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Resumé

Iskeemisk hjerte sygdom er en alvorlig sygdom med hej mortalitet specielt 1 den vestlige
verden. Sygdommen er karakteriseret ved forsnzvring af kranspulsiren, der haemmer

tilforslen af ilt til en storre eller mindre del af hjertet.

ZEndringer i hjertes energimetabolisme er en kendt effekt af iskaemi. Formalet med denne
athandling var at undersoge, hvorvidt hyperpolariseret magnetisk resonans (MR) med
kulstof 13-mzrket pyruvat kunne bruges i rotter til at detekterer og visualisere @ndringer i
hjertets metabolisme. Teknikken blev forst etableret og optimeret i raske rotter. Ved i.v.
indsprojtning af hyperpolariseret [1-’C]pyruvat kunne omdannelsen af [1-"Clpyruvat i
hjertemusklen folges med MR. Signal fra det indsprejtede [1-"C]pyruvat blev primeart
observeret fra blodet inde i ventriklerne, hvorimod signal fra dets metabolitter [1-"°C]laktat,
[1-"Clalanin og [1-"C]bikarbonat blev observeret i hjertemusklen tzttest pa spolen.
Teknikken blev derefter afprovet i to studier. Ved en operation blev rottens kranspulsare
afsnoret 1 30 minutter efterfulgt af 2 times reperfusion. Rotterne blev scannet med
hyperpolariseret [1-"C]pyruvat for og efter operationen. Et tydeligt fald i signal fra [1-
PCllaktat og [1-"CJalanin kunne observeres i det iskaemiske omride efter operationen i
forhold til for operationen. Alvorligheden af iskemien blev verificeret med gadolinium-
baseret late enhancement imaging, som viste oget signal fra det iskamiske omride.
Desuden sis der oget niveau af hjerteinfarkt markeren Troponin 1. I forhold til for
operationen, var det ikke muligt at opfange signal fra [°C]bikarbonat i hjertet efter
operationen. Vores hypotese var at det skyldes en hemning af enzymet PDH, som

omdanner [1-"C]pyruvat til acetyl-CoA og [’C]bikarbonat i hjertecellerne.

I det efterfolgende studie undersogte vi muligheden for at oge signalet fra [°C]bikarbonat
ved infusion af glukose, insulin og kalium (GIK) 1 fastede rotter, hvor man ved at PDH
aktiviteten er lav. To forskellige doser blev testet, en hoj og en lav. Signifikant eget
[*C]bikarbonat signal kunne detekteres i hojdosisgruppen i forhold til den fastede tilstand,
hvilket indikerer at GIK kan oge hjertets forbrug af glukose som energikilde ved at oge flux
af pyruvat gennem PDH.

Disse to studier antyder at hyperpolariseret magnetisk resonans med [1-’C]pyruvat kan
bruges 1 rotter til at til at detekterer og visualisere andringer i hjertet metabolisme.
Resultaterne fra studierne under PhD-forlobet har resulteret i to artikler. En som er

publiceret og en som er submittet. Artiklerne er vedhzftet sidst i athandlingen.



Summary

Ischemic heart disease is one of the leading causes of death in the western countries. The
disease is characterized by narrowing of the coronary arteries, which limits oxygen supply
to the myocardium. Early in the development of the disease, changes in the myocardial
metabolism can be observed. Hyperpolarized magnetic resonance spectroscopy (MRS)
using "°C labelled pyruvate is a newly developed technique, which can detect and visualize
myocardial metabolism. The aim of the thesis was to examine if hyperpolarized [1-
PClpyruvate MRS could be used to assess changes in myocardial metabolism in rats in
vivo. The technique was first established and optimized in healthy rats and then evaluated
in two studies. First in a rat model of severe myocardial ischemia and then in rats given an

infusion of glucose, insulin and potassium (GIK).

In the first study, after iv. injection of [1-"C]pyruvate, metabolic images of the [1-
PClpyruvate metabolites [1-"CJlactate, [1-CJalanine and [1-"C]bicarbonate was observed
the healthy rat hearts. The signal from [1-"C]pyruvate was primarily observed from the
blood inside the ventricles, whereas the signal from [1-"C]lactate, [1-"CJalanine and [1-
PC]bicarbonate was confined to the anterior myocardial wall closest to the coil. By a
surgical procedure the left anterior descending artery was occluded for 30 min followed by
2 hours of reperfusion. After ischemia a decrease in the signal from [1-"C]lactate and [1-
PClalanine was observed in at the region of ischemia compared to before ischemia. The
severity of the ischemic insult was verified by increased Troponin I blood levels and
gadolinium-based late enhancement imaging, which showed enhanced signal in the

ischemic region.

Signal from [1-"C]bicarbonate was under the limit of detection after ischemia, and could
therefore not be assess. We hypothesised that the low [1-"C]bicarbonate signal post-
ischemia could be due to an overall depression of the flux of pyruvate through the PDH

enzyme.

In the second study we wanted to test, if it was possible to increase the PDH-flux in fasted
rats, seen as an increase of [°C]bicarbonate signal in the myocardium, by injection of
glucose, insulin and potassium (GIK). Two doses of GIK were tested a high dose and a
low dose. Significant increase in [°C]bicarbonate signal was observed after GIK-infusion
in the high dose group compared to fasted, indicating an increased glucose oxidation and

increased flux of pyruvate through PDH.
Thus, these two studies suggest that hyperpolarized [1-"’C]pyruvate MRS can be used to

assess changes in myocardial metabolism in rats in vivo. The results were presented in two

papers. One published and the one submitted. Both added as appendixes to this thesis.






Prologue

During the second half of the twentieth century diagnostic methods to assess ischemic
heart disease have successfully improved, resulting in a significant reduction in mortality
especially in the industrialized world. In respect to this, advanced non invasive imaging
techniques have played an important role. Magnetic resonance imaging (MRI) is one of
these techniques, which have been established and implemented in the clinical routine, and
is now considered the gold standard for assessing cardiac autonomy, function and mass.
MRI is also frequently used to evaluate myocardial perfusion and viability with gadolinium-
based contrast agents. However, the development of new improved imaging techniques
will lead to improvements of both disease diagnosis and understanding. Recently research
in cardiac metabolism has gained a lot of focus, since metabolic alterations are suggested to
be an early marker of disease. Hyperpolarized °C MRS is a newly developed magnetic
resonance spectroscopy technique, which can detect and visualize cardiac metabolism. In
this PhD thesis hyperpolatized °C MRS were evaluated to assess changes in cardiac

metabolism.

The data obtained during the PhD period form the basis of two papers.

Paper I:

Imaging regional metabolic changes in the ischemic rat heart in vivo nsing hyperpolarized [1-"C]Pyruvate
Lauritzen et al. NMR in Biomedicine 2013 [published]

Paper 1I:

Enhancing the [ Clbicarbonate signal in cardiac hyperpolarized [1-"Clpyruvate MRS studies by infusion

of glucose, insulin and potassinm

Lauritzen et al. Circulation: Cardiovascular Imaging [submitted]

Thesis outline

As introduction, a review of the current knowledge of cardiac metabolism is presented in
relation to cardiac ischemia, as well as an overview of the recent interventions to improve
diagnosis and outcome for patients with ischemic heart disease. In this perspective,
conventional cardiac MRI and recent studies with hyperpolarized [1-"C]pyruvate MRS is
reviewed. The methodogical approaches relevant to this thesis is shortly presented. The
main results are summarized. The data obtained are discussed in relation to other studies in
the research field. Lastly, a conclusion and perspectives for future applications of the

technique are discussed.
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Introduction

Ischemic heart disease

Ischemic heart disease (IHD) is one of the leadiagses of death in the western countries.
World vice more than 42 million people suffer frdMD, which has become a major public
health burden (1). A high fat and energy-rich demhoking and a sedentary life-style are
associated with the emergence of IHD. With the nidation of the developing world, the
prevalence of risk factors such as obesity, ing@gistance and type 2 diabetes, a large increase
in IHD is projected and the disease is likely ta@drme the most common cause of deaths
worldwide by 2020 (1). Myocardial ischemia is cldesized by a situation, which the blood
and oxygen supply to the heart tissue are notcserffi to meet its metabolic needs. The most
common underlying cause is narrowing of coronaryerss by atherosclerosis. In
atherosclerosis lipoprotein accumulates in theiogadcular wall resulting in a reduction in the
arterial lumen and stiffness of the wall. This lisnthe vessels ability to dilate and increase
blood flow when oxygen demands increases duringeased cardiac work. Acute obstruction
or persistent impairment in blood flow can leadirteversible cell damage (necrosis). This
condition is referred to as myocardial infarctiénlarge infarct can cause disturbances in the
mechanical, biochemical and electrical functiongh&f myocardium, which may lead to heart
failure or trigger life threatening arrhythmias.€Fé has therefore been an increased interest in
characterizing disease progression, and identifyinigrventions that are able to reduce the
myocardial infarct area and improve cardiac functiopatients with IHD.

Today diagnosis of IHD depends predominately orepasymptoms, such as chest pain and/or
shortness of breath, electrocardiographic featanelsassessment of cardiac blood markers. The
most commonly used blood markers for myocardiahriction is creatin kinase (CK-MB),
Troponin T/I and bran naturetic Peptide (BNP), wh@an be detected in the blood after an
ischemic episode (2). However, several others béokers exist and are often measured in
combination with each other to increase the diatmesnsitivity (3). Troponin | is currently the
only biomarker, which is cardio specific. It isgaked to the blood stream only in response to
myocardial tissue damage (2). An echocardiogram@E@ves information on the electrical
properties of the heart. If the patients have as&Jment elevation (or depression), it can be a
sign of infarction. If the patient is presentedhwdll of the above findings, the patient will
almost immediately be directed to revascularizatfopening of the obstructed vessel by
balloon angioplasty or stenting). This is perforndeding an X-ray based coronary angiography,
which can reveal where the obstruction is locatedl guide the physician when performing the
revascularization. However, diagnosis of patientth wvnonspecific symptoms and no ECG
changes or no abnormalities observed during angjdgr can be difficult to diagnose. A recent
study has shown that up to 50% of the patients ariges to the hospital with chest pain, is
found non-diagnostic with no significant changesthe ECG (3, 4). In these situations the
patient is directed to further examination by cemgnCT, MRI or PET/SPECT scanning.
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Myocardial energy metabolism

Proper heart function requires a constant highggneroduction and is dependent on a high O
supply to produce enough energy to maintain thendisd cellular processes. 95% of the ATP
production comes from oxidative phosphorylatiortiia mitochondria with the remaining from

glycolysis and GTP formation in the citric acid &/€TCA cycle). The heart differs from other

tissues in that it has a unique ability regulatsuibstrate usage at different levels to fulfill its
energy requirement. Under normal healthy condititresheart utilizes mainly free fatty acids

(FFA) for ATP production (40-60%), with little cortiution from glucose (20-10%) and the

remaining from lactate, amino acids and ketone égdduring an overnight fast the heart can
increase its FFA utilization up to 90% (5, 6).

Glucose transport into the cardiomyocytes is ragdldy the transmembrane glucose gradient
and by the content of glucose transporters (GLUdnd GLUT-1) in the sarcolemma. The
translocation of GLUT-4 and GLUT-1 from intracelulvesicles to the sarcolemma membrane
is regulated by several factors such as insulmuttion, and increased cardiac work demand
(7). Upon uptake, glucose is phosphorylated to agac6-phosphate by hexokinase, and then
further converted to pyruvate through glycolysishe cytosol. Here pyruvate is converted to
lactate by the enzyme lactate dehydrogenase (LDid) @anine via the enzyme alanine
aminotransferase (ALT). In the mitochondrial menmargyruvate is converted to acetyl-CoA
by the pyruvate dehydrogenase (PDH) enzyme compleatyl-CoA then enters the TCA cycle
for generation of energy (figure 1). The activifyttbe PDH enzyme is tightly regulated. PDH is
inactivated by PDH-kinase (PDK) and reactivated RiyH-phosphatase (PDP). High intra-
mitochondrial concentration of acetyl-CoA and NADdtimulates PDK, resulting in PDH
inhibition (negative feedback) (8, 9).

FFA’s are released into the blood from adiposedissd hepatic triglyceride stores. FFA enters
the cardiomyocytes either by passive diffusionypiotein-mediated transport involving either
the fatty acid translocase (FAT) or the plasma nramd fatty acid binding protein (FABP) (10).
FFA's are also converted to acetyl-CoA via mitoathdal B-oxidation and thereby compete
with glucose for entering the TCA cycle via acdBgA. In situations of fasting, where the
blood glucose level is low, FFA lipolysis increasB®H is inactivated and the FFA oxidation
increases. In contrast, insulin is known to stineul®DP thereby reactivating PDH and
inhibiting FFA metabolism. Insulin also stimulatgkicose uptake and increases glycolysis,
which leads to increased levels of pyruvate thaibits PDK and thereby stimulates PDH
indirectly (8, 11, 12). The healthy non-ischemiarfam heart is a net consumer of lactate and
has shown to be an important source of pyruvatmdton even under conditions of high
cardiac power (13).
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[1-13C]pyruvate

[1-13C]pyruvate
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PDH
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Cardio myocyte

Figure 1. When injected i.v. [£2C]pyruvate is taken up by the cardio-myocytes ammverted into [1-
¥Cllactate via the enzyme lactate dehydrogenase jlabtd [12°C]alanine via alanine aminotransferase
(ALT) in the cytosol. [1¥*C]pyruvate is also converted into Acetyl CoA vie fyruvate dehydrogenase
(PDH) complex in the mitochondrial membrane. In pecess f'C]bicarbonate is produced ViE&CO,
and the enzyme carbonic anhydrase (CA). Acetyl @oéne of the main fuels for production of energy
in the TCA-cycle.

The pattern of substrate uptake and utilizationdtasvn to change in different cardiac diseases,
such as heart failure and IHD. During ischemia daimdic shift towards glucose relative to
FFA has shown to represent an adaption to a lowggem environment in poorly perfused
areas of the myocardium, due to the fact that daggen is required for glucose oxidation per
unit ATP produced compared to FFA oxidation (14heTmetabolic consequences of
myocardial ischemia includes, increased glycogezakimtown and increased glucose uptake
followed by increasing anaerobic glycolysis witttri@ased lactate production, a decrease in
mechanical work and a decreased TCA cycle actouty to the decreasing oxygen availability.
Despite of this, is has been shown that the mgjofithe acetyl-CoA during mild to moderate
ischemia (20-30% reduction in coronary blood flosti)l derivers from FFAB-oxidation (15,
16). Furthermore a reduction in PDH-flux is obser&7). Whether the reduction is due to a
direct effect by increased phosphorylation andhbition of the PDH enzyme, or an indirect
effect by a build up of NADH and acetyl-CoA in tivétochondria, is still under discussion.

In patients with acute myocardial infarction a thpse in plasma FFA are observed in the first
1-2 hours after onset of symptoms (18). The elevégeel of FFA is believed to worsen the
ischemic damage of the myocardium (19). Infusioglatose, insulin and potassium (GIK), is
able to decrease the circulating FFA levels andea®e glucose uptake and utilization, which
have shown to have a direct protective effect @hdmic tissue (20). In positron emission
tomography (PET) studies GIK infusions have showimtrease the uptake of the radioactive
fluorine-18 labelled glucose analogu&F]FDG, to maintain a metabolic steady state during
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scanning and improve image quality (21, 22), wherkesting prior to PET scanning have
shown heterogeneou$’f]JFDG uptake and poor image quality (23, 24). Asai®ed above
insulin is also known to increase flux through PDEIK infusions have therefore been
extensively studied as a therapy in patients witfocardial infarction (25, 25). Other drugs
known to inhibit FFA oxidation have also been stadas treatment for myocardial ischemia.
One of these is dichloroacetate (DCA), which agnprily by increasing pyruvate oxidation by
inhibiting PDK, thus preventing phosphorylationRIDH (26). Additionally, DCA has shown to
stimulate glucose and lactate oxidation in the eofde heart and improve cardiac function after
ischemia (27). DCA is also suggested to inhibit Fésédation by shuttling acetyl-CoA out of
the mitochondria (28). Several other drugs knowrd¢srease FFA oxidation and increase
glucose oxidation in the myocardium have recentberb developed and tested against
myocardial ischemia (29, 30). However their mectianof action is beyond the scope of this
thesis.

Cardiac MRI

The following section will give a short introduatido cardiac MRI. For further information on
the basic principles of MRI the reader is refertedextbooks on this subject (e.g Brown and
Semelka 2003) (31).

Conventional MRI is based on the magnetic propertie protons ‘H), which are the most
abundant atomic nuclei in our body in the form @ftev. When the human body is placed in a
MR-scanner the orientation of the protons alignthwhe magnetic field. In order to obtain
signal from the protons in our body and create esaghort radiofrequency (RF) pulses can be
applied. If applied in the same frequency as treoms, they absorb the energy and start to
rotate within the magnetic field. How much the tetdepends on the power of the RF pulse.
When the RF pulse is turned off the rotation reduvack to its equilibrium along the magnetic
field. In the process energy is released. The ethignergy signal can be detected by specific
RF-coils. The time of which the magnetization af #xcited protons returns to it equilibrium is
called relaxation (or decay), which are characteriby two time constants T1 and T2. The
decay depends on the tissue type the protons fratesi in and the surrounding magnetic
environment. This is exploit in MRI to produce dietd images of the human body with
exceptional well soft tissue contrasts e.g. betwatand water (31, 32)

MRI offers a comprehensive morphological and furai evaluation of the heart, because of
its soft tissue contrast capabilities. It providgsod spatial and temporal resolution, and is
therefore now considered the gold standard forsassg ventricular mass and volume as well as
regional wall motion abnormalities (33). Howeveardiac MRI also poses a number of imaging
challenges. For good quality images to be obtameton artifacts has to be compensated for
by e.g. cardiac and respiratory gating. Cardiamgas performed by measuring the ECG signal.
Usually the R-wave (the highest pulse in the EC@al) is used for gating. ECG can be

combined with respiratory gating. Sometimes th@iragry movement can be registered in the
ECG itself or it can be measured externally andlined with the ECG signal. MR acquisition
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is then performed in between the greatest movemeoisever, gating is time consuming, so in
healthy subjects breath-holding is normally perfednto avoid prolonged MR-acquisitions.
Cine imaging is a standard cardiac imaging techiguhich uses the gating signal to obtain
multiple images at one slice position during thdRRime interval. Rapid display of these
images allows a dynamic visualization of the helanting different phases of the heart cycle,
which can be used to measure ventricular dimensémugor detect wall motion deficiencies
(34).

MR contrast agents for assessment of myocardial isemia

The MR signal can be enhanced by different chemioamhpounds, which are injected i.v.
Magnevist ® (gadopentetate dimeglumine) and DotaRefgadoterate meglumine) consist of
gadolinium (Gd), a paramagnetic metal and a stabitate: DTPA or DOTA respectively.
Both contrast agents are used worldwide for clinmarposes. The contrast agents has the
unique properties of shortening the T1-relaxatiow & therefore easily detected using T1
sensitive image sequences (33). In patients wifh thk contrast agents can be used to assess
myocardial perfusion, to quantify extension of mguatial infarction, to differentiate between
occluded and reperfused infarcts and to determitengial viability of the tissue. Due to wash-
in wash-out differences between normal and ischamyjocardium increased signal intensity
from the contrast agent can be detected in theesistharea compared to the surrounding
healthy heart tissue. This is usually referredddade enhancement (LE) imaging, because the
images are obtained between 10-20 min after i.miidtration of the contrast agent. When the
entire left ventricle is covered by series of stetis slices, quantification of the infarct size is
possible (35). This is done by measuring the erdthaceas on every slice calculating the total
infarcted mass of the left ventricle. LE is alsediso assess viability. Subendocardial or absent
enhancement patterns have a high positive prediatalue for viability, while homogenous
transmural enhancement correlates with the absaeinftectional recovery in only nearly half
of infarct segments and finally the pattern of siggnhancement surrounding a region without
signal is exclusively associated with the absericeiability (36). Monitoring of the early
distribution of the contrast agent (1-2 min) afeiministration is another technique called the
“first pass” technique. This technique highlighte differences in the enhancement of normal
and underperfused myocardial regions (37). Howebketh the LE imaging technique, the
viability measurements and the “first pass” pedanstechnique, are still being discussed by
means of their clinical values in relation to otheell documented diagnostic imaging
techniques/methods such as PET and CT. The locatimh extent of acute and subacute
infarction can also be visualized using T2-weighmdges, since formation of interstitial edema
increases the T2-relaxation time (38). However,s€guences often induce flow artifacts in
cardiac studies (due to the long TR and TE reqyired
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Magnetic resonance spectroscopy (MRS)

MRS differs from conventional MRI in that it offetee possibility of studying the chemical
composition of tissues and to follow biochemicabgasses non-invasively. The underlying
principle of MRS is that all atomic nuclei are sumded by a cloud of electrons, which affect
the local magnetic field in which the nucleus isriersed. The surrounding nearby nuclei also
affects the magnetic field contributing to a chaimgthe magnetic environment referred to as a
diamagnetic effect or a chemical shift. This canm@asured by MR as difference in resonance
frequency expressed by parts per million (ppm). Thiéerent signals from the chemical
composition of the tissue are shown as a ‘spedra the individual chemicals can be
quantified by measuring the area under the curve efach peak in the spectra. While
theoretically possible on any MRI system MRS hagesa limitations, which has limited its
widespread acceptance in routine clinical practit®S can detect signal from different atomic
nuclei such asH, **C N and®P. However, compared {&l the MR sensitivity of other nuclei
is low, due to low in vivo abundance and has ttweeprimarily been used for research (39). In
cardiac researctH and®P MRS have been of particular interé$t. MRS has been used to
detect signal from e.g. myocardial fat, lactategatine in the heart (40-42J'P MRS has
primarily been used to detect compounds involvectriergy metabolism such as ATP and
phosphocreatine (43, 44). MRS is a common singkelvtechnique, but multi-voxel MRS
techniques have been developed. One well establisgehnique is chemical shift imaging
(CSl), which enables construction of metabolic isgdrom the acquired MRS signal from
several voxels (45). Usually a 2D sequence is usedthe spatial encoding is possible in all
three spatial dimensions (46).

Hyperpolarization — The DNP method

Hyperpolarization MRS makes it possible to studychemical processes that are normally to
low of in vivo abundance to be studied by converdldMRS alone. Hyperpolarization refers to
a condition, which polarization (magnetization) afspecific nucleus is enhanced beyond its
normal thermal equilibrium. Using the dissolutioyrdmic nuclear polarization (DNP) method
biological relevant compounds are hyperpolarized polarizer outside the imaging system for
to be rapidly diluted in a solvent, quickly trangead to the scanner, injected and imaged (47).
The method takes advantage of the fact that pakasiz of electrons can be transferred to the
nuclear spins in the solid state. This is done direg microwave radiation to the sample in a
frequency close to the resonance frequency ofléaren spin. NormallyH, *C or**N nuclear
labelled compound are used because these nucleadigly polarized nuclear spins. In order
to achieve full polarization unpaired electron spare added to the sample. Organic radicals
such as nitroxides or trityls are often used ascesufor unpaired electrons, because they are
chemically stabile, hydrophilic and well toleratedvivo. The sample containing the labelled
nucleus is transferred to a high magnetic fiel833T) inside the polarizer and rapidly lowered
into liquid helium. In this solid frozen state tleéectron spins become highly polarized. By
microwave radiation the electron polarization ensferred to the lower polarized nuclear spins.
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This takes between 30-60 min. After the polarizatioe sample is melted and dissolved by a
heated buffer inside the polarizer without loosthg polarization. However once outside the
polarizer the compound looses its polarizationtiaddy fast (within minutes), due to T1-
relaxation. Therefore the solvent has to be ingbotry rapidly i.v. after dissolution in order to
keep the polarization as high as possible (47, W8)en injected the biological compound is
taken up by the cells and the spatial distributéhe hyperpolarized labelled nucleus can be
followed through several steps in metabolic pathsyagding information of specific enzymatic
flux rates (49-51). In this thesis™i€ labelled pyruvate was used. However, many modscul
involved in cellular metabolism can be hyperpolkedizmaking it possible to follow different
metabolic pathways and enzymatic flux rates in iable 1).

Dissolution-DNP Compounds (97-106)

Agent Products

[1-"3*Clpyruvate [1-"*Cllactate, [1-PClalanine, ['*C] bicarbonate, "*C0=

2-"*Clpyruvate [2-Clactate, [2-"°Clalanine, [1-'°Clacetyl-carnitine,
[1-"*Clcitrate, [5-"*Clglutamate

[1,2-"3C ) pyruvate [1,2-"2C lactate, [1,2-"°Colalaning, [1-""Clacetyl-camiting,
[1-"¥Cleitrate, [5-?Cldutamate, ["*Clhicarbonate, '*C0,

[1-"3C]lactate [1-"2Cpyruvate, [1-7°Clalaning, [P0)] bicamonate, PC0;

13C-hicarbonate 30,

[1,4-"3Cfurmarate [1,4-2Cmalate

[1-"3*Clacetyl-methionine [1-"*CImethionine

2-"*Cfructose [1-"*Clfructose-6-phosphate

[5-"*C]glutamine [5-"*Clglutamate

[1-"*Clethylpyruvate [1-"*Clpyruvate, [1-'7Cllactate, [1-Clalanine,
['*¢] bicarbonate, PCO2

[1,17-3C, Jacetic anhydride Multiple depending on reactant

1-"*Clacetats [1-2Clacetylcarnitine

13C Urea None
bis-1,1-(hydraxymethyt)-[1-13Cleyclopropane-a8 HPOD1 None

w-keto-[1-"°Clisocaproate [1-"*Clleucine

[1-"¥C]dehydro ascorbic acid [1-"*Clascorbic acid

[1-"*Clalaning [1-"*Cllactate, [1-"Clpyruvate, ['*Clhicarhonate

Table 1 List of °C labelled compounds that have been hyperpolatigetie dissolution-DNP method.
Hurd et al. 2012 (48).

Hyperpolarized [1-*C]pyruvate MRS

As motioned above hyperpolarized 'fG]pyruvate was used in this thesis to study cardiac
metabolism. Pyruvate is biologically interestingcdese it is the end product of the glycolysis
and one of the main fuels for formation of acetgplAC which enters the TCA cycle for
generation of energy (ATP). By i.v. injection hypelarized [1°C]pyruvate is taken up by the
myocytes and, as described above, converted irtiCJlactate via the enzyme LDH and [1-
¥Clalanine via the enzyme ALT. Both enzymes are tktan the cytosol. Furthermore, [1-
¥C]pyruvate is converted in to acetyl-CoA via theHPBnzyme complex in the mitochondrial
membrane. In this process th&-atom in the C-1 position of the pyruvate molecide
transferred t0°CO, in equilibrium with [°C]bicarbonate via the enzyme carbonic anhydrase
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(CA) (17, 50, 52). However, often only fi€]lactate, [1}*Clalanine and'fC]bicarbonate and
not **CO, can be detected with hyperpolarized MRS in vivae do sensitivity, since the
equilibrium at physiological pH is highly shifte@wards bicarbonate. The production of
[**C]bicarbonate is suggested to reflect the mitochiehdtatus, whereas production of [1-
¥C]lactate and [f3C]alanine is suggested to reflect the general nofitastate of the myocytes,
according to the location of the different enzynmethe cell (53) (Figure 1).

Application of hyperpolarized®C MRS for evaluation of myocardial ischemia has rbee
demonstrated in animals recently (17, 53-56). Brpamts performed in isolated rat hearts have
shown that hyperpolarized {i€]pyruvate MRS can detect the metabolic consequeente
ischemia. In the study by Schroeder et al. deccefid8]bicarbonate signal and increased [1-
¥C]lactate signal were detected after 10 minuteglobal myocardial ischemia, indicating a
decreased PDH-flux and increased anaerobic laétateation via the LDH enzyme (17).
Hyperpolarized [I°C]Jpyruvate MRS has also been used to generateboigtamages in pigs
with myocardial ischemia (53, 57). In the study ®glman et al. the left anterior descending
coronary artery (LAD) was occluded for 15 minutesild ischemia) or 45 minutes (severe
ischemia) respectively, followed by 2 hours of mfpsion. Metabolic maps of the [1-
¥C]pyruvate metabolites showed decreased PDH-mebjE@]bicarbonate production after 15
minutes occlusion in the ischemic region of the oaydium. After 45 minutes occlusion both
production of f°C]bicarbonate and [¥Clalanine was decreased in the ischemic region
representing a depression of both the mitochonddtity and the overall cellular activity. The
metabolic images were compared with gadolinium-tdd<de images, which showed enhanced
signal after 45 min occlusion, but no changes dffemin occlusion. The study demonstrates
how hyperpolarized®C MRS can detect and visualize metabolic changes euring mild
ischemic conditions in the heart, before other MBthnds such as LE imaging reveals any
abnormalities.

The effect of fasting on hyperpolariz&€ MRS signal has recently been examined in vivo by
Schroeder et al. (51) Low myocardiaiG]bicarbonate signal was observed in fasted ra¢s af
[1-C]pyrvuvate injection compared to fed rats, indimgta low flux of [1}°C]pyruvate
through PDH. Furthermore, hyperpolariZé@ MRS studies in perfused hearts have shown that
hearts exposed to substrates mimicking a fastae sesulted in a 60 % reduction of [1-
¥C]pyruvate utilization compared to a fed state (S8)ese studies stress the importance of
ensuring a fed condition when measuring cardiacabmism with hyperpolarized [1-
¥C]pyruvate.
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Aim & Hypothesis

Overall aim

The overall aim of the thesis was to examine ifdrpplarized magnetic resonance imaging
could be used to assess changes in myocardial atistalin rats in vivo. This was examined
in the following two papers.

Paper |:

Imaging regional metabolic changes in the ischemic rat heart in vivo using
hyper polarized [ 1-*3C] Pyruvate

Aim

The aim of Paper | was to investigate if hyperpstat [1°C]pyruvate MRS could be used to

visualize regional changes in the myocardial mdisimoin an in vivo rat model of acute
myocardial ischemia.

Hypothesis:

The hypothesis was that changes in the signal ftben [1*°C]pyruvate metabolites [1-
¥Cllactate, [1}*C]alanine and’fC]bicarbonate could be visualized regionally in thehemic
rat heart using hyperpolarized {3G]pyruvate MRS imaging.

Paper II:

Enhancing the [**C] bicarbonate signal in cardiac hyperpolarized [ 1-**C] pyruvate MRS
studies by infusion of glucose, insulin and potassium

Aim:
The aim of Paper Il was to investigate if infusiohglucose, insulin and potassium (GIK),

could increase the'¥]bicarbonate signal in cardiac hyperpolarized*{Ijpyruvate MRS
measurements in fasted rats.

Hypothesis

The hypothesis was that infusion of GIK could irase the myocardial glucose oxidation and
flux of pyruvate through PDH seen as an increaghesignal from’fC]bicarbonate.
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Methods

All animal experiments were approved by the Da#isimal Experiments Inspectorate.
Animal model of LAD occlusion

The animal model of LAD occlusion was performedlid rats in paper I. Anesthesia was
maintained with 1.7 - 2% isoflurane in a mixtureasf and 5% oxygen. For additional pain
relief 0.05 pg/g buprenorphine (Temgesic, Reckéhékiser, Denmark) was given s.c. 15-30
minutes before surgery. The rats were intubated aimhected to a small animal ventilator
(SAR-830/P, IITC Life Science, USA). Respirationsmeept at 72 breaths/minute. pC®as
monitored on a NPB-75MAX Capnograph (Nellcor Puriennett Inc, USA) connected to the
ventilator. Myocardial ischemia was induced by jas described techniques (59, 60). After a
left thoracotomy and a pericardiectomy, the LAD wasluded by placing a ligature around the
branch. Ischemia was verified visually by bleachamgl blue-coloring of the myocardium distal
to the occlusion. The ligature was placed in ortterachieve an ischemic area covering
approximately 1/2 of the anterior wall of the lg&ntricle including the apex (figure 2). The
LAD was occluded for 30 min resulting in a situatiof severe ischemia. Ischemia was
followed by reperfusion, which was achieved by asiag the tension of the ligature. The rats
were scanned with hyperpolarized'fG]pyruvate before and 2 hours after reperfusiorriridu
scanning the animals were placed on a heating paddesnperature, ECG and expiration gases
were monitored (body temperature: 37.0-38.0 °Ciratipn CQ: 3.5 — 4.0 kPa).

Left main
coronary artery

Right
coronary
artery

Left
circumflex
branch

Right
marginal
branch

o
- — Left anterior
Sl i descending
T A ",' branch

o © Haalthwise, Incorpocatid

Figure 2. A) The setup for the rat model of
LAD occlusion. B) lllustration of the LAD
occlusion in rat heart, showing the
placement of the occluding ligature.
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GIK infusion

GIK infusion was performed in paper Il. Two tailivecatheters were inserted, one for infusion
of GIK and another for administration of hyperpalad [1*°C]pyruvate. The rats were
randomly separated into two groups. The first grguB) was infused for one hour with a high
dose of GIK (25 mg/kg/min glucose, 5 mU/kg/min ilns@nd 10 mmol/kg/min potassium). The
second group (n=5) received a lower dose (15 miikgglucose, 3 mU/kg/min insulin and 10
mmol/kg/min potassium). The insulin was a fastragtiype (Actrapid, Novo Nordisk A/S,
Denmark). The rats were scanned three times wifietpplarized [1¥C]pyruvate. 1: In the
fasted state, 2: Immediately after infusion of GIKd 3: One hour post GIK infusion. Prior to
each scan blood was collected for blood glucosesorements (se later in this section).

[1-*C]pyruvate sample preparation

In both papers 20 uL (~26 mg) of f3C]pyruvic acid (Sigma Aldrich, Germany) was mixed
with 15 mM trityl radical OX063 (Oxford InstrumentslK) and 1.5 mM Dotarem (Guerbet,

France) and loaded into a HyperSense polarizerof@xinstruments, UK). The sample was
dissolved in a neutralizing buffer (80 mM TRIS, 18@/L EDTA, 50 mM NaCl, 80 mM NaOH)

achieving a final concentration of 80 mM FG]pyruvate (pH 7.0-8.0, temperature ~37 °C,
isotonic).

MR system and hardware

In preclinical setups the field strength typicatiyhges from 4.7 T to 9.4 T but much higher field
strength (e.g. 21 T) has been developed. In thdysh 4.7 T horizontal bore magnet was used
for the MR experiments. The magnet was equippel aviVarian Direct Drive console and the
Vnmrj 2.3A software was used for acquisition (Agildechnologies, 5301 Stevens Creek Blvd,
Santa Clara CA 95051, US). The rats were placed 36/'H radiofrequency (RF) volume coll,
and a'®C circular receive surface coil or'3C four channel array coil (receive-only), with a
curved surface, was placed over the heart (bothc®E from RAPID Biomedical GmbH,
Germany). The inner diameter of the volume coil W& mm. The receive channel array
consisted of 4 elements of length 42.5 mm with @sis@ity reaching approximately 20 mm
into the animal. The diameter of the surface c@is\20 mm. The surface coil was sensitive to a
depth of approximately 15 mm into the animal.

Anatomical MRI and late enhancement

prior to the>C MRS scans anatomical long axis proton MR-imagesevacquired for spatial
localization of the heart and for control of cotreoil positioning using a ECG and respiratory
gated Cine pulse sequence (TR = 195 ms; TE =3 @¥: £60 x 120 mr Slice thickness = 2
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mm; Matrix size = 128 x 256, Number of cardiac @sas 8). The position of the coils was
verified by an external marker (oil pellet) placadthe top and in the centre of the surface coil.
On the array coil, the oil pellet was placed on sigle of the coil and the animal was placed so
the most sensitive part of the coil was closegh&heart. Proton LE images was acquired for
visualization of infarct area after the hyperpadadC MRS sessions, because gadolinium is
known to destroy the polarization of tiHi€ labelled substrate. ECG-gated inversion recovery
gradient echo MR images were obtained 10-20 minafess the injection of 0.3 mmol/kg
gadolinium based contrast agent (Dotarem, Guekbh®8). The inversion time was adjusted
individually for each rat (350-500 ms) to obtaire thest contrast between the gadolinium
enhanced tissue and the surrounding healthy t{§$ie 600 ms; TE = 10 ms; FOV = 60 x 120
mnT; Slice thickness = 2 mm; Matrix size = 192 x 512).

Chemical shift imaging

An ECG and respiratory-gated slice-selective chahsbift imaging (CSI) sequence was used
(Slice thickness = 5 mm, flip angle = 10 °, Circudpiral k-space trajectory matrix with 144
phase encoding steps, TR = 69 ms TE = 1.86 ms, £Q% x 25 mm2) The CSI sequence was
aquired 7 seconds after end of'fC]pyruvate injection from the same long axis sliceough
the heart as the one used for the proton cine imgagi

Evaluation of Troponin | and blood glucose levels

In both papers a catheter was introduced in theféafioral artery for collection of blood. In
paper | blood (400 uL) was collected pre-ischermd & and 2 hours after reperfusion (post-
ischemia) for evaluation of tissue damage, by th@liac specific biomarker Troponin I. The
level of Troponin | was analyzed on an AQT90 Fl&adiometer, Denmark), which is an
immunoassay technology based on antibodies agaimsponin | and fluorescence
measurements. In paper |l blood (2 uL) was colttdtem the femoral artery prior to each
hyperpolarized®C MRS scan. Blood glucose levels were analysectitiren an OneTouch
Ultra 2 (LifeScan, Denmark) full blood glucose assalr, which uses the glucose oxidase
technology for measuring concentration of glucose.

MRS analysis

A tool for analysis of the acquired MRS-data wenplemented in MATLAB (The Mathworks,
Natick MA) and applied as descried below. In palhex two-dimensional CSI sequence was
used with a Carterian circular spiral phase engpdavering a 12 x 12 matrix. The first point in
the spiral sequence started at the centre of kesflaw frequencies) determining the signal to
noise ratio (SNR) and the last point was acquiredhie outer part of the k-space (high
frequencies) determining the image resolution. Maslspectrum analysis was used due to a
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relatively large phase-dispersion across the kespAccombined exponential line-broadening
and sine bell linenarrowing filter was used, toaape the metabolic peaks in the modulus
spectrum. The signals were then apodized and #Abrd-fo a matrix size of 32 x 32 along the
spatial dimensions. The spectral analysis was pagd by integrating the [*C]lactate, [1-
¥%Clalanine and 'fC]bicarbonate signals at predefined frequency tdfselative to the
frequency of the pyruvate peak.

The CSI data were presented as metabolic mapshwiice registered to the corresponding
first cardiac phase Cine image. The effect of isthewas quantified by a line profile of the
metabolite signal. A line was drawn from the aplexg the anterior wall of the myocardium on
the cine image, covering both the healthy partxjpnal) and the ischemic part (distal) of the
myocardium. A typical example of how the line wdaced on the first cardiac phase proton
cine image is shown in figure 4A and 4B (columraS)well as on the metabolic maps in figure
4C (column 1-4). The metabolite signal values fittwn corresponding voxels of the line profile
on the metabolite maps were collected and norndlize the maximal signal along the
measured line profile (100%). The signals weretptbais the distance from apex (mm) for each
animal pre-ischemia and post-ischemia. The distdroza where the signal reached 50% of
maximum was used for comparison between healtlerigghemia) and diseased (post-ischemia)
hearts.

In paper II, dynami¢®C MR spectra were acquired from a non-gated 5 nmg &xis slice every
second for 120 min, with a low flip angle of 10feTspectra from each of the four coil elements
was summed from the maximum of the pyruvate boleskpover a 30 s time window (30
spectra) to effectively generate area-under-thgecusignals. The metabolite signalere
quantified using an in house Hankel singular valaeomposition (HSVD) method written in
MATLAB (61), the individual data from each coil edents was combined retrospectively. The
method sums up all signals that are greater thamthise within a priori defined frequency
spans.

Statistics

In paper |, paired two-tailed student t-test wadgmed to evaluate the difference between
group mean values from the line profile evaluatipe and post ischemia, for both [1-
*Clalanine and [£3C]lactate. Statistical significance was consideatthe p< 0.05 level. No
statistic evaluation was made on the Troponin &det the sham group only consisted of two
values and that is not enough to base a statistiey/sis on.

In Paper Il, repeated measurement analysis of na@idANOVA) was performed to evaluate
the difference between group mean values df@lalanine/[1**C]pyruvate, [1¥°C]lactate/[1-
*C]pyruvate ratios and blood glucose values. Bec#usg °C]bicarbonate signal was below
the detection limit in both the fasted and post GiKte (low dose), single sample two-tailed t-
test of mean equal to zero, were used to compdferatices in the {C]bicarbonate/[1-
¥C]pyruvate ratio between fasted state and GIK ardiéen GIK and post GIK in both the low
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and the high dose group. Unpaired two-tailed t-te#as used to compare differences in
[**C]bicarbonate/[£°C]pyruvate ratio between the low and the high dgsmup. Statistical
significance was considered at thg .05 level.
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Main Results

The results are presented in two main sections egresenting one paper.

Paper |I.
Visualizing myocardial ischemia using Hyperpolarized 1-**C pyruvate MRS

Initial optimization

The advantage of the experimental animal model AD Locclusion is that it allows for
examination of a non ischemic (healthy) part oftieart as well an ischemic (diseased) part of
the heart, within the same animal. In this way #mmal can be used as it own control.
However, optimization of the imaging protocol waadwa in healthy rats. First we examined if
all pyruvate metabolites could be visualized in then-ischemic heart. This included
optimization of [1¥C]pyruvate polarization, injection time and ratetimization of CSI
sequence acquirements, choice of coil, positionthef coil, selection of slice placement
including slice thickness and ECG triggering.

Initially the non-ischemic hearts were examinedhgsiynamic time series. During injection of
1 mL of 80 mM hyperpolarized [$C]pyruvate (injection rate 7-8 seconds) signal deigcted
every second for 120 seconds from a 5 mm slicegtrabe heart. In this way the injected [1-
*C]pyruvate and the formation of its metabolitesia myocardium could be follow over time.
The time series was used to determine the bestp@ned for acquiring the CSI data in order to
detect all metabolites. This was important becaliseCSI sequence was relatively long (30-35
seconds). The reason was primarily that we dedidlede an ECG triggered CSI sequence. The
acquiring of data was thereby dependent on thet natr of the rat. We found that the ECG
triggered sequence generated more confined metaibadiges than the un-triggered sequence
(figure 3). It was decided to acquire the CSI dataeconds after end of fi€]pyruvate
injection.

[1-13C]Jalanine

With triggering Without triggering

Figure 3. Metabolic images of [1-1°Clalanine comparing
the results of a normal CSl sequence with a ECG and
respiratory-triggered sequence.
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Parallel to the imaging optimization, optimizatiai the animal surgical procedure was
performed. Because the LAD occlusion procedureery invasive, the initial survival rate was
low (only approximately 50%). However, practise maidpossible to increase the survival rate
to approximately 80%. Some of the most common caatbns during surgery were bleeding
from the mamma artery, puncture of the lungs, pwecof LAD and ventricular fibrillation
followed by cardiac arrest. Examples of death duextensive bleeding from arteria femuralis
during the blood sampling procedure, was also eeserAn LAD occlusion time of 30 min was
chosen as a severe ischemic condition, referrirgghter similar experiment in the literature and
to the high levels of Troponin | measured in theobl after 1 hour of reperfusion. Furthermore,
the experience was, that the longer occlusion tihee higher was the likelihood for not
achieving reperfusion, which was of great importanin this study to ensure that the
hyperpolarized [£3C]pyruvate was delivered to ischemic area.

After optimization of the protocol we were abledbserve hyperpolarizedC signal from [1-
¥Clpyruvate and its metabolites {iG]lactate, [1¥*C]Jalanine and 'fC]bicarbonate in the
healthy non-ischemic rat heart (figure 4). The'¥t}pyruvate signal was confined to the
ventricles, whereas [fC]lactate, [1}°C]alanine and'fC]bicarbonate signal was confined to
the myocardium (figure 4A). Due to limited coil sitivity signal from [13°C]lactate, [1-
¥CJalanine andfC]bicarbonate was primarily detected in the antesiall of the myocardium
closest to the coil, using a simple surface recemié A better coverage was suggested by
changing the coil to a four channel array receio# with a curved surface. However, even
though the coverage was slightly improved with fingr channel array coll, it was not enough
to detect signal from the posterior part of the oaydium, so data from both coils was included
in this study. A long axis slice was chosen. Irs thiety signal could be detected from the entire
anterior wall, covering both the healthy part (pnexi) of the heart and the ischemic part
(distal).”

In paper |, the myocardial metabolism was compgred and post-ischemia in 10 rats. When
looking at the metabolic images visually, loss @nal was detected in the fiC]alanine
images in the area corresponding to the ischensia digure 4B). LE imaging supported this.
Elevated signal in the LE images was observedératiea, which showed reducé@ signal in
the [1**CJalanine maps (figure 4C, last column).
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The line profile made it possible to quantify thgnsls and compare healthy and
ischemic hearts. A significant decrease was obseirvéhe [12°Clalanine signal in the
distal region of the anterior wall (ischemic regiqrost-ischemia compared to pre-
ischemia (figure 5). The distance for which thejC}alanine signal reached 50% of
max was 2.3 mm * 0.43 mm (mean tstandard errorjsoreemia and 6.4 mm £ 1.0 mm
(mean txstandard error) post-ischemia with a diffeeeof 4.1 mm (CI-95%, p = 0.0053)
(figure 5A). A smaller difference in mean distarsween pre- and post-ischemia was
detected in the [13C]lactate signal level than in the {i€]alanine signal level (figure
5B). The mean distance for which the'fG]lactate signal reached 50% of max was 1.4
mm = 0.45 mm (mean xstandard error) pre-ischeméh &6 mm + 0.79 mm (mean
t+standard error) post-ischemia with a differenc@.@fmm (CI-95%, p = 0.042).

A Alanine
B Pre-ischemia

10 * *  Postischemia

Distance (mm)

1

Lactate
B Pre-ischemia

10 ) !
* | Postischemia

Distance {mm)

Figure 5. Mean distances from the line profile analysigA)[1-*Clalanine and (B) [£3C]lactate. Line
profiles drawn on the anterior wall of the myocardifor [1*°C]alanine. The signals were plotted as
distance from apex (mm) for each animal (A) préwsuia and (B) post-ischemia. The mean distance for
which the signal reached 50% is significant longest-ischemia compared to pre-ischemia for both [1-
3Clalanine and [f3C]lactate (** p < 0.01, * p < 0.05).

Due to problems with the blood drawing during séagriroponin | blood levels were
only measured post-ischemia in 6 out of 10 rat® fdsults are shown in figure 6. In
two animals the last sample was taken approxima&eipurs after reperfusion, when
the rat was removed from the scanner. The Tropdrigvel peaked 1 hour after
reperfusion and continued to be elevated 2-3 hafies reperfusion. The mean value
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of Troponin | one hour after reperfusion was 41gimL + 13.2 ng/mL (mean *
standard diviation) in the infarcted group and Ong@nL and 0.93 ng/mL in the two
sham operated rats respectively.

Troponin |
—a— 30 minischemia

60 —a— Sham

ng/mL

Time (h)

Figure 6. Blood levels of Troponin | measured pre-ischerflahours) and 1,2 and 3 hours after
reperfusion in ischemic (n = 7) and sham opera&¢sl (n =2). The Troponin | level peaked after 1rhou
of reperfusion (41.0 ng/mL + 13.2 ng/mL (mean +) $Dthe ischemic rats.

Paper II.

Enhancing the [“*C]bicarbonate signal in cardiac hyperpolarized [1-

3C] pyruvate MRS studies by infusion of glucose, insulin and potassium.

It is generally very important to have a well cofid preclinical set up to be able to interpret
correctly on the results The experience from thet fiaper was that thé’C]bicarbonate often
was under the detection limit post-ischemia, whheexperiment was more time consuming.
Due to the surgical procedure, the rats were schtater during the day compared to the pre-
ischemic scanning.

In contrast to the previous paper in paper Il tH€]picarbonate signal was examined using
dynamic time series and not CSI imaging, becausevere interested in the total amount of
signal and not the spatial information as so. TH€]picarbonate signal was measured in
relation to the signal from [¥*C]pyruvate as a'{C]bicarbonate/[T2C]pyruvate ratio. Figure 7
shows the results from the GIK study. Two differdoses of GIK were examined in fasted rats,
a low dose and a high dose. Ndd]bicarbonate could be detected in the fasted.sthieever
after 1 hour infusion of GIK a significant increase[**C]bicarbonate could be detected in the
high dose group (p = 0.01) compared to zero (reptesl as the fasted state). Increase in
[**C]bicarbonate was also detected in the low dosapyedter GIK infusion, but this failed to
reach significance (p = 0.12). A threefold highEC]bicarbonate signal was observed in the
high dose group compared to the low dose group avidfiference of -0.04 (p = 0.03). One hour
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after GIK injection the fC]bicarbonate signal returned almost back to baséii the high dose
group. No [°C]bicarbonate could be detected in the low dosegame hour after GIK infusion.

A SC Bicarbonate
Low and High dose GIK

0.1

p = 0.004

Blc/Pyr peak area (AU)
=)
&

p=0.059
0. T T
Fasted GIK (Low) Post GIK Fasted GIK (High) Post GIK
B csl Anatomical image
(13C Bicarbonate) (proton)

g

Left ventricle

Fasted GIK (high) Post GIK

Figure 7. (A) Myocardial }*C]bicarbonate signal ‘fC bicarbonate/[£3C pyruvate ratio) in rats given a
high dose and a low dose of GIK respectively: la thsted state, after 1 hour GIK infusion and 1rhou
post GIK infusion. The p-values represents thessteal difference in 'Clbicarbonate signal between
fasted and GIK. (B) Single example of Chemical Shifaging (CSI) of myocardiaf{C]bicarbonate: In

a fasted state, after 1 hour GIK infusion (highejosnd 1 hour post GIK infusion, demonstrating how
increasedfC]bicarbonate SNR can improve CSI image quality.

Blood glucose was measured before each of the thjeetions of hyperpolarized [1-
*Clpyruvate (figure 8). In the fasted state the Higtucose level was relatively low in both
groups. One hour GIK-infusion resulted in an inseeaf blood glucose (in both groups). One
hour post GIK-infusion the glucose level decreasgain in both groups. No significant
difference between the high and low dose GIK grotjmsvever, significant internal differences
were observed between the fasted and the GIK asateell as between the GIK and Post GIK
state in both groups.
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Figure 8. Blood glucose levels in rats given a high dose atalv dose of GIK respectively: In the fasted
state, after 1 hour of GIK infusion and 1 hour pB#K infusion. Significant increase was observethia
low dose group (*p = 0.0003) and the high dose grdp = 0.002) after GIK infusion compared to fakte
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Discussion

Imaging of myocardial ischemia in rats opposes isg\wahallenges. The heart is small and beats
very fast (rats: 350-400 bpm). Because of its sthe, MR-signals from theé®C labelled
metabolites are low and require suited hardwardetect. Furthermore, occlusion of the LAD in
rats has to be done with an open chest surgicakedwre, which is quite invasive and can be
difficult to perform. However, the ischemic rat nebdf LAD occlusion is a well validated
model, which is used World wide for research ird@ metabolism, and in more commercial
point of views to test the effect of different thm@nts and for evaluation of new interventions
against myocardial ischemia. The blood supply tamgocardium is similar to the human heart,
but with some differences. As in humans the LAPrisdominant and supplies the left ventricle.
There is no true circumflex artery. In contrashtonan coronary arteries, the arteries of rats lies
beneath the surface of the heart buried in the argiem, making it difficult to see and place
the LAD occluding ligature during surgery. Anotliistinguished feature of the rat heart is that
the coronary arteries are end-arteries, and thiet-arterial anastomoses are rare. This means
that a LAD occlusion in rats may result in moreesevischemia or a larger ischemic area than
in humans or pig hearts that have anastomoseshvdaic supply the ischemic area to some
extent. Another important issue to consider is ttie rats are anesthetised during the
experiment. Anaesthesia is known to affect metaboliHowever, Isofluran affect metabolism
to a lesser extent than other drugs used for dmeatin rats (62). Though, increased plasma
glucose has been documented with Isofluran (63, Bd@restingly, Isofluran has shown to
increase the uptake of*f]JFDG in mice myocardium (65). Thus, Isofluran abih theory
affect our measurements from the hyperpolariZ€ MRS studies in paper |, between rats
anesthetised for a shorter period (post-ischenua)pared to the ones anesthetised for a longer
period (post-ischemia). However, there was no signcreased glucose uptake or utilization in
the rat hearts post-ischemia, rather the oppoagteexplained in detail later in this section.
Furthermore, the anaesthesia was not believeddotahe results from the hyperpolariz€g
MRS studies in paper Il, where the rats were aeéiséd in the same amount of time with
approximately the same dose of anaesthesia.

The first part of the thesis was used to estaltishsurgical ischemic rat model in the laboratory
including optimization of blood drawing for Troponil measurements. Furthermore, the
hyperpolarized [13C]pyruvate MRS protocol in healthy rat hearts watimized as well as
optimization of conventional MRI imaging and LE igiag, which was used to support the
hyperpolarized [£3C]pyruvate MRS results. More supportive measurencentd have been
included in the thesis, but it was limited by laafktime, expertise and facilities to perform e.g.
molecular and histological analysis.

After optimization of the hyperpolarizedC MRS protocol in healthy rats, we were able to
detect signal from [13C]pyruvate, [1¥C]lactate, [1*C]alanine and [£3C]bicarbonate in the
rat heart and we were able to construct definedalnodic images of the of the myocardium
closest to the coil with good spatial resolutionthe initial studies a simple circul&€ surface
receive coil was used, which had a limited serigjtivA better coverage of the heart was
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attempted by changing the coil to a curved 4 chaamgay coil. Though a slightly better
coverage was achieved with the 4 channel arrayiteibs not enough to deted€ signal from
the posterior part of the myocardium. In papehé tonsequences of the limited coil sensitivity
was overcomed by choosing a longaxis slice thatmm/ the entire anterior wall of the
myocardium including both the ischemic and healthgion of the myocardium, which was
used for quantification of signal differences betwdealthy hearts (pre-ischemia) and ischemic
hearts (post-ischemia). However, for further optimtion a fully coverage of the heart would be
preferable.

The results obtained in this thesis and other etudith hyperpolarized [fC]pyruvate suggest
that it is possible, to not only to image and dzgmischemia, but also determine the severity of
tissue damage. As described in the introductioiC]picarbonate is produced in the
mitochondrial membrane and {iG]lactate and [£3C]alanine is produced in the cytoplasm. In
mild situations of ischemia the mitochondriattivity is depressed due to lack of oxygen
required for oxidative phosphorylation in the TC¥clus. This can be observed as a decrease in
the [°C]bicarbonate signal and an increase in the lactiaeal, because the PDH activity is
depressed and the LDH activity is enhanced (17we¥er, even in a situation of depressed
mitochondrial activity, the overall cellular metdison may still be intact and the cells in the
ischemic region could still survive, if the bloodpply is re-established. But in severe and
prolonged situations of ischemia the entire cetlat@tabolism will be affected and signal from
all metabolites, including [$3CJalanine and [£2C]lactate would be decreased (53, 54). This
would most likely lead to cell death because tHks @an not survive without any metabolism.
This information can not be attained by e.g. PEilliss using the radioactive glucose analogue,
[**F]FDG. Here F]JFDG is taken up by metabolic active cells anduamndlates in the cell with

no additional information of the further fate S{]JFDG inside the cell.

In Paper | we showed regional changes in cardigalmésm after 30 min of ischemia and 2
hours of reperfusion. The changes were observatieri1°Clalanine signal and in the [1-
¥C]lactate signal in the ischemic hearts (post-isthe compared to healthy hearts (pre-
ischemia). The fact that the fiC]alanine and [#3C]lactate signal were decreased in the
ischemic region of the heart, suggest that 30 nualusion result in a severe myocardial
infarction, with an overall depression of the cllfumetabolism in the ischemic region as
described above. The severity was verified visubyLE imaging and by an increase in
Troponin | blood levels 1 hour after reperfusiomodonin | is a well known cardiac specific
biomarker for myocardial tissue damage, which ralyi is used for diagnosis of patients with
acute myocardial infarction (2). Unfortunately, experienced some problems with the blood
drawing during scanning, due to clotting of thehe&tr. The length of the catheter was ~1m
from the rat tail to the end of the scanner. Ineottth avoid clotting of the long catheter, it was
flushed with saline containing heparin, but sinepdrin is know to increase circulating FFA
blood levels, we tried to keep the flushing of dagheter to a minimum (less than 1mL), which
wasn't enough to avoid clotting in some of the eipents. The variation in the Troponin |
signal between rats could be due to variation @ittfiarct size (placement of the ligature) and
variation in the cellular injury that takes plactween LAD occlusion and blood sampling.
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Surprisingly, in paper | we were not able to asskeq°C]bicarbonate signal post-ischemia as
expected, because the over&iC]bicarbonate signal in metabolic images was uttaetimit of
detection. We hypothesized that the lack'd€]bicarbonate signal could be due to an overall
depression of pyruvate flux through the PDH enzyiomplex, due to a switch from glucose
utilization towards a higher FFA utilization in theeart. It is known that glucose and FFA
compete as substrates for energy production irnéaet. Especially during fasting the glucose
metabolism declines, FFA utilisation goes up andHPdztivity decreases (9, 66). The post-
ischemic condition could mimic a “fasted” or ratlar “un-fed” condition, because the rats has
been anesthetised for a long time before scaniiinig. hypothesis was however not tested, but
could easily have been by measuring e.g. the blde#l and blood glucose levels e.g. just
before scanning.

Nevertheless, in paper Il we wanted to test,Was possible to increase the PDH-flux in fasted
rats, by infusion of GIK, seen as an increase"if]picarbonate signal in the myocardium. A
GIK-infusion was suggested, because GIK have showncrease the uptake and utilization of
glucose in rats as well as in human hearts (66thEtmore, in PET studies GIK-infusions have
shown to improve image quality by increasing theake of [*F]FDG (67, 68).

Two doses of GIK were tested a high dose and arldage. Significant increase was observed
after GIK-infusion in the high dose group compatedasted, indicating an increased glucose
oxidation and increased flux of pyruvate throughH?Dhe variation in the data was, however,
quite large. This variance could maybe have beducexd if we had been more consistent about
slice placement, so variance in how much bloodselssand surrounding tissue that was
included in the slice were minimised. However, sdnwdogical variance between animals must
be expected. Like other enzymes PDH has a maxinwimitation. It is likely that more than
one hour infusion of GIK is required to reach theximum PDH flux or at least a steady state
in fasted rats. The fast inactivation of PDH (daseein {*C]bicarbonate signal) post GIK-
infusion suggests that the regulation of PDH hapmema faster time scale than one hour, and
that a constant infusion is required to ensure R flux during the hyperpolarizédC MRS
measurements. The blood glucose level was foulmtctease to the same level independent of
the infused GIK dose. Not surprisingly, since thgeulin dose is the same relative to glucose in
the high dose mixture as the low dose mixture, tapdblood glucose clearance rate (uptake of
glucose from blood into the cells) depends ontiselin dose.

The PDK inhibitor dichloracetic acid (DCA) is alkoown to regulate PDH activity, and has
recently been used to increase PDH flux in carbiigerpolarized®C MRS studies (50, 69, 70).
However, severe side effects have been reported) IBCA in both animals and humans (71,
72). GIK infusions has already been implementecairdiac {f°F]JFDG PET imaging in humans
and has been extensively studied in patients wtlleamyocardial ischemia without side effects.
Administration of GIK could therefore be considereanore physiological and less disruptive
way to enhance thé*C]bicarbonate signal in animals as well as foriciihapplications. It
should, however, be noted th&i(]bicarbonate signal may be achieved just by enguaifully
fed condition during the time of scanning, whiclp@ssible in most clinical settings.
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In relation to ischemia, it could be interestingtést if GIK-infusion affects the PHD-flux the
same way in ischemic rat hearts, than in healthyearts. Recently it has been suggested that
the heats ability to shift between substrates fogrgy metabolism can be reduced in e.g.
chronic heart failure, diabetes and other metabdigeases (73-75). GlIK-infusions could
potentially be used in future hyperpolarizé@ MRS studies to evaluate the heart's metabolic
“flexibility” or rather in-flexibility, as a markepof disease.

Since it is known that the myocardial glucose melialm and PDH activity is decreased in
diabetic hearts (51), and that GIK routinely isdigediabetic patients to increase the uptake of
the glucose analogu&fF]FDG in PET studies (76), it could be interestingexamine how GIK
infusion affect cardiac metabolism in diabetic heavith hyperpolarized [$3C]pyruvate MRS
compared to e.g. non diabetic hearts. Anotheréstarg study could be to examine the effect of
an oral glucose load with GIK-infusion in healttats. One could speculate that an oral glucose
load were able to increase tHé&J]bicarbonate signal more slowly, but maybe in aersiable
way over time in response to the natural secretfansulin in the body.

Conclusion and perspectives

In conclusion the findings in this thesis demortstrthat we are able to assess changes in
myocardial metabolism in rats in vivo using hypdapaed *C MRS. Signal from [1-
¥Clpyruvate, [1¥C]lactate, [1**Clalanine and'fC]bicarbonate was detected and visualized in
healthy rat hearts with good spatial resolutionteAf30 min of ischemia changes in the [1-
¥C]lactate and [t3C]alanine signal could be observed and quantifisgionally in the rat
myocardium. GIK infusions was able to modulate tiearts substrate metabolism increasing
PDH-flux and increasing the”C]bicarbonate signal in fasted rats hearts. Thistisresting
because a high PDH-flux is preferable in many eardiyperpolarized [$¥C]pyruvate MRS
studies. Generally hyperpolarizédC MRS is predicted great potential to advance basic
knowledge and to improve diagnosis of cardiac disgaHowever, there is a need to focus on
improving **C image quality in future studies with hyperpoladZ°C MRS. This includes
better hardware, such as coils with better seitsitias well as improved MR-sequences to
detect low™*C signals and improved software to analyse the iedjudata. New improved
sequences for cardiatC imaging have recently been tested in vivo (55, &) and ways to
increase polarisation and prolong the T1-relaxaiomexplored (78-80). Additionally, other
hyperpolarized substrates may offer alternative sMaystudy cardiac metabolism or specific
chemical pathways affected by disease (48). Apiitinaof hyperpolarized®C MRS in patients
with cardiovascular disease has not been reporetd Bowever, recently a study of
hyperpolarized [£2C]pyruvate in patients with prostate cancer waslighted (81) and two
Danish hospitals have recently acquired the tedgyoto perform research studies in humans.
However, successfulanslation of cardiac hyperpolarizE€ MRS into clinic will require an
extensive understanding of the biological systeranined. Regulation of cardiac metabolism
is complex and is influenced by several factorseeigy during disease, which can complicate
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the interpretation of the data obtained. Animal eieguch as the rat LAD occlusion model and
other in vivo models may contribute with importamowledge for future hyperpolarizedC
MRS studies in humans.
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Imaging regional metabolic changes in the ischemic rat heart in
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Abstract

Background -Hyperpolarized magnetic resonance spectroscopySMRing-’C-labeled pyruvate
IS a non invasive imaging technique, which can dethanges in metabolism in real time
following myocardial ischemia. The aim of this sgudas for the first time to evaluate the use of
hyperpolarized [£3C]pyruvate MRS to visualize regional changes in oaydial metabolism in an
in vivo rat model of severe ischemia.

Methods and Results 20 rats were examined before and 2 hours afteriBQtes of occlusion of
the left anterior descending coronary artery usiggerpolarized [f°C]pyruvate MRS. Cardiac
metabolic images of [{¥C]pyruvate and its metabolites fiC]lactate, [1*°C]alanine and
[**C]bicarbonate were obtained pre- and post ische&igmificant reduction in the [1*Clalanine
and [13C]lactate signals were observed in ischemic héssti¢ post-ischemia compared to pre-
ischemia. The severity of the ischemic insult wasfied by magnetic resonance imaging, showing
late contrast enhanced signal in the ischemic regio/ rats. In 6 rats severe ischemia was also
verified by increased blood levels of Troponin I.

Conclusions -This study suggest that hyperpolarizediC}pyruvate MRS can be used in vivo to
visualize regional metabolic changes following nemltal ischemia in the a rat heart. The
decrease in the [f'Clalanine and [£¥C]lactate signals indicates that the ischemic inisuevere,
representing an overall depression of cellular baism. This is supported by late enhancement
magnetic resonance imaging and increase in Troplobiood levels. Thus, this study points to a
new approach for studies of cardiac metabolisrhénin vivo rat heart.
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product of the glycolysis and a key substrate for
energy production through the TCA cycle. After
M o o ~iv. injection hyperpolarized [$*C]pyruvate is
yocardial infarction is one of the leadingtaken up by the myocytes and converted into [1-
causes of death in the Western countries. EarfjCllactate  via the  enzyme lactate
in the development of the disease, changes tfehydrogenase (LDH) and tfc)alanine via
the myocardial metabolism can be observed (1&lanine aminotransferase (ALT), both enzymes
These changes could potentially be used decated in the cytosol. Furthermore, [1-
diagnostic markers, but have turned out to b&C]pyruvate is converted into Acetyl CoA via
difficult to assess non-invasively. Furthermorghe pyruvate dehydrogenase (PDH) enzyme
understanding the functional impact of theseomplex in the mitochondrial membrane and in
changes may be important when developinthe process th&C-atom in the C-1 position of
new metabolic interventions for ischemic hearthe pyruvate molecule is transferred'¥60;in
disease. Conventional magnetic resonancgquilibrium with bicarbonate via the enzyme
spectroscopy (MRS) of tHl, 1°C, ®Na and®P  carbonic anhydrase (CA) (7, 10, 11). However,
nuclei has previously been used to study cardiaxften only f*C]bicarbonate and ndfCO, can
metabolism (2-6), but have primarily been usetbe detected with hyperpolarized MRS in vivo,
as research tools due to poor sensitivitydue to sensitivity, since the equilibrium at
Hyperpolarized MRS using **C labeled physiological pH is highly shifted towards
metabolites is a technique, which can be used tocarbonate. The production dfC]bicarbonate
generate metabolic images of the heart and noreflects the mitochondrial status, whereas
invasively visualize changes in metabolism irproduction of [13C]lactate and [t*C]alanine
real time (7). The advantage of hyperpolarizedeflect the general metabolic state of the
MRS, in contrast to conventional MRS is that itmyocytes, according to the location of the
can increase the MRS-signal from tHé&C- enzymes in the cell (figure 1). Application of
labeled metabolites >10.000-fold making ithyperpolarized MRS for evaluation of
possible to detect low concentrations of tf&  myocardial ischemia has been demonstrated in
labeled metabolites in vivo (8). Hyperpolarizedanimals recently (7, 12-15), but generation of
MRS enables monitoring of several steps imnetabolic images have not been demonstrated
metabolic pathways, adding information of than rats with myocardial ischemia in vivo before.
specific enzymatic activities and can in contrasExperiments performed in isolated rat hearts
to other existing metabolic imaging techniqueshave shown that hyperpolarized G]pyruvate
such as positron emission tomography (PETYIRS can detect the metabolic consequences of
and single photon emission computedschemia. Thus, in the study by Schroeder et al.
tomography (SPECT), distinguish between th€7) decreased '{C]bicarbonate signal and
injected compound and its downstreanincreased [£3C]lactate signal were detected
metabolites. It does not expose patients tafter 10 minutes of global myocardial ischemia,
ionizing radiation and can easily be used inndicating a decreased PDH-flux and increased
combination with conventional magneticanaerobic lactate formation via the LDH
resonance imaging (MRI) to assess cardiaenzyme. Hyperpolarized [C]]pyruvate MRS
anatomy, function and mass as well as perfusidmas also been used to generate metabolic images
and viability with gadolinium-based contrastin pigs with myocardial ischemia (13). In this
agents. study the left anterior descending coronary

The metabolic consequences of myocardi%rtery (LAD) was occluded for 15 minutes

ischemia include increased glycogen breakdow d |sc_:hem|a) or 45 minutes (severe |scher_n|a)
and increased glucose uptake followed brespectlvely, followed by 2 hours of reperfusion.

. . . : . etabolic maps of the [YC]pyruvate
increasing anaerobic glycolysis, increase . i
lactate production and decreased Krebs Cycigetabolltes showed decreased PDH-mediated

3
(TCA cycle) activity due to the OlecreaSIr]gochusion in the ischemic region of the

Clbicarbonate production after 15 minutes
oxygen availability (1, 9). Pyruvate is the end_myocardium. After 45 minutes occlusion both

Introduction

2



production of }3C]bicarbonate and [1- connected to a small animal ventilator (SAR-
3Clalanine was decreased in the ischemi830/P, IITC Life Science, USA). Respiration
region representing a depression of both thevas kept at 72 breaths/minute. pC@as
mitochondrial activity and the overall cellular monitored on a NPB-75MAX Capnograph
activity. The metabolic images were comparedNellcor Puritan Bennett Inc, USA) connected
with gadolinium-based late enhancement (LE})o the ventilator. A catheter was introduced into
images, which showed enhanced signal after 4be tail vein for i.v. administration of the
min occlusion but no changes after 15 mirhyperpolarized [£3C]pyruvate solution.
occlusion. Thus, this study demonstrates hownother catheter was introduced in the left
hyperpolarized **C MRS can detect and femoral artery for collection of blood. During
visualize metabolic changes even during milgcanning the animals were placed on a heating
ischemic conditions in the heart, before othepad and temperature, electrocardiogram (ECG),
MR methods such as LE imaging reveals angnd expiration gases were monitored (body
abnormalities. Application in patients with temperature: 37.0-38.0 °C, expiration £8.5 —
cardiovascular disease has not been reported ye0 kPa).

However, recently a study of hyperpolarized [1+

: . . Ischemic heart model
13Clpyruvate in patients with prostate cancer

was published (16) . Myocardial ischemia was induced by previous
described techniques (17, 18). After a left
tﬁmracotomy and a pericardiectomy, the LAD
was occluded by placing a ligature around the
Branch. Ischemia was verified visually by
bleaching and blue-coloring of the myocardium
Qistal to the occlusion. The ligature was placed
in order to achieve an ischemic area covering
pproximately 1/2 of the anterior wall of the left
entricle including the apex. The LAD was
Becluded for 30 min resulting in a situation of
evere ischemia. Ischemia was followed by
r"reperfusion, which was achieved by releasing
the tension of the ligature. Blood samples were
drawn pre-ischemia and 1 and 2 hours after
reperfusion for evaluation of tissue damage, by
the cardiac specific biomarker Troponin I. The
Animals, anaesthesia and general procedures |evel of Troponin | was analyzed on an AQT90
All experiments were approved by the Danistex (Radiometer, Denmark). Two animals
Animal Experiments Inspectorate. were sham ope_rated. In the sham operated
animals the surgical procedure was induced as
A total of 12 male Sprague Dawley ratSgescribed above, by placing the ligature, but
(Taconic Europe, Denmark) weighing 250-350Gyithout occluding the artery. The sham operated

were examined in this study. 10 animals wergats were not scanned, but were used to compare
examined with hyperpolarized [f€]pyruvate |evels of Troponin |.

MRS before and 2 hours after ischemia. The o

remaining two rats were sham operated anyPerpolarization

used only for evaluation of Troponin | blood20 uL (~26 mg) of [11-30]pyruvic acid (Sigma
levels. All rats were given water and standarg\idrich, Germany) with 15 mM trityl radical
rat chow ad libitum. The rats were anesthetizedX063 (Oxford Instruments, UK) and 1.5 mM
with 5% isoflurane. Anesthesia was maintainetotarem (Guerbet, France) was loaded into a
with 1.7 - 2% isoflurane in a mixture of air andpolarizer (HyperSense, Oxford Instruments,
5% oxygen. For additional pain relief 0.05 ug/guK). The sample was dissolved in a
buprenorphine (Temgesic, Reckitt Benckiserpeutralizing buffer (80 mM TRIS, 100 mg/L

Sgborg, Denmark) was given s.c. 15-30 minutesSDTA, 50 mM NaCl, 80 mM NaOH) achieving
before surgery. The rats were intubated and

The aim of the present study was to investiga
if hyperpolarized [1¥C]pyruvate MRS could

be used to visualize regional changes in th
myocardial metabolism in an in vivo rat model
of severe ischemia. The combination of th
hyperpolarized™C MRS technique and the in
vivo rat model may provide new important
information of the disease, and could be use
for evaluation of new treatments and metaboli
interventions for myocardial ischemia as well a
provide knowledge to the potential applicatio
in human.

Materials and Methods



a final concentration of 80 mM [C]pyruvate peak. The CSI data were presented as metabolic
(pH 7.0-8.0, temperature ~30 °C, isotonic). maps, which were registered to the
corresponding first cardiac phase proton cine

MR methods and data analysis )
image.

A 47 T preclinical MR-imaging and . . . .
- ._The effect of ischemia was quantified by line
spectroscopy  system - (Agilent Technologie profile measurements of the metabolite signals.

ApS, Santa Clara, CA, USA) was used for th;ég\ i q ; h | h
MR-experiments. The rats were placed supine In€ ‘was drawn from theé apex along the

in a 1C/*H radiofrequency (RF) volume coil, gnterior WaII_ of the myocardium on the _cine
and either &3C circular receive surface coil or a Mage covering both the healthy part (proximal)

3¢ four channel receive array coil was place nd thg |schem_|c part  (distal) of t_he
over the heart (all coils from RAPID myocardium. A typical example of how the line

Biomedical GmbH, Germany). The inner vas placed on the first cardiac phase proton cine

diameter of the volume coil was 72 mm. Thé"29€ is shown in figure 3A and 3B (column 5)
s well as on the metabolic maps in figure 3C

diameter of the surface coil was 20 mm. Th | 1.4) Th tabolite sianal val ;
array coil consisted of 4 elements of length 42. olumn 1-4). '€ metabolite signal values from
e corresponding voxels on the metabolite

mm and was sensitive to a depth o ) lected and normalized to th
approximately 20 mm. The surface coll wagnaps were collected a ormailzed to the

sensitive to a depth of approximately 15 mngwaximal signal along the measured line profile
0 . :
into the animal. The coil profiles are presente 100%). The signals were plotted as a function

in figure 2. Anatomical long axis proton MR- of the distance from apex (mm) for each animal

images were acquired for spatial localization cfre-lschemla and post-ischemia. The distance

i 0,
the heart using a cardiac and respiratory-gat m where the 3'%”61' reach_ed 58 f of
cine pulse sequence (TR = 195 ms; TE =3 m aximum was used for comparison between

FOV = 60 x 120 mf Slice thickness = 2 mm: lealthy (pre-ischemia) and diseased (post-

Matrix size = 128 x 256, Number of cardiac'SChem'a) hearts.

phases = 8). The position of the coils wad$n 7 rats the infarct area was also verified by
verified by an external marker (oil pellet) placedcomparing the metabolic maps visually with
on the top and in the centre of the surface coiproton LE images. ECG-gated inversion
On the array coil, the oil pellet was placed onmecovery gradient echo MR images were
one side of the coil and the animal was placedbtained 10-20 minutes after the injection of 0.3
so the most sensitive part of the coil was closestmol/kg gadolinium based contrast agent
to the heart. 1.0 mL hyperpolarized [1-(Dotarem, Guerbet, USA). The inversion time
13Clpyruvate was injected over 7-10 s via thevas adjusted individually for each rat (350-500
tail vein catheter. 7 s after end of injection, aims) to obtain the best contrast between the
ECG and respiratory-gated slice-selective gadolinium enhanced tissue and the surrounding
chemical shift imaging (CSI) sequence wadealthy tissue (TR = 600 ms; TE = 10 ms; FOV
started (Slice thickness = 5 mm, flip angle = 1& 60 x 120 mrf Slice thickness = 2 mm;

°, Circular spirak-space trajectory matrix with Matrix size = 192 x 512).

144 phase encoding steps, TR = 69 ms TE 7z, .. .. .
1.86 ms, FOV = 25 x 25 mfihfrom the same Statistics:

long axis slice through the heart as the one usé&ired two-tailed student t-test was performed
for the proton cine imaging. The [1-to evaluate the difference between group mean
13Clpyruvate, [13C]lactate, [1}*Clalanine and Values from the line profile evaluation pre and
[“Clbicarbonate signalsvere quantified and post ischemia, for both [fClalanine and [1-
mapped using in house written MATLAB “Cllactate.  Statistical  significance  was
scripts (The Mathworks, Natick MA). The considered at the$0.05 level.

spatial dimensions were apodized and zero-

filled to a matrix size of 32x32. The spectral

analysis was performed by integrating theResults

metabolic _ signals at predefined frequenc?gure 3 shows the metabolic images from the
offsets relative to the frequency of the pyruvat yperpolarized®C MRS studies in a rat before

4



and after 30 min ischemia. Hyperpolarizedscanning. In two animals the last sample was
signal from[1-**C]pyruvate, [1}°C]lactate, [1- taken approximately 3 hours after reperfusion
3Clalanine and fC]bicarbonate was detectedwhen the rat was removed from the scanner.
in the hearts of all animals pre-ischemia (figurél'he results are shown in figure 6. The Troponin
3A; Column 1-4). Signal from [{3C]pyruvate | level peaked 1 hour after reperfusion and
was primarily detected from blood inside thecontinued to be elevated 2-3 hours after
ventricle (Figure 3A; Column 1). Signal from reperfusion. The mean value of Troponin | one
[1-2*C]lactate, [1}*C]alanine and hour after reperfusion was 41.0 ng/mL + 13.2
[**C]bicarbonate was confined primarily to theng/mL (mean + standard diviation) in the
anterior wall of the myocardium closest to thenfarcted group and 0.13 ng/mL and 0.93 ng/mL
coil (figure 3A; column 2-4). Low or nd°C in the two sham operated rats respectively.
signal was observed from the posterior

myocardial wall. Signal loss was observed in

the metabolic images from the outer part of th@jscussion

apex both pre- and post-ischemia (Figure 3A . . ) )
and B). Loss of signal from the other part ofl Nis study demonstrates that regional metabolic

inghanges following myocardial ischemia can be

images, which corresponded with the loss ofSS€SSed inrats in vivo using hyperpolarized
RS. The decrease in [f€]alanine and [1-

signal in the metabolic images (figure 3A an
B;gcolumn 5). ges (fig dl\gC]Iactate signal from the ischemic area

confirms that the ischemic insult was severe, as
Using the line profile comparisonla significantit reflects an overall depression of the cellular
decrease was observed in the'{Cjalanine metabolism. The increase in the blood levels of
signal in the distal region of the anterior wallTroponin I also suggests that the ischemic insult
(ischemic region) post-ischemia compared t@s severe as Troponin | is released to the blood
pre-ischemia (figure 4). The distance for whichys a result of myocardial tissue damage (19). A
the [1+°Clalanine signal reached 50% of maxgecrease in ‘fC]bicarbonate signal was also
was 2.3 mm * 0.43 mm (mean tstandard errogxpected since the mitochondrial activity and
pre-ischemia and 6.4 mm * 1.0 mm (mearspecially PDH enzyme activity is very
+standard error) post-ischemia with a differenceensitive to ischemia (1, 7, 20). However, the
of 4.1 mm (CI-95%, p = 0.0053) (figure 5A). gverall level of fClbicarbonate signal was
Elevated signal in the late-enhancement imagesiten under the limit of detection post-ischemia.
was observed in the area, which showeg is known that, during tissue acidic conditions,
reduced™C signal in the [1-Clalanine maps \hich is typical for ischemia, the CA enzyme
(figure 3C; Column 5). A smaller difference in activity is decreased (21), which would affect
mean distance between pre- and post-ischemige generation of*fC]bicarbonate fron*CO,
was detected in the [fC]lactate signal level (assuming the end metabolic product in PDH is
than in the [1¥Clalanine signal level (figure CO, and not bicarbonate). However, in this
5B), but the difference was still significant. Thestudy acidosis is not believed to affect the
mean distance for which the fiC]lactate measurements, because the hyperpolarized
signal reached 50% of max was 1.4 mm + 0.4jMRS scanning is performed after 2 hours of
mm (mean z*standard error) pre-ischemia angkperfusion during which time the acidosis is
3.6 mm = 0.79 mm (mean xstandard error) poskxpected to be re-regulated. Furthermore, no
ischemia with a difference of 2.2 mm (CI-95%,['*C]bicarbonate signal could be detected in the
p_= 0.042). The overall signal from healthy (non ischemic) part of the myocardium
[“Clbicarbonate was often under the limit ofpost-ischemia either, and here an intact CA
detection post-ischemia both in the ischemignzyme activity would be expected including an
area and the surrounding healthy tissue (figurtact [13C]bicarbonate production. Therefore,
3B, Column 4). we  hypothesize that the  reduced

Troponin | blood levels were only measured Clbicarbonate signal post-ischemia is the
post ischemia in 6 out of 10 rats due tgonsequence of a generalized low cardiac PDH-

problems with the blood drawing during@ctivity in the rat heart, probably as
consequence of a shift in the substrate

5



metabolism towards free fatty acids (FFA) asschemia. The balance between prolonged
discussed in the following. anaerobic condition (increased LDH activity)

It is known that glucose and FFA compete ag\nd the progression to cell death (reduced LDH

substrates for energy production in the hearﬁCt'V'ty) is not yet fully understood.

Especially during fasting the glucoseTwo different coils were used in this study, but
metabolism declines, FFA utilisation goes uphe same coil was always used pre- and post-
and PDH activity decreases (20, 22, 23). Theschemia in the same animal. The reason for
post-ischemic condition could mimic a “fasted”using two coils was to evaluate their sensitivity
or rather an “un-fed” situation, because the raand coverage of the heart. However, optimal
has been anesthetised for a long time beformverage was not achieved by any of the coils
scanning, and this could more likely be theglow **C signal was detected from the posterior
explanation for the overall lowt{C]bicarbonate myocardial wall using both coils). Data from
signal observed post-ischemia. Decrease doth coils was therefore included in the study
absence of bicarbonate as a response $ince the coil is not believed to affect the line
ischemia is not directly associated with cellprofile evaluation pre- and post-ischemia. As
death, but indicates that the flux through thelescribed in the results section, signal loss was
PDH enzyme and the mitochondrial activity ha®bserved from the outer part of the apex, which
decreased. This effect can be recovered aftercauld not be explained by the sensitivity of the
while, when the blood flow is re-establishedcoils. It may be explained by a susceptibility
which in principle can be used to determine theffect caused by the lung parenchyma, since
severity of the ischemic insult by loss of signal from the apex also was observed
hyperpolarized *C MRS, as it was on the proton cine-images.

dle?:nogstr?ted n tTet P19 hleartt.s bnyir?lman et.té\lhe variation in the Troponin | signal could be
(f ?[h 0 ﬁ complete eva u?j |0{1ho . fe sev$r| Yiue to variation in the infarct size (placement of
o' the jscnemia 1S required, the informationy,. ligature) and variation in the cellular injury

13, . . . .
”12”‘ .[ C]b|carbo_nate IS |mportant: High that takes place between LAD occlusion and
[“Clbicarbonate signal might be achieved b3(:)Iood sampling. Histological analysis of the

using coils with a higher sensitivity. Other WaYSheart was not included in this study, because the

would be to increase the overall glucos% :
e . odel was considered too acute to observe
oxidation and flux through PDH in the heart by

cnsure  fully (carbomyrate i) fed condoncnce iy, ngES, HOUEver, hitologie
at the time of scanning -or by |nfus_|on of 4addition for future hyperpolarized®*C MRS
mixture of glucose, insulin and potassium (GIK)Stuolies in rats

or treatment with the PDH-kinase inhibitor '

dichloracetic acid (DCA), which both has

shown to enhance the PDH-flux in .

hyperpolarized MRS studies in rat hearts (10?OnCIUSIon

24, 25). Ischemia is commonly associated witlfter i.v. injection of hyperpolarized [1-
elevated lactate levels, as LDH activity is'®C]pyruvate, signal from [13C]pyruvate, [1-
known to be increased under anaerobi¢®Cllactate, [1}**Clalanine andfC]bicarbonate
conditions, which also has been demonstratesbuld be detected in the in vivo rat heart pre-
previously in hyperpolarized®C MRS studies ischemia and localized metabolic images could
in isolated rat hearts (7, 12). However, a smalbe produced of the anterior part of the heart.
decrease was observed between ischemic apdter 30 min occlusion of the LAD and 2 hours
healthy hearts in this study. Lactate produced iof reperfusion a decrease in the signal of [1-
the surrounding damaged tissue, superimposééC]alanine and [13C]lactate was observed in
over or folded into the myocardium could affectthe ischemic region of the hearts, whereas the
the measurements post-ischemia. Lactate signafClbicarbonate signal hardly could be detected
from the damaged chest wall can be observed in hearts post-ischemia. Concomitant increase in
the metabolic maps and in the blood inside ththe blood levels of Troponin | could be detected
ventricle (figure 3B; column 2). Another and enhanced gadolinium signal using late
explanation could be variation in the severity oenhancement MRI was observed. The decrease

6



in the [1*°C]alanine and [13C]lactate signal in
the ischemic area confirms that the ischemic

insult

is severe, as it reflects an overall

depression of the cellular metabolism, which is
in agreement with previous animal studies of
cardiac metabolism with hyperpolarized [1-
13C]pyruvate MRS. To our knowledge this is the
first time in ischemic rat hearts that regional
metabolic changes have been imaged in vivo

using

hyperpolarized®C MRI. The advantage

of the in vivo rat model is that it offers the
possibility to study cardiac metabolism in a

more

natural biological environment than

isolated heart models. The combination of
hyperpolarized MRS and the in vivo ischemic
rat model enables new possibilities to evaluate
changes in metabolism both before and after g
ischemia and may contribute with important
knowledge for the potential application of the
technique in humans.
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¥C]lactate via the enzyme lactate dehydrogenase flabid [1}°C]alanine via alanine aminotransferase
(ALT) in the cytosol. [1¥*C]pyruvate is also converted into Acetyl CoA via thyruvate dehydrogenase
(PDH) complex in the mitochondrial membrane. In pnecess’fC]bicarbonate is produced Vi*CO, and
the enzyme carbonic anhydrase (CA). Acetyl CoAnie of the main fuels for production of energy ia th
TCA-cycle.
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Figure 3. Representative metabolic images of cardiac metsidlA) pre-ischemia (healthy heart) and (B)
post-ischemia (30 min ischemia followed by 2 haegerfusion) for [1°C]pyruvate, [1¥°C]lactate, [1-
3CJalanine and'fC]bicarbonate respectively (FOV = 25 x 25 mm, sthiekness = 5 mm, FA = 10°). The
proton MRI (last column to the right) shows an epéarof how the line used for the line profile (LP)
analysis is drawn on the proton cine-images. (@wSithe LP as overlay on the metabolic maps pre-
ischemia in black and white. The corresponding-mittemia late enhancement (LE) image is shown down
in the right corner. Enhanced signal can be obsérvéhe distal ischemic region of the anterior oamlial

wall including in the tissue of the anterior chesil.
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Enhancing the [13C]bicarbonate signal in
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potassium
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A change in myocardial metabolism is a known effect of several diseases. MRS with hyperpolarized '*C-labelled py-
ruvate is a technique capable of detecting changes in myocardial pyruvate metabolism, and has proven to be useful
for the evaluation of myocardial ischaemia in vivo. However, during fasting, the myocardial glucose oxidation is low
and the fatty acid oxidation (B-oxidation) is high, which complicates the interpretation of pyruvate metabolism with
the technique. The aim of this study was to investigate whether the infusion of glucose, insulin and potassium (GIK)
could increase the myocardial glucose oxidation in the citric acid cycle, reflected as an increase in the ['*C]bicarbon-
ate signal in cardiac hyperpolarized [1-'>C]pyruvate MRS measurements in fasted rats. Two groups of rats were in-
fused with two different doses of GIK and investigated by MRS after injection of hyperpolarized [1-'3C]pyruvate.
No ['3*Clbicarbonate signal could be detected in the fasted state. However, a significant increase in the [**C]bicarbon-
ate signal was observed by the infusion of a high dose of GIK. This study demonstrates that a high [**Clbicarbonate
signal can be achieved by GIK infusion in fasted rats. The increased ['*Clbicarbonate signal indicates an increased
flux of pyruvate through the pyruvate dehydrogenase enzyme complex and an increase in myocardial glucose oxi-

dation through the citric acid cycle. Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: hyperpolarization; '>C; MRS; cardiac metabolism; pyruvate dehydrogenase; glucose; insulin
|

INTRODUCTION

The heart has the capability to utilise a variety of different
substrates for energy production, such as glucose, fatty acids
(FAs), lactate and ketone bodies. Under normal conditions, FAs,
catabolised by B-oxidation, account for 60-90% of the total
myocardial energy production, whereas glucose metabolised
through glycolysis accounts for 10-40% of total energy
production (1-3). Several diseases can be characterised by
alterations in myocardial substrate metabolism, such as diabetes,
hyperthyroidism, ischaemic heart disease and heart failure (4-7).
Thus, there is great interest in developing new methods for the
evaluation of these metabolic changes.

MRS using hyperpolarized '*C-labelled pyruvate is a technique
capable of detecting changes in myocardial metabolism (8,9).
After injection, hyperpolarized [1-'*Clpyruvate is taken up by
the cells and the metabolic conversion of [1-'>Clpyruvate to
[1-'3Clactate, [1-">Clalanine and ['*Clbicarbonate through spe-
cific enzymes can be detected in real time (10-12). The pyruvate
dehydrogenase (PDH) enzyme complex catalyses the irreversible
oxidation of pyruvate into acetyl-CoA and CO, (in equilibrium
with bicarbonate) in the mitochondria. Acetyl-CoA enters the
citric acid cycle for the generation of ATP. Thus, the production
of ["*Clbicarbonate in hyperpolarized '>C MRS studies represents
the flux of pyruvate through PDH and the supply of acetyl-CoA
from the glycolytic pathway to the citric acid cycle (11). The

activity of PDH is tightly requlated. PDH is inactivated by PDH
kinase (PDK) and reactivated by PDH phosphatase (PDP). High
intramitochondrial concentration of acetyl-CoA and nicotinamide
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adenine dinucleotide hydride (NADH) stimulates PDK, resulting in
PDH inhibition (negative feedback) (13,14). During fasting, when
the blood glucose level is low, FAs are released into the blood from
adipose tissue and hepatic triglyceride stores. FAs are also
converted to acetyl-CoA via mitochondrial [B-oxidation, and
thereby compete with glucose to enter the citric acid cycle via ace-
tyl-CoA. As a result, PDH is inactivated and FA metabolism in-
creases. In contrast, insulin is known to stimulate PDP, thereby
reactivating PDH and inhibiting FA metabolism. Insulin also stimu-
lates glucose uptake and increases glycolysis, which leads to in-
creased levels of pyruvate that inhibit PDK, and thereby stimulate
PDH indirectly (5,13,15). Up- or down-regulation of myocardial
PDH activity has been observed in several disease states (4-7),
and the assessment of these metabolic changes could potentially
allow earlier diagnosis or the monitoring of response to treatment.

In patients with acute myocardial infarction, a rapid increase in
plasma FA is observed in the first 1-2 h after the onset of symp-
toms (16). The elevated level of FA is believed to worsen the
ischaemic damage to the myocardium (17). The infusion of glu-
cose, insulin and potassium (GIK) is able to decrease the circulat-
ing FA levels, and is believed to have a direct protective effect on
ischaemic tissue (18). GIK infusions have therefore been studied
extensively as therapy in patients with myocardial infarction (19).
In positron emission tomography (PET) studies, GIK has been
shown to increase the uptake of the radioactive fluorine-18-
labelled glucose analogue, ['®FIFDG, to maintain a metabolic
steady state during scanning and to improve image quality
(20,21), whereas fasting prior to PET scanning yields heteroge-
neous ['®FIFDG uptake and poor image quality (22,23). The effect
of fasting on the hyperpolarized '>*C MRS signal has recently
been examined in vivo by Schroeder et al. (9). Low myocardial
["*Clbicarbonate signal was observed in fasted rats after [1-'>C]
pyruvate injection, relative to fed rats, indicating a low flux of
[1-'*CJpyruvate through PDH. Furthermore, hyperpolarized *C
MRS studies in perfused hearts have shown that hearts exposed
to substrates mimicking a fasted state resulted in a 60% reduc-
tion of [1-"*Clpyruvate utilization relative to the fed state (24).
These studies stress the importance of ensuring a fed condition
when measuring cardiac metabolism with hyperpolarized
[1-'CJpyruvate. However, controlling the feeding condition can
be difficult, especially if the animal has been anaesthetised for
a long period of time. Similar challenges can be expected if the
hyperpolarized "*C MRS technique is translated into clinical use
in heart patients. The optimal situation for a cardiac experiment
with hyperpolarized [1-'>C]pyruvate would be a metabolic state
with high PDH activity.

The aim of this study was to examine the effect of GIK infusion
on cardiac metabolism by hyperpolarized '*C MRS in fasted rats.
We hypothesise that the infusion of GIK will increase the myocar-
dial glucose oxidation through the citric acid cycle, and thereby
increase the signal from ['*Clbicarbonate in fasted rat hearts.

MATERIALS AND METHODS

Animals, anaesthesia and general procedures

Twelve male Sprague Dawley rats (250-300 g) were fasted over-
night (12-16 h) and anaesthetised with 4% isoflurane and
maintained with 1.8% isoflurane mixed with air and 25% oxygen.
Two tail vein catheters were inserted, one for the infusion of GIK
and the other for the administration of hyperpolarized [1-'3C]
pyruvate. The potassium limits hypokalaemia during infusion. A

third catheter was inserted in the left femoral artery for the collec-
tion of blood during scanning. The rats were intubated for artificial
respiration (70 breaths/min), and temperature and expiration
gases were monitored (body temperature, 37.0-38.0 °C; expiration
CO,, 3.5-4.0 kPa).

The rats were randomly separated into two groups. The first
group (n=6) was infused for 1 h with a high dose of GIK
(25 mg/kg/min glucose, 5 mU/kg/min insulin and 10 mmol/kg/
min potassium). The second group (n=5) received a lower dose
(15 mg/kg/min glucose, 3 mU/kg/min insulin and 10 mmol/kg/
min potassium). The insulin was a fast-acting type (Actrapid, Novo
Nordisk A/S, Bagsvaerd, Denmark). The rats were scanned three
times with hyperpolarized [1-'>Clpyruvate: (i) in the fasted state;
(i) immediately after the infusion of GIK; and (iii) 1 h after GIK infu-
sion. Prior to each scan, blood was collected for blood glucose
measurements (OneTouch Ultra 2, LifeScan, Birkergd, Denmark).

3¢ polarization

The [1—13C]pyruvic acid (Sigma Aldrich, Brendby, Denmark.) was
mixed with 15 mwm trityl radical OX063 (Oxford Instruments,
Abingdon, Oxfordshire, UK) and 1.5 mm Dotarem (Guerbet,
Villepinte, France). The nuclear hyperpolarization of [1-">Clpyru-
vate was performed in a HyperSense polarizer (Oxford
Instruments). The polarizer uses the dynamic nuclear
polarization technique, described in detail by Ardenkjaer-
Larsen et al. (25). The polarized samples were dissolved in
buffer [80 mm tris(hydroxymethyl)laminomethane, 100 mg/L
ethylenediaminetetraacetic acid, 50 mm NaCl, 80 mm NaOH] with
the final concentration of 80 mm [1-'*Clpyruvate (pH 7.0-8.0;
temperature, ~30 °G; isotonic).

MR methods and data analysis

A 4.7-T preclinical horizontal bore magnet was used for the
hyperpolarized '>C MRS experiments. The magnet was equipped
with a Varian Direct Drive console and vnmrJ 2.3A software was
used for acquisition (Agilent Technologies, Santa Clara, CA, USA).
The rats were placed in a '*C/'H radiofrequency volume coil, and
a '3C four-channel array coil (receive-only), with a curved surface,
was placed over the heart (both radiofrequency coils from RAPID
Biomedical GmbH, Rimpar, Germany). The inner diameter of the
volume coil was 72 mm. The receive channel array consisted of
four elements with a length of 42.5 mm with a sensitivity
reaching approximately 15-20 mm into the animal. Anatomical
long-axis 'H MR images were acquired prior to the '*C MRS scans
for the spatial localization of the heart and for the control of cor-
rect coil positioning using a cardiac and respiratory-gated Cine
pulse sequence. One millilitre of 80 mm hyperpolarized [1-*Clpy-
ruvate was injected as a bolus injection over 5-8 s. Dynamic >C
MR spectra were acquired from a nongated long-axis slice to
measure metabolism as a function of time (slice thickness, 5
mm; flip angle, 10°; TR=1 s). The spectra from each of the four
coil elements were summed from the maximum pyruvate peak
over a 30-s time window (30 spectra) to effectively generate
area-under-the-curve signals. The metabolite signals were quan-
tified using the Hankel singular value decomposition method in
MATLAB (26), and the data from the coil elements were then
combined. The signal (peak area) from ['*Clbicarbonate, [1-'3C]
alanine and [1-"*CJlactate was normalized to the [1-'>Clpyruvate
signal. One animal that received a high dose of GIK was
treated as described above, but examined with an cardiac and
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a respiratory-gated slice-selective chemical shift imaging (CSI)
sequence for metabolic '*C imaging (Fig. 1B). The CSI images
were acquired from a 5-mm-long-axis slice through the heart,
similar to that used for dynamic '3C spectra acquisition (flip
angle, 10°; a spiral trajectory; matrix, 12 x 12; TR/TE=69 ms/1.86
ms; field of view, 25 x 25 mm?).

Statistics

Repeated-measurement analysis of variance (ANOVA) was
performed to evaluate the difference between group mean
values of [1-'*Clalanine/[1-'*Clpyruvate, [1-'*Cllactate/[1-'3C]
pyruvate ratios and blood glucose values. Because the ['*C]
bicarbonate signal was below the detection limit in both the
fasted and post-GIK states (low dose), single-sample two-tailed
t-tests of mean equal to zero were used to compare differences
in the ["*Clbicarbonate/[1-">Clpyruvate ratio between the fasted
state and GIK, and between GIK and post-GIK, in both the low-
and high-dose groups. An impaired two-tailed t-test was used
to compare differences in the ['*Clbicarbonate/[1-'*Clpyruvate
ratio between the low- and high-dose groups. Statistical signifi-
cance was considered at the p < 0.05 level.

RESULTS

[*3C]Bicarbonate signal

The effect of GIK infusion on the ['*Clbicarbonate signal was
evaluated. The results are shown in Fig. 1A. No signal from
["*Clbicarbonate could be detected after fasting in either group.
A high signal from ['*Clbicarbonate was detected after the

infusion of GIK in the high-dose group, and the ['*Clbicarbonate/
[1-"*Clpyruvate signal ratio was significantly greater than zero
(representing the fasted state) with a mean ratio of 0.06 [95%
confidence interval (Cl), 0.02; 0.09; p=0.01]. A signal from ['3C]
bicarbonate was also observed in the low-dose group after the
infusion of GIK. However, the ['3*Clbicarbonate/[1-'3Clpyruvate
signal ratio was insignificantly greater than zero at this dose,
with a mean ratio of 0.02 (95% Cl, -0.01; 0.04; p=0.12) A three-
fold higher ['*Clbicarbonate/[1-'*Clpyruvate ratio was observed
in the high-dose group compared with the low-dose group. A
difference of —0.04 (95% Cl, -0.08; -0.01; p=0.03) between the
high- and low-dose groups was observed. Post-GIK, the [*C]
bicarbonate signal decreased almost back to baseline level
(80% decrease) (p=0.005) in the high-dose group. In the low-
dose group, no ['*Clbicarbonate signal could be detected post-
GIK. The effect of GIK on [1-'*Clalanine and [1-'3C]lactate was
also evaluated (Fig. 2). No significant effect of GIK was observed
in the low-dose group (alanine, p=0.68; lactate, p=0.18) or in
the high-dose group (alanine, p=0.48; lactate, p=0.43).

Blood glucose

Blood glucose was measured before each of the three injections
of hyperpolarized [1-'*Clpyruvate (Fig. 3). In the fasted state, the
blood glucose level was relatively low in both groups (low-dose
group, 6.7+ 1.6 mmol/L; high-dose group, 5.5+0.9 mmol/L).
One hour of GIK infusion resulted in an increase in blood
glucose (low-dose group, 14.9 +£2.5 mmol/L; high-dose group,
17.0+ 5.6 mmol/L). One hour post-GIK infusion, the glucose
level decreased again in both groups (low-dose group,
8.2 + 1.4 mmol/L; high-dose group, 8.5 & 3.8 mmol/L). An overall
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Figure 1. (A) Myocardial [13C]bicarbonate/[1—]3C]pyruvate (Bic/Pyr) signal ratio in rats given high-dose and low-dose glucose, insulin and potassium
(GIK) in the fasted state, after 1 h of GIK infusion and 1 h post-GIK infusion (*p =0.01 versus zero (fasted); NS, not significant). (B) Single example of chem-
ical shift imaging (CSI) of myocardial ['>Clbicarbonate in the fasted state, after 1 h of GIK infusion and 1 h post-GIK infusion (high dose), and the cor-
responding anatomical proton image of the heart, demonstrating the position of the receive array coil.
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Figure 2. [1-">C]Lactate ([1-">Cllactate/[1-'*Clpyruvate ratio) and [1-'°C]
alanine ([1—13C]a|anine/[1—13C]pyruvate ratio) signals in rats given high-
dose and low-dose glucose, insulin and potassium (GIK) in the fasted
state, after 1 h of GIK infusion and 1 h post-GIK infusion. No significant
difference in [1—13C]Iactate or [1-13C]a|anine signal could be observed af-
ter GIK infusion in either the low-dose or high-dose group.
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Figure 3. Blood glucose levels in rats given low-dose and high-dose glu-
cose, insulin and potassium (GIK) in the fasted state, after 1 h of GIK infu-
sion and 1 h post-GIK infusion. A significant increase was observed in the
low-dose and high-dose groups (*p < 0.001) after GIK infusion compared
with the fasted state, but no significant difference was observed between
the two groups (NS).

ANOVA of equal means revealed no significant difference be-
tween the high- and low-dose GIK groups (p=0.197). However,
significant internal differences were observed between the
fasted and the GIK state, as well as between the GIK and post-
GIK state, in both groups (low dose: fasted versus GIK and GIK
versus post-GIK, p < 0.001; high dose: fasted versus GIK, p < 0.001;
GIK versus post-GIK, p=0.002).

DISCUSSION

Two different doses of GIK were evaluated in this study. Our re-
sults suggest that a high dose of GIK is required to achieve a sig-
nificantly high ['*Clbicarbonate signal in fasted rats. However, in
fed rats, a lower concentration of plasma FA and a smaller initial
inhibition of PDH activity are expected, which may increase the
metabolic response to GIK. Blood glucose was found to increase
to the same level independent of the infused GIK dose. This is
not surprising, as the insulin dose is the same relative to glucose
in the high-dose mixture as in the low-dose mixture, and the

blood glucose clearance rate (uptake of glucose from the blood
into the cells) is dependent on the insulin dose.

The large variation in the ['*Clbicarbonate signal in both the
low-dose and high-dose groups may indicate a variable PDH en-
zyme activity between the animals. Like other enzymes, PDH has
a maximum flux limitation. It is likely that more than 1 h of infu-
sion of GIK is required to reach the maximum PDH flux or, at
least, a steady state in fasted rats, which may reduce the varia-
tion in the ['*Clbicarbonate signal between animals. The fast in-
activation of PDH (decrease in ['*CJbicarbonate signal) post-GIK
infusion suggests that the regulation of PDH occurs on a faster
time scale than 1 h, and that a constant infusion is required to
ensure high PDH flux during the hyperpolarized '*C MRS mea-
surements. We cannot exclude the possibility that the variation
is also caused by technical factors, such as differences in slice
and/or coil positions. The CSI image (Fig. 1B) does not contain
any contaminating signals from surrounding tissue, which im-
plies that the signal from the surrounding tissue is below the de-
tection level, and that the signal obtained from the long-axis
slice originates from the heart.

Subsequent injections of pyruvate could potentially affect me-
tabolism. However, a recent hyperpolarized '*C MRS study using
the same pyruvate dose (1.0 mL at 80 mm) has shown that the
circulating pyruvate concentration returns to baseline levels
within 30 min after injection, which suggests a rapid uptake
and metabolic conversion of pyruvate in various organs and
blood (10).

The PDK inhibitor dichloroacetic acid (DCA) has been used re-
cently to regulate the PDH flux in cardiac hyperpolarized '*C
MRS studies (4,10,27). The administration of 150 mg/kg DCA
was able to enhance the ["*Clbicarbonate signal 3.3-fold in nor-
mal fed rats (27). Although DCA has been used in metabolic re-
search for many years, severe side-effects have been reported
using much lower doses of DCA in both animals and humans
(28,29). A direct comparison of the two methods of activation
of PDH would be interesting. However, the administration of
GIK is considered to be a more physiological and less disruptive
way to enhance the ['*Clbicarbonate signal. Furthermore, it
should be more suitable for clinical applications, as GIK infusion
has already been evaluated in cardiac PET imaging in humans,
and has been studied extensively in patients with acute myocar-
dial ischaemia.

The heart’s ability to shift between substrates for energy pro-
duction is critical. In ischaemic heart disease and heart failure, a
metabolic shift towards glucose relative to FA has been shown
to represent an adaptation to a lower oxygen environment in
poorly perfused areas of the myocardium, as less oxygen is re-
quired for glucose oxidation per unit ATP produced relative to
FA oxidation (7). GIK infusions could potentially be used in future
hyperpolarized '*C MRS studies to evaluate the heart’s ability to
shift its energy metabolism, e.g. in heart failure, diabetes or other
metabolic diseases.

In conclusion, this study demonstrates that the infusion of GIK
can increase significantly the signal from ['*Clbicarbonate in car-
diac hyperpolarized '*C MRS measurements in fasted rats. The
elevated ['*CJbicarbonate signal indicates an increased flux of
[1-'*CJpyruvate through the PDH enzyme complex, and an in-
crease in the myocardial glucose oxidation through the citric
acid cycle. The regulation of myocardial metabolism by GIK infu-
sion can potentially improve the assessment of cardiac metabo-
lism by hyperpolarized '>C MRS for the evaluation of heart
diseases in preclinical, as well as clinical, applications.
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