexa#, (5-fluorouracil ¢), doxorubicin @) & daunorubicin €). The
drugs were tested on HL-1 cardiomyocytes for 48kcépt antimetabolites which were tested for 96using

sulforhodamine B proliferation assay. Error badidate +S.D. (n = 3).
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Table 1: Drug concentrations considered for footprint as@lyn culture supernatants of HL-1 cardiomyocwfigsr

48h of drug exposure (except for 5-fluorouracil amethotrexate for which the exposure time was 96h).

Drug class Concentrations analysed for metabobélprg [uM]
Analgesics

Acetaminophen 940 470 235 117
Diclofenac 80 40
Antihistamines

Astemizol 1 0.1 0.01 0.001 0.0001
Terfenadine 3.2 1.6 0.8
Channel blockers

Amiodarone 4 1.2 0.4

Quinidine 50 0.5

Verapamil 12.5 2.5 0.5
Anthracyclines

Daunorubicin 0.04 0.012 0.004 0.001
Doxorubicin 0.04 0.01 0.0025
Antimetabolites

5-Fluorouracil 0.01 0.001

Methotrexate 0.01 0.001

Since most drugs were dissolved in DMSO, the corresponding DMSO controls were also included in metabolic
footprint analysisin addition to the untreated controls from each experiment.

Metabolic footprinting (consumption and production of metabolites)

Uptake and production of all considered metabol{g#acose, lactate, pyruvate and 19 amino
acids) in untreated HL-1 cardiomyocytes is showTable 2. Average changes in glucose and
lactate concentration within 48 h incubation web®91 + 651 uM and 9596 = 1184 uM
respectively. Among amino acids, glutamine and iaanshowed the highest changes in
concentrations (-411 £ 24 uM and 190 + 17 uM) fokd by branched chain amino acids
(BCAA) leucine, isoleucine and valine (-118 + 8 uM04 + 8 uM and -70 £ 9 pM). Net
concentration changes for the remaining amino a@dged from 10 to 70 pM. Concentration
changes for asparagine (-6 £ 3 uM), aspartic a@i¢ @ pM) and glycine (8 £ 6 uM) were
negligible.
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Table 2: Retention time of metabolites and changes in egthalar metabolite concentrations in untreated HL-
cardiomyocytes within 48h incubation. Quantificatiof metabolites was carried out according to mdshpart.
Concentrations of metabolites were measured incci#ilire supernatants using HPLC at t = 48h an®h £fmedium
without cells). Standard deviations were calculdtech four replicates. Negative and positive valuefer to uptake

and production respectively.

Metabolite A [uM] +S.D Retention time [min]

Lactate 9596 1184 9.8
Glucose -5591 651 7.0
Glutamine -411 24 15.2
Alanine 190 17 21.7
Leucine -118 8 39.7
Isoleucine -104 8 37.5
Valine -70 9 32.0
Lysine -53 3 41.9
Pyruvate -47 10 7.4
Serine 46 7 13.1
Proline -38 10 45.6
Glutamic acid 34 10 7.0
Arginine -31 3 19.4
Tyrosine -30 5 26.0
Phenylalanine -24 4 36.8
Methionine -23 1 32.8
Threonine -18 11 17.6
Histidine -12 2 15.9
Tryptophan -9 2 35.7
Glycine 8 6 17.0
Asparagine -6 3 12.2
Aspartic acid 0 4 4.6

The metabolite uptake and production was quantiied analyzed for the drug treated cells as
well. A detailed overview of the data is given upplementary material (Appendix for Chapter
3, Table S1). Figure 2 shows changes in glucoselactdte concentrations induced by the
highest analysed drug concentrations (Table 1pasept of untreated controls. Since most of the
drugs were dissolved in DMSO, the corresponding BM&ntrols were analyzed for any
changes due to the solvent (Fig. 2 A). No significehanges in glucose uptake and lactate
production were observed for DMSO concentration®.6fLl2 % or lower. Therefore, DMSO
controls for drug concentrations containing less1t.0012% of DMSO were not analyzed.
Significant variations in glucose uptake and laziatoduction could be observed for most of the
tested drugs, except for 5-fluorouracil (0.01 uMy anethotrexate (0.01 uM) (Fig. 2 H and 1).
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The highest impact on glucose uptake and lactatdugtion was observed for channel blockers
(amiodarone and verapamil) and analgesics (acetgrmén and diclofenac). Acetaminophen
(940 uM) reduced glucose uptake as well as lagiateuction by 50% (Fig. 2 B). For this drug
DMSO was not used as solvent. Amiodarone (4 pMjeadsed relative uptake and production of
glucose and lactate respectively by 35% (Fig. 2 v@)ile the corresponding DMSO control
(0.04% v/v) resulted in a reduction of 11% for glse uptake and 10% for lactate production
(Fig. 2 A). In case of astemizol (1 uM), glucosdake and lactate production was reduced by
20% and 25%, respectively (Fig. 2 D). Unlike doxmain (0.04 uM) which had no significant
effect on both metabolites (Fig. 2 G), daunorub{€i®4 uM) reduced glucose uptake and lactate
production (Fig. 2 E) most significantly by 75% arn@Po, respectively. In case of daunorubicin,
the influence of DSMO was neglected as the DMSOcentration was below 0.0012%.
Diclofenac (80 puM) reduced glucose uptake and tegieoduction by 60% and 55% respectively
(Fig. 2 F), and was significantly different from tteated control and DMSO control, which
contained 0.012 % (v/iv) DMSO (Fig. 2 A). A slighicrease in glucose uptake and lactate
production was observed in response to channekétoguinidine (8% and 12% respectively)
(Fig. 2 J), which was however not significantly fdient from DMSO (0.012%) control.
Terfenadine (3.2 uM) reduced glucose uptake by 3% lactate production by 50%, as
compared to untreated controls (Fig. 2 K). Howebertause of the larger error in glucose uptake
measurement only reduced lactate production wasfis@ntly different from the corresponding
DMSO control, which contained 0.04% (v/v) (Fig. 2 Aerapamil (12.5 uM) decreased relative
concentrations of glucose and lactate by about 5@8gpectively (Fig. 2 L), while in
corresponding DMSO (0.012%) controls no significasftanges in glucose and lactate
concentrations, as compared to the untreated dsntvere observed. Amino acids which showed
the highest uptake and production in untreated ¢glutamine, alanine, branched chain amino
acids) were significantly affected by several ot ttested drugs at the highest analysed
concentration. A detailed overview of changes irasueed amino acids in the presence of drugs
is given in the supplementary material (AppendixG@bapter 3; Tab. S1 and S1.1).
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Figure 2: Drug induced changes in uptake/production of glecand lactate in HL-1 cells as percent of untteate
controls. HL-1 cells were incubated with the respecdrugs for 48 h or 96h (in case of 5-fluorouirsand
methotrexate)A) DMSO controlsB) Acetaminophen (940 uME) Amiodarone (4 uMD) Astemizol (1 UM)E)
Daunorubicin (0.04 uM)F) Diclofenac (80 uM)G) Doxorubicin (0.04 pM)H) 5-Fluorouracil (0.01 uM)I)
Methotrexate (0.01 pM)) Quinidine (50 uM)X) Terfenadine (3.2 uMl) Verapamil (12.5 pM). Metabolites were
quantified using HPLC and the metabolite concermmaat t = 48h and t = Oh (negative control; mediwithout

cells) was calculated. Standard deviations froplitiite measurements are indicated as error bars.

Principal component and discriminant analysis

Using principal component analysis (PCA) the datavgas analyzed for better visual inspection
of differences in metabolite uptake and producfiBig. 3). The amino acids namely aspartate,
asparagine, proline and tryptophan were not in@udestatistical analysis, since their uptake
showed relatively high experiment to experimentatans in untreated cells.

36



Metabolite profiling of HL-1 cardiomyocytes

F2 (15.3%)

F1 (44.2%)

Figure 3: PCA score plot of the first two principal comporeffl and F2, 59.5% of the total variance in thia da
set). Metabolic profiling was carried out on suggamts from HL-1 cardiomycoytes upon exposure tmslr Selected
analyzed drugs from several classes (analgesiasnehblockers, antihistamines, anthracyclinespattbolites) are
depicted; Amiodarone (pink squares), astemizol gigrequares), acetaminophen (red squares), untreaterbls
(grey squares), daunorubicin (blue triangles), dokizin (blue squares), diclofenac (red triangl&)SO (orange
squares), 5-fluorouracil (black squares), methattexblack triangles), terfenadine (green trianjglgsinidine (pink
circles), verapamil (pink triangles). Untreated ttols and DMSO controls are shown within 95% coeffide

ellipses.

In the score plot (Fig. 3), an approximate clusigf drugs from certain classes i.e. those with a
similar mechanism of action is seen for the majooit the replicates for anthracyclines namely
daunorubicin and doxorubicin (upper left quadranobjannel blockers namely amiodarone and
verapamil (lower right quadrant), as well as mdsteyvations of analgesics (acetaminophen and
diclofenac) (lower left quadrant). However, antiaimines (astemizol and terfendadine) were not
located in a single quadrant but clearly groupedthe individual drugs. As apparent from
loading coefficients (Fig. 4), the separation otigh along the first component was mainly
attributed to amino acids, especially those whide a&atabolised in TCA-cycle e.qg.
phenylalanine, branched chain amino acids (leudsweucine, valine), glutamate (Fig. 4 A),
while separation along the second component waslyndiie to changes of glucose uptake and
metabolites which are connected to intermediatem fglycolysis (alanine, pyruvate, serine,
lactate) (Fig. 4 B).
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Figure 4. PCA-loading coefficients of 18 metabolites (gluepkactate, pyruvate and 15 amino acids) from A) PC
axis F1 and B) PC axis F2, obtained from the afsbfsown in Figure. 3.

Discriminant analysis (DA) was carried out to fumhassess the clustering of the drugs. As

depicted in figure 5, at least four distinct clustevere obtained. The first cluster includes the

antihistamines, astemizol and terfenadine (Figgfeen symbols) while the second cluster

includes analgesics, acetaminophen and diclofefag: 6, red symbols). The third cluster
includes both anthracyclines daunorubicin and dabioin (Fig. 5, blue symbols), while the last

cluster includes untreated controls, DMSO-contrcignnel blockers and antimetabolites.
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F2 (24.9%)

F1 (49.7%)

Figure 5: Discriminant analysis score plot of axis 1 and2% of the variance). Metabolic profiling was cadriout
on supernatants from HL-1 cardiomycoytes upon exyeoo drugs from several classes (analgesics nehatocker,
antihistamines, anthracyclines, antimetaboliteg)regented by; Amiodarone (pink squares), astem{goéen
squares), acetaminophen (red squares), untreatgrbiso(grey squares), daunorubicin (blue triangldsxorubicin
(blue squares), diclofenac (red triangles), DMS@ifge squares), 5-fluorouracil (black squares)hotetxate (black
triangles), terfenadine (green triangles), quirédipink circles), verapamil (pink triangles). Theoee plot is based on
a prediction model which was created by using B8 &bservations. Full symbols: training set; Emgptsbols: cross

validation data set.

Accuracy of prediction of classification/grouping

We used discriminant analysis to see if it alloywsdsfic drug classification of conditions in a test
data set based on prior determination and crosdat@n of discriminant models. The whole
data set was split into training/validation datal aest data. A total of 76 discriminant models
was established (see methods), each with its osmracy. Prediction of test data by using all 18
considered metabolites as variables in the traidaig was most reliable for the majority of the
drugs in the test data (Fig. 6).

In the case of predictions, which are based on -pemrmuted” assignments of groups in the
training/validation data (Fig. 6, white bars), age accuracy of classification in the test data set
is quite reliable in case of untreated controls%82 9), anthracyclines (78% * 11) and
antihistamines (76% =+ 10). Accuracy of classificatiwas 54% + 11 for antimetabolites,
62% + 12 for DMSO, 59% = 8 for analgesics, 50%fb9channel blockers.
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Figure 6: Discriminant analysis of extracellular metabobofiprints in HL-1 cardiomyocytes upon exposure riogd
from several classes/groups. The footprint datg{X&2 rows, 18 columns) was split into test dat @Gws) and a
second set, which again was randomly split intmiing and validation data for cross validation. Tawerage percent
of correctly predicted classes/groups for each itimmdin the test data set and 95% confidence watler were
calculated from 76 evaluations i.e. discriminamdiions. White bars indicate predictions which laased on models
with correct assignment of group labels in thenirag/validation data set. Grey bars show predigtiohich are based

on random i.e. permuted assignments of group labalenditions in the training/validation data set.

Accuracy of classification was significantly bettess compared with the corresponding

predictions based on models in which classificatiaere randomly assigned (permuted) in the
training/validation data set. Here, the accuracgmfectly predicted drug classes was 13% * 10
(anthracyclines), 18% + 11 (antihistamines), 1099 fantimetabolites), 38% + 23 (untreated

controls), 7% £ 11 (DMSO controls), 18% £ 10 (chalnmockers) and 10% + 9 (analgesics).
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Discussion

Since cardiac injury has been associated withadlters in substrate usage in cardiomyocytes
(Stanleyet al., 2005), we assumed that the “sub-profile” of edeged metabolites is unique for
individual drug groups thereby allowing clusteriofdrugs according to their modes of action
and for prediction of drug classification using sapsed pattern recognition approach. Unlike
recent metabolomic studies in which MS-based metheelte used to monitor a whole spectrum
of peaks of either known or unknown metabolitesrugwposure of cells or tissues to toxic drugs
(Allen et al., 2003; Allenet al., 2004; Dunret al., 2009; Henriquest al., 2007; Kimet al., 2010)

we focused on HPLC measurement of known metabalitemmon cell culture medium i.e.
glucose, pyruvate and amino acids. Lactate seckgtezklls was also taken into consideration.
These metabolites not only serve anabolic funct{aes biomass synthesis) but to a high extent
catabolic functions as well (oxidation in TCA-cycldptake and secretion of metabolites
relevant to glycolytic pathway (glucose, lactatgtuvate, glycine and serine) as well as TCA-
cycle (glutamine, BCAA, lysine, arginine etc.) shemvboth significant and non-significant
changes induced by certain drugs. Changes in giugptake and lactate production represented
the highest changes among the measured metabdal#gpite alterations in glucose uptake and
lactate production in case of some drugs, the teigfaicose ratio, which was 1.8 £ 0.2 in
untreated cells, was not significantly disturbed doy of the considered drugs concentrations.
The observed lactate/glucose ratio in HL-1 cellsinisaccordance with recent observations
(Monge et al., 2009). It was argued that HL-1 cells share priigee of cancer cells with a
relatively high anaerobic glycolysis. The highestcidase in glucose uptake and lactate
production was observed in case of channel blocleralgesics and antihistamines. Since no
significant alterations in lactate/glucose raticey@vobserved it can be assumed that the extent of
glucose-derived pyruvate, which enters TCA-cyclereht is oxidized to Cg) was not disturbed

at least by some of the tested drugs. However tiaddl tracer experiments usiftC-labelled
glucose might reveal actual alterations of glucestering TCA-cycle upon treatment with the
respective drug with higher accuracy. The actuaketese in glucose uptake observed in this
study could be to some extent explained by redumeetgy demand. Since HL-1 cells are
spontaneously beating in culture, exposure to dwlgsh act on ion channels disturb excitation-
contraction coupling in these cells, leading tordased contraction and thereby reduced energy
demand.
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The changes in the metabolite concentrations weasb/zed using PCA. PC1 and PC2 accounted
for 60 % of the total variance observed in the dah As depicted, several observations on
supernatants from cells treated with drugs aragqaodutside the 95% confidence ellipses of both
untreated controls and DMSO treated cells (Fig.TBere is a clear separation of treated cells
from the untreated controls. An approximate clustgof individual drug classes, as indicated by
different colours, could be observed in the coroesing PCA-scores plot (Fig. 3). Based on
these results, the relevancy of each metabolit¢hén separation/formation was assessed by
determination of the loading coefficients. Loadiegefficients of the first two principal
components (Fig. 4 A and B) revealed that separatioobservations along the first two axis
distinguishes between metabolites connected toobifc and TCA-cycle pathways. Separation
of observations along principal component 1 wasigaittributed to metabolites which undergo
degradation in TCA-cycle reactions, such as phéaylae, branched chain amino acids (leucine,
isoleucine, valine), tyrosine, glutamine and glutaacid etc. On the other hand, separation along
principal component 2 was mainly due to metabolitesnected to the glycolytic pathway
(glucose, lactate, alanine, glycine & serine).

Clustering could be improved by a supervised apgproa. by assigning each drug to a specific
drug group followed by discriminant analysis. Uatexl controls and DMSO-controls were also
treated as individual groups. Score plot of axentl 2 (75% of the variance in the data) shows
that some clusters could be obtained which refatigtinct drug classes (Fig. 5). Four clusters
could be obtained by this supervised approach winicluded anthracyclines (daunorubicin &
doxorubicin), antihistamines (astemizol & terfema)i and analgesics (acetaminophen &
diclofenac). The fourth cluster contained chanrletkers, untreated controls, DMSO-controls
and antimetabolites.

Average prediction quality was determined by applycross model validation of both non-
permuted and permuted group assignments, as dedcrdrently (Westerhuist al., 2008).
Indeed the prediction of classes in this study wdrkjuite well, which is reflected by high
sensitivities of the calculated prediction modaistihe non-permuted prediction models. As
predictions based on permuted class assignmentldshmi be able to classify very well
(Westerhuiset al., 2008) (based on the assumption that no diffeaehetween the classes exist)
an average of 14.3 % correctly predicted conditwas expected for each class, considering that

the whole data set was split into seven distiress®s. Indeed, average accuracy observed in this
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approach was 7%-38% for the majority of the classexan therefore be concluded that
prediction accuracy is clearly not random but dusgecific and unique metabolic profiles.

HPLC quantification of such metabolites was regeafiplied to study drug induced changes in
extracellular fluxes (Niklagt al., 2009) at subtoxic concentrations in a hepaticlice. It was
found that drug induced changes in metabolite wg#aid production is linked to altered fluxes in
central energy metabolism. The observed changesetabolite uptake and production may
therefore also be linked to changes in substradgeaus.e. to central metabolism and in turn
probably effects fluxes through certain catabolithgvays for example in TCA-cycle reactions.
Despite the fact that we measured many differentbwdites, measuring the relative uptake of
fatty acids, a rich provider of ATP in cardiac eelinight increase the predictive power since it
might give supportive insights in the extent ofglinduced changes in energy metabolism. The
approach used in the presented study allowed fitzggin of drugs according to their modes of
action. This can be very useful in the assessminbtoonly a new drug candidate’s potential
pharmacological properties according to group kl®it also to assess its toxicity potential
depending on the cell system used.

However, since HL-1 cells represent an immortaliggtal murine cell line, with some cardiac
phenotype, its relevance in predicting potentiaticdoxic side effects in humans is limited. By
using cell types which more closely reflect humiasue i.e. human embryonic stem cell derived
cardiomyocytes, improvement in human specific agldvant prediction is expected. Moreover,
using a similar profiling approach, even the riskuaknown compounds/new pharmaceuticals
for cardiac side effects might be reliably assesgleen applying pattern recognition techniques
on the basis of clinically observed side effeaighsas QT-prolongation or cardiac arrest.
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Chapter 4

Metabolic flux analysis gives an insight on veraparhinduced

changes in central metabolism of HL-1 cells
Abstract

Verapamil has been shown to inhibit glucose trartspo several cell types. However, the
consequences of this inhibition on central metabolare not well known. In this study we
focused on verapamil induced changes in metabblie$ in a murine atrial cell line (HL-1
cells). These cells were adapted to serum freeittonsl and incubated with 4 uM verapamil and
[U-13Cs] glutamine. Specific extracellular metabolite ugtgproduction rates together with mass
isotopomer fractions in alanine and glutamate wapemented into a metabolic network model
to calculate metabolic flux distributions in thent@l metabolism. Verapamil decreased specific
glucose consumption rate and glycolytic activityd®@o. Although the HL-1 cells show Warburg
effect with high lactate production, verapamil tezhcells completely stopped lactate production
after 24 hours while maintaining growth comparatbleéhe untreated cells. Calculated fluxes in
TCA cycle reactions as well as NADH/FADBRroduction rates were similar in both treated and
untreated cells. This was confirmed by measuremoérdell respiration. Reduction of lactate
production seems to be the consequence of decrghgsate uptake due to verapamil. In case of
tumors, this may have two fold effects; firstly degmg cancer cells of substrate for anaerobic
glycolysis on which their growth is dependent; settp changing pH of the tumor environment,
as lactate secretion keeps the pH acidic and e tumor growth. The results shown in this
study may partly explain recent observations inclvhverapamil has been proposed to be a
potential anticancer agent. Moreover, in biotecbgal production using cell lines, verapamil
may be used to reduce glucose uptake and lactatetisa thereby increasing protein production
without introduction of genetic modifications angpécation of more complicated fed-batch

processes.

This chapter has been published as: Strigun A, Nod¥, Pironti A, Niklas J, Yang TH, Heinzle E (2011).
Metabolic flux analysis gives an insight on verapaihinduced changes in central metabolism of HL-1 dks.
Journal of Biotechnology 155: 299-307.
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Introduction

Verapamil belongs to the class of calcium chantmtkers (CCBs) and is clinically used for the
treatment of hypertension (Kaplan, 1989) and angeetoris (Brogden and Benfield, 1996). In
addition to calcium channel antagonism, verapaumsl been reported to exert other physiological
effects such as inhibition of glucose uptake inesalcell types (skeletal muscle cells (Cartee,
1992), neuronal cells (Ardizzoret al., 2002) and adipocytes (Bechetlal., 2008)) via several
mechanisms. Many of the glucose uptake studies/arge cell lines point towards a direct effect
of verapamil on glucose transporters (Ardizzehal., 2002; Carteet al., 1992; Louterst al.,
2010). Verapamil's ability to inhibit glucose uptaknakes it attractive in applications other than
its intended use as calcium channel antagonistekample, inhibition of glucose uptake is one
of the potential targets in cancer therapy (Gateanry Gillies, 2007). While none of the studies
considering verapamil ability to inhibit glucosetaige were carried out in the context of cancer
therapy, there is growing evidence that verapama# an anticancer effect itself (Zhaegal.,
2009) as well as a synergistic effect on othercanter agents (Tsur@bal., 1981; Zhangt al.,
2007). It was shown that verapamil reversibly imsilcell proliferation of many tumor cell lines
independent of calcium channel block (Schnetdil., 1988).

In addition, inhibition of glucose uptake may beplkeited in biotechnological applications. In
biotechnological production of biopharmaceutica$ knes are used due to their ability to carry
out posttranslational modifications. These celke$éinare usually immortalized and show high
glycolytic activity producing much lactate as byguct. Various approaches (such as genetic
modifications or fed batch cultivations) are usedréduce substrate (glucose) uptake and by-
product production to improve protein productiom €naller scales, a simple method to do this
is desirable. Using a compound which inhibits ghecaptake such as verapamil in low non-toxic
concentrations improving the efficiency of growtidahereby production could be very useful.

It is therefore of great importance to study phiggial effects of glucose uptake inhibitors on
metabolism especially with regard to substrate seafdcancer cells and cell lines. Taking
verapamil as reference compound, in this study seslUHL-1 cells to study its effects on central
metabolism. HL-1 cells have been extensively chiaraed (Claycomigt al., 1998; Eimreet al.,
2008; Mongeset al., 2009; Sartianét al., 2002; Whiteet al., 2004; Xiaet al., 2004) and were
used in pharmacological (Dergy al., 2009; Foxet al., 2005) as well as toxicological studies
(Anderssonet al., 2010; Fritzschest al., 2009). Glucose uptake studies on HL-1 cellshia t

presence of pharmacological compounds were caougdecently and it was found that HL-1
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cells have relevant glucose transport isoforms (GLW@nd GLUT4) (Shuralyovat al., 2004),
which also play a significant role in many canogreis. Moreover, the fact that HL-1 cells show
high glycolytic activity (Mongeet al., 2009), a characteristic of many cancer cells and
commercially available cell lines, makes them attva for glucose uptake studies.

Metabolic flux analysis has been used for the amslgf mammalian metabolism mainly in the
areas of cell culture technology as reviewed rdggiiklas et al., 2010). Other applications
include the physiological characterization of arlimell lines, such as hybridomas (Bonarats
al., 2001), CHO-cells (Goudaat al., 2010), human production cell lines (Heratyal., 2010,
Niklas et al., 2011), hepatocytes (Maiet al., 2009), kidney cells (Sidorenieas al., 2008), the
analysis of effects of drugs (Niklas al., 2009) and the physiological characterizatiorthef
whole murine myocardium (Vo and Palsson, 2006)thia present study we investigated the
effect of verapamil on the glucose uptake and appfiC metabolic flux analysis on HL-1 cells
upon treatment with verapamil to estimate the grilce of decreased glucose uptake induced by
verapamil on intracellular fluxes in central metibgathways namely glycolysis and TCA
cycle. The results of this study are discussetiéncontext of verapamil’s potential application in

the field of cancer therapy and biotechnology.

Material and Methods

Cdll Culture

HL-1 cells were kindly provided by Dr. Claycomb (lisiana State University) for research
within the framework of EU STREP-project “Invitrodm¢’. The cells were maintained in
Claycomb medium (Sigma Chemical, USA) supplememeéth 2 mM glutamine (PAA
Laboratories, Austria), 100 U/ml penicillin, 100/pd streptomycin (PenStrep stock solution, C.
C. Pro GmbH, Oberdorla, Germany), 100 uM norepineph(Sigma Chemical, USA) in 30 mM
L-ascorbic acid (Sigma Chemical, USA) and 10% féw@line serum (FBS) (JRH Biosciences,
UK). Cells were sub-cultured at confluency in atspaitio of 1:3. Culture flasks (75 dmfFalcon,
Germany) were pre-coated with a solution of 0.028v) gelatin (AppliChem, Germany)
containing 5 pg/ml fibronectin (Sigma Chemical, USMeating cells were maintained at
standard cell culture conditions (37°C, 5% L£&hd 95% relative humidity) in a cell culture

incubator (Memmert GmbH, Schwabach, Germany).
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Adaptation of HL-1 cells to serum free medium

For metabolic flux analysis serum free culture é¢bods are desired, therefore, a modified
composition of previously reported serum free mediior hESC cardiomyocytes (Xet al.,
2006) was used. Carnitine, creatine and taurinee viperrchased from Sigma Aldrich. Stock
solutions of taurine (100 mM), carnitine (100 mM)eatine (50 mM) were prepared in cell
culture grade water (Invitrogen, Paisley, UK). Eacitution was sterile filtered with a 0.2 pm
filter (Millipore, Billerica, USA). 2 mM taurine, 2nM carnitine, 1 mM creatine, 0.1 mM
norepinephrine, PenStrep and 2 mM glutamine wemeddo the basal Claycomb media
(referred as CCT-medium henceforth). The HL-1 cedse gradually adapted to CCT-medium
in four weeks. The standard supplemented Claycoratlium was step by step replaced with
CCT-medium during the time of adaptation. The cellre passaged three times during this

period.

Dose response curve for verapamil using cell proliferation assay

HL-1 cells adapted to serum free conditions weypsinized at confluency and counted using
trypan blue exclusion method in a hemocytometd.x310 cells/well were seeded in 96-well

plates in a total volume of 200 ul of CCT mediunfteA 24 hours (h) equilibration, the medium
was removed. Fresh medium containing verapamiledifferent concentrations (0.21 uM, 1.04
UM, 5.2 uM, 26.2 uM, 131 uM) in triplicates was addCells were incubated with verapamil at
37°C for 96 h in the incubator. A concentration p@sse curve was plotted using the
Sulforhodamine B assay according to a previous$gieed method (Skehahal., 1990).

Experimental setup for studies on verapamil induced changes in metabolite uptake and
production rates

1.5 x 10 HL-1 cells adapted to serum free medium were skpdewell in 24-well plates which
were already coated with a gelatin/fibronectin solufor 24 h (five plates in total were seeded).
The total medium volume per well was 500 pl. Azdrh equilibration the medium was removed
and the cells were carefully washed twice with p00f pre-warmed (37 °C) Claycomb medium
without supplements. Afterwards, 500 pl fresh mediwith and without 4 pM verapamil was
added to the cells in triplicates, respectivelyisTimedium contained 2 mM [&#Cs] glutamine
(99 %) (Cambridge Isotope Laboratories, USA). @ele medium served as blank. Plates were
incubated under standard cell culture conditions°@, 95 % relative humidity, 5 % GPin the
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incubator. Every 24 hours, one plate was takerobtite incubator, the supernatant was collected
and the cells were fixed for protein quantificatiaeing sulforhodamine B (SRB) assay as
explained above. Cell number was estimated usiagstindard population curve obtained with

different cell numbers of HL-1 cells (data not simpw

Sample preparation for HPLC measurements
Each of the collected supernatants was individudilyted (1:2) with a-amino-butyric acid

solution (400 uM in deionized water) which was uaednternal standard.

Quantification of glucose, lactate and pyruvate

Quantification was carried out using HPLC (Kontrmstruments, Germany) with an Aminex

HPX 87H ion exchange column (300x7.8mm, Biorad, YSAe isocratic separation was carried
out using 7 mM sulfuric acid as eluent and a flaterof 0.8 ml/min at a column temperature of
60°C. Injection volume was 20 ul. Lactate and pgtavwere detected by UV-detection (UV-

detector: HPLC 535, Biotek, Germany) at a waveleraft210 nm. Glucose was determined by
measuring the refractive index (ERC-7515A, ERC,I@ermany). Standard solutions of glucose,

lactate and pyruvate (Sigma Chemical, USA) were tiseidentification and quantification.

Quantification of amino acids

Amino acids were quantified as described earlieandt al., 2003; Kromeret al., 2005).
Briefly, quantification was carried out using HPL(&gilent 1100 series, Agilent technologies,
Germany) with a C18 RP-column (Gemini® 5u C18 11040 x 4.6 mm, Phenomenex,
Germany) at 40 °C. A gradient separation was chwoig (Eluent 1: 40 mM N&PO,, pH 7.8;
Eluent 2: methanol, acetonitrile, water 45:45:10/)vwith a flow rate of 1 ml/min. Primary
amino acids were derivatized by pre-column deraaditon usingortho-phthalaldehyde (OPA)
(Agilent, Germany) (excitation wavelength: 330 nemission wavelength: 450 nm). Proline, a
secondary amino acid, was derivatized using 9-fngimethylchloroformate (FMOC) (Agilent,
Germany) (excitation wavelength: 266 nm, emissiavelength: 305 nm).

Since glutamine is not stable at standard cellicaltonditions (37°C) for longer time periods, its
degradation was taken into account. Glutamine diegi@n was found to be a first order process
having a rate constantdkof 0.0148 pM H in the applied medium. The measured glutamine

data was corrected for degradation using the fafigvequation:
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== (e, xqoim +1.,) @

Where g is the actual glutamine uptake rate.

Sampl e preparation for mass isotopomer measur ement

100 pl of collected supernatants were frozen inviddal glass vials at -70 °C and lyophilized
overnight. 50 pl of dimethylformamide (Sigma AldrjcGermany) containing 0.1% pyridine
(Sigma Aldrich, Germany) (v/v) was added to theedrsupernatants. For derivatization 50 pl of
N-methylN-tert-butyldimethylsilyl-trifluoroacetamide (MBDSTFA, Maerey-Nagel, Germany)
were added and each sample was incubated for 180°&. The derivatized samples were
centrifuged at 6000 rpm and the supernatant (6Qvp$ transferred into glass vials with micro-

inlays for GC/MS analysis.

Mass isotopomer measurement using GC/MS

Measurement of mass isotopomers was carried oog @sis chromatography (HP 6890 Hewlett
Packard, USA) equipped with a HP-5 MS column (5 9%enyl-methyl-siloxane-
diphenylpolysiloxane, 30 m x 0.25 mm x 0.2&, Agilent, Germany) and coupled with a
quadrupole mass spectrometer (MS 5973, Agilenty@ny). The injection volume was 1 pl.
The separation was carried out with a flow rateldf ml/min (carrier gas: helium). The
temperature gradient was as follows: 135°C for Autgs, temperature increase 10°C/min until
160°C, 7°C/min until 170°C, 10°C/min until 325°C wh is held for 2.5 minutes. lonization was
carried out by electron impact at 70 eV.

Metabolites such as alanine and glutamate werdatly using MBDSTFA as previously
described (Yangt al., 2009). From the mass spectra of MBDSTFA demvesti carbon mass
isotopomer distributions were computed using théhoek described earlier (Yare al., 2009).
The metabolic fluxes were computed from carbon ns@®pomer distributions obtained from
the mass spectrometric labeling analysis of fragnars of alanine and glutamate-derivatives,
for which monoisotopic peaks were detected at n@% and 432, respectively. Mean mass
isotopomer distributions for the phase conside@mdnfietabolic flux analysis were calculated

according to the following equation:
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(m+i), =M+ n=n+1,i=0..n @)

Y [m+]

(m+i)corr represents the corrected mass isotopomer fra(@nvhich was used for calculation of
fluxes. [m+i] gives the concentration of each meadumass isotopomer. s the numbers of

carbon atoms in the metabolite.

Calculation of growth rate and specific uptake/production rates of metabolites

Growth rate of HL-1 cells in serum free medium wakculated by using the following equation
and plotting In(N) against time (t);

In(N)=pt+In(N,)

U represents the growth raté'ThN is the cell number at a defined time point &kds the initial
cell number at t=0.

Yield coefficients (Y) for each metabolite were calculated by the equadiven below:

dM,
Y =—1 4
' dN 4)

where N represents the cell number ana@dhcentration of metabolite i.

Specific consumption and production rates for messbmetabolites (v) were calculated from the
growth rate g and the respective yield coefficiefitasing the equation below:

Vi =Y XU (5)

3C flux analysis

A carbon atom transition network model of the caintnetabolism was set up (Appendix for
chapter 4, Tab. S1) and applied & metabolic flux analysis. Substrate metabolitegtvivere
only taken up for anabolic demand were excludenhftbe model since their carbon atoms were
not entering central metabolic pathways. The madakisted of 41 reactions. 16 reactions were
measured from extracellular uptake and productioxes, while 25 reactions were intracellular
rates of which 11 were defined as reversible. Afialdtuxes were estimated from the growth
rate and biomass composition which was taken fridiklgs et al., 2009). Flux estimation was
carried out using MATLAB 2008b (The Mathworks) uginhe elementary metabolite unit
concept (Antoniewicet al., 2007) with a recently described method (Yahg., 2008).
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In the applied stationary metabolic flux analyspgpr@ach, metabolic and isotopic steady state
conditions are a prerequisite. To determine whether pseudo steady state assumption is
justified, metabolite and isotopomer concentratiahglifferent time points of the cultivations
were plotted against the corresponding number kg, s described recently (Deshpamtial.,
20009).

Respiration measurement

HL-1 cells were seeded with a density of 3 ¥ t@lls/well in 24-well OxoDishes (PreSens,
Germany). Cell free medium served control. After i2£&quilibration, fresh medium with and
without 4 uM verapamil was added to the cells iplittates. Dissolved oxygen was continuously
measured for 48 h as recently described (Beddteak, 2009). Afterwards cell number in each
well was quantified by using SRB assay.

Specific oxygen consumption ragd;) was estimated using the liquid phase balancetequas
follows:

gg%izmamﬁ%ﬁ]—ﬁ%n—g%;ﬁ (6)

[0,7] is the dissolved oxygen concentration at satomaiin culture medium taken (6.23 mg/L;
from (Oeggerliet al., 1995) while O,] represents the actual dissolved oxygen concéntraX
the number of cells per well andthe liquid volume per well. Equation (6) was integd using
MATLAB and statistical errors were estimated usiignte Carlo simulation (Further details are
provided in the Appendix for chapter 4, Text Sufe S1 and S2).

Satistical analysis

Extra- and intracellular fluxes in cells treatedttwt uM verapamil were compared with the
respective untreated controls using studertést. The changes were considered significapt at
< 0.05.

Results

Maintenance of HL-1 cellsin serum free medium
The HL-1 cells were successfully adapted to sem@m €laycomb media. The cells were beating

for more than six month after the complete remav&BS.
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Cytotoxicity of verapamil

Figure 1 shows the concentration response curvem@pamil obtained using sulforhodamine B
assay for proliferation. The concentration rangavimch the relative cell number ranged from
100 to 20% of the control was between 5 uM and 180 Based on the concentration response
curve, a verapamil concentration of 4 uM was chd9&n% relative proliferation after 96 h of
treatment) for further studies on specific uptakedpction rates for glucose, lactate, pyruvate

and amino acids.
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Figure 1: Effect of verapamil on proliferation of HL-1 celldapted to serum free (CCT)-medium. Cells were
seeded in 96-well plates and after 24 h equilibratiresh medium with different concentrations efapamil was
added to the cells. Cells were fixed 96 h afterosxpe to verapamil and relative cell number wardeihed by
sulforhodamine B staining. Standard deviations veltermined from triplicate measurements. The aiiraicates

the concentration (4 uM) which was used for subeetifiux analysis studies.
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Proliferation and metabolite profilesin HL-1 cells upon verapamil treatment

Figure 2A shows the growth profiles of HL-1 cellsserum free medium with and without 4 pM
verapamil. Cell number increased from 1.5 X @élls/well to 8.0 x 10 (untreated control) and
7.4 x 10 cells/well (verapamil) after 96h of incubation standard incubation conditions.
Although there was no significant change in thelifa@tion of HL-1 cells, exposure to
verapamil (4uM) resulted in complete arrest of wscopically observed beating.

The concentration of glucose in the medium decrb&sen 22.5 mM to 12.7 mM in case of
untreated control in 96 h (Fig. 2B) showing highhsemption of glucose. Whereas, in the
presence of verapamil, glucose consumption by ¢fle was much lower. The concentration of
glucose in the medium of treated cells was 17 mtdred6 h incubation (Fig 2B). As glucose
was consumed from the medium, the concentratidaadéte continuously increased to 10 mM
in untreated control cells after 96 h. In the pnegeof verapamil an initial production of lactate
(2.5 mM) was observed within the first 24 h of ibation. After 96 h of incubation lactate
concentration slightly decreased to 2.2 mM. Thereftactate was slightly consumed at 96 h of
treatment with verapamil. Pyruvate concentrationtiomously decreased from 60 pM to 2 uM
(untreated control) and 3 uM (verapamil treatedsgekithin the initial 48 h of incubation.
Afterwards pyruvate concentration increased to @4 (untreated control) and 11 pM
(verapamil) until 96 h of incubation (Fig. 2C). Alae concentration continuously increased
from 320 uM (the initial concentration in the medijuto 922 uM in untreated control and to
912 pM in verapamil treated HL-1 cells (Fig 2D). Na@nificant difference in glutamine
consumption between untreated and treated HL-X aedls observed (Fig. 2D). Glutamine
concentration decreased from initially 2 mM to 1 |{@dntrol) and 12 uM (treated cells). The

profiles of all metabolites versus time are showthe Appendix for chapter 4 (Figure S3).
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Figure 2: A) Growth of untreated control (closed symbols)d areated (4 uM verapamil) HL-1 cells (open
symbols). B) Concentration of glucose (squares)laothte (triangles) in culture medium with (opgmbols) and
without (closed symbols) verapamil. C) Changesaofcentration of pyruvate in untreated controlsgetbsymbols)
and in cells treated with 4 uM verapamil (open sglapD) Changes of concentration of glutamine (sesjaand
alanine (circles) in culture medium with (open sytsh and without (closed symbols) verapamil. Statida

deviations were calculated from triplicates measuas.

Influence of verapamil on uptake and production rates of metabolites

Accumulation/depletion of metabolites versus celimiber (Appendix for chapter 4, Fig. S4)
showed a linear relationship, as apparent frometation coefficients which were > 0.9 for most
of the considered metabolites (Appendix for chagtefab. S2). Based on the yields, average
specific rates of metabolite uptake and producivene calculated as shown in table 1. Glucose
uptake rate was around 135 % higher in controscadl compared to the treated cells (Tab.1).
Specific lactate production rate was 213 fmol téif' in untreated HL-1 cells, whereas after
initial production of lactate in the first 24 h,stight uptake of lactate (11 fmol célh™) was
observed in HL-1 cells treated with verapamil. laaet yield on glucose was 1.0
MOliactald MOlgiucose IN untreated control and -0.12 ma@hkdMOlgucose in treated HL-1 cells.
Pyruvate was produced by untreated HL-1 cells @8l cell* h?) but was significantly
consumed by treated cells (0.54 fmol ¢éil*, p < 0.01). Glutamine, alanine and branched chain
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amino acids (isoleucine, leucine and valine) shotedhighest uptake rates among all amino
acids. With the exception of glycine, no signifitaifferences of specific rates in controls and
treated HL-1 cells were observed. Glycine productiate was 0.7 fmol céllh? in untreated
and 0.04 fmol ceft h* in treated HL-1 cellsp(< 0.01).

Table 1: Specific uptake and production rates of metalmlite untreated control and treated HL-1 cells (4 uM
verapamil). Specific rates were calculated fromc#pmegrowth rate and biomass yield. The biomassidyiwas
constant for most of considered metabolites witdnand 96 h of incubation (see Appendix for Chagtefig. S4
for biomass vyield plots and Tab. S2 for correlatamefficients). Average rates were calculated 2496 h of
incubation (see methods). Standard deviations)(svdre calculated from triplicate measurement. Ratere

considered significantly different when< 0.05, as calculated from two-tailetest. n.s.: not significant

Specific rate [fmol ceft h]

Metabolite control =+ s.d. ve‘:a%'zlmil +s.d. p
GLC -221.2 349 -94.3 15.8 <0.01
LAC 2135 480 -11.2 8.3 <0.01
PYR 0.8 0.3 -0.5 0.3 <0.01
ALA 13.8 2.0 14.3 0.7 n.s.
ARG -2.5 0.4 -2.9 0.2 n.s.
ASN -1.6 0.4 -1.8 0.2 n.s.
ASP -0.5 0.7 -0.2 0.2 n.s.
GLU 2.7 1.0 2.9 0.3 n.s.
GLN -31.3 4.6 -33.1 1.9 n.s.
GLY 0.7 0.3 0.04 0.2 <0.01
HIS -1.0 0.2 -1.2 0.4 n.s.
ILE -8.6 15 -9.0 0.6 n.s.
LEU -5.9 1.1 -6.4 1.0 n.s.
LYS -3.6 1.0 -5.0 0.6 n.s.
MET -2.0 0.3 2.1 0.4 n.s.
PHE -1.7 0.3 -2.0 0.4 n.s.
PRO -7.6 6.5 -2.0 4.5 n.s.
SER 3.4 0.6 2.9 0.2 n.s.
THR -2.6 1.0 -2.9 0.6 n.s.
TYR 2.1 0.3 2.1 0.7 n.s.
VAL -5.6 14 -5.6 0.7 n.s.
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Influence of verapamil on intracellular fluxes

A time dependent increase BC mass isotopomer fractions in alanine and glutardatived
from [U-'°Cs] glutamine was observed in both treated and utetdellL-1 cells (Appendix for
Chapter 4, Tab. S3 and S4). Figures 3 and 4 shevalmine and glutamate mass isotopomer
concentrations plotted against the respectiveragtibers at each time point of the cultivation.
The slope of each plot represents the yield of rbspective mass isotopomers. A linear
relationship of alanine and glutamate mass isot@poooncentrations versus cell number is
given in both untreated and verapamil treated c@lsuM) as apparent from correlation
coefficients > 0.9 (Appendix for Chapter 4, Tab.&86 S6).
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Figure 3: Concentrations of alaniféC-mass isotopomers (unlabelled alanine (m+0), sitafielled alanine (m+1),
double labelled alanine (m+2) and fully labelledrahe (m+3)) versus cell number of untreated cdstfdosed
symbols) and in cells treated with 4 uM verapamjlgh symbols). Mass isotopomer concentrations welilated

by multiplication of alanine concentrations withri@sponding mass distributions. The slope of edatrppresents
the yield coefficient (¥) which was used for the calculation of the stestdife mass distribution that was used as
input data for estimation of intracellular fluxes HL-1 cells. Enrichment ofC in alanine was derived from [U-
13¢C,] glutamine. The correlation coefficients for eaulass isotopomer yield are shown in Tab. S5 (Appefuti
Chapter 4). Error bars represent standard deviatietermined from triplicate measurements.
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Figure 4: Concentrations of glutamat¥-mass isotopomers (unlabelled glutamate (m+0ylsitabelled glutamate
(m+1), double labelled glutamate (m+2) and trigledlled glutamate (m+3), four fold labelled glutaen@n+4) and
fully labelled glutamate (m+5)) versus cell numbéuntreated controls (closed symbols) and in Htells treated
with 4 uM verapamil (open symbols). The slope affeplot represents the yield coefficient)Which was used for
calculation of the steady state mass distributfat tvas used as input data for estimation of iethalar fluxes in
HL-1 cells. Enrichment of°C in glutamate was derived from [B€:] glutamine. The correlation coefficients for
each mass isotopomer yield are shown in Tab. Se€Agix for Chapter 4). Error bars represent stahdaviations

determined from triplicate measurements.

Intracellular fluxes were estimated by using exatatar fluxes and labeling patterns of alanine
and glutamate in a metabolic network model (Appeffioii Chapter 4, Tab. S1). The fit between
measured data and simulated data gives an estohdtee accuracy of the flux calculation.
Figure S5 (Appendix for Chapter 4) shows the regoesplots of simulated versus measured
mass isotopomer distributions and extracellulaxdgiifrom both untreated and treated cells. A
good match of simulated and measured extracelfluaes was found as most of the flux and
mass distribution ranges were located on the abiglector of the plot. The distribution of
calculated intracellular steady state fluxes (cmmg reactions from glycolysis, TCA-cycle,
amino acid metabolism and anaplerosis) is grapiidapicted in Figure 5. The line widths are
normalized to glucose uptake in untreated celle Uiderlying flux values are given in Table

S7 (Appendix for chapter 4). Flux rates throughctieas of glycolysis (G6P F6P, F6FP>GAP,
GAP->3PG and 3P&PYR) were significantly decreased by about 60 %0(P%¥). Oxidative
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decarboxylation of pyruvate to acetyl-CoA was dasesl by 17 % and TCA-cycle fluxes by 17-
20 % in cells treated with verapamil. These changewever, were not statistically significant
(95 % confidence). Alterations of fluxes througlagtons in amino acid metabolism were not
significant for the majority of reactions. Howevenfracellular deamination of glutamine to
glutamate was significantly increased by 27 §4<(0.05). Though not significant, the flux of

glutamate tar-ketoglutarate (AKG) was increased by 22 %.
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Figure 5: Impact of channel blocker verapamil (4 uM) on reacd from glycolysis, TCA cycle and glutamine
catabolism. Intracellular fluxes in HL-1 cells wetalculated from extracellular rates al€ mass isotopomer

distribution in alanine and glutamate. The relatiyeange of intracellular fluxes through individuakctions was

normalised to glucose uptake rate in untreatedrcbnt

Influence of verapamil on respiration
Respiration of HL-1 cells, i.e. the consumption @f was calculated from metabolic flux

analysis, i.e. the surplus NADH/FADRHKbrmation rate. The calculated specific oxygeraldpt
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rate was decreased by 16 % in treated cells (usttezlls: 750 fmol cefl h?, treated cells: 630
fmol cell* h*, Appendix for chapter 4, Tab. S7). However, thHimrmge was not significant.
Measured specific oxygen uptake rates as determineu continuous measurement of
dissolved oxygen uptake rates accounted for 582 ¢eit* h™ in untreated cells and 560 fmol
cell* h' in treated cells (Tab. 2), corresponding to a ese of about 4 % upon treatment with

Verapamil (Appendix for Chapter 4, Fig. S1 and S2).

Table 2: Estimation of specific oxygen uptake ratg;, qising optical measurement of dissolved oxygezviwell
plates and simultaneous estimation @ kn untreated control and treated HL-1 cells (4 yavhpamil). Details of
measurement results and estimation of parametersravided in the Appendix for Chapter 4 (Text Big, S1 and
S2).

Assumed experimental

Untreated control 4 uM verapamil ;
error in oxygen measurement

0.24 +0.01 0.25 + 0.01 5%
kea [
0.18 £ 0.02 0.16 + 0.05 10%
582 + 27 560 + 17 5%
q02 -1 -1
[fmol cell™ ] 402 + 45 368 + 109 10%

The differences between values determined via roBtaBlux analysis and direct respiration
measurement may be caused by some systematic idesiatriginating most likely from
incomplete mixing in the static 24-well plates (\&&st al., 2002). Most importantly a similar

trend between control and verapamil treated cedls @bserved.

Discussion

Independent of the calcium channel blocking effeetapamil has been shown to exert other
physiological effects such as on the glucose upt¥egious studies have shown a potential
effect of verapamil on glucose transporters sucbiadT1l and GLUT4. Using HL-1 cells, we
investigated the influence of verapamil on specifitake and production rates of a whole
spectrum of metabolites and nutrients, such aatcpyruvate and amino acids in addition to
glucose in serum free conditior’C labeled glutamine was used to obtain an insigtat the
central metabolism. Based on specific uptake raes>C enrichment in alanine and glutamate,

we estimated the effect of verapamil on TCA cydgvity.
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Untreated control cells consumed glucose and pextll@ctate, resulting in a lactate/glucose
ratio of 1 MOhcadMOlgiicose A recent study on HL-1 cells maintained in seraamtaining
medium, reported a lactate/glucose ratio of 1.8 r{tyéoet al., 2009) suggesting conversion of
almost all glucose into lactate. This study sugggbsihat HL-1 cells share properties with cancer
cells and other immortalized cell lines, which aftehow Warburg effect, i.e. high anaerobic
glycolysis. Secreted lactate may also serve to keeptumor environment acidic which is
commonly needed for tumor growth. We conductedstudy in serum free conditions and our
results indicate that the HL-1 cells adapted tamsefree conditions seem to shuttle glucose
carbon to a higher extent into the TCA cycle, gsaapnt from the lower lactate/glucose vyield.

A significant decrease of specific glucose uptakee rin HL-1 cells was observed upon
verapamil treatment. In addition, lactate produtttmmpletely stopped after 24 h and a slight
consumption of initially produced lactate was oliedr afterwards. The decrease in glucose
uptake is probably partly caused by less energyadendue to arrest of myocyte beating i.e. the
working state of the cardiomyocytes upon verapdreitment. However, the fact that lactate
was not produced in case of verapamil treated dmltseven slightly consumed is a strong
evidence that reduced glucose uptake is not saled/to reduced energy demand. A direct
effect of verapamil on glucose uptake results gnisicantly reduced glycolytic flux. Recent
studies suggest a direct effect of verapamil arcage transporters (Ardizzome al., 2002;
Carteeet al., 1992; Louterst al., 2010). Since HL-1 cells posses glucose transpGLUTL
and GLUT4 (Shuralyovat al., 2004) it can be assumed that the decreasedlgtigand halted
lactate production are consequences of verapamffsct on glucose uptake. Besides the
reduction of lactate production, pyruvate is consdrm treated cells but not in untreated cells
whereas glycine production was significantly deseeh As secreted pyruvate is probably linked
to intracellular pyruvate pools and secreted gkycmost probably derives from glycolytic
intermediate 3-phosphoglycerate, it can be assutma&idverapamil treated HL-1 cells try to
make efficient use of available glucose. The comeplelt of lactate production, which itself
requires reduction of 1 mole of pyruvate on theemge of 1 mole NADH facilitates the
maintenance of NADH production rate. In additioliglg uptake of lactate may yield additional
NADH in verapamil treated cells.

These changes allow the cells to maintain TCA cgclevity, cell respiration (figure 2 and table
2) and cell growth almost comparable to untreatdts.cHowever, despite a more efficient use

of available glucose carbon in verapamil treatdls$ cihe extent of carbon derived from glucose

60



Effect of verapamil on metabolic fluxes in HL-1 leel

entering TCA cycle doesn’t seem sufficient to maimtTCA cycle activity at a similar level as
in untreated cells, as calculated from a non-sicgnit decrease in TCA cycle rates. This might
explain the increased rate of deamination of glutano glutamate as well as the slight increase
of transamination/deamination of glutamateitketoglutarate. This increased flux contributes to
anaplerosis in the TCA cycle.

Verapamil’s property to decrease glucose uptakecandequently glycolysis may be exploited
in the fields of cancer therapy and biotechnoldgyvas recently suggested that verapamil has
an anticancer effect itself (Zhamgal., 2009) and also enhances the effect of othecamter
agents. Despite the fact that most studies regardarapamil’s antiproliferative effect were
performedin vitro, which does not reflect tumor environment, veraphamduced reduction of
glucose uptake and thereby glycolytic activity ntayntribute to decreased tumor growth. The
interruption of tumor glycolytic metabolism is atpntial strategy in cancer therapy (Gatenby
and Gillies, 2007). In addition, lack of acidic @mwment may abolish selective advantage of
tumor cells, as tumor invasion seems to favbreHvironment (Gillies and Gatenby, 2007). As
apparent from our study, growth of untreated cdstamd verapamil treated cells was similar.
We therefore assume that hypoxic conditions prexatetumor tissue, would favor verapamil’s
antiproliferative effectn vivo. Further experiments e.g. under hypoxic conditiosild lead to

a better insight since it can be expected thaHihéd cells would not be able to maintain growth
as was observed in our study.

Besides the field of cancer therapy verapamil (ompounds with similar properties i.e.
phenylalkylamines) may have potential applicatia@mnT biotechnological point of view whereby
cell lines are desired to efficiently use the stdistand produce minimum lactate as by product.
Several strategies have been developed to redotadaformation in cell lines. It has been
shown that lactate formation can be highly reduce@HO cells by substitution of glucose by
either fructose or galactose (Altamiraetcal., 2000). In addition, disruption of LDH-genes can
significantly decrease lactate formation despitghhglucose concentrations in the culture
medium, while at the same time increasing both lgiadell number and antibody production
(Chenet al., 2001). It was recently shown that down regufatdd LDH-A gene via siRNA also
allows significant reduction of lactate productigtim and Lee, 2007). In addition, efficient use
of glucose as substrate in mammalian cell cultarelse achieved by fed-batch cultivation using
low glucose concentrations (~0.5 mM) as descriledséveral cell lines (Gambhét al., 1999;

Maranga and Goochee, 2006; Zhetual., 1995). We assume that addition of verapamil or
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similarly acting compounds, to culture medium megve as a potential alternative to the above
mentioned approaches or an additional supplememirtmuction efficiency. This is especially
true in case of lab-scale production of proteineemghthe application of fed-batch cultivation
would usually be considered too costly and whehnerefore, batch cultivation of cells is
preferentially applied necessitating rather highcgbke concentrations. Reduction of glucose
uptake by a compound and thereby elimination ofatecformation while maintaining cell
growth and protein secretion at a high level mightvery useful in such cases. Instead of
optimizing cell lines by genetic modifications, @l addition of verapamil in non-toxic
concentrations may result in lower glucose uptate and higher efficiency i.e. less production
of lactate. Further experiments using verapamil atfier glucose uptake inhibitors/modulators

with cell lines used for biotechnological purposes underway in our laboratory.
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Chapter 5

Doxorubicin results in increased oxidative metabodm in HL-1

cardiomyocytes as shown by metabolic flux analysis

Abstract

Doxorubicin (DXR), an anticancer drug, is limited its use due to severe cardiotoxic effects.
These effects are partly caused by disturbed myg@daenergy metabolism. We analyzed the
effects of therapeutically relevant but non-toxicX® concentrations for their effects on
metabolic fluxes, cell respiration and intraceltulsTP. *3C isotope labeling studies using [U-
13C¢lglucose, [1,22C,]glucose and [U<Cs]glutamine were carried out on HL-1 cardiomyocytes
exposed to 0.01 uM and 0.02 uM DXR and compared tie untreated control. Metabolic
fluxes were calculated by integrating productior aiptake rates of extracellular metabolites
(glucose, lactate, pyruvate, amino acids) as welf@-labeling in secreted lactate derived from
the respectivé*C-labeled substrates into a metabolic network motlek investigated DXR
concentrations (0.01 uM and 0.02 uM) had no eftectell viability and beating of the HL-1
cardiomyocytes. Glycolytic fluxes were significantleduced in treated cells at tested DXR
concentrations. Oxidative metabolism was signifisaincreased (higher glucose oxidation,
oxidative decarboxylation, TCA-cycle rates and medwn) suggesting a more efficient use of
glucose carbon. These changes were accompanieecbgade of intracellular ATP. We conclude
that DXR in nanomolar range significantly changemtmal carbon metabolism in HL-1
cardiomyocytes which results in a higher couplifigylycolysis and TCA-cycle. The myocytes
probably try to compensate for decreased intraleelWTP which in turn may be the result of a

loss of NADH electronsia either formation of reactive oxygen species octete shunting.

This chapter has been published as: Strigun, A., Waheit, J., Niklas, J., Heinzle, E., Noor, F. (2011
Doxorubicin increases oxidative metabolism in HL-Tardiomyocytes as shown by’C-metabolic flux
analysis. Toxicological Sciences, doi: 10.1093/tai&fr298
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Introduction

Doxorubicin (DXR), an anthracycline antibiotic, ised in first line therapy of many human
cancers. However, severe cardiotoxic side effanig Its clinical use (Simunelet al., 2009).
Multiple mechanisms of DXR toxicitin vivo andin vitro have been described (Gewirtz, 1999;
Tokarska-Schlattnest al., 2006). These include formation of reactive oxygpacies (Bachust

al., 1977; Sinhat al., 1989), disturbances in nitric oxide pathway resglin protein nitration
(Fodli et al., 2004), oxidative damage of DNA (Bates and Winveirn, 1982; Eliott al., 1984;
Feinsteinet al., 1993), lipid peroxidation (Gewirtz, 1999) andopfosis (Linget al., 1993;
Skladanowski and Konopa, 1993).

Yet, it is more and more evident that alterationsyocardial energy metabolism, especially due
to mitochondrial dysfunction (Berthiaume and Wa#la2007a), play an important role in the
onset of DXR induced cardiac toxicity. DXR relatacute and chronic cardiotoxicity has been
associated with impaired cardiac high-energy phatpmetabolism. The compromising effect of
DXR on cardiac energy metabolism is reflected gslof mitochondrial ATP (Pointoet al.,
2010 ; Vidal et al., 1996). Cardiac substrate usage for the geperaif the ATP and its
alterations in myocardial diseases has been exéinstudied (Ashrafiamt al., 2007; Gertzt

al.; 1988; Mudgeet al., 1976; Panchatt al., 2001; Randlest al., 1964; Stanleyt al., 1997;
Wisneskiet al., 1985). It is well accepted that ATP is mainly geated from fatty acid oxidation
in the healthy heart (Stanleyal., 2005). Several studies have shown that DXR af&dtg acid
and glucose metabolism in the myocardium (Abdet@let al., 1997; Bordoniet al., 1999;
Carvalhoet al., 2010; Wakasugget al., 1993). However, the effects of DXR on main energy
generating pathways besides TCA cycle, such a®lylsis are contradictory. Recamtvivo and

in vitro studies demonstrated increased mRNA of severabbftic enzymes (Berthiaume and
Wallace, 2007b) as well as increased glycolytigvégtwhich is correlated to a decrease in the
fatty acid oxidation (Carvalhet al., 2010). In addition, it was recently demonstrateat thXR
results in an up-regulation of MRNA from TCA-cyalelevant enzymes in perfused rat heart
(Tokarska-Schlattneet al., 2010). Contradictorily, decreased levels of TCAleycelevant
MRNA has been described in another model (Berthégaand Wallace, 2007b). Such conflicting
data in this regard is most probably related téed#ihces in the applied biological model and
experimental setup. Moreover, these differencesolbservations regarding alterations in

metabolic pathways may be partly due to eithereaoutchronic effects of DXR.
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To our knowledge, holistic fluxome studies on DXRduced effects on central energy
metabolism integrating reactions, such as glycs|y$ICA-cycle and amino acid degradation,
have not been carried out at clinically relevamiaamtrations on myocardial cells. This can be
very challenging with commonly used endpoint methsithce therapeutic concentrations should
not cause acute myocyte dysfunction or cytotoxicitiie plasma kinetics of DRX shows an
initial half-life of ~8 minutes followed by a termal half-life of about 30 hours (Greeeeal.,
1983). The major exposure occurs during the termpmase where drug concentrations are
generally less than TOM. Following a 15 min infusion of DXR, the plasntancentration
rapidly declines from 5 to 0.1 uM within one hourdasteadily declines until ~30 hours. Total
plasma concentration ranges from 20nM to 2uM ofcWwhanly 20-25 % is freely available i.e.
the amount not bound to serum albumin. We assunmad DXR even at nanomolar
concentrations exerts an effect on the central moétan. To assess such effects sensitive
methods and cutting edge technology is requirethd/SC metabolic flux analysis we analyzed
the effect of DXR on the central metabolism iniarvitro model (HL-1 cardiomyocytes). The
used methodology includes the measurement of aendedl of metabolite uptake and production
rates as well as the measurement?af enrichment in metabolites derived frdiC labeled
substrates. These data are implemented into a olietatetwork model which allows the
estimation of intracellular fluxes over metaboliatipivays. This method has been successfully
used to study the energy metabolism of mammaliis icevitro (Forbeset al., 2006; Goudaget

al., 2010; Maieret al., 2009; Metalloet al., 2009; Niklaset al. 2011; Strigunet al., 2011b) and
that of the whole myocardium, as shown earlier @a Palsson, 2006). However, this method
has not been yet applied to analyze the effectXRDn cardiac metabolism. The advantage of
13C based fluxomic studies over transcriptomic otgwmic approaches is that activities of ATP-
relevant pathways can be more reliably determiidokt importantly, specific rates of certain
reactions cannot always be directly derived fromngjes of corresponding genes or proteins, due
to the complex regulations of enzyme activities. Weestigated the suitability of this method for
the description of actuah vivo activities of metabolic pathways.

We furthermore complemented flux determinationiite measurement of cell respiration and
intracellular ATP. The HL-1 cardiomyocytes is a marcardiac cell line (Claycomd al., 1998;
White et al., 2004) which retaina differentiated morphology (Sartiagtial., 2002, Whiteet al.,
2004, Fukudat al., 2005, Clarkeet al., 2006).These cells have been used in the study of glucose
and fatty acid metabolisifPalanivelet al., 2006, Alfaranoet al., 2008 in addition to studying
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DXR induced effects (Anderssaat al., 2010; Buddest al., 2011). We used a dose response
curve from an LDH release assay to determine th& @&ncentrations which were not cytotoxic
and did not inhibit myocyte beating. These con@ians have been reported to be clinically
relevant corresponding to serum concentrationairepts undergoing DXR treatment (Greehe

al., 1983). These are also significantly lower thaa IXR concentrations at which cardiac
Troponin T release, an indicator for cardiac damdges been recently reported in the HL-1
cardiomyocytes (Anderssaat al., 2010). The results of the present study are digcligs the

context of current knowledge regarding DXR indue#tdrations of cardiac energy metabolism.

Material and Methods

Cell Culture

HL-1 cardiomyocytes (Claycomé al., 1998; Whiteet al., 2004) were kindly provided by Dr.
Claycomb (Louisiana State University) for reseandthin the framework of EU STREP-project
“Invitroheart”. The cells were maintained in Clayab medium (Sigma Chemical, USA) which
was supplemented with 2 mM glutamine (PAA LaboiagrAustria), 100 U/ml penicillin, 100
pa/ml streptomycin (PenStrep stock solution, CP&@ GmbH, Oberdorla, Germany), 100 pM
norepinephrine (Sigma Chemical, USA) in 30 mM Leabac acid (Sigma Chemical, USA) and
10% fetal bovine serum (FBS) (JRH Biosciences, W)confluency the cells were passaged in
a split ratio of 1:3. Cells were cultivated in eu flasks (75 cf Falcon, Germany) which were
pre-coated with a solution of 0.02% (w/v) gelatAppliChem, Germany) containing 5 pg/mi
fibronectin (Sigma Chemical, USA). The cells wereaimained at standard cell culture
conditions (37 °C, 5% Cf£and 95% relative humidity) in a cell culture inctdra(Memmert
GmbH, Schwabach, Germany).

LDH assay

A doxorubicin-HCI (DXR) (Sigma Chemical, USA) stosklution (10 mM) was prepared in cell
culture grade water (PAN Biotech, Germany). Cytatibx of DXR on HL-1 cardiomyocytes
was assessed using lactate dehydrogenase reldaseré¢lease assay). 5 x “16ells/well were
seeded in gelatin/fibronectin-coated (see 2.1) 8B-wlates (Greiner, Germany) in 200 pl
Claycomb medium (containing 2 mM glutamine, 100 Ugrenicillin, 100 pg/ml streptomycin,
100 uM norepinephrine in 30 mM L-ascorbic acid 46&c FBS). After 24 hours (h) incubation,

the supernatant was removed and the cells wereadashce with Claycomb medium. Fresh
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supplemented Claycomb medium containing DXR ated#ifit concentrations (20 uM, 10 uM,
2.5 uM, 0.6 puM, 0.16 uM and 0.004 puM) was addetheocells in triplicates. The cells were
incubated with DXR for 48 h. Finally, lactate dehygenase assay (Cytotoxicity Detection Kit
(LDH), Roche Applied Science, Germany) was carrigat according to manufacturer's

instructions.

Experimental setup for labeling studies on HL-1 cardiomyocytes

A stock solution of 1 mM DXR in cell culture gradaater (PAN Biotech, Germany) was diluted
in supplemented Claycomb medium (see 2.2) to ob@®@2 puM or 0.01 pM DXR final
concentrations. For each test (0.02 uM, 0.01 puMntreated control without DXR) four separate
media containing different combinations of labeffulcose and glutamine substrates (enrichment
99%) (Cambridge Isotope Laboratories, USA) wergared as followsmedium1: 5 mM [U-
3¢¢] glucose and 2 mM naturally labeled glutamimegium 2: 5 mM [1,24°C;] glucose and 2
mM naturally labeled glutaminepedium 3: 5 mM naturally labeled glucose and 2 mM @3]
glutamine,medium 4: 5 mM naturally labeled glucose and 2 mM naturddlyeled glutamine.
Since the commercially available Claycomb mediureay contains 20 mM glucose, the final
glucose concentration in the media was 25 mM. Is tay 12 different media in total were
prepared (four media for controls, four for eadhlQuM and 0.02 uM DXR, respectively).

1.5 x 10 HL-1 cardiomyocytes in a volume of 1 ml were seegder well in 24-well plates pre-
coated with a gelatine/fibronectin solution (se€) 2ising Claycomb medium (25 mM naturally
labeled glucose, 2 mM glutamine, 100 U/ml penigjlll00 pg/ml streptomycin, 100 pM
norepinephrine in 30 mM L-ascorbic acid and 10 ¥BSkBAfter 24 h equilibration the medium
was removed and the cells were carefully washedetwiith pre-warmed (37 °C) Claycomb
medium without supplements. The 12 different mextiataining 0.02 uM, 0.01 pM or no DXR
and differently labeled glucose and glutamine sabst were added to the respective wells. Cell
free medium served as blank. For each test cond{d2 pM DXR, 0.01 uM DXR, untreated
control, cell free medium control) four replicatesr 24-well plate were prepared. Replicate 1
contained medium 1, replicate 2 contained mediunmeflicate 3 contained medium 3 and

replicate 4 contained medium 4. Four 24-well platese prepared in this way.

The plates were incubated under standard cellreuttanditions (37 °C, 95 % relative humidity,

5 % CQ) in the incubator. After 2, 10, 24 and 34 h ofubation one plate was removed from the
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incubator and the respective supernatants wereatetl and stored at - 20 °C until further
analysis. The cells of each plate were fixed amulodein quantification assay (SRB assay) was
performed as described previously (Naaral., 2009). Cell number was estimated using a
calibration curve obtained with different cell nuend of HL-1 cardiomyocytes.

Sample preparation for HPLC analysis

Serum proteins, such as albumin were removed frioen samples by microfiltration using
Microcor® Filter Devices (Millipore, Germany) with an exdis size of 10 kDa. Subsequently
each filtrate was diluted 1:2 witt-aminobutyric acid solution (40QM in deionized water)

which was used as an internal standard for amirtbca@ntification.

Quantification of extracellular glucose, lactate, pyruvate, amino acids and total fatty acids
Quantification of glucose, lactate and amino aewds carried out exactly as described recently
(Strigunet al., 2011b). Quantification of total free fatty acidssmaerformed using a NEFA kit
(Wako Chemicals, Germany) for the determinatiomaf-esterified fatty acids. 300 pul of each
culture supernatant was lyophilized and reconstitum 30 pl cell culture grade water. Total free
fatty acids in these samples were quantified acogr the manufacturer’s instructions. Briefly,
100 pl of the prepared reaction solution were miwth 10 pl of the sample. After incubation
for 10 minutes at room temperature (RT) the absurdaf the formed dye was measured at 550
nm using an iIEMS reader (Labsystems, Finland). Xduele any influence of DXR on the
measurement, reconstituted medium without cells used. An oleic acid standard solution
(Wako Chemicals, Germany) was used for calibration.

Mass isotopomer measurement using GC/MS

Measurement of mass isotopomers was carried ong) @sis chromatography (HP 6890 Hewlett
Packard, USA) equipped with a HP-5 MS column (5 %hernyl-methyl-
siloxanediphenylpolysiloxane, 30 m x 0.25 mm x Qu2% Agilent, Germany) and coupled with
a quadrupole mass spectrometer (MS 5973, Agilenerm@ny). Sample preparation,
measurement of mass distributions of lactate anduledion of mean mass isotopomer
distributions was carried out using a recently regsgbprocedure (Striguet al., 2011b).

3C flux analysis
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A carbon atom transition network of the central abelism was set up fdfC metabolic flux
analysis (Appendix of chapter 5, Tab. S6). The rhad@sisted of 63 reactions of which 14
reactions represent extracellular uptake and ptamucrates whereas 49 reactions were
intracellular rates including 16 reversible reaetio Anabolic fluxes were estimated from the
growth rate and biomass composition. Biomass coitiposvas taken from literature (Niklag

al., 2009). The estimation of fluxes was carried with MATLAB 2008b (The Mathworks,
USA) using the elementary metabolite unit concefatgniewicz et al., 2007) applying a
recently described method (Yastgl., 2008).

Respiration measurement

1.5 x 10 HL-1 cardiomyocytes per well were seeded in 24-@aloDishes (PreSens, Germany)
pre-coated with gelatine/fibronectine solution (8&B). Cell free medium served as control. After
24 h equilibration, fresh Claycomb medium (25 mMunally labeled glucose, 2 mM naturally
labeled glutamine, 100 U/ml penicillin, 100 pg/nideptomycin, 100 uM norepinephrine in 30
mM L-ascorbic acid and 10 % FBS) containing 0.0d &02 uM DXR was added to the
respective wells. Untreated control was also inetldrhe percentage of dissolved oxygen was
measured continuously for 34 h using a recentlycriesd method (Beckerst al., 2009).
Specific oxygen consumption rate g@mol cell* h'] was estimated by fitting the time course

of dissolved oxygen using equation (eq. 1).

d[o,]
dt

:kLa[Q[OZS’IJ—[OZ])—% n

[0,°% represents the dissolved oxygen concentratiorsatiration in culture medium i.e.
6.23 mg/L as previously reported (Oeggeali al., 1995), while [@] represents the actual
dissolved oxygen concentration, X the number dsqedr well and V the liquid volume per well.
Curve fitting and estimation of the parameter,q@as carried out using Berkely Madonna
V.8.3.14 (Berkeley Madonna Inc., USA). For eachditon (control, 0.01 uM DXR and 0.02

HM DXR) O, was estimated thrice referring to each of thditape measurements.
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Measurement of intracellular ATP

For determination of intracellular ATP HL-1 cardigotytes were seeded in two 96-well plates
in a total volume of 100 pl/well of Claycomb mediueontaining 25 mM naturally labeled
glucose, 2 mM naturally labeled glutamine, 100 Upmshicillin, 100 pg/ml streptomycin, 100
UM norepinephrine in 30 mM L-ascorbic acid and 10FBS) in triplicates. After 24 h
equilibration, the medium was replaced by 100 thefabove supplemented Claycomb medium
containing 0.01 uM and 0.02 uM DXR was added todéweliomyocytes. An untreated control
was also included. Intracellular ATP was determiafdr 2 and 34 h of incubation using ATPlite
1Step assay (PerkinElmer, USA). 100 pl of lysisiSoh containing substrate was added to the
cells. After 10 minutes incubation at RT luminesz®rvas measured using a LumiCount plate
reader (Wallac 1420 Multilabel counter VictpPerkinElmer, USA). A standard curve with
known ATP concentrations was used to estimate ffie-éoncentration in samples. In parallel an

SRB assay (see 2.3) was carried out for the estimaf cell number.

Satistical analysis

All data, except respiration measurement, were @oatp using one-way ANOVA following
Dunnett’'s posthoc analysis. Significance of altecetlular respiration was determingth two
different methods. The time courses of dissolvegger in culture medium of all three
conditions (control, 0.01 uM DXR, 0.02 uM DXR) weasmpared by repeated-measures two way
ANOVA analysis following Bonferroni posthoc tese@®ndly, all g@ (3 for each condition, (see
2.8)), were compared by one-way ANOVA following Dwatt’'s posthoc analysis. One-way and
two way ANOVA as well as posthoc tests were caroed using Prism 5 V.5.04 (GraphPad
Software, Inc., USA). Statistical significance éported ap < 0.05.
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Results

Cytotoxicity of doxorubicin

Concentration dependent release of LDH was obsgigdre 1) after exposure to DXR for 48
h. DXR concentrations lower than 0.16 pM did nobwha significant release of LDH as
compared with the control. However, 0.6 pM and BigtDXR concentrations led to
approximately 1.5 to 1.9 fold higher release of L[pH 0.001). Based on these results two DXR
concentrations in an assumed sub-toxic range (@\&nd 0.02 uM DXR) were considered for
the analysis of DXR-induced metabolic changes inlHtardiomyocytes.
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Figure 1: Concentration dependent release of LDH in DXRta@ddL-1 cardiomyocytes determined in an LDH
assay. Cells were exposed to DXR for 48 h. Valuesgéven as fold increase of LDH release from th&aated
control. Error bars indicate standard deviations 3). Statistical significance was determined using-omy
ANOVA following Dunnett’s posthoc test. n.s.: négmificant; ***; p < 0.001.

Cultivation profile and specific uptake/production rates of metabolites in HL-1 cardiomyocytes
upon doxor ubicin treatment

Figure 2 A shows the growth profiles of HL-1 carmdigocytes exposed to 0.01 uM or 0.02 uM
DXR and the untreated control. Microscopically alied beating frequency in both DXR treated
cells and controls were similar throughout the whekperiment. Cell number increased from
1.5 X 10° cells per well seeding density to 3.8110° for untreated control, 3.98 10° upon
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treatment with 0.01 uM DXR and 3.2 10° with 0.02 uM DXR after 24 hours pre-incubation
followed by 34 h drug exposure. Although cell grbwvgeemed slightly increased in DXR treated
cells the actual cell number at each time point natssignificantly different from the control
cells as shown by the SRB assay (figure 2A).
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Figure 2: Cell number (A), glucose (B), lactate (C), glutamiD) and oleic acid (E) concentrations versu tim
culture medium of untreated HL-1 cardiomyocyta$ &nd cells treated with 0.01 puM)(and 0.02 uM 4) DXR.

Error bars indicate standard deviatioms4). Statistical significance was determined using-amy ANOVA

following Dunnett’s posthoc test. The cell numbersvestimated using an SRB assay.
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Extracellular concentrations of glucose, lactatetagnine, the 20 proteinogenic amino acids and
total free fatty acids were similar in both consr@nd treated cells throughout DXR exposure
(Figure 2 B, C, D, E and Figure S1 in the AppenafixChapter 5). The time course of glucose,
lactate, glutamine and oleic acid are depictedigmré 2 B-E. Despite slight differences of
metabolite concentrations at each time point, tlatations were not statistically significant.
Specific uptake or production rates of all metakeslwere calculated from cell growth (Fig. 2 A)
as well as metabolite concentrations and are giva@rab. S1 (Appendix of Chapter 5). Glucose,
lactate and glutamine showed the highest specifiake/production rates independent of DXR
exposure. A trend towards decreased glucose uptakeobserved in DXR treated cells (300
fmol cell* h* in untreated control; 288 fmol célh™* with 0.01 uM DXR; 262 fmol cefi h* with
0.02 uM DXR). A similar trend was observed for &et production which was also slightly
decreased in treated cells (642 fmol tdil* in untreated control; 604 fmol célh* with 0.01
UM DXR; 603 fmol cel! h' with 0.02 pM DXR). Glutamine consumption was samiin
controls and treated cells (46 fmol ¢eli* in untreated control; 45 fmol célh™ with 0.01 pM
DXR; 38 fmol cell’ h* with 0.02 uM DXR). For the majority of all otheretabolites slight
alterations due to DXR exposure were observed. d@pe pyruvate, arginine, lysine, leucine
and isoleucine were consumed in slightly lower ami®@s compared to the control. The uptake
of oleic acid was relatively low in both treatecdamtreated cells and accounted on average for
merely 0.1 % and 0.7 % of glucose and glutamin@eketrespectively. However, a statistically
non-significant slight increase of uptake was obseiin treated cardiomyocytes (0.16 fmol ¢ell
h™ in controls; 0.29 fmol cefi ! with 0.01 pM DXR; 0.25 fmol cefl i with 0.02 pM DXR).

Influence of clinically relevant concentrations of doxorubicin on metabolic flux distribution

An enrichment of°C in lactate derived from differentfi/C labeled substrates (see material and
methods, 2.3) was observed (Appendix of Chapteffdl. S2-4). Intracellular fluxes were
estimated by implementing extracellular uptake/patidn rates and the labeling pattern of
secreted lactate into a metabolic network modelp@lix of Chapter 5, Tab. S6). In figure 3
simulated lactate mass isotopomer distributions pdotted against respective measured mass
isotopomer distribution data for the three testdibtons. Simulated mass isotopomer distribution,
in this regard, refers to computed values of lactaiass isotopomer distributions, i.e. they
represent the output with which lactate labelingotietically can be expected from the used

metabolic network model (Appendix of Chapter 5, Ta6) at a given set of measured metabolite
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uptake and production rates. Thus, a good fit ihnear regression between measured and
simulated mass distribution indicates that the usethbolic network model is suitable for the
applied data and secondly, that the computed ielitdar fluxes give a robust description of the
actual flux distribution in the HL-1 cardiomyocytes
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Figure 3: Calculated (simulated) lactate mass isotopomériloligsions compared to experimentally measurechtact
mass isotopomer distributions in untreated HL-dicanyocytes (A) and in HL-1 cardiomyocytes treatéth 0.01
UM (B) and 0.02 uM (C) DXR showing good correlatidime graphs inserts represent an enlargementvefr imass

isotopomer distributions.
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A very good correlation was found as shown by aedmrelationship of measured and calculated
lactate mass distributions for treated cells andeated control (linear correlation coefficients R
= 1.00). The calculated distribution of intracedliusteady state fluxes is depicted in figure 4. The
network includes reactions from glycolysis, pentphesphate-pathway, TCA-cycle, anaplerosis
and amino acid metabolism. The underlying flux eslare given in the appendix of Chapter 5.
(Table S5). The calculated intracellular flux distition revealed significant changes in the

metabolism of HL-1 cardiomyocytes upon DXR treattradrthe tested concentrations.
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Figure 4: Metabolic flux distribution in untreated HL-1 cawchyocytes and in cells treated with 0.01 uM ar@R0.
1M DXR. Both DXR concentrations showed no significaffect on LDH release (figure 1). Cells wereubated
for 34 h with 5 mM [U¥¥Cg]glucose, 5 mM [1,2°C¢]glucose, 5 mM unlabeled glucose and 2 mM'{0s]glutamine

in four parallel experimental setups. Cell numbeetabolite concentrations antC enrichment in secreted lactate
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were measured at specific time intervals. Metabélixes were calculated by implementation of uptaice
production rates of glucose, lactate, pyruvate amého acids and the enrichment™@€ in lactate into a metabolic
network model (Tab. S6, Appendix of chapter 5). Adtes are given as fmol ctlh®. The denotations1-v35
represent simplified identifiers of the respectfiiexes/reactions (see Appendix of Chapter 5 Tah. Skatistical
significance was determined using one-way ANOVAdwing Dunnett’s posthoc test. Most of the fluxesDXR
treated cells were significantly different from redted controlsp( < 0.05). Red and green boxes refer to
significantly decreased and increased fluxes aspeoed to controlsp( < 0.05). A detailed overview of the

significance of individual fluxes is given in tald (Appendix of chapter 5).

Glycolytic flux (v1 —v4) was dose dependently decreased in DXR treateto€6% (0.01 uM
DXR; p<0.001) and 87% (0.02 uM DXRy< 0.001) of the control. Lactate productior2X)
was reduced by 17% (0.01 uM DXRx 0.001) and by 30% (0.02 uM DXR;< 0.01). Alanine
production ¢18) was increased by 24% in HL-1 cardiomyocytesatad with 0.02 puM DXRp(
<0.01).

However, connectivity between glycolysis and TCAley was enhanced in DXR treated
cardiomyocytes. Pyruvate transport into mitochandrb) was increased to 197% and 239% of
control in cardiomyocytes exposed to 0.01 uM or20[0M DXR, respectively g < 0.01).
Cytosolic flux from pyruvate to oxaloacetatd §) was activated upon drug exposure and caused
a nearly four-fold increas € 0.01) of oxaloacetate import into mitochondria malate-shuttle
(v24; p < 0.001) in treated cardiomyocytes. Activity oftaghondrial malic enzymevil5)
producing mitochondrial pyruvate was low in contpalt increased in cells treated with DXR (
< 0.01). Import of pyruvate into mitochondria waerefore increaseda both direct pyruvate
transport ¥5) and anaplerotic reactionslp, v16, v24). TCA-cycle fluxes (11+v14) were
significantly increased by 54-72%p (< 0.001) in treated cardiomyocytes compared to the
untreated control. TCA-cycle was mainly sustaingaXidative decarboxylation of pyruvate into
acetyl-CoA ¢6) indicating increased glucose oxidation, andaghiholysis ¢27). Upon DXR
treatment oxidative decarboxylatiow6] was significantly increased to 234% (0.01 uM DXR
p < 0.001) or 243% (0.02 uM DXR, < 0.05) so that carbons deriving from pyruvatecacted
for more than 85% of TCA fluxes compared to only6Mh untreated control. Glutaminolysis
(v28) was significantly increased by 74-86% (0.01 PMR, p < 0.01; 0.02 uM DXRp < 0.05).
However, glutamine-derived carbons contributedh® same extent (~ 20%) to the TCA cycle

fluxes in treated cardiomyocytes and untreatedrobnt

77



Effect of doxorubicin on metabolic fluxes in HL-&Its

Whereas the specific rates of the anaplerotic i@ast the TCA-cycle fluxes, the major input
fluxes into TCA cycle, oxidative decarboxylationdaglutaminolysis were increased upon DXR
exposure, consumption of other amino acids feedimig TCA-cycle such as lysinev3b),
arginine ¢34), branched chain amino acidg31+33) and aspartatev4d5) was significantly
decreased in treated cellp € 0.05). For valine, isoleucine, arginine and asp@ a dose-
dependent effect of DXR was observed. Export oatgtvia citrate-shuttle to produce cytosolic
acetyl-CoA and oxaloacetate2g6) was slightly increased by 7% (0.01 pM DX 0.01) and
12% (0.02 uM DXRp < 0.001) as compared to the untreated control.

Influence of DXR on cellular respiration

Figure 5 A shows the dissolved oxygen for untreatextrol and cardiomyocytes treated with
0.01 pM and 0.02 uM DXR in the cultivation mediasévlved oxygen in the media of both
treated and untreated cardiomyocytes decreasedodgensumption of oxygen by the cells.
Dissolved oxygen in culture medium decreased frah® M to 0.096 mM (untreated control),
0.089 mM (0.01 uM DXR) and 0.085 mM (0.02 uM DXRhe time course of dissolved oxygen
was significantly different after 24 h exposurecase of cardiomyocytes treated with 0.02 pM
DXR (p < 0.05), but not for cardiomyocytes treated witB10pM DXR. Figure 5 B shows the
corresponding specific oxygen uptake rates )Jg@hich were derived from the profiles of
dissolved oxygen as well as cell growth. The speoifygen uptake rates were 66.5fmol Céil*
(untreated control), 78.5 fmol célh™ (0.01 uM DXR;p < 0.05) and 100 fmol céllh?* (0.02 pM
DXR; p < 0.001).
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Figure 5: Influence of DXR on respiration in HL-1 cardiomybes. A) Course of dissolved oxygen in culture

medium without cells ¢), untreated control®), cells treated with 0.01 pM DXR&) and 0.02 pM DXR Q).
Statistical significance was determined using regzbaneasures two-way ANOVA following Bonferroni plosc
test. B) Specific oxygen uptake rate in untreatelts ¢white bars), cells treated with 0.01 uM DXRtit grey bars)
and cells treated with 0.02 uM DXR (dark grey baSignificance was determined using one-way ANOVA
following Dunnett’s posthoc test. Measurements weagied out in triplicates. Significance is indied at *: p <
0.05; *** p < 0.001.

Influence of DXR on intracellular ATP concentration

The influence of DXR on intracellular ATP concetita in whole cells extracts was measured at
2 h and 34 h after DXR exposure (Figure 6). Aftér & incubation, ATP concentration was 16.2
pmol cell' in untreated cells. In cells treated with 0.01 @vid 0.02 uM DXR, ATP
concentrations was non-significantly decreased %ol Ipmol celf and 15.2 pmol céfi
respectively. After 34 h ATP concentration was @70l cell* in untreated cells. No significant

change of ATP concentration was observed in caselts treated with 0.01 pM DXR (13 pmol
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cell’; p > 0.05). However, in case of cells treated with20uM a significant decrease of ATP

concentration (11.2 pmol céflp < 0.05) was observed. The cell number was estiinasing an

SRB assay.
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Figure 6: ATP-content (A) in untreated cells (white bargllstreated with 0.01 uM DXR (light grey bars) ah@2
UM DXR (dark grey bars) in HL-1 cardiomyocytes. Aténcentration was determined using ATPlite as€a/l
number was estimated by sulforhodamine B stainErgor bars indicate standard deviatioms=4). Statistical

significance was determined using one-way ANOVAdwing Dunnett’s posthoc test (< 0.05).

Discussion

In the present study we analyzed the effects of DofRcentral energy metabolism in HL-1
cardiomyocytes. The DXR concentrations investigatede clearly not toxic in the LDH-release
assay. Furthermore, it was recently shown thatetltescentrations do not result in significant
Troponin T release (Anderssenal., 2010). By using*C-metabolic flux analysis we found that
DXR-concentrations as low as 0.01 and 0.02 uM Bamitly affect glycolysis, TCA-cycle and
amino acid catabolismm vitro in HL-1 cardiomyocytes.

Glycolytic rates in DXR treated cardiomyocytes @ased in a dose dependent manner. Down-
regulation of phosphofructokinase at the transiomat level upon DXR treatment was
previously described in neonatal rat cardiomyocytkeyaseela®et al., 1997) and could partly
explain decreased glycolytic rates. However, intlogk of Jeyaseelagt al. DXR was applied at

a concentration of 1 pM which approximately représaéhe peak plasma concentration shortly
after a bolus administration in cancer patientscWwhieclines relatively fast (within 1 h) to the
lower nanomolar level (Greeret al., 1983). DXR has a biphasic pharmacokinetic prafilth
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exposure of tissues without substantial clearao@xtracellular free drug concentrations that are
identical to plasma free drug exposure. Nowadaysivo, DXR is administered by intravenous
infusion and the plasma concentration is much lotven 1 pM. Mostn vitro studies on DXR
are carried out using high concentrations and danacessarily reflect the situatiomvivo. It is
therefore important to investigate effects of DXRtlie nanomolar range. Recéntvivo andin
vitro transcriptomic studies at clinically relevant centations have demonstrated an
upregulation of mMRNA of several genes in the glytiol pathway (Berthiaume and Wallace,
2007b; Tokarska-Schlattnet al., 2010), which, at a first view, contradicts the afsation of
decreased glycolytic fluxes in our study. The lesethe corresponding mRNA probably directly
correlates with increased enzyme but not necegsamth enzymatic activity. While the
upregulation of glycolytic genes in the work Beatlnneet al. and Tokarska-Schlattnetal. was

in good agreement, corresponding data on TCA-cyallevant mRNA from these two studies
was conflicting. Contradictory data regarding DXRduced alterations in the fluxome or
transcriptome might be related to different biot@aimodels or experimental setups. In addition,
it has to be considered that DXR exerts diversec&dfon energy metabolism both acutely and
chronically. The transcriptomia vivo study of Berthiaumet al. was carried out on isolated rat
hearts upon 5 week chronic subcutaneous DXR tredtnvehereby the heart weight was
significantly decreased and the rats were in a peaith (Berthiaume and Wallace, 2007b). In
the work of Tokarska-Schlattnet al. rat hearts were perfused with 2 pM DXR for 2 K #me
hearts showed mild cardiac dysfunction. This cotreéion highly exceeded the concentrations
used in our study and the exposure to this relgtihggh concentration was longer than the
observed peak plasma concentration in patientsrgaohg DXR treatment. Cardiac dysfunction
independent of DXR exposure, contributes to in@dagycolysis and glucose oxidatiamvivo

as shown previously (Lett al., 2004; Osoricet al., 2002, review: Stanley, 2005). As such, care
should be taken in the interpretation of results eardiac damage should be taken into account.
In our study there was no change in cell viabilftDH and SRB assays) and myocyte
contraction/beating. Therefore, the changes inafjyic fluxes in our study are due to DXR and
not due to decreased cardiomyocyte viability ansfutyction.

In our study, the decreased glycolytic activity wascompanied by an increased oxidative
decarboxylation (Pyruvate> Acetyl-CoA) i.e. a higher flux of cytosolic pyrutea into
mitochondria to form acetyl-CoA, which points towsran increase of glucose oxidation in DXR

treated cells. Remarkably, the increased oxidativesphorylation was facilitated by cytosolic
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pyruvate entering the mitochondriona two entry routes; firstiyia direct entry into the
mitochondrion through pyruvate transporter and sdlyovia cytosolic and mitochondrial malic
enzyme. The anaplerotic entry of pyruvate into phitlmdriavia malic enzyme might make up
for a saturated direct transport via mitochondpiuvate transporters and thus facilitate supply
of TCA-cycle with sufficient carbon. An increasedntribution of glucose carbon to
mitochondrial acetyl-CoA upon DXR treatment waserdty shown in a ratn vivo model
(Carvalhoet al., 2010), which is in accordance with increases @tipyruvate into mitochondrial
acetyl-CoA, as observed in our study. In the stoflyCarvalhoet al. it was shown that the
increased contribution of glucose to acetyl-CoAdkated to a decreased contribution of long
chain fatty acids to acetyl-CoA. Decreased fattid axxidation has been generally linked to
DXR-related cardiac toxicity (Abdel-aleeehal., 1997; Bordonkt al., 1999; Honget al., 2002;
lliskovic et al., 1998). However, the uptake of fatty acids in Hcardiomyocytes was relatively
low for both untreated controls and DXR treatedscat compared to the glucose uptake (~0.1
%). Comparison of results should be considered watte as most studies on altered fatty acid
uptake were carried out either amvivo models or the applied DXR concentrations (Abdel-
aleemet al., 1997) highly exceeded the concentrations testedir study. Nevertheless, it must
be noted that the low uptake of fatty acids in Htatdiomyocytes can be partly attributed to the
low concentration of fatty acids in the used cwtunedium. Generally, glucose is the most
abundant energy source in most cell culture méda. glucose concentration in the used culture
medium was 25 mM. In contrast, the total fatty aoihcentration in supplemented Claycomb
medium mainly derived from 10% FBS, was only ~ 9,pich is in the same range as recently
reported for culture medium containing 10% FBS (émsdonet al., 2008). In addition, cells
culturedin vitro mainly use glucose to generate ATP (Marroaaial., 2007). However, the fact
that fatty acid uptake was relatively low in bottXB®-treated and untreated cardiomyocytes
points to the fact that the higher contribution ghficose to acetyl CoA as observed in our
consideredn vitro model is most probably not related to alteredyfatid uptake.

The consequence of increased oxidative decarbaosylaif mitochondrial pyruvate to form
acetyl-CoA was significantly increased rates of FGA&le reactions in DXR treated
cardiomyocytes. This increased oxidative metabolgas in accordance with an increased cell
respiration. An up-regulation of TCA-cycle relatggnes upon DXR treatment was recently
reported in perfused rat heart (Tokarska-Schlaghat., 2010) and might explain the increased

TCA-cycle rates in our study, despite significarnffelences in the experimental setup. In
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addition, a recent study (Point@hal., 2010) using a murine vivo model showed increased
activity of citrate synthase after acute DXR expeswhich further supports the observation in
our study. Though, several other studies on DXRiged alterations of respiration demonstrated
decreased respiration (Buggeral., 2010; Nicolay and de Kruijff, 1987; Taet al., 2006).
However, these studies were either carried out mitish higher concentrations directly on whole
cells (Taoet al., 2006) or on isolated mitochondria, which haverbshown to be different in
their regulatory properties from mitochondria ire tbell (Kuznetsowt al., 2008; Picarctt al.,
2010). Those reported effects, if occurringivo, might represent acute effects of DXR toxicity,
e.g. when the concentration of DXR is relativelghin plasma within the initial hour of DXR
application (Greenet al., 1983).

The increase of TCA-cycle activity might be relatecan early compensatory mechanism to the
onset of functional defects as recently suggesie#arska-Schlattneet al., 2010). Functional
defects in conjunction with apoptotic events coirldlude loss or depletion of high energy
phosphates. Short term exposure (2 h) of cellsGth @M and 0.02 uM DXR had no significant
effect on cellular ATP concentration in our studyowever, at 34 h, ATP concentration
decreased at both concentrations of DXR, but orgpificantly at 0.02 uM DXR. Recently
decrease of ATP in murina vivo model upon acute DXR exposure has been descritx@dton

et al., 2010). It can be assumed that increased TCA-cyitieity as well as respiration is a direct
consequence of decreased levels of ATP. By inarga$iCA-cycle activity the cells try to
compensate for a decrease of intracellular ATP. él@wy, we observed that increase of oxidative
metabolism does not seem sufficient to completelpmensate for ATP-decrease/depletion.
Besides depletion of ATP due to potential apoptaients, reduction of DXR itself by
mitochondrial NADH dehydrogenase by complex | ire thespiratory chain might partially
contribute to increased TCA-cycle activity. It iNvestablished that DXR acts as an electron
acceptor in reactions involving P450 reductase dADH dehydrogenase (Doroshow, 1983;
Goodman and Hochstein, 1977; Grahetral., 1987). Addition of electrons to the DXR quinone
group Yyields the semiquinone which after interactwith oxygen produces superoxides and
other reactive oxygen specigsvitro (Bates and Winterbourn, 1982; Doroshow, 1983; &&th
al., 1989) or results in electron shunting, more ljiked occurin vivo as recently suggested
(Pointonet al., 2010). Pointoret al. argued that production of reactive oxygen speisigaore
likely to occurin vitro thanin vivo due to higher oxygen tension in maswitro models. Electron
shunting in case of DXR may involve electron transbn DXR by complex | to form the
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semiquinone and subsequent electron transfer doxamstcomplex |, eventually to cytochrome
C, thereby skipping electron transfer through campl and Il (Pointonet al., 2010). Both
scenarios would result in an uncoupling of electransfer and building up of an’Hgradient in
the inner mitochondrial membrane and consequerttyghsed ATP concentration.

In brief, we show for the first time the effect thferapeutically relevant concentrations on the
whole central metabolism including glycolysis, T€®ele and amino acid degradation in a
cardiac cell model by means Bt metabolic flux analysis. AlthoughiC flux studies have been
carried out for the assessment of DXR’s effect lsn metabolism, the estimation of the flux
distribution in cardiac cells upon DXR treatmefd integration of a whole set of extracellular
rates andC labelling information into a metabolic network deb has not been yet reported to
our knowledge, least of all at concentrations ag ks 0.01 puM. Most importantly, these
concentrations had no significant effect on cetivgh, beating frequency and cell morphology.
Nevertheless, these tested therapeutically reles@mntentrations result in an increased oxidative
metabolism in HL-1 cardiomyocytes, i.e. a highdicefncy of glucose usage in TCA-cycle. This
effect in HL-1 cardiomyocytes is most probably, melated to alterations in fatty acid uptake
since it was negligible and was not significantle@ed by DXR. In fact, changes in metabolic
fluxes seem to occur due to decrease of intraeellddTP. The present work therefore
complements and partly confirms recemtvivo data. Our results significantly contribute to the
understanding of DXR induced cardiotoxicity whishnnore and more highlighted in the context
of changes in energy metabolism. Further work idiclg in depth studies of the role of reactive
oxygen species in changes of metabolic fluxes woaldplement the observations in our study.
In addition, it would be very interesting to appRC metabolic flux analysis to human relevant
system such as cardiomyocytes derived from humaryemic stem cells having both atrial and
ventricular phenotypes which would more closelyeefthein vivo situation. This will greatly

advance the understanding of mechanism of toxafiyXR at the metabolic pathways level.
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Chapter 6

Characterisation of the central metabolism in cardomyocytes
derived from human embryonic stem cells in respons®

Doxorubicin
Abstract

Doxorubicin (DXR) is a potent anticancer drug waévere cardiotoxic side effects, which are
related to changes in the cardiac substrate specas shown in several animalvitro models.
However, animal models have a low validity in maierefore, human embryonic stem cell
derived cardiomyocytes (hESC-CM) represent an idaadiacin vitro model for studying DXR
induced cardiotoxicity. The purpose of this studyswthe metabolic characterization of untreated
hESC-CM and of hESC-CM treated with a clinicallierant concentration of DXR by usifitC
metabolic flux analysis.

hESC-CM were incubated with and without 0.078 uMR¥r 66 h. Uptake and production
rates of glucose, lactate, pyruvate and amino afrioih hESC-CM culture medium were
determined using HPLC. The enrichment in secreted lactate derived from feeding with [U-
13C¢]glucose was measured by GC/MS. Using metabolitesya>C-labelling information in
lactate and by presuming steady state conditiartsadellular fluxes were estimated in both
untreated and DXR treated hESC CM.

Untreated hESC CM showed high activity of anaeraghycolysis, which was reflected by a high
lactate/glucose ratio (1.57) while fluxes in oxidatreactions were comparably low. Low TCA
cycle activity was facilitated by high lactate apgruvate production, but also by amino acid
production i.e. by carbon loss from TCA-cycle. DXiRated cells showed reduced glycolytic
fluxes and reduced lactate production. Though,ldlctate/glucose ratio was increased (1.71).
However, despite a higher lactate/glucose ratioidaikve metabolism was significantly
increased, which was facilitated by increased digian of amino acids into TCA-cycle
intermediates. These data partly agree with retranscriptomic approaches. However, due to
the high anaerobic glycolysis in the used hESC-@iddifications in the cardiac differentiation

protocol or design of adequate hESC-CM culture metbuld be considered for future studies.

This chapter is in preparation for submission inToxicology and Applied Pharmacology.
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Introduction

Doxorubicin (DXR) is used as a potent anticancegdHowever, severe cardiotoxic side effects
observed in cancer patients undergoing DXR treatrenit its clinical use (Simunelet al.,
2009). DXR-toxicity is related to formation of reé®e oxygen species (Bachet al., 1977,
Sinhaet al. 1989), disturbances in nitric oxide pathway resglin protein nitration (Foglet al.,
2004), oxidative damage of DNA (Bates and Winterhp982; Eliotet al., 1984; Feinsteirt

al., 1993), lipid peroxidation (Gewirtz, 1999) andposis (Linget al., 1993; Skladanowski and
Konopa, 1993).

However, DXR induced cardiac toxicity also seemsateel to impaired cardiac energy
metabolism, potentially leading to ATP-depletion. the healthy myocardium ATP is mostly
generated from oxidative metabolism (Stardewl., 2005). It was shown that DXR alters fatty
acid and glucose metabolism in the myocardium (Abteemet al., 1997; Bordonet al., 1999;
Carvalhoet al., 2010; Wakasuget al., 1993). Recent transcriptomic approaches havarsho
alterations in the transcript levels of genes ra@ivin main catabolic pathways, such as
glycolysis and TCA-cycle. It was recently shownttXR results in increased transcripts of
genes relevant in glycolysis (Berthiaume and Wall&007b; Tokarska-Schlattneral., 2010).
Though, results on TCA-cycle genes were contradictduch differences might be the result of
differences in the biological models.

We have recently studied the effect of clinicallglevant DXR concentrations on central
metabolism of murine atrial HL-1 cardiomyocytesri@in et al., 2011c). DXR resulted in an
increased oxidative metabolism (increased TCA-cydgvity and respiration), probably as an
attempt to compensate for a decreased intraceddi&-concentration.

Despite the usefulness of HL-1 cells as a cardiadahsystem, the major drawback is their
murine origin. Human embryonic stem cell deriveddeanyocytes (hESC-CM) have been
suggested as an alternative for cardiac cell [{Bé=elet al., 2009). Primary cells from the human
heart would be an alternative, but their avail&pils limited for obvious reasons. The use of
hESC-CM probably circumvents the problem of spetespecies differences.

In terms of contractile characteristics hESC-CM éhdween shown to be similar to adult
ventricular cells (Hardingt al., 2007). Though, it has been suggested that therat®mn process
of hESC-CM is not complete, since the’Gahandling properties in the excitation-contraction
process do not seem to reflect the adult human argaan (Binahet al., 2007; Dolnikowet al.,

2006). Mature cardiomyocytes rely on intracellusarcoplasmic Ca - stores for contraction,
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while hESC-CM seem to rely on external calcium (Diabv et al., 2006), most probably due to
underdeveloped sarcoplasmic reticulum (Birehtal., 2007; Satinet al., 2008; Sedaret al.,
2008). However, a recent gene expression studgtasn that hESC-CM clusters show similar
expression patterns, compared to human cardiacetigdsp et al., 2010). lon channels,
characteristic for the human myocardium, such asuso channel SCN5A, the L-type calcium
channel CACNALC, the voltage-gated potassium cHankR€ENA4 and KCNH2 (hERG) have
been found in hESC-CM (Sartiagtial., 2007; Satiret al., 2008). The availability of relevant ion
channels as well as the ability for spontaneoudraotion makes them attractive for preclinical
drug testing based on electrophysiological measenenas shown recently (Braashal., 2010;
Heet al., 2003; Reppedt al., 2005; Satiret al., 2004).

Besides electrophysiological studies, hESC-CM catengially be used to study drug-induced
changes of cardiac energy metabolism and subsisgtge. Although hESC-CM represent an
attractive cardiac model system for metabolic, ipaldrly metabolomis or fluxomic studies, a
rather in depth quantification of central metabulis.e. in glycolysis, TCA-cycle or amino acid
catabolism has not been carried out yet, leastlloinathe presence of drugs with known
cardiotoxic properties, such as DXR.

The purpose of this study was the metabolic charaettion of untreated hESC-CM and DXR
treated hESC-CM by means '6€ metabolic flux analysis. The application'd€ metabolic flux
analysis has been shown to be useful for the detetion of the effect of cardioactive drugs on
HL-1 cardiomyocytes (Striguet al., 2011b; Strigunet al., 2011c). The applicability of this
method has been demonstrated in a recent studghwhported the flux distribution in the
perfused mouse heart (Ma al., 2006). The results of the present study are emeap with

current knowledge of DXR induced effects on car@iaergy metabolism.
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Material and methods

hESC-CM cell culture

The hESC-CMs were obtained from Cellartis (Swedeibhin the framework of EU-STREP
(LSHB-CT-2007-037636) project “Invitroheart”. Thells were delivered as adherent monolayer
cultures and showed a beating phenotype. The wa&ie maintained in an optimized culture
medium, referred to as hESC-CM medium in followaigpters (The interested reader is asked

to contact Cellartis for further information on tbemposition of the hESC-CM medium).

Determination of DXR cytotoxicity

A doxorubicin-HCI (DXR) (Sigma Chemical, USA) stosklution (10 mM) was prepared in cell
culture grade water (PAN Biotech, Germany). 3 % télls/well were maintained in 200 pl
medium containing 20% FBS. After ~72 hours (h) betion, the supernatant was removed and
the cells were washed once with fresh medium. 3Jjesely, medium containing DXR at
different concentrations (1.25 pM, 0.62 uM, 0.32 ,u0116 pM, 0.078 uM and untreated
controls) was added to the cells in duplicates. iMadwithout cells served as medium control.
For reduction of evaporation, the wells were cogtevdth gas impermeable adhesive foils
(Greiner, Germany). Subsequently, the cells wecaebated for 66 h. Afterwards, the medium
was removed and the cells were washed twice with |1l0of pre-warmed (37°C) PBS. Cells
were then lysated in 100 pl Cellytic M Cell Lysesagent (Sigma Aldrich, USA) according to the
manufacturer’s instructions. Total protein was deteed with a detergent-compatible protein
assay (Bio-Rad, Hercules, CA).

Experimental setup for labeling studies on hESC CM

3 x 10 cells/well were maintained in 200 pul hESC-CM maeditollowing 72 h incubation.
Subsequently, the medium was removed and the welts washed twice with 200 pl of pre-
warmed (37°C) PBS to remove contaminating lactaten fthe preincubation.

Instead of 25 mM naturally labeled glucose this imedcontained 25 mM fully*C-labelled
glucose ([UY3C¢] glucose] (enrichment 99%) (Cambridge Isotope lLatmies, USA)). The
plates were incubated under standard cell cultanglitions (37 °C, 95 % relative humidity, 5 %
COy) in the incubator for 66 h. Afterwards, the suptants were removed and stored at -20°C
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until further analysis. The cells were washed owitdé 100 pl of pre-warmed (37°C) PBS and

the total cell protein was quantified by using atpin assay (Bio-Rad, Hercules, CA).

Sample preparation for HPLC analysis and metabolite quantification

Serum proteins, such as albumin were removed fl@mstupernatants by microfiltration using
Microcor® Filter Devices (Millipore, Germany) with an exdias size of 10 kDa. Subsequently
each filtrate was diluted 1:2 witt-aminobutyric acid solution (40QM in deionized water)
which was used as an internal standard for amirb qaeantification. Quantification of glucose,
lactate, pyruvate and amino acids was carried pattyy as described recently (Striganal.,
2011b).

Mass isotopomer measurement using GC/MS

Measurement of mass isotopomers was carried ong) gsis chromatography (HP 6890 Hewlett
Packard, USA) equipped with a HP-5 MS column (5 %henyl-methyl-
siloxanediphenylpolysiloxane, 30 m x 0.25 mm x Qu2% Agilent, Germany) and coupled with
a quadrupole mass spectrometer (MS 5973, Agilenerm@ny). Sample preparation,
measurement of mass distributions of lactate anduledion of mean mass isotopomer

distributions was carried out using a recently reggbprocedure (Striguet al., 2011b).

3C flux analysis

A carbon atom transition network of the central abelism was set up fdfC metabolic flux
analysis for both untreated hESC-CM and DXR tre&te8C-CM. (Appendix of chapter 6, Tab.
S1 and Tab. S2). The estimation of fluxes was edrout with MATLAB 2008b (The
Mathworks, USA) using the elementary metabolitet wuncept (Antoniewiczt al., 2007)
applying a recently described method (Yahgl., 2008).
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Satistical analysis
Extra- and intracellular fluxes in HL-1 cardiomyoey treated with 0.01 uM and 0.02 uM DXR

were compared with the respective untreated cantrsing student’s-test. The changes were

considered significant g@t< 0.05.

Results

Toxicity of Doxorubicin on hESC-derived cardiomyocytes

DXR application on spontaneously beating hESC-CBulted in a dose-dependant decrease of
total cell protein after 66 h of exposure (Fig. @078 uM and 0.16 uM DXR had no significant
effect on cell protein compared to controls. 0.320M62 UM and 1.25 uM DXR reduced total
cell protein by 37%, 57% and 63%, respectively. TG, value obtained from protein
determination after 66 h of DXR exposure was 0.B2(0.11 uM — 0.44 uM). A concentration
of 0.078 uM was considered for subsequent studiesetabolism in hESC-CM in response to
DXR, since it resulted in no significant alteratiohcellular protein and was clearly below the

ECsp value. At this concentration, the cells showeckating phenotype comparably to untreated

cells, as determined microscopically.

-
a
o

ECs0(66h) = 0.22 uM (0.11 pM-0.44 M)

—

(=]

o
—

——

(£
o

Total cell protein [% of control]
o

0.078uM 0.16uM  0.32uM  0.62uM  1.25uM

DXR concentration
Figure 1: Effect of DXR on total cell protein of human embmjc stem cell derived cardiomyocytes after 66 h
incubation. Total cell protein in each well waseatetined by Bradford assay. Measurements were daotg in

duplicate measurement. The dotted line indicat@s 6Dviability as compared with untreated controls.
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Metabolic response of hESC-CM to DXR treatment

Glucose, lactate and pyruvate

Figure 2A shows the effect of DXR on specific ratdgglucose uptake as well as lactate and
pyruvate production. Glucose was net consumed by botreated and treated cells. Though, in
treated cells glucose uptake was reduced by 28%ir(to53 umol @ h'; DXR: 38 umol g h™;

p < 0.01). Lactate production was by 22% lower &ated cells (control: 84 umol‘dgi’; DXR:

65 umol ¢ h™"). However, this change was not significant. Laggltcose yields were quite
high in both treated and untreated cells. Thiorats 1.57 in untreated cells and 1.71 in treated
cells.

Pyruvate was produced at both conditions, howgwerduction was by 28% lower in treated
cells (control: 15 pmol §h; DXR: 11 pmol ¢ h; p < 0.05).

Amino acids

DXR treatment had diverse effects on amino acidseomption and production (Fig. 2 B).
Amongst the amino acids, alanine, glutamine, glat@mnglycine, proline and arginine were net
produced in untreated cells, while leucine and @afa were net consumed from the culture
medium. Most significant effects due to DXR weresetved for alanine, glutamine, glycine,
tyrosine, arginine, histidine, phenylalanine, lysand leucine.

Alanine production was highly reduced in DXR treatells (control: 5.7 umolgh?; DXR: 3.1
umol g+ h™; p < 0.001). Glutamine was produced by untreateds g@l9 pmol g h™) but
consumed by DXR treated cells (1.2 umdlhg" p < 0.001). Production of glutamate and proline
was not significantly different. Glycine was proéddy controls (1.5 umol'gh™) but consumed
by treated cells (1.5 pmol'ch™; p < 0.001). While no significant uptake of isoleuicould be
determined, uptake of leucine was significantlyhleigin DXR treated cells (control: 1.75 pumol
g* h'; DXR: 4.2 pmol @ h™; p < 0.05). Similarly, uptake of aspartate and trypape was
higher in DXR treated cells (Aspartate; controbDumol g h™; DXR: 1.3 pmol g h; p <
0.05; Tryptophane; control: 0.1 pmof ¢* DXR: 0.43 umol g h™). No significant uptake of
lysine and phenylalanine could be determined. Haneuptake of these amino acids was

significantly increased in treated celfs< 0.001, respectively)
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Figure 2: Metabolite uptake and production rates in unttateSC-CM (white bars) and in hESC-CM treated with
0.078 uM DXR (black bars). (A) Effect of DXR on ghse, lactate and pyruvate rates, (B) Effect of DfRamino
acid rates. Negative and positive values referpgtake and production, respectively. Rates wereutatied from
metabolite depletion/enrichment in culture mediumd #otal protein amount after 66 h incubation. Meements

were carried out in duplicates.

Intracellular fluxes
For the estimation of the influence of DXR on iceHular fluxes in hESC-CM, cells were fed

with universally**C labelled glucose ([U3C¢]glucose) without DXR and with 0.078 pM DXR.
The mass isotopomer distribution of lactate wassmesl upon 66 h of incubation using GC/MS.
As apparent from Fig. 3 an enrichment of lactatga&ioing single (m+1), double (m+2) and fully
labelled lactate (m+3) could be observed. Thougtlependent of DXR treatment, the fraction of
fully labelled lactate was highly exceeding boihgte and double labelled lactate.
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Figure 3: 3C mass isotopomer distribution in lactate secréedESC-CM after 66 h incubation with fulljC-
labelled glucose ([U3Cg]glucose) in controls (white bars) and in cells @sgd to 0.078 pM DXR (black bars). All
values were determined from duplicate measureniém.carbon skeleton of lactate consists of threlboraatoms,
which gives four mass isotopomers (m0-m3). mO: lllad lactate; m1: single labelled lactate; m2ilde labelled

lactate; m3: fully/triple labelled lactate.

The mass distribution in secreted lactate togethttr the extracellular yields of glucose, lactate
and amino acids were used for calculation of irglatar fluxes in untreated hESC-CM and in
DXR treated hESC-CM using the metabolic networkvahan table S1 and table S2 (Appendix
of chapter 6).

Figure 4 shows the net intracellular fluxes in tiedaand untreated cells. Changes of fluxes were
determined in all considered pathways (glycolysSi€A-cycle, amino acid degradation).
Glycolytic fluxes (G6FP>3PG, 3PG>PYR) were decreased by 28% in treated ceglls 0.001).
Oxidative decarboxylation (PYRAcCoA) was relatively small in both treated andreated
cells and no significant difference could be detaed. TCA-cycle fluxes in untreated cells were
relatively small and merely accounted for 8%-17%glgtolytic fluxes. In DXR treated cells the
flux of oxaloacetate and acetyl-CoA to form citratehe TCA-cycle was significantly increased
by 200% p < 0.05). This increase was facilitated by a sigaiit increase of lysine and leucine
degradation to acetyl-CoAp(< 0.05), but also by reduced secretion of pyruvate fluxes in
subsequent TCA-cycle reactions (G¥RKG; AKG->SUC; SUC>0AA) were similarly

increased < 0.05). Unlike controls, TCA-cycle fluxes in DXiReated cells accounted for 40%-
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80% of glycolytic fluxes. Apart from leucine andsige, the relatively high uptake and
catabolism of other amino acids also contributedht® higher TCA—cycle activity in DXR
treated cells. The flux of phenylalanine and tymesnto succinate was highly increased by 105%
and 83%, respectivelyp(< 0.05). Though, the most significant change weterinined around
TCA-cycle intermediater-ketoglutarate. While a net flux ofketoglutarate towards glutamate
was determined in untreated cells, which contribute carbon loss in the TCA-cycle, this flux
was reversed in treated celfs< 0.05), pointing towards increased anaplerosih@fTCA-cycle

in case of treated cells. In addition, metabolisitaiginine, histidine, glutamine and proline,
which are catabolised to glutamate, also showedifgignt changes. Interestingly, a net flux of
glutamate to glutamine was observed in untreatéd. dehis flux was reversed in DXR-treated
cells p < 0.001).
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Figure 5: Effect of DXR (0.078 uM) on main catabolic pathwagf human embryonic stem cell derived
cardiomyocytes. hESCM were incubated with and witHdXR in the presence of full§{’C labelled glucose ([U-
13C¢]glucose) for 66 h. Metabolite uptake and produciiphESC-CM culture medium as well € enrichment in

secreted lactate were then measured by HPLC andM&Crhe data was then implemented into a simplified

metabolic model containing main reactions from glysis, TCA-cycle and amino acid catabolism forcoédtion of
fluxes. All rates are given in umol'goeinh™
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Discussion

The presented work shows the effect of DXR on tle¢atmolism of cardiomyocytes derived from
human embryonic stem cells (hRESC-CM). Similar to imeent work using a murine cardiac cell
line (HL-1 cells) the considered DXR concentratfon metabolic studies was clearly below the
ECso value, which was approximately between 0.11 pM44 QM after 66 h of exposure. The
lowest concentration of 0.078 uM DXR had no sigaifit effect on the amount of cell protein
after 66 h exposure and was used for further aisalys the effect of DXR on hESC-CM
metabolism. As in our recent study regarding meditabeffect of DXR in HL-1 cells, this
concentration was also in the range of clinicadvahcy (Greenet al., 1983).

The rather high lactate/glucose ratio in untreatetls (1.57) as well a$’C metabolic flux
analysis suggest a high anaerobic metabolism ireatetd cells. This is substantiated by a high
extracellular enrichment of fully/triple labelleddtate, which is directly derived from the fully
labelled glucose and which approximately accourited~80% of total produced lactate. The
high anaerobic metabolism in untreated cells wasompanied by a quite low TCA-cycle
activity, though loss of carbon via secretion ofywate as well as net synthesis and secretion of
amino acids derived from TCA-cycle intermediatesitdbuted its low activity. The observed
“Warburg-like effect” in untreated cells was ratlseirprising, given that the healthy myocardium
generates the vast majority of its ATP by oxidativetabolism (Stanlegt al., 2005). Generally,
anaerobic glycolysis seems to be sufficient for gmbic stem cell homeostasis (Chuegal .,
2007). However, engagement of oxidative metabolsgems to be a prerequisite for the
differentiation of stem cells into a functional dmc phenotype (Chung al., 2007). Dissolved
oxygen concentration in our experimental setup swdfcient to exclude hypoxia as a potential
reason for the high anaerobic glycolysis (dissolorggen > 50% air saturation, data not shown).
However, the observed anaerobic glycolysis stitlve¢éd a contracting phenotype.

The presented data suggests that the used hES@@khsw share similarities with pluripotent
stem cells on the metabolic level. While similastiof hESC-CM with human cardiac tissue on
the transcriptomic level was recently demonstrgissp et al., 2010), other recent studies on
hESC-CM have suggested that these cells differ faolmt human myocardium regarding the
C&*-handling in excitation-contraction coupling (Binetrel., 2007; Dolnikovet al., 2006), most
probably due to an immature sarcoplasmic reticutapacity (Binatet al., 2007).

hESC-CM treated with DXR showed a decreased glyicofjux. A similar effect could also be

observed in a recent study using HL-1 cardiomyof®sgunet al., 2011c). The reason for the
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observed decrease of glycolytic flux remains todke&ermined, but may involve DXR induced
alterations of relevant mRNA levels of glycolytierges. In fact, it has been shown that DXR
alters mRNA levels of glycolytic genes in animalrdiac in vivo models (Berthiaume and
Wallace, 2007b; Tokarska-Schlattreeal., 2010).

Despite a decreased glucose uptake and lactateigiima in DXR treated cells, the average
amount of mole lactate per mole glucose was shighidjher (lactate/glucose ratio: 1.71). This
points towards a decreased oxidation of glucoseocain the TCA-cycle. Nevertheless, the flux
of pyruvate to acetyl-CoA (oxidative decarboxylabiavas similar at both conditions. Thus, the
higher lactate/glucose ratio was mainly facilitated a significant increase of the TCA-cycle
activity as well as a high cataplerotic flux fronther malate or oxaloacetate to cytosolic
pyruvate. A higher cataplerotic flux to pyruvateghti circumvent depletion of cytosolic pyruvate
pools, as a result of decreased glucose uptakes. Would also explain the slightly decreased
secretion of alanine and pyruvate, which additigpn@revents a depletion of intracellular
pyruvate. The maintenance of intracellular pyruvadels might allow the cells to still rely on
anaerobic glycolysis, since this energy-pathwaydageyruvate for NADH-oxidation to form
lactate. The higher TCA-cycle activity in DXR tredt cells is mainly due to an increased
catabolism of amino acids into relevant intermexiasuch as leucine and lysine flux to acetyl-
CoA but alsoa-ketoglutarate and succinate. Most importantly,taghine was secreted by
untreated cells, while DXR treated cells showedea uptake of glutamine, which therefore
contributed to an increased TCA-cycle activity. ShDXR treated cells revealed a significant
shift towards oxidative metabolism independentlatgse carbon. However, an increased TCA-
cycle flux might also prevent DXR-induced depletmfrintracellular ATP, as suggested recently
(Strigunet al., 2011c; Tokarska-Schlattnetral., 2010).

In summary, this work shows for the first time thBuence of a clinically relevant concentration
of DXR on the metabolism of hESC-CM. However, thiaical relevancy of the observed effect
is questioned by the fact that both untreated aXreated hESC-CM highly rely on anaerobic
glycolysis. Preferably, the used hESC-CM should miadult myocardial cells in terms of their
energy metabolism, especially when considering thathealthy myocardium mainly relies on
oxidative metabolism. However, by using medium glestrategies the metabolism of the hESC-
CM potentially could be altered to a state whichren@flects the metabolism of the adult human
cardiomyocyte. In the used hESC-CM medium, glucess the dominating substrate and its

concentration highly exceeded the concentratiotbér metabolites (e.g. amino acids). The
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relatively high concentration of glucose, which wds mM (standard glucose concentration in
commercially available DMEM medium), might partlgrdribute to the observed high anaerobic
glycolysis. In fact, this glucose concentrationeeas the blood glucose concentration in healthy,
non-diabetic adults (4.0-5.9 mM)(Cerie#ibal., 2008) Thus, future studies on hESC-CM energy
metabolism should take into account an adequatgiiconcentration. Besides, fatty acids and
lipids are the main energy source in the human m@aygbhem and it has been shown that the
average fatty acid concentration in human plasnia tse lower mM range (Kuriket al., 2006).
However, culture medium which contains 10%-20% KBS was used for this study) merely
contains fatty acids in the lower uM range (as gshamv Chapter 5 and in (Anderssehal.,
2008)). Thus, when applying metabolic studies ois@E-M, a higher concentration of fatty
acids should be considered. An optimal ratio bebtwiagty acids and glucose, which mimics the
ratio in human plasma, might result in a substus@ge which more reflects the cardiawivo
situation in man and thus, gives more reliable lteswhen the assessment of the effect of drugs
on cardiac energy metabolism is desired.
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Chapter 7

Concluding remarks

It is assumed that alterations in cardiac energiabatism either due to disease or drugs result in
cardiac dysfunction (Stanley al., 2005). While several studies report alteratioheetabolism

in the diseased heart (Ashrafieinal., 2007; Gertzt al., 1988; Mudgest al., 1976; Panchadt

al., 2001; Randlet al., 1964; Stanlewt al., 1997; Wisnesket al., 1985), holistic descriptions of
the cardiac energy metabolism in response to cacti@/toxic drugs are rare.

The presented work describes the assessment effdwets of drugs with known clinical cardiac
toxicity on two cardiacin vitro model systems, namely HL-1 cardiomyocytes and human
embryonic stem cell derived cardiomyocytes (hESC)Chy using metabolic profiling
(metabolomics) and®C-metabolic flux analysis. In addition, respiratioreasurement was used
for cell viability measurements. The combination a@f three methodologies allowed the
assessment of the effect of cardiotoxic drugs @nntetabolism of the two model cell types.
However, the focus was clearly set on HL-1 cells ttu their ready availability. Unlike hESC-
CM the source of HL-1 cells is not limited. Duethe limited availability of hESC-CM not all
studies could be carried out on these cells in seethil as for HL-1 cells.

Parts of the thesis were published as three sficeptipers (Striguret al., 2011a; Striguret al.,
2011Db; Striguret al., 2011c). Two manuscripts are in preparation édamsission.

Cytotoxicity screening of cardioactive drugs on muine HL-1 cardiomyocytes

In the first part of this study the effect of caractive drugs on the respiration in HL-1
cardiomyocytes was determined by using oxygen-sBeadluorescent sensors (Optodes). These
optodes have been described as a convenient aiverna common cytotoxicity assays (e.g.
WST-1, MTT, Alamar Blue) when the determination B€s; dynamics of drugs is desired
(Beckerset al. 2009; Nooret al., 2009; Wolfet al., 2011). However, a direct comparison ofsEC
dynamics of drugs with similar or different mechamiof action or toxicity has not been reported
yet. The first part of the thesis shows for thestfitime EG, dynamics of several
cardioactive/toxic drugs. Significant differences the EGy-dynamic profiles could be

determined, which partly dependend on the mechamnisaction or toxicity of the drugs. The
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distinct differences in the dynamic profiles sudgd®t preclinicalin vitro studies on drug
toxicity (independant of the cell model) shouldlute measurement of E&dynamics, since
such profiles potentially allow conclusions whethige toxic effect of a drug occurs directly or
with a certain delay. The presented results sugbgasthe determination of EgEdynamics gives

information on the mechanism of toxicity of a dirgchemical.

Metabolic profiling of HL-1 cardiomyocytes in respase to cardiotoxic drugs

In the second part of this study HPLC-based metabiols was used to assess whether drugs
create specific profiles in the extracellular metame of HL-1 cells. The metabolome was
measured at drug concentrations which were nottayitto This methodology included the
measurement of culture medium metabolites aftgreaific time of exposure and the subsequent
data evaluation using common statistical multivariprocedures e.g. principal component
analysis. This study shows that a targeted metatotoapproach, in which the considered sub-
profile merely consists of nutrients available irosh common cell culture media (glucose,
pyruvate, amino acids), is sufficient to classityigs according to their known mechanism of
action. The presented results suggest that thisoapp also provides indications on the

mechanism of toxicity of a new drug compound.

3C metabolic flux analysis in HL-1 cells upon expoge to Doxorubicin and
Verapamil

The first drug which was considered in the flux lgsia approach was the calcium channel
blocker verapamil. Although clinical cardiotoxigoats on this drug are rare and mainly involve
overdoses, this drug was quite interesting for #tixdies for several reasons. First, metabolic
profiling revealed a unique effect of verapamil glncose and lactate metabolism and second,
fluxomic studies clarified the consequences of #ffect on the central metabolistiC flux
analysis on HL-1 with and without verapamil was cassfully carried out and gave a holistic
description of the effect of verapamil on centraktatolism. At the applied conditions,
verapamil resulted in a highly decreased glucogekepwhich was accompined by a halt of
lactate production. This effect allowed the celts rhaintain the TCA-cycle- as well as
respiratory activity and thereby maintenance of gedwth similar to untreated cells. Thus, the

verapamil-induced decrease of glucose uptake ssbudt an efficient use of available glucose
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carbon. This is especially of importance when adersng that HL-1 cells highly rely on
anaerobic glycolysis under normal conditions (nigh lactate production). These results were
published (Striguret al., 2011a) and have been discussed extensively. tHemever, although
verapamil highly influenced glucose and lactateabelism of HL-1 cardiomyocytes, a direct
correlation to clinically observed toxicity of veramil could not be made. Although, several
recent reports showed an inhibiting influence ofapamil on glucose uptake in several cell
types, these studies were not carried out in tieso of cardiotoxicity related research. Thus, in
the published work, the effects of verapamil on Himetabolism were not discussed in the
context of cardiotoxic research, but in the contextcancer research and of potential
biotechnological applications. Inhibition of glueosptake along with the observed effects on
lactate metabolism might contribute to verapamiseptial usefulness as an anticancer drug
which has been recently proposed (Zheng., 2009). Second, verapamil induced inhibition of
glucose uptake and the observed halt of lactatdustn might be exploited in the field of
bioproduction of therapeutical proteins using maimacell lines, which often show high
lactate production i.e. inefficient use of glucoBarther work is necessary on relevant cell lines
to assess this potential.

Like verapamil, doxorubicin highly influenced thexteacellular metabolome of HL-1
cardiomyocytes at sub-toxic concentrations. The ttzat doxorubicin shows high cardiotoxicity
in cancer patients undergoing DXR treatment and @bsumption that doxorubicin highly
influences cardiac energy metabolism (Tokarskaitidret al., 2006) additionally motivated
an extended fluxomic characterisation by means‘*6fmetabolic flux analysis. The most
important finding of this study was that doxoruhisignificantly increases activity of the TCA-
cycle as well as respiration, apparently to prewEorubicin induced depletion of ATP in HL-
cells. Unlike most recent studies, the analysis e@ged out at clinically relevant concentrations
that are considered non-toxic. This was facilitabgdthe high sensitivity of the GC/MS-based
flux analysis approach. The results of this stugyemecently published (Strigweh al., 2011c)
and have been extensively discussed in the coofentirrent knowledge regarding doxorubicin
cardiotoxicity. The presented results give adddloweight to the assumption that doxorubicin
deteriorates cardiac energy metabolism. If occgmmvivo in patients undergoing doxorubicin
treatment, depletion of cardiac ATP might be exaatd by other reported metabolic effects,

such as doxorubicin-induced decrease of fatty exidation.
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3C metabolic flux analysis in human embryonic stemell derived cardiomyo-

cytes upon exposure to Doxorubicin

Reliablein vitro cardiotoxicity testing necessitates cardiac moadigch closely mimic human
cardiac tissue. Human embryonic stem cell derivadliomyocytes have been suggested as a
convenient alternative to isolated primary celtsireither human or animal origin.

Since the healthy human heart covers the majofitis AATP demand by oxidative metabolism,
in vitro cardiac cell models should also share this me@lptienotype. This is especially of
importance when the reliable uitro determination of drug induced changes in cardrsergy
metabolism is desired.

In this work the central energy metabolism of hESK2-and its alteration due to the anticancer
drug doxorubicin was studied by usitig metabolic flux analysis.

Untreated cells seemed to cover the majority oir tA&P-demand by anaerobic glycolysis i.e.
the flux of glucose carbon into the TCA-cycle watatively low. The TCA-cycle was mainly
fuelled by catabolism of amino acids. This resuljgests further optimisation of the cardiac
differentiation process, or alternatively, a progesign of adequate cultivation media.

However, treatment of the cells with doxorubicinowed significant alterations of the
intracellular metabolism, similar to HL-1 cellsated with doxorubicin. The cells showed a more
efficient use of glucose carbon, i.e. less lactateretion and increase oxidative decarboxylation
as well as a higher TCA-cycle flux. This increasghh be the result of either formation of
reactive oxygen species or electron shunting (uploog! of respiration), and consequently, an

attempt of the cells to compensate for ATP-deptetio

In summary, the presented study shows that apjalicaf metabolic profiling and®C metabolic
flux analysis, combined with respiration measurethalows the assessment of drug induced
changes of cardiac energy metabolism. The presaetadts suggest that preclinical vitro
studies regarding drug-induced cardiotoxicity bgcéiophysiologically based methods should be

complemented by assessment of cardiac energy nlistabo
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Chapter 8

Outlook

Respiration measurement was carried out on HL-Is ¢l using oxygen-sensitive fluorescent
optodes. The Ef dynamics of the considered drugs could partly kplagned by current
literature knowledge regarding their general tayior more specifically, their cardiotoxicity.
However, when the Efg dynamic of a new chemical/drug with unknown meacsranof toxicity

is determined it will merely give information wheththe onset of toxicity occurs either fast or
slow. Prediction of its mechanism of general tayicdr cardiotoxicity might necessitate the
screening of a rather extensive library of trainc@mpounds with knowmn vitro or in vivo
toxicity/cardiotoxicity. Besides that, Egvalues should be determined as exactly as possidle
the number of considered drug concentrations shbeltiigher than the number considered in
this study (6-9 drug concentrations). Such an aggravould require a higher throughput format,
such as 384—well plates or even higher. In additmnhe potential prediction of the toxicity
mechanism of a drug, one could also establish mstieal models that describe the
relationships between drug concentrations, deathtikis, toxicity delay time and the course of
dissolved oxygen. Such relationships might showirdis characteristics (linear, asymptotical,
sigmoidal etc.) depending on the toxicity mechangfma drug. Such information might be very
useful forin vitro safety pharmacological studies, but could alsauded for a more detailed
determination of a drug’s toxicity mechanism.

Metabolic profiling of culture supernatants conilagnHL-1 cells was carried out upon exposure
to drugs. The metabolic profiles were dependartherdrug class, thereby allowing classification
of drugs according to their mechanism of toxicipwever, the used data set in the present work
was limited and included merely a set of ten drddee establishment of extensive models for
prediction of completely unknown compounds clasation would propably need a rather
extended set of training compounds. Moreover, usingimilar profiling approach with an
extended set of drugs, the risk of unknown compsilmev pharmaceuticals for cardiac side
effects might be reliably assessed when applyiagsdiication on the basis of clinically observed

side effects, such as QT-prolongation or cardiaesar

103



Outlook

13C metabolic flux analysis has shown a clear efétédhe cardioactive drug verapamil on the
central metabolism of HL-1 cardiomyocytes. The attmechanism by which verapamil
inhibited glucose uptake was not determined in shigly, but may involve direct inhibition of
glucose transporters. Additionally there is evidetitat verapamil and other channel blockers
inhibit expression of hypoxia inducible factor (M)Fat normoxic and hypoxic conditions
(Bharadwajet al., 2002). Elevated glucose consumption, has beeaceded with elevated
(HIF1-0) levels in human breast cancer cell lines, whdprdssion of HIF1e levels resulted in

an inhibition of anaerobic glycolysis (Robey al., 2005). This might be an explanation for
verapamil induced reduction in glucose uptake, twhimwever, has not been studied so far to
our knowledge and should be the focus of followiegearch in this regard.

The effect of doxorubicin on the central metabolishHL-1 cells was determined b{C
metabolic flux analysis. In the presented work @svpointed out that either doxorubicin induced
production of reactive oxygen species or a mechangerred to as “electron shunting” might be
responsible for increased TCA-cycle activity andpigation. Both effects would result in an
uncoupling of electron transfer to oxygen from @tide phosphorylation and thus, decreased
ATP-production. While formation of reactive oxygespecies is highly associated with
doxorubicin-cardiotoxicity (Simunelet al., 2009), more recent studies have suggested that
electron shunting is more likely to ocaur vivo (Pointonet al., 2017). It will be interesting to
determine whether formation of reactive oxygen gseoccurs in the tested experimental setup
and whether the application of appropriate antiamtd compensates the observed effects.

3C metabolic flux analysis on human embryonic stethderived cardiomyocytes revealed that
these cells highly rely on anaerobic glycolysiswdger, by using medium design strategies the
metabolism of the hESC-CM potentially could be raiteto a state which more reflects the
metabolism of the adult human cardiomyocyte (iexobic metabolism). In the used medium,
glucose was the dominating substrate and its carat&m highly exceeded the concentration of
other metabolites (e.g. amino acids) which mighttgbute to the observed high anaerobic
glycolysis. In fact, glucose concentration in conmmzulture media (e.g. DMEM) exceeds the
blood glucose concentration in healthy, non-diabadults (Ceriellat al., 2008)). Future studies
on hESC-CM energy metabolism should take into agtcan adequate glucose concentration. In
addition, fatty acids and lipids are the main egesgurce in the human myocardium and it has
been shown that the fatty acid concentration iniucelmedium containing FBS is much lower

than in human plasma. Thus, when applying metabsticdlies on hESC-CM, a higher
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concentration of fatty acids should be used. Annogit ratio between fatty acids and glucose,
which mimics the ratio in human plasma, might regula substrate usage which more reflects
the cardiadn vivo situation in man and thus, gives more reliablelteswhen the assessment of
the effect of drugs on cardiac energy metabolisdesred. However, treatment of the cells with
doxorubicin showed significant alterations of thé&acellular metabolism, similar to HL-1 cells

treated with doxorubicin. Though, besides ATP-mea®ent, it will be interesting to study

whether the altered TCA-cycle activity is accompanby altered cell respiration and whether

ROS-formation plays a significant role in the olveelreffects.
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Appendix

Chapter 2

Table S1:ECs, values of several drugs determined by continuoeasurement of dissolved oxygen using 24 — well

OxoDishes. Drugs were tested on HL-1 cardiomyocfged8 h. n.d.: not determined.

ECso [uM]

t[h] Terfenadin Verapamil Daunorubicin Amiodarone Diclofenac Desipramin  Haloperidol ~ Astemizol Doxorubicin

20 5.3 44.3 0.8 18.8 596.8 63.5 87.7 4.6 35
25 4.7 41.4 0.5 18.3 566.6 51.9 74.6 4.5 n.d.
30 4.4 39.3 0.4 17.5 458.9 43.0 56.2 4.4 2.7
35 4.3 38.8 0.3 16.4 409.7 38.0 47.0 4.4 14
40 4.2 37.6 0.2 15.9 355.9 34.6 41.2 4.5 0.8
45 4.3 35.1 0.2 15.5 312.0 33.6 38.0 4.5 0.6
48 4.1 33.2 0.1 14.5 321.3 33.2 35.8 4.3 0.5
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2.5

Percent of control

350, L
300

Log (conc. [uM])
Figure S1: Concentration-response curves of amiodarone (B,Bgkipramin (A,E,l), doxorubicin (C,G,K) and
terfenadin (D,H,L) screened on HL-1 cells by ustogtinuous oxygen measurement (A,B,C,D); sulforincida B
proliferation assay (E,F,G,H) and lactate dehydnege release assay (l,J,K,L). The concentratioporse was
determined after 20 h (black symbols), 30 h (rechtsyis), 40 h (blue symbols) and 48 h (turquoise bxys) of

exposure. Standard deviations were determined fripiicate measurement.
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Appendix

Chapter 4

Text S1: Oxygen uptake rate measurement

Specific oxygen consumption rate per cglDf) was estimated using the liquid phase balance:
Oy o] -{o))-2X
[0,7] is the dissolved oxygen concentration at satomatin culture medium while Q]
represents the actual dissolved oxygen concemraidghe number of cells per well andthe
liquid volume per wellk a is the oxygen transfer coefficient. It was adaitity assumed that
oxygen uptake follows Michaelis-Menten Kinetics.dkibnally, exponential growth of cells was
considered resulting in the set of equations (MABL#sting)

OUR = (qo2*X)*(O/(KO+0));

DODT = KLA*(OS-0O) - OUR/Volume;

DXDT = mue*X;

KO was set to 0.001 mM, X was the experimentalledrined cell number, OS is the saturation
concentration of dissolved oxygen as taken fromg@dpet al. (1995) and Volume is the volume
per well.

Equation (6) was integrated using MATLAB (routio@l5s) and statistical errors were estimated
using Monte Carlo simulation. Experimental dataeviéted using least square criterion and the
optimization routinefmincon of MATLAB. For each experiment two Monte-Carlo-sufeach
with 200 simulations) were computed, one with andsad deviation of dissolved oxygen
measurement of 5% and one with 10%. It was obsetivadthe parametelga and qO, are
significantly correlated with each other. Therefazembinations of parameter values estimated
by the Monte-Carlo method were dependent on theifsge measurement error. In parameter
estimation the four parametay®2, KLA, mue and the initial value oD, the dissolved oxygen

concentration, were estimated simultaneously.
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Figure S1: Experimental (symbols) and model calculated (fule) dissolved oxygen concentration profiles in

untreated control and treated HL-1 cells (4 uM parail).
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Figure S2: Monte-Carlo calculations of mass transfer coeffitjk a, and specific oxygen uptake ratgp, in HL-1
cells treated with 4 uM verapamil (A) and in unteshcontrol (B). Light (blue) columns representireations
assuming 10% standard deviation of dissolved oxygercentration and dark (red) columns estimati@ssiming

5% error. Error bars show the resulting error itnested parameters resulting from 200 Monte-Cautusr
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Figure S3: Concentrations of all considered metabolites v@tgue in culture medium of untreated (filled syri#)o
and in HL-1 cells treated with 4 uM verapamil (opgymbols). Error bars represent standard deviatfoms

triplicate measurement.
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Figure S4: Concentrations of all considered metabolites \&i®ll number at each time point of the cultivation
culture medium of untreated HL-1 cells (filled syoid) and in HL-1 cells treated with 4 UM verapaif@pen
symbols). The slope of each plot represents thie gieefficient (Y) which was used for calculation of uptake and
production rates (see Tab. 1, Chapter 4) accorirgquation 5 (Chapter 4). The correlation coedfits for each

yield are shown in Tab. S2. Error bars represemidsird deviations determined from triplicate measant.
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Figure S5: Calculated (simulated) intracellular fluxes and smalistributions as compared to experimentally
measured fluxes and mass distributions in untreatedrols (A and B) and in HL-1 cells treated withuM
verapamil (C and D).
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Table S1:List of reactions in the metabolic network modséd for the calculation of intracellular fluxes wliog

reactants, products, carbon transfer atom produntghe metabolic pathway.

Atomic mechanism

reactant  product reactant carbon product carbon pathw ay
G6P;, F6P;, [1¥2*3*4*5*6] [1¥2*3*4*5*6] Glycolysis
F6P,, G6P,, [12+3%4*5+6) [12*3*4*5+6] Glycolysis
F6P,, GAP,, [12*3%4*5+6) [4*5%6] Glycolysis
F6P;, GAP;, [1¥2*3*4*5*6] [3*2*]] Glycolysis
GAP;, 3PGi, [12*3] [1¥2*3] Glycolysis
3PG,, PYR;, [22*3] [22+3] Glycolysis
PYR;, MACA,, [72*3] [2*3] TCA-cycle
mOAA;, mCIT;, [12*3*4] [4*3*2*0*0*]] TCA-cycle
MACA;, mCIT;, [1¥2] [0*0*0*2*1*0] TCA-cycle
mCIT;, MAKG;, [1¥2*3*4*5*6] [1¥2*3*4*5] TCA-cycle
MAKG;, mSuUC;, [1*2*3*4*5] [2*3*4*5] TCA-cycle
mSUC;, mOAA;, [12*3*4] [1*2*3*4] TCA-cycle
mSuUC;i, MOAA;, [12*3*4] [4*3*2*1] TCA-cycle
mMOAA;, mSuUC;, [12*3*4] [1¥2*3*4] TCA-cycle
mOAA;, PYR;, [12*3*4] [12*3] Anaplerosis
PYR;, mOAA;, [12*3] [1*2*3*0] Anaplerosis
mCIT;, mOAA;, [1¥2*3*4*5*6] [6*3*2*1 Intracellular
mCIT;, ACA;, [1¥2*3*4*5*6] [4*5] Intracellular
MOAA,, mCIT,, [1+2*3*4] [4*3*2+0*0*]] Intracellular
ACA;, mCIT;, [2*2] [0*0*0*2*1*0] Intracellular
PYRi, LACi, [12*3] [1+2*3] Intracellular
mOAA;, ASP;, [12*3*4] [1¥2*3*4] Intracellular AA M etabolism
ASP;, MOAA,, [12*3*4] [12*3*4] Intracellular AA M etabolism
GLU;, mAKG,, [1¥2*3*4*5] [1¥2*3*4*5] Intracellular AA M etabolism
MAKG;, GLU;, [1*2*3*4*5] [1+2*3*4*5] Intracellular AA M etabolism
PYRi, ALA;, [12*3] [1+2*3] Intracellular AA M etabolism
ALA;, PYRi, [12*3] [1+2*3] Intracellular AA M etabolism
3PG, SER, [1+2*3] [1*2*3] Intracellular AA M etabolism
SER;, 3PG, [r2*3] [12*3] Intracellular AA M etabolism
SER;, GLYi, [12*3] [12] Intracellular AA M etabolism
GLYi, SER;, [22] [1+2*0] Intracellular AA M etabolism
GLN;, GLUi, [1*2*3*4*5] [1*2*3*4*5] Intracellular AA M etabolism
GLU;, GLN;, [1*2*3*4*5] [1+2*3*4*5] Intracellular AA M etabolism
GLU;, PRO;, [1+2*3*4*5] [1+2*3*4*5) Intracellular AA M etabolism
PRO;, GLU;, [1¥2*3*4*5] [1¥2*3*4*5] Intracellular AA M etabolism
ILE;, MACA,, [1¥2*3*4*5*6] [5*6] Intracellular AA M etabolism
ILE;, mSUC;, [1*2*3*4*5*6] [0*2*3*4] Intracellular AA M etabolism
LEU;, mMACA;, [1*2*3*4*5*6] [1¥2] Intracellular AA M etabolism
LEU;, MACA,, [1:2*3*4*5+6] [3*4] Intracellular AA M etabolism
LEU;, MACA,, [1:2*3*4*5+6] [5%6] Intracellular AA M etabolism
VAL, msuUC;, [12*3*4*5] [2*3*4*5] Intracellular AA M etabolism
LYS, mMACA;, [1*2*3*4*5*6] [2*3] Intracellular AA M etabolism
LYS, mACA,, [1¥2*3*4*5*6] [4*5] Intracellular AA M etabolism
PHE;, TYRi, [1¥2*3*4*5*6*7*8*9] [1¥2*3*4*5*6*7*8*9] Intracellular AA M etabolism
TYRi, mOAA;, [1*2*3*4*5*6*7*8*9] [6*7*8*9] Intracellular AA M etabolism
TYR;, mMACA;, [1*2*3*4*5*6*7*8*9] [4*5] Intracellular AA M etabolism
TYRi, mACA;, [1¥2*3*4*5*6*7*8*9] [2*3] Intracellular AA M etabolism
LAC;, LAC [12*3] [1¥2*3] Secretion
PYRi, PYR., [12*3] [1¥2*3] Secretion
ALA;, ALAex [#2*3] [12*3] Secretion
GLU;, GLU,, [1*2*3*4*5] [1+2*3*4*5] Secretion
GLYi, GLY o [12] [1+2] Secretion
SER;, SER¢ [12*3] [1+2*3] Secretion
GLC G6P;, [1*2*3*4*5*6] [1*2*3*4*5*6] Uptake
GLN GLN;, [1+2*3*4*5] [1x2*3*4*5) Uptake
ILEx ILE;, [1¥2*3*4*5*6] [1¥2*3*4*5*6] Uptake
LEU. LEU;, [12%3*4*5+6] [1+2*3*4*5+6] Uptake
VAL VAL, [1*2*3*4*5] [1+2*3*4*5] Uptake
ASP, ASP, [12*3*4] [1+2*3*4] Uptake
PRO, PRO;, [1¥2*3*4*5] [1¥2*3*4*5] Uptake
LY Sex LYS;, [12%3*4*5+6] [1+2*3*4*5+6] Uptake
PHE,, PHE;, [1¥2*3*4*5*6*7*8*9] [1¥2*3*4*5*6*7*8*9] Uptake
TYRe, TYR, [12*3*4*5+6 *7+8*9] [1+2*3*4*5+6*7+8*9] Uptake
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Table S2:Correlation coefficients of metabolite yields ($&g. S4, Chapter 4)

correlation coefficients (d[M]/d[N])

Metabolite Untreated control 4 uM Verapamil
GLC -0.998 -0.96244
LAC 0.974 -0.84193
PYR 0.420 -0.57672
ALA 0.999 0.99936
ARG -0.994 -0.99544
ASN -0.972 -0.97336
ASP -0.467 -0.26242
GLU 0.985 0.92923
GLN -0.998 -0.99641
GLY 0.986 0.082844
HIS -0.926 -0.98624
ILE -0.997 -0.99307
LEU -0.991 -0.96915
LYS -0.977 -0.99958
MET -0.986 -0.99524
PHE -0.995 -0.96709
PRO -0.984 -0.15852
SER 0.955 0.92734
THR -0.984 -0.91537
TYR -0.971 -0.97156
VAL -0.990 -0.9765

Table S3: Mass isotopomer distribution of alanine in unteglatontrol and HL-1 cells treated with 4 uM verapam
derived from [U¥Cs] glutamine. Mass distribution of alanine, which swsecreted by the cells into the culture
medium, was analysed in samples by GC/MS. Thewasaused for calculation of mass isotopomer yieddsshown

in Fig. 3.

alanine mass distribution [%] in untreated cor

t[h] m+Q m+1 m+2 m+3

0 | 956 + 1.02|3.7¢ £ 012|046 + 0.2Z| O

1+
o
N
[y

24 |94.6% £ 0.07/4.1¢ + 0.0¢]0.1¢ + 0.11|11.01 £ 0.04

48 [93.1¢ + 0.1]45€ + 0.1|0.6z + 0.07|1.69 + 0.0€

72 [92.4¢ + 0.0¢|5.0z2 £ 0.12|0.6¢ + 0.14] 1.8z + 0.0¢

96 [92.0¢ + 0.37|5.37 + 0.14|/0.9¢ + 0.07|1.67 + 0.14

alanine mass distribution [%)] in treated ¢

t[h] m+Q m+1 m+2 m+3

0 | 95.& + 1.57|3.7¢£ £ 0.21|0.4€ = 0.2z| O

I+

0.11

24 1944, + 05|3.9¢ =+ 0.2]0.3t £ 0.2¢]1.2¢ + 0.0¢

48 [92.1z + 0.1z|4.5¢ + 0.0£| 0.8 + 0.0¢| 24 =+ 0.0

72 [89.71 £ 0.1£|5.4¢ + 0.1¢| 1.6t £ 0.01]3.1z + 0.0¢

96 [87.7¢ + 0.37|6.3¢ + 0.21| 2.2 + 0.11| 3.6t + 0.0
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Table S4: Mass isotopomer distribution of glutamate in uateel control and HL-1 cells treated with 4 uM

verapamil derived from [U3Cs] glutamine. Cells were incubated for 96 h. Massritiution of alanine, which was

secreted by the cells into the culture medium, aredysed in samples by GC/MS. The data was usechfoulation

of mass isotopomer yields, as shown in Fig. 4 (&vap).

glutamate mass distribution [%] in untreated agintr

t[h] m+C m+1 m+2 m+3 m+4 m+E
0 |94.05+ 1.344.55+ 0.17/0.00 + 0.00{0.03 + 1.47/0.03 + 0.04] 0.20 * 0.28
24 [85.1¢ £ 0.3¢|7.15 + 0.05[1.9¢ £ 0.17/0.64 £ 0.0£/0.3¢ + 0.01] 4.77 * 0.1¢
48 [84.85+ 0.21]5.81 + 0.04{0.95 + 0.01/1.10 + 0.02/0.53 + 0.01] 6.74 =+ 0.16
72 |181.4(C + 0.14/6.5¢ + 0.1€|1.2€ + 0.1C{1.61 + 0.04|0.7C = 0.01f 8.47 = 0.1
96 | 79.90+ 0.12/6.25 + 0.1|1.39+ 0.10/2.18 + 0.01|{0.71 + 0.02| 9.54 + 0.1
glutamate mass distribution [%] in cells treatethw um verapar

t[h] m+0 m+1 m+2 m+3 m+4 m+5

0 |94.0t + 1.34|4.5¢ + 0.17{0.0C + 0.0C|0.0¢ + 1.47|0.0¢ £ 0.04| 0.2C = 0.2¢
24 1 88.30+ 0.28/5.37 £ 0.01/0.57 = 0.05/0.53 + 0.02/0.38 + 0.02| 489 + 0.21
48 [82.9C £ 0.2€|/5.8C + 0.0z{0.95 + 0.11/1.0¢ £ 0.02|0.7C + 0.0C| 8.6C * 0.1€
72 [80.25+ 1.48/5.69 + 0.65[1.14 + 0.30/1.59 + 0.02)/0.83 + 0.09/10.55 + 0.49
96 |75.68 + 1.91/6.0¢ £ 0.64|1.7¢ + 0.4C({2.1z + 0.03|1.0C = 0.04[13.4t + 0.7¢

Table S5:Correlation coefficients of alanine mass isotopowields (see Fig. 3)

correlation coefficients (d[M]/d[N])

Mass isotopomer

m+0

m+1

m+2

m+3

Untreated control

0.999

0.996

0.99¢

0.973

4 uM Verapamil

0

0

.999

.993

0.98¢

1

.000

133



Appendix

Table S6:Correlation coefficients of glutamate mass isotopoyields (see Fig. 4)

correlation coefficients (d[M]/d[N])

Mass isotopomer  Untreated control 4 uM Verapamil
m+0 0.97 0.93
m+1 0.78 0.99
m+2 0.95 1.00
m+3 1.00 1.00
m+4 0.89 0.99
m+5 0.97 1.00
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Table S7: Intracellular rates of main catabolic pathway intraated control and in cells treated with 4 uM
verapamil. Metabolic fluxes were estimated fromakgetand production rates and the mass isotoporaibdition

of alanine and glutamate, derived from {@s] glutamine. Standard deviations were calculatednfMonte-Carlo
simulation (see methods in Chapter 4). Rates wensidered significantly different whem< 0.05, as calculated

from two-tailedt-test.

Specific rate [fmol celt h?]

untreated
Reaction +s.d. 4 puM verapamil +s.d. p
control
G6P>F6P 218.0 0.1 90.4 0.4 <0.001
F6P>GAP 218.0 0.1 90.4 0.4 <0.001
GAP->3PG 434.5 0.2 179.1 1.0 <0.001
3PG>PYR 420.3 0.5 163.4 25 <0.001
PYR>ACA 228.9 39.3 191.9 131 ns.
OAA+ACA->CIT 246.2 39.2 207.6 12.4 n.s.
CIT>AKG 211.4 39.4 165.9 15.4 n.s.
AKG->SUC 235.8 38.6 195.7 20.1 n.s.
SUC>0AA 247.2 44.4 205.7 21.3 n.s.
OAA->PYR 35.6 4.3 38.4 6.9 n.s.
CIT>0AA 34.7 0.7 41.7 4.6 <0.05
PYR>LAC 209.8 40.2 -8.5 8.0 <0.01
OAA->ASP 1.6 0.5 2.4 0.5 <0.05
GLU>AKG 24.4 2.6 29.8 5.9 n.s.
PYR>ALA 16.3 0.6 19.0 2.4 n.s.
3PG>SER 14.2 0.4 15.7 15 n.s.
SER>GLY 7.0 0.4 7.8 0.9 n.s.
GLN->GLU 29.4 1.9 37.3 5.0 <0.05
GLU->PRO 0.1 1.6 1.0 1.6 n.s.
ILE>ACA 7.2 0.8 6.7 2.3 n.s.
LEU>ACA 2.4 0.6 2.3 1.2 n.s.
VAL->SUC 4.1 1.0 3.3 1.2 n.s.
LYS>ACA 0.0 0.0 0.0 0.1 n.s.
PHE2>TYR 0.5 0.2 0.3 0.3 n.s.
TYR->O0AA 1.4 0.2 11 0.7 n.s.
NAD"+2H"+26->
1207 208 1008 88 n.s.
NADH+H"
FAD+2H"+26->FADH, 256 46 214 25 n.s.
46 +O, 207 750 127 630 60 n.s.
ADP+R>ATP 5640 760 4150 340 <0.05
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Chapter 5
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Figure S1: Concentration of glucose, lactate, pyruvate andr@tho versus time in culture medium of untreatéd H
1 cardiomyocytese) and cells treated with 0.01 uM)(and 0.02 pM4) Doxorubicin. Error bars indicate standard

deviations from four biological replicates.
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Table S1: Specific uptake and production rates of metalmliteHL-1 cardiomyocytes upon exposure of cells to
doxorubicin at different sub-toxic concentratio@glls were incubated for 34 h (n=4).

Specific rate [fmol cell* h™]

Metabolite Untreated control 0.01 pM DXR 0.02 uM DXR
Glc -299.7 + 1079 | -2882 + 96.7 | -262.1 + 68.6
Lac 6415 + 1504 | 6043 + 943 | 603.0 =+ 94.0
Pyr -95 + 56 -5.2 + 54 -7.6 + 7.3
Ala 20.0 + 41 18.2 + 28 19.3 + 25
Arg -6.0 + 23 -6.7 + 1.9 -4.2 + 14
Asn -1.2 + 07 -1.1 + 06 -0.8 + 08
Asp 0.1 + 1.1 1.1 + 14 0.2 + 0.9
Cys -0.1 + 07 0.3 + 1.0 -1.1 + 11
Glu 5.9 + 24 6.5 + 24 6.6 + 19
GIn -45.6 + 170 -44.5 + 147 -38.4 + 136
Gly -1.4 + 26 -4.9 + 44 0.7 + 2.1
His -1.8 + 1.0 2.4 + 038 -1.4 + 11
lle -4.2 + 27 -2.8 + 24 -3.1 + 19
Leu -7.5 + 40 -6.7 + 22 -4.7 + 2.4
Lys -5.7 + 32 -5.7 + 21 -3.0 + 29
Met -1.5 + 08 -1.5 + 05 -0.9 + 06
Phe -0.7 + 12 -0.3 + 09 0.7 + 11
Pro 8.6 + 33 6.0 + 28 6.6 + 34
Ser 15 + 14 15 + 09 2.9 + 13
Thr 0.6 + 33 0.7 + 25 14 + 23
Trp 0.0 + 00 0.0 + 00 0.4 + 05
Tyr -0.9 + 21 -0.8 + 13 0.7 + 16
Val -1.2 + 26 0.0 + 28 -0.8 + 21

Oleic acid 0.16 + 0.09 0.29 + 0.06 0.25 + 01
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Table S2: Mass isotopomer distribution of secreted lactaterntreated HL-1 cardiomyocytes and in cells treate
with 0.01 pM and 0.01 pM DXR derived from [BEg]glucose. Mass distribution of secreted lactate amalysed
by GC/MS. The data was used for calculation of nies®pomer yields

Lactate mass distribution in untreated control

t [h] m+0 m+1 m+2 m+3
2 0.952 0.042 0.006 0.001
10 0.928 0.037 0.004 0.031
24 0.861 0.039 0.009 0.091
34 0.826 0.039 0.010 0.124

Lactate mass distribution (0.01 uM DXR)

t [h] m+0 m+1 m+2 m+3
2 0.952 0.042 0.006 0.000
10 0.930 0.038 0.005 0.028
24 0.855 0.038 0.009 0.097
34 0.822 0.038 0.010 0.130

Lactate mass distribution (0.02 yM DXR)

t [h] m+0 m+1 m+2 m+3
2 0.953 0.042 0.006 0.000
10 0.929 0.037 0.004 0.030
24 0.861 0.038 0.008 0.093
34 0.822 0.038 0.010 0.129

m+0= unlabeled lactate, m+ 1= single labeled lactate, m+2= double |abeled lactate, m+3= fully labeled lactate

Table S3: Mass isotopomer distribution of secreted lactateintreated HL-1 cardiomyocytes and in cells treate
with 0.01 pM and 0.02 uM DXR derived from [1:%;]glucose. Mass distribution of secreted lactate amalysed
by GC/MS. The data was used for calculation of nies®pomer yields.

Lactate mass distribution in untreated control
t [h] m+0 m+1 m+2 m+3
2 0.952 0.042 0.007 0.000
10 0.943 0.039 0.018 0.000
24 0.905 0.040 0.055 0.000
34 0.888 0.042 0.070 0.000
Lactate mass distribution (0.01 uM DXR)
t [h] m+0 m+1 m+2 m+3
2 0.952 0.042 0.006 0.000
10 0.943 0.038 0.019 0.000
24 0.907 0.040 0.052 0.000
34 0.888 0.042 0.070 0.001
Lactate mass distribution (0.02 uM DXR)
t [h] m+0 m+1 m+2 m+3
2 0.953 0.041 0.006 0.000
10 0.942 0.038 0.020 0.000
24 0.902 0.040 0.057 0.000
34 0.887 0.042 0.070 0.001

m+0= unlabeled lactate, m+ 1= single labeled lactate, m+2= double |abeled lactate, m+3= fully labeled lactate
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Table S4: Mass isotopomer distribution of secreted lactateintreated HL-1 cardiomyocytes and in cells treate
with 0.01 uM and 0.02 pM DXR derived from [3cs]glutamine. Mass distribution of secreted lactases analysed
by GC/MS. The data was used for calculation of nisg®pomer yields.

Lactate mass distribution in untreated control

t[h] m+0 m+1 m+2 m+3
2 0.952 0.042 0.006 0.000
10 0.949 0.041 0.005 0.004
24 0.942 0.044 0.007 0.007
34 0.940 0.045 0.008 0.007

Lactate mass distribution (0.01 uM DXR)

t [h] m+0 m+1 m+2 m+3
2 0.953 0.042 0.006 0.000
10 0.951 0.041 0.005 0.004
24 0.942 0.044 0.007 0.007
34 0.940 0.045 0.008 0.007

Lactate mass distribution (0.02 uyM DXR)

t [h] m+0 m+1 m+2 m+3
2 0.953 0.041 0.005 0.000
10 0.950 0.041 0.005 0.004
24 0.942 0.044 0.007 0.007
34 0.940 0.045 0.008 0.007

m+0= unlabeled lactate, m+1= single |abeled lactate, m+2= double label ed lactate, m+ 3= fully labeled lactate
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Table S5: Intracellular fluxes in HL-1 cardiomyocytes upompesure to doxorubicin at different sub-toxic
concentrations. Cells were incubated for 34 h. Ratere determined by implementifdC mass isotopomer
fractions in lactate, obtained from incubating sellvith [U-°Cglglucose and [1,23C¢lglucose and [U-

13C;]glutamine, into a metabolic network model. Ratesewconsidered significantly different at p < 0.05.

specific rate [fmol cell* h!]
reaction untreated control 0.01 uM P 0.02 uM P

vl 2984 + 0.17 2869 + 0.12 <0.001 2608 + 04 <0.001
v2 2982 + 0.07 2865 * 0.05 <0.001 2604 =+ 0.2 <0.001
v3 5954 + 0.10 5721 £ 0.07 <0.001 5198 =+ 03 <0.001
v4 591.1 + 0.76 571.3 + 0.97 <0.001 5132 = 14 <0.001
v5 30.7 + 12.99 60.6 + 15.16 <0.05 734 + 5538 n.s.
v18 16.0 + 163 155 + 1.23 <0.01 199 + 31 n.s.
v20 14.6 £ 012 13.7 + 0.63 <0.05 121 + 28 n.s.
v21 560.7 + 6.55 466.2 = 13.97 <0.001 390.8 =+ 36.3 <0.01
v23 4.3 £ 072 0.8 + 0.95 <0.01 6.6 + 14 <0.05
v30 0.3 + 064 -2.6 + 0.88 <0.01 2.3 + 09 <0.05
v5 30.7 + 1299 60.6 + 15.16 <0.05 734 + 5538 n.s.
v6 61.0 £ 7.02 1426 + 16.61 <0.01 148.0 + 385 <0.05
v1l 104.3 + 8.18 163.5 + 16.41 <0.01 167.6 + 39.0 <0.05
v12 86.2 + 8.18 144.1 + 16.50 <0.01 1475 + 39.1 <0.05
v13 1036 + 9.09 176.2 + 19.19 <0.01 1777 + 431 <0.05
vi4 1178 + 9.29 183.2 + 19.06 <0.01 181.8 + 429 <0.05
v27 17.3 + 156 32.1 + 298 <0.001 302 * 6.7 <0.05
v15 30.2 + 13.64 81.9 + 18.69 <0.01 74.6 + 40.7 n.s.
v35 4.9 + 062 21 + 0.59 <0.01 21 + 11 <0.05
v33 6.0 + 057 29 + 054 <0.001 11 + 09 <0.001
v31 8.2 + 053 4.1 + 0.62 <0.001 3.0 + 13 <0.01
v32 8.5 + 064 4.2 + 0.64 <0.001 4.2 + 14 <0.01
v28 20.4 + 110 35.4 + 271 <0.001 378 + 52 <0.01
v34 5.3 + 061 5.3 + 0.50 n.s. 2.9 + 12 <0.05
v32 8.5 + 064 4.2 + 0.64 <0.001 4.2 + 14 <0.01
v24 16.4 + 13.44 62.1 + 17.00 <0.05 61.3 + 387 n.s.
v26 18.1 + 030 19.4 + 0.27 <0.01 202 + 11 <0.05
v25 -04 + 026 -0.1 + 0.30 n.s. 0.9 + 0.3 <0.01
v16 1.7 + 1334 -42.7 + 17.10 <0.05 411+ 39.2 n.s.
v7 0.4 + 0.16 0.4 + 0.12 n.s. 0.4 + 04 n.s.
v8 -0.1 + 0.05 -0.2 + 0.04 n.s. -0.2 + 0.1 n.s.
v9 -0.1 £ 0.05 -0.2 + 0.04 n.s. 02 + 01 n.s.
v10 -0.1 £ 0.05 -0.2 + 0.04 n.s. 02 + 01 n.s.
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Table S6: List of reactions in the metabolic network modskd for calculation of intracellular fluxes showing
reactants, products, carbon transfer atom produatghe metabolic pathway.

Atomic mechanism

reactant  product flux reactant carbon  product carbon pathway
G6P;, F6P;, vl [1%2*3*4*5%6] [1%2*3*4*5%6] Glycolysis
F6Pi, GAP;, v2 [1*2*3*4*5+6] [4*5%6] Glycolysis
F6P:, GAP;, v2 [1%2*3*4*5%6] [3*2*1] Glycolysis
GAPin 3PGi v3 [1*2*3] [1*2*3] Glycolysis
3PGj, gPYR;, v4 [1*2*3] [1*2*3] Glycolysis
gPYRin mPYRin v5 [1*2*3] [1*2*3] Glycolysis
mPYRi, gPYRi, v5r [1*2*3] [1*2*3] Glycolysis
G6Pin P5P;, v7 [1*2*3*4*5*6] [2*3*4*5*6] PPP
P5P;, GAP;, v8 [1*2*3*4*5] [0%0*0] PPP
P5P;, GAP;, v8 [1%2*3%4*5) [3*4*5] PPP
P5Pin S7Pi v8 [1*2*3*4*5] [0*0*1*2*3*4*5)] PPP
P5Pin S7Pi v8 [1*2*3*4*5] [1*2*0*0*0*0*0] PPP
GAP,, P5P;, ver [1%2*3] [0%0*0*0*0] PPP
S7Pin P5Pin v8r [1*2*3*4*5*6*7] [3*4*5*6*7] PPP
GAPin P5Pj, v8r [1*2*3] [0*0*1*2*3] PPP
S7P P5P;, vBr  [1%2*3*4*5%6*7] [1*2*0*0*0] PPP
GAPin F6P v9 [1*2*3] [0*0*0*1*2*3] PPP
S7P F6P;, v9 [1%2*3*4*5%6*7]  [1*2*3*0*0*0] PPP
GAP;, E4P,, vo [1%2*3] [0%0*0%0] PPP
S7Pin E4P;, v9 [1*2*3*4*5*6*7] [4*5*6*7] PPP
F6Pi, S7P: vor [1%2*3*4*5%6]  [1*2*3*0*0*0*0] PPP
E4P;, S7Pi vor [1*2*3*4] [0*0*0*1*2*3*4] PPP
F6Pi, GAP;, vor [1*2*3*4*5+6] [4*5%6] PPP
E4P;, GAP;, vor [1*2*3*4] [0%0*0] PPP
P5Pi, F6Pi v10 [1*2*3*4*5] [1*2*0*0*0*0] PPP
E4P;, F6P;, v10 [1*2*3*4] [0*0*1*2*3*4] PPP
P5P;, GAP;, v10 [1*2*3*4*5] [3*4*5] PPP
E4Pin GAPi, v10 [1*2*3*4] [0*0*0] PPP
F6Pin P5Pj, v10r [1*2*3*4*5*6] [1*2*0*0*0] PPP
GAPin P5Pin v10r [1*2*3] [0*0*1*2*3] PPP
F6Pin E4P;, v10r [1*2*3*4*5*6] [3*4*5*6] PPP
GAP;, E4P,, v10r [1%2*3] [0%0*0%0] PPP
mPYR,  mMACA, v6 [1*2*3] [2*3] TCA
mOAA,  mCITj vil [1%2#3%4] [4%3*2%0%0%1] TCA
mACA,  mCIT, vil [1*2] [0*0*0*2*1*0] TCA
mCITi, MAKG;, v12 [1*2*3*4*5*6] [1*2*3*4*5] TCA
mAKG,, mSUC;  vi3 [1*2*3*4*5] [2*3*4*5] TCA
mSUC, mOAA, V14 [1%2%3%4] [1%2*3%4] TCA
mSUC, mOAA,  vi4 [1*2*3*4] [4*3*2*1] TCA
mOAA, mSUC;,  vl4r [1*2*3*4] [1*2*3*4] TCA
mOAA;, mPYRi, v15 [1*2*3*4] [1*2*3] Anaplerosis
mPYRi, mOAA;, v15r [1*2*3] [1*2*3*0] Anaplerosis
CO2ixx mOAA;, v15r [1] [0*0*0*1] Anaplerosis
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OAA
gPYRin
CO2ixx

OAA;,
mMOAA;,
mClITi,
mCITi,

OAA;,

ACAn

PYRin

ALAR
gPYRin
gPYRin
mMOAA;,

ASPj,

GLUj,
MAKG;,

3PGi,

SER,

SER,

GLYin
MTFixx

GLNin

GLUj,

GLUj,

PROi,

ILEin
CO2ixx
ILEi,
CO2ixx

LEUi,

LEUin

LEUin

VAL,

ARG,

LYSi

LYSi,

LACi,

ALAR

GLUj,

PROj,

SERj,

GLNex
ARG

ASPe

GLYex

ILEex

gPYR,
OAA,
OAA
MOAA;,
OAA;,
OAAi,
ACA
mCIT;,
mCIT;,
gPYRi
gPYRin
ALA;,
LACi,
ASPj,
MOAA;,
MAKG;,
GLUj,
SER,
3PGi
GLYin
SER,
SERp,
GLUj,
GLNin
PROi,
GLUj,
MACA,
MACA,
mSUCj,
mSuUCi,
MACA,
MACA,
MACA,
mSUCj,
GLUj,
MACAn
MACA,
LACex
ALAe
GLUe
PRO
SERex
GLNin
ARG,
ASPj,
GLYin
ILEi

v16
v16r
v1er
v24
v24r
V26
V26
v26r
v26r
v20
v18
v18r
v21
v25
v25r
v27
v27r
v23
v23r
v30
v30r
v30r
v28
v28r
v29
v29r
v31l
v31
v31
v31l
v32
v32
v32
v33
v34
v35
v35
vextl
vext2
vext3
vext4
vexts
vinp2
vinp3
vinp4
vinp5
vinp6

[1#2#3*4]
[1#2*3]

[1]
[1#2+3*4]
[1#2+3*4]

[1#2*3%4*5+6)
[1#2*3%4*5+6)
[1#2*3%4*5+6]
[1%2]
[1#2*3]
[1#2*3]
[1#2*3]
[1#2*3]
[1#2+3*4]
[1#2#3*4]
[1*2*3%4*5]
[1#2%3%4*5]
[1#2*3]
[1#2*3]
[1#2*3]
[1%2]

1]
[1%2*3%4*5]
[1#2%3%4*5]
[1#2%3%4*5]
[1%2*3%4*5]

[1#2%3%4*5+6]
1]
[1#2*3%4*5+6)
[1]
[1#2*3%4*5+6)
[1#2%3%4*5+6]
[1#2%3%4*5+6]
[1#2%3%4*5]
[1*2*3%4*5]
[1#2*3%4*5+6]
[1#2*3%4*5+6]
[1#2*3]
[1#2*3]
[1#2%3%4*5]
[1#2%3%4*5]
[1#2*3]
[1#2%3%4*5]
[1*2*3%4*5]
[1#2+3*4]
[1%2]
[1#2*3%4*5+6)

[1%2*3]
[1#2+3*0]
[0%0*0*1]
[1#2+3%4]
[1#2+3%4]
[6+3*21]

[4*5]
[4*3%2+0*0*1]
[0*0%0%2*1*0]

[1%2*3]

[1%2*3]

[1%2*3]

[1%2*3]
[1#2+3%4]
[1#2#3%4]

[1#2%3%4*5]
[1#2%3%4*5]
[1%2*3]
[1%2*3]
[1+2]
[1%2*0]
[0%0*1]
[1#2%3%4*5]
[1#2*3%4*5]
[1#2*%3%4*5]
[1#*2%3*4*5]
[5*6]
[0%0]
[0%2+3%4]
[1#0*0*0]
[1%2]
[3*4]
[5*6]
[2#3*4*5)
[1#2%3*4*5]
[2*3]
[4+5]
[1%2*3]
[1%2*3]
[1#2*%3%4*5]
[1#2%3%4*5]
[1%2*3]
[1#2%3%4*5]
[1#¥2%3*4*5]
[1#2+3%4]
[1%2]
[1#2*3%4*5+6)

Anaplerosis
Anaplerosis
Anaplerosis
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular Pyr
Intracellular Pyr
Intracellular Pyr
Intracellular Pyr
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
AA Metabolism
Secretion
Secretion
Secretion
Secretion
Secretion
Uptake
Uptake
Uptake
Uptake
Uptake
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LEUex
LYSex
PYRex
VALex

LEU;,
LYSi
PYRi,
VAL,

VINP7  [1*2%3%4*5*6]  [1*2*3%4*5)
VINp8  [1*2%3*4*5*6]  [1*2*3*4*5+6]
vinp9 [1#2*3] [1%2*3]
Vinp10  [1%2*3*4*5] [1#2%3*4*5]

Chapter 6

Uptake
Uptake
Uptake
Uptake

Table S1:List of reactions in the metabolic network modséd for calculation of intracellular fluxes in urdted

hESC-CM showing reactants, products, carbon tramsfen products and the metabolic pathway.

Atomic mechanism

reactant product flux reactant carbon product carbon pathway
G6Pin F6Pin vl [1*2*3*4*5*6] [6*6] Glycolysis
F6PIn G6Pin vir [1*2*3*4*5*6] [6*6] Glycolysis
F6Pin GAPin v2 [4*5*6] [6*3] Glycolysis
F6Pin GAPin v2 [3*2*1] [6*3] Glycolysis
GAPin 3PGin v3 [1*2*3] [3*3] Glycolysis
3PGin PYRIn v4 [1*2*3] [3*3] Glycolysis
PYRin mACAIn V5 [2*3] [3*2] TCA
mOAAin mCITin v6 [4*3*2*0*0*1] [4%6] TCA
mACAin mCITin v6 [0*0*0*2*1*0] [2#6] TCA
mCITin mAKGin  v7 [1*2*3*4*5) [6*5] TCA
mAKGin mSUCin v8 [2*3*4*5] [5*4] TCA
mSUCIin ~ mOAAIn  v9 [1*2*3%4] [4*4] TCA
mSUCIin ~ mOAAIn  v9 [4*3*2*1] [4*4] TCA
mOAAin mSUCin vr [1*2*3*4] [4%4] TCA
mOAAiIn PYRIin v10 [1*2*3] [4*3] Anaplerosis
PYRin mOAAin  v10r [1*2*3*0] [3*4] Anaplerosis
CO2ixx mOAAin  v10r [0*0*0*1] [1*4] Anaplerosis
mCITin mOAAiIn v1l [6*3*2*1] [6*4] Intracellular
mCITin ACAin v1l [4*5] [6*2] Intracellular
mOAAIn mCITin v1lr [4*3*2*0*0*1] [4*6] Intracellular
ACAIn mCITin v1ir [0*0*0*2*1*0] [2*6] Intracellular
PYRin LACin v12 [1*2*3] [3*3] Intracellular
mOAAIn ASPin v13 [1*2*3*4] [4*4] AA metabolism
ASPin mOAAin  v13r [1*2*3*4] [4*4] AA metabolism
GLUin mAKGIin  v14 [1*2*3*4*5] [5*5] AA metabolism
mAKGIn GLUin v14r [1*2*3*4*5] [5*5] AA metabolism
PYRin ALAIn v15 [1*2*3] [3*3] AA metabolism
ALAIn PYRIn v15r [1*2*3] [3*3] AA metabolism
3PGin SERIn v16 [1*2*3] [3*3] AA metabolism
SERIn 3PGin v1er [1*2*3] [3*3] AA metabolism
SERIn GLYin v17 [1*2] [3*2] AA metabolism
GLYin SERIn v17r [1*2*0] [2*3] AA metabolism
MTFixx SERIn v17r [0*0*1] [1*3] AA metabolism
GLNin GLUin v18 [1*2*3*4*5] [5*5] AA metabolism
GLUin GLNin v18r [1*2*3*4*5] [5*5] AA metabolism
GLUin PROIn v19 [1*2*3*4*5] [5*5] AA metabolism
PROin GLUin v19r [1*2*3*4*5] [5*5] AA metabolism
LEUin mACAIn v21 [1*2] [6*2] AA metabolism
LEUin mACAIn v21 [3*4] [6*2] AA metabolism
LEUin mACAIn v21 [5*6] [6*2] AA metabolism
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LYSin
LYSin
PHEin
TYRin
TYRin
TYRin
ARGin
ALAIn
GLUin
LACin
PROINn
PYRin
GLClab
ARGnon
ASPnon
HISnon
LEUnon
LYSnon
PHEnNon
SERnon
TYRnon
GLNnon
GLYnon

mACAIn
mMACAIn
TYRIn
mOAAiIn
MACAIn
MACAIn
GLUin
ALAex
GLUex
LACex
PROex
PYRex
G6Pin
ARGIn
ASPin
HISin
LEUin
LYSin
PHEin
SERin
TYRIn
GLNin
GLYin

v23
v23
v24
v25
v25
v25
v34
vextl
vext2
vext3
vext4
vexts
vinpl
vinp2
vinp3
vinp4
vinp5
vinp6
vinp7
vinp8
vinp9
vinp10
vinpll

[2*3]

[4*5]
[L*2*3*4*5*6+7*8*Q]
[6*7*8*9)

[4*5]

[2*3]
[1*2*3*4*5]
[1%2*3]
[1*¥2*3*4*5]
[1*2*3]
[1*2*3*4*5]
[1%2*3]
[1*2*3*4*5+6]
[1*¥2*3*4*5]
[1¥2*3%4]
[1¥2*3%4*5+6]
[1¥2*3%4*5+6]
[1¥2*3%4*5+6]
[L*2*3*4*5*6+7*8*Q]
[1%2*3]
[1*2*3*4*5*6+7*8*Q]
[1*2*3*4*5]
[1*2]

[6*2]
[6*2]
[9*9]
[9*4]
[9*2]
[9*2]
[5*5]
[3*3]
[5*5]
[33]
[5*5]
[3*3]
[6%6]
[5*5]
[4*4]
[6%6]
[6%6]
[6%6]
[9*9]
[3*3]
[9*9]
[5*5]
[2*2]

AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
Secretion
Secretion
Secretion
Secretion
Secretion
Norm Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake

Table S2:List of reactions in the metabolic network modséd for calculation of intracellular fluxes in hES&B/1

treated with doxorubicin showing reactants, progiucarbon transfer atom products and the metapatioway.

Atomic mechanism

reactant  product flux reactant carbon product carbon pathway
G6Pin F6Pin vl [1*2*3*4*5*6)] [6*6] Glycolysis
F6Pin G6Pin v1r [1*2*3*4*5*6] [6*6] Glycolysis
F6PIn GAPIn v2 [4*5*6] [6*3] Glycolysis
F6PIn GAPIn v2 [3*2*1] [6*3] Glycolysis
GAPin 3PGin v3 [1*2*3] [3*3] Glycolysis
3PGin PYRin v4 [1*2*3] [3*3] Glycolysis
PYRin mACAiIn v5 [2*3] [3*2] TCA
mOAAin  mCITin v6 [4*3*2*0*0*1] [4*6] TCA
mACAIn  mCITin v6 [0*0*0*2*1*0] [2*6] TCA
mCITin  mAKGiIn v7 [1*2*3*4*5)] [6*5] TCA
mAKGin  mSUCin v8 [2*3*4%5] [5*4] TCA
mSUCin  mOAAin v9 [1*2*3*4] [4*4] TCA
mSUCin  mOAAin v9 [4%3*2*1] [4*4] TCA
mOAAiIn  mSUCin vOr [1*2*3*4] [4*4] TCA
mOAAin PYRin v10 [1*2*3] [4*3] Anaplerosis
PYRin mOAAin v10r [1*2*3*0] [3*4] Anaplerosis
CO2ixx  mOAAin v10r [0*0*0*1] [1*4] Anaplerosis
mCITin  mOAAin v1l [6*3*2*1] [6*4] Intracellular
mClITin ACAiIn v1l [4*5] [6*2] Intracellular
mOAAiIn  mCITin v1ir [4*3*2*0*0*1] [4*6] Intracellular
ACAIn mCITin v1lr [0*0*0*2*1*0] [2*6] Intracellular
PYRin LACin v12 [1*2*3] [3*3] Intracellular
mOAAin ASPiIn v13 [1*2*3*4] [4*4] AA metabolism
ASPin mOAAin v13r [1*2*3*4] [4*4] AA metabolism
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GLUin
mMAKGiIn
PYRin
ALAIn
3PGin
SERin
SERIn
GLYin
MTFixx
GLNin
GLUin
GLUin
PROin
LEUin
LEUin
LEUin
LYSin
LYSin
PHEIin
TYRin
TYRin
TYRIin
ARGIn
ALAIn
GLNin
GLUin
GLYin
LACin
PROINn
PYRin
GLClab
ARGnon
ASPnon
HISnon
LEUnon
LYSnon
PHEnNon
SERnon
TYRnon

mMAKGIn
GLUin
ALAIn
PYRin
SERiIn
3PGin
GLYin
SERiIn
SERiIn
GLUin
GLNin
PROIn
GLUin
mACAIn
mACAIn
mACAiIn
mACAIn
mACAIn
TYRIn
mOAAIn
mACAIn
mACAiIn
GLUin
ALAex
GLNex
GLUex
GLYex
LACex
PROex
PYRex
G6Pin
ARGIn
ASPin
HISin
LEUin
LYSin
PHEin
SERiIn
TYRIn

v14
v14r
v15
v15r
v16
v1eér
v17
v17r
v17r
v18
v18r
v19
v19r
v21
v21
v21
v23
v23
v24
v25
v25
v25
v34
vextl
vext2
vext3
vext4
vexts
vexte
vext7
vinpl
vinp2
vinp3
vinp4
vinp5
vinp6
vinp?
vinp8
vinp9

[1%2*3*4+5]
[1%2%3*4*5]
[1*2*3]
[1*2*3]
[1*2*3]
[1*2*3]
[1%2]
[1*2*0]
[0*0*1]
[1%2*3*4+5]
[1%2%3*4*5]
[1%2%3*4*5]
[1*2*3*4+5]
[1*2]
[3*4]
[5%6]
[2*3]
[4*5]

[1%2*3*4*5*6*7*8*9]

[6*7*8*9]
[4*5]
[2%3]

[1%2*3*4*5]
[1%2*3]
[1%2*3*4*5]
[1%2*3*4*5]
[1*2]
[1%2*3]
[1%2*3*4*5]
[1%2*3]
[1%2*3*4*5%6]
[1%2*3*4*5]
[1%2*3*4]
[1%2*3*4*5+6]
[1%2*3*4*5%6)]
[1%2*3*4*5%6)]

[1%2*3*4*5*6*7*8*9]

[1*2*3]

[1*2*3*4*5*6*7*8*9]

[5*5]
[5*5]
[3*3]
[33]
[3*3]
[3*3]
[3°2]
[2%3]
[1%3]
[5*5]
[5*5]
[5*5]
[5*5]
[6*2]
[6*2]
[6*2]
[6*2]
[6*2]
[9*9]
[9*4]
[9*2]
[9*2]
[5*5]
[3*3]
[5*5]
[5*5]
[2*2]
[3+3]
[5*5]
[3*3]
[6%6]
[5*5]
[4*4]
[6%6]
[6%6]
[6*6]
[9*9]
[3*3]
[9*9]

AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
AA metabolism
Secretion
Secretion
Secretion
Secretion
Secretion
Secretion
Secretion
Norm Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
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