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Abstract

Glycolysis is a fundamental metabolic process in all organisms. Anomalies in glucose metabolism
are linked to various pathological conditions. In particular, elevated aerobic glycolysis is a
characteristic feature of rapidly growing cells. Glycolysis and the closely related pentose
phosphate pathway can be monitored in real time by hyperpolarized 13C-labeled metabolic
substrates such as 13C-enriched, deuterated D-glucose derivatives, [2-13C]-D-fructose, [2-13C]
dihydroxyacetone, [1-13C]-D-glycerate, [1-13C]-D-glucono-8-lactone and [1-13C] pyruvate in
healthy and diseased tissues. Elevated glycolysis in tumors (the Warburg effect) was also
successfully imaged using hyperpolarized [U-13Cg, U-2H]-D-glucose, while the size of the
preexisting lactate pool can be measured by 13C MRS and/or MRI with hyperpolarized
[1-13C]pyruvate. This review summarizes the application of various hyperpolarized 13C-labeled
metabolites to the real-time monitoring of glycolysis and related metabolic processes in normal
and diseased tissues.
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1| INTRODUCTION

Glucose is a fundamental source of energy in living cells. It is present in all living organisms
and utilized by both aerobic and anaerobic organisms.! In eukaryotes, oxidation of glucose
through glycolysis and the citric acid cycle (or tricarboxylic acid cycle, TCA cycle) yields
energy in the form of ATP along with the release of carbon dioxide (CO,) and water.
Glycolysis, the breakdown of glucose, includes several reversible and three irreversible
(committed) enzymatic reactions leading to the end-product pyruvate (Figure 1).2:3 The
enzymes of the three committed steps in glycolysis are allosterically controlled both
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positively and negatively.*-8 Pyruvate is a key metabolic intermediate with many potential
fates, including the production of carbohydrates through gluconeogenesis, fatty acids, amino
acids or energy (ATP) via acetyl-CoA. Anomalies in glucose metabolism are linked to
various pathological conditions,®-11 so any method that could reliably monitor glucose
metabolism in vivo not only would be valuable in fundamental studies of those diseases but
could also be a valuable diagnostic biomarker. It has been widely documented that tumors
and other rapidly proliferating cells have a dramatic increased rate of glucose uptake and
lactate production even in the presence of adequate oxygen supply (the Warburg effect).
912,13 1n addition, the expression levels of the mono-carboxylate transporters MCT1 and
MCT4 are higher in cancer, and this facilitates the export of lactate from cancer cells.
Although there is still an ongoing debate about why aerobic glycolysis is advantageous for
tumor growth, in general cancer cells modulate glucose uptake as well as several glycolytic
enzymes to match their energy demands by rapidly, albeit inefficiently, producing ATP in
aerobic glycolysis, and to fulfill their increased demand for anabolic intermediates.14-17 It
has also been suggested that acidification of the microenvironment as a result of lactate and
acid secretion promotes invasiveness.18 The tumor suppressor gene 7P53influences
glycolysis at many points to regulate energy metabolism.1® Intermediate metabolites
produced in glycolysis are also used by branching pathways, such as the pentose phosphate
pathway (PPP), glycogenesis, hexosamine synthesis pathways and serine biosynthesis to
generate nucleotides, amino acids and fatty acids for rapidly proliferating cells. These
various pathways are also critically regulated by several oncoproteins and tumor
suppressors.20-22

This review focuses on the application of hyperpolarized 13C-labeled metabolites for real-
time monitoring of glycolysis and related metabolic processes in normal and diseased
tissues, with an emphasis on tumor metabolism.

CONVENTIONAL ASSESSMENT OF GLYCOLYSIS

Glycolytic flux is measured as the moles of glucose converted to lactate per unit time,
usually normalized per microgram of protein. Glycolytic flux in in vitro cell culture studies
is usually determined using a metabolic stress test. The technique is based on measuring the
extracellular acidification rate (ECAR) of the surrounding media due to secretion of lactate
plus protons after feeding glucose to the cells. Pyruvate produced from glucose can either be
converted to lactate, which is then exported to the media along with protons, or it can be
oxidized in the TCA cycle to three equivalents of CO, (as bicarbonate) and release three H*
per pyruvate. The acid production due to oxidation can be estimated from the mitochondrial
oxygen consumption rate and subtracted from the ECAR. The glycolytic rate is then
calculated as the difference between the ECAR before and after addition of glucose minus
the acidification due to oxidation. Chemical inhibitors can also be used to separate out other
pH effects not associated with lactate production.23:24 Metabolic flux analyses in cells
including flux through single steps of glycolysis have been performed using 13C-labeled
glucose derivatives and gas chromatography/mass spectrometry (GC/MS). Fluxes were
calculated by fitting the GC/MS data to a model involving all steps in glycolysis, the PPP,
the TCA cycle and anaplerotic reactions.?®
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The rate limiting step of glycolysis is debatable, although the phosphofructokinase catalyzed
reaction has a complex regulatory mechanism and is generally regarded as the step that
determines overall glycolytic flux.26:2” However, aerobic glycolysis in tumor cells may be
limited by glucose uptake.28 Glucose derivatives labeled with various radioactive isotopes
and fluorescent dyes have been used to monitor increased glucose uptake associated with a
high glycolytic rate in vivo.23:29:30 These include 2-deoxy-D-[1,2-3H]-glucose, 2-deoxy-D-
[1-14C]-glucose, 2-deoxy-2-(*8F)-fluoro-D-glucose (8F-FDG) and the fluorescent probe 2-
[N-(7-nitrobenz-2-oxa-1,3-diaxol-4-yl)amino]-2-deoxyglucose (2-NBDG).31-35 The 2-
deoxyglucose derivatives are transported into the cells by glucose transporters and
phosphorylated by hexokinases at the C6 position, thereby trapping the tracer inside the
cells.3 However, phosphorylated 2-deoxyglucose derivatives cannot be further metabolized
because of the absence of a hydroxyl group at the C2 position, so glycolysis beyond the
phosphorylation step cannot be observed.36:37

In the clinical setting, positron emission tomography (PET), in particular 18F-
fluorodeoxyglucose (8F-FDG), is being extensively used to detect glucose uptake into the
cells in vivo.38-41 In cancer, 18F-FDG can detect changes in metabolic activities well before
morphological changes are observed.*2 Thus, 18F-FDG has become an extremely valuable
tool in the clinic to diagnose and stage tumors and to monitor cancer treatment (Figure 2).
42-45 However, it should be kept in mind that, unlike MRS, PET cannot distinguish between
different molecular species labeled with the same positron emitting isotope. Nevertheless, a
specific step in the glycolysis can be probed with a non-FDG-PET-tracer that is designed to
bind to the enzyme catalyzing that specific step. For example, the expression of pyruvate
kinase M2 (PKM2), an enzyme that catalyzes the final step in glycolysis (Figure 1), has
been measured using [11C]DASA-23(1-((2,6-difluorophenyl)sulfon-yl)-4-((4-
(methoxy-11C)phenyl)sulfonyl)piperazine) in a preclinical model of glioblastoma
multiforme.#8 This tracer binds to the dimeric form of PKM2, which signals increased
glycolytic activity in tumors where PKMZ2 is preferentially expressed. Although PET tracers
can be detected in the nanomolar range, the absence of spectral information limits the
obtainable biological information compared with MRS.

The crucial role of glucose in various metabolic pathways makes 13C-labeled glucose
derivatives and 13C MRS, often in conjugation with mass spectrometry, the obvious choice
for monitoring glycolysis in vitro as well as in vivo.#”:48 In an early study, [1-13C]-D-
glucose was given to yeast, Candida utilis, to follow glucose metabolism by detecting
labeled metabolic products.#® Since then, despite its low sensitivity, 13C MRS has become a
useful tool for observing glucose metabolism in vivo, and both direct 13C and indirect
13C-1H MRS have been used for metabolic sudies.?%>1 In vivo MRS facilitates in situ
molecular analysis by taking advantage of chemical shift differences between individual
atoms in each metabolite. If the concentration of each metabolite of interest is high enough
for detection by NMR, then this would allow any metabolic tracer molecule to be observed
separately from its downstream metabolic products. The intrinsic low sensitivity of
conventional NMR methods is a major disadvantage in that the concentration of many
glycolytic intermediates may be below the detection limit of NMR. Proton MRS (*H MRS)
can detect lactate with relatively high signal-to-noise ratio and spatial resolution owing to
the high receptivity of the H nucleus and the relatively high in vivo concentration of lactate
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in tumor tissues.>2 However, lactate measurements by 1H MRS can be restricted by overlap
of the lactate methyl proton resonance with the highly abundant lipid resonances.>3 This
necessitates the use of spectral editing techniques, and accurate quantification also requires
water suppression.>-57 13C NMR offers higher spectral resolution than 1H NMR due to the
larger 13C chemical shift dispersion, but the low sensitivity of the 13C nucleus can impose
prohibitively long acquisition times in vivo and 13C-labeled metabolites present at less than
0.1 mM generally cannot be observed.>8 Nevertheless, it was demonstrated that [3-13C]
lactate and other metabolites could be detected in tumors by in vivo 13C MRS using a 1H/
13C polarization transfer sequence after the intravenous infusion of [1-13C]-D-glucose into a
patient with high grade glioma with an acquisition time of about 10 min (Figure 3).5°

In recent years, however, hyperpolarization of stable isotope-labeled substrates and
subsequent magnetic resonance detection has allowed the real-time non-invasive monitoring
of glycolysis and other metabolic processes both in vitro and in vivo.60-64

HYPERPOLARIZATION

In conventional NMR, the signal intensity is proportional to the difference in the spin
population of the Zeeman levels according to the Boltzmann distribution at thermal
equilibrium. Unfortunately, the energy difference between the Zeeman levels at or near room
temperature and common magnetic field strengths is lower than the ambient thermal energy,
and in consequence these levels are almost equally populated. This relative difference in the
nuclear spin populations is referred to as nuclear spin polarization (#) and gives rise to the
NMR signal. Nuclear spin polarization is a function of applied magnetic field and
temperature (proportional to By/ 7) along with a constant known as the magnetogyric ratio
(), which is nucleus specific. The polarization at thermal equilibrium can be enhanced to
some extent by increasing the external magnetic field and/or lowering the temperature, but
the effect is not very significant at feasible magnetic fields and temperatures. For example, at
37 °C the 13C spin polarization is about 1.2 x 10 and 8.4 x 108at 1.5 Tand 7 T,
respectively. Nevertheless, moderate liquid state 13C polarizations (about 0.1 %) of [1-13C]
pyruvic acid, [1-13C] sodium lactate and [1-13C] acetic acid were achieved with the brute
force method of polarization, which only employs high magnetic fields and low
temperatures (in this case 14 T and 2.3 K over 10 h).6°

Much higher signal enhancement can be achieved by raising the nuclear spin polarization
above the thermal equilibrium level, a state known as hyperpolarized spin distribution. These
non-equilibrium spin populations can be achieved artificially by various experimental
methods such as dynamic nuclear polarization (DNP), spin-exchange optical pumping and
para-hydrogen induced polarization (PHIP).66-76 Among these methods, DNP has been
extensively used to polarize a wide range of nuclei including 13C, 15N, 1H, 31p, 29sj, 19F,
6i,133Cs, 89y and 107.109Ag, and it is currently the preferred technique to polarize 13C-
labeled compounds for metabolic studies.”’-89

DNP is a phenomenon in which the high spin polarization of electrons at low temperatures
and high magnetic fields is transferred to coupled nuclei by microwave irradiation at or near
the electron spin resonance frequency. The phenomenon was first predicted theoretically by
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Overhauser in 1953 and soon thereafter was experimentally demonstrated by Carver and
Slichter in solid state.99-92 |nitially, DNP was only used to polarize 1H, 13C or 15N spins in
the solid state. In 2003, it was demonstrated in ground-breaking experiments that the
compounds hyperpolarized in the solid state could be dissolved and transferred into an NMR
magnet for spectrum acquisition with negligible loss of polarization during the transfer
process.93 Experimentally, dissolution DNP-NMR is performed in a glass matrix that
involves doping the sample with a stable free radical such as trityl OX063, BDPA or
TEMPO, cooling it to around 1 K in a strong magnetic field (3 to 5 T) and irradiating the
frozen sample with microwaves near the frequency of the electron spin. The frozen
hyperpolarized sample is then rapidly dissolved in a superheated solvent to produce a
solution of the hyperpolarized compound at or near room temperature.87:93 Dissolution DNP
polarizers such as HyperSense or SPINIab are available commercially.?4 The dissolution
DNP technique has been successfully used to generate hyperpolarized 13C spin systems for
molecular MRI applications in vivo.94-103

Another method of generating non-equilibrium spin populations relies on the long lived
singlet spin state of the para-hydrogen (para-H,) molecule. PHIP involves the addition of
para-H> to an unsaturated organic molecule using a catalyst and converting the spin order of
the para-H, molecule into 1H nuclear polarization.194.195 After addition to an unsaturated
site, the asymmetric proton polarization originating from the para-H, can then be transferred
to spin-coupled 13C and 15N nuclei by using either RF pulses or magnetic field cycling.
106-108 The applicability of PHIP is limited by the specific chemistry required for the
addition of H, to unsaturated bonds. Nevertheless, PHIP can be a practical alternative to
DNP in some cases. It has been recently adapted to the hyperpolarization of metabolically
important carboxylic acids such as acetate and pyruvate by adding para-Hs to an unsaturated
ester followed by the rapid hydrolysis of the ester.199.110 The main advantages of PHIP over
DNP are the rapid generation of hyperpolarized substrates and much less expensive
hardware.

It should be emphasized that, regardless of the method used to generate polarization, the
hyperpolarized spin state is not persistent and decays to thermodynamic equilibrium by spin-
lattice relaxation, a process characterized by the spin-lattice relaxation time, 7;. This limits
the detectable NMR signal to about 5 77. Therefore, long 7; values are essential for
biomedical imaging with hyperpolarized agents. In general, nuclei with lower y tend to have
longer 77 values.?3 C nuclei have 7; relaxation times ranging from a few seconds to about 2
min. The structural position of the 13C label and the molecular weight of the compound
largely determine the 77 relaxation time.8” Attached protons induce very efficient dipolar
relaxation, so replacing them with deuterium, which has a lower y, can significantly increase
the 13C relaxation time.111 The slowest 13C relaxation rates are observed in functional
groups in which the 13C nuclei are not directly bonded to proton (carbonyl, carboxyl and
quaternary carbons).112 The inevitable decay of polarization largely restricts the observable
biochemical processes to rapid metabolic pathways that yield metabolites of sufficiently
long 77.94
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4| HYPERPOLARIZED 13C PROBES FOR CARBOHYDRATE METABOLISM

13C-labeled glucose derivatives as well as several glycolytic intermediates have been used to
monitor glycolysis using hyperpolarized 13C MRS and MRI (Chart 1).

4.1| 18C-enriched, deuterated D-glucose derivatives

Since glycolysis involves the conversion of glucose to pyruvate, one would anticipate that
hyperpolarized 13C-labeled glucose derivatives might be ideal probes to monitor the entire
glycolytic pathway in real time with high temporal resolution. However, non-deuterated
[1-13C]-D-glucose was found to be unsuitable for metabolic studies on account of its very
short 77 value (<2 s).112-114 The extremely short 77 value of glucose can be attributed to the
dipole-dipole relaxation of the protonated carbons by *H spins in the molecule. It is
therefore advantageous to replace 1H nuclei (y1y = 42.6 MHz/T) directly bonded to 13C
carbons with 2H spins (> = 6.54 MHz/T).114 As expected, perdeuterated, uniformly 13C-
labeled glucose ([U-13Cg, U-2H-]-D-glucose) has significantly longer 77 values than the
non-deuterated derivative, in the range of about 8 to 15 s, depending on the magnetic field
and concentration.84112.114 The 7; values are typically shorter at high magnetic fields
and/or in concentrated solutions. D-glucose exists as a mixture of two anomers (a and p-
glucopyranose), whose interconversion is slow on the NMR timescale.115-117 Since these
anomers are diastereomers, they have slightly different 13C chemical shifts (Figure 4).62

Early attempts to study glycolysis using hyperpolarized glucose derivatives were performed
in yeast (Saccharomyces cerevisiae) and Escherichia coli as model organisms.®0.61 When
hyperpolarized [U-13Cg, U-2H]-D-glucose was used as metabolic substrate for S. cerevisiae
strain BY4743,%1 13C NMR spectra indicated the formation of fructose 1,6-bisphosphate,
dihydroxyacetone phosphate (DHACP) and pyruvate as main downstream metabolites
resulting from the degradation of glucose (Figure 5). CO, and ethanol formed by the
decarboxylation of the pyruvate by pyruvate decarboxylase and the reduction of the resultant
acetaldehyde by NADH and alcohol dehydrogenase were also observed (Figure 6). The
appearance of 6-phosphogluconate reflects the active oxidative phase of the PPP.61 £, coli
BL21 cells produced similar glycolytic intermediates but the signal maxima appeared
somewhat earlier, suggesting that glycolytic flux is faster in this organism than in S.
cerevisiae (Figure 6). Intermediates and products detected in £. coli included gluconate-6-
phosphate, fructose-1,6-bisphosphate, DHACP, pyruvate, acetyl CoA, lactate, alanine,
acetate, formate, CO,, bicarbonate, ribulose-5P and ethanol. In both organisms, DHACP, an
early downstream product in glycolysis, appeared within a few seconds of infusion, followed
by pyruvate and CO, shortly after DHACP. The 13C signal of these intermediates reached
maximum intensity within 5 s after glucose infusion indicative of rapid enzymatic reactions.
Bicarbonate, acetate or formate reached maxima in approximately 10 s. A signal from
ethanol was detected considerably later in both cases.80 Interestingly, an early paper on the
application of 13C NMR for metabolic studies demonstrated that the metabolic rates of the a
and B anomers of [1-13C]-D-glucose differ in £. co/i118

The 7 value of perdeuterated, 13C-labeled glucose is relatively short, only around 10 s.
Thus, for in vivo studies, the hyperpolarized glucose must be dissolved, transferred and
injected as fast as possible, preferably in less than 10 s to prevent significant loss of
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magnetization. The dissolution and transfer time of the HyperSense commercial polarizer as
well as some home-built polarizers is around 8 to 15 5.83:119 This dead time results in
substantial loss of polarization during dissolution and transfer, especially when the 7; value
is comparable to or less than the transfer time. However, technological improvements of the
transfer and injection system to shorten the transfer and injection time have been developed.
120121 5ome of these home-built, automated transfer and injection devices reduce the
transfer times to about 2 s, and also allow for the neutralization of the free radical polarizing
agent and measurement of polarization level inside the imaging magnet.120 In addition,
automated injection systems provide constant flow rate, thereby improving the
reproducibility of administration.%* When hyperpolarized [U-13Cg, U-2H]- D-glucose was
administered to healthy mice using the rapid transfer and injection system, it was possible to
detect uniformly 13C-labeled lactate in brain at 183.5 ppm 10 s after injection of
hyperpolarized glucose (Figure 7).54 However, the peak appeared as a doublet due to the 13C
homao nuclear scalar coupling present in the molecule. The signal to noise of lactate C1 was
improved about twofold when [3,4-13C5, 2,3,4,6,6-2Hs]-D-glucose was used because the
C3-C4 bond is cleaved by aldolase to yield single 13C-enriched C1-labeled molecules in all
subsequent three-carbon intermediates including [1-13C] lactate (Figure 7). The 13C nuclei
in [3,4-13C,, 2,3,4,6,6-2Hs]-D-glucose and [U-13Cg, U-2H;]-D-glucose had similar 7;
values, indicating that 13C homonuclear coupling is not a major source of 13C relaxation.
Since the Warburg effect is such a characteristic feature of cancer cells, the most interesting
application of hyperpolarized glucose is the study of glycolysis in cancer. When
hyperpolarized [U-13Cg,U-2H7]-D-glucose was injected into a human T47D breast cancer
cell suspension, both the C1 and C3 of labeled lactate were observed in the 13C spectra
(Figure 8).52 To preserve the polarization of the glucose carbons, selective shaped pulses
were used that applied a low flip angle (1°) to the glucose carbon region (60 to 100 ppm)
and a 90° flip angle to the lactate carbonyl (160 to 220 ppm) and methyl regions (20 to 40
ppm).52 Fitting of the NMR data to a kinetic model revealed that the formation of lactate
from glucose followed the Michaelis-Menten kinetics. The peaks that emerged at 212.5 and
179.9 ppm were assigned to the C2 of DHAcP and C1 of 3-phosphoglycerate (3PG),
respectively. Other glycolytic intermediates, glucose 6-phosphate, fructose 6-phosphate,
fructose 1,6-bisphosphate, glyceraldehyde 3-phosphate (G3P), phosphoenolpyruvate (PEP)
and pyruvate, could be observed indirectly by saturation transfer methods.

The metabolism of hyperpolarized [U-13Cg, U-2 H;]-D-glucose in MCF7 human breast
cancer cells and PC3 human prostate cancer cells also produced observable signals of
DHACP (C2, 212.6 ppm), pyruvate (C2, 206.4 ppm, C1, 171.6 ppm) and lactate (C1, 183.5
ppm) as major glycolytic intermediates (Figure 8).122 Kinetically, the C2 resonance of
DHACP was first to appear, followed by the C1 of pyruvate and lactate, with the maximum
signal intensity of C2 DHACP appearing around 11 s after infusion. The NMR data were
fitted to a kinetic model to determine the cytosolic [lactate]/[pyruvate] ratio, and, by
calculation, the free [NAD*]/[NADH] ratio. 6-Phosphogluconate (179.8 ppm) and 6-
phosphogluconolactone (177.0 ppm) formed in the PPP also appeared immediately after
addition of glucose along with hyperpolarized bicarbonate, formed by the decarboxylation
of either pyruvate or 6-phosphogluconate (detected as a singlet at 161.4 ppm, Figure 8). The
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peak intensities varied according to the metabolic rate in different tumor cells; for example,
the rate of glycolysis in MCF7 cells was found to be about twice as fast as that in PC3 cells.

Hyperpolarized [U-13Cg, U-2H;]-D-glucose was successfully used to monitor glycolytic
activity by 13C MRS/MRI in tumor bearing animals. When hyperpolarized [U-13Cg, U-2H7]-
D-glucose was injected into mice with EL4 lymphoma or LL2 Lewis lung carcinoma tumors
grown in the lower flank, the C1 carbon of lactate was clearly detected as a doublet using a
surface receive coil positioned over the tumor 15 s after injection (the total time between
dissolution and data acquisition was about 30 s).83 Low levels of DHACP and bicarbonate,
as well as a signal around 181 ppm, tentatively assigned to the PPP intermediate 6-
phosphogluconate (6-PG), were also observed. 13C chemical shift imaging performed 15 s
after injection nicely illustrated the spatial distribution of hyperpolarized glucose and lactate,
clearly demonstrating that the lactate signal originated from the tumor region (Figure 9).
Strong 13C signals of hyperpolarized [U-13Cg, U-2H;]-D-glucose was detected in normal
brain, heart, liver and kidney, but glycolytic metabolites were not observed in the healthy
tissues. This is likely due to the lower glycolytic activity and perhaps the lower expression of
glucose transporters in normal tissues compared with tumors.28:123 A significant decrease in
the lactate/glucose signal ratio (62%) was observed when the experiment was performed 24
h after treatment of the EL4 tumor bearing animals with the chemotherapeutic drug
etoposide. Thus, hyperpolarized [U-13Cg, U-2H-]-D-glucose can also be used to follow
treatment.

It is worth noting that, although the use of deuterated metabolic substrates is expected to
induce deuterium isotope effects on the metabolic processes, no such effect was observed
with deuterated glucose derivatives.0:124 This was attributed to the multistep nature of
glycolysis as well as to the small contribution of the bond breaking steps to the kinetic
control of the enzymatic steps.50

[2-13C] dihydroxyacetone (DHAc)

DHACP is a key intermediate in the glycolytic pathway. It is formed along with G3P in one
of the critically important steps of glycolysis that involves splitting of the six-carbon
fructose 1,6-biphosphate into two three-carbon intermediates. Dihydroxyacetone (DHAC) is
rapidly phosphorylated to form DHACP, which is in reversible exchange with
glyceraldehyde-3-phosphate (G3P). The C2 carbon of DHAC has sufficiently long 77 value
(approximately 32 s at 9.4 T) and shows promise for investigating both glycolysis and
gluconeogenesis. Recently, hyperpolarized [2-13C] DHAC has been used for the real-time
detection of glycolysis and gluconeogenesis in liver and kidney.125.126 The first metabolite
of [2-13C] DHAC that was detected within few seconds of [2-13C] DHAC injection was
[2-13C]G3P, which is in rapid equilibrium with DHACP in the triose phosphate isomerase
reaction. Interestingly, when isolated mouse livers were perfused with hyperpolarized
[2-13C] DHAC under gluconeogenic (fasted) and glycogenolytic (fed) conditions, metabolic
intermediates and end products of both glycolysis and gluconeogenesis were observed.
These included [2,5-13C]-D-glucose, [2-13C] glycerol 3-phosphate, [2-13C] PEP, [2-13C]
pyruvate, [2-13C] alanine and [2-13C] lactate (Figure 10). The formation of downstream
metabolites such as [2-13C] PEP, [2-13C] pyruvate, [2-13C] lactate and [2-13C] alanine under
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gluconeogenic conditions indicates simultaneous flux in both directions, because the free
energy difference between the G3P, DHACP and PEP is small, so interconversion of these
three-carbon intermediates is not constrained by thermodynamics.12” Consequently, the 13C
label in DHACP rapidly exchanges into 3PG and PEP under both gluconeogenic and
glycogenolytic conditions. [2-13C] DHAC is a promising probe for both glycolysis and
gluconeogenesis, but its potential as a metabolic probe in cancer has yet to be explored.

[1-13C]pyruvate

Pyruvate is an extremely important metabolite, being at the crossroads of major metabolic
pathways. Pyruvate is the end-product of glycolysis and can be used as an energy source or
converted to carbohydrates, fatty acids, amino acids or ethanol (in yeast). Pyruvate is rapidly
transported across cell membranes by monocarboxylate transporters.128 In addition, pyruvic
acid has very favorable properties for dissolution DNP. Pyruvic acid or sodium pyruvate can
easily be polarized to a high degree using standard DNP hardware, and the carbonyl carbons,
especially the C1 carbon of pyruvate, have very long 77 values. Thus, not surprisingly,
[1-13C] pyruvate has become the preferred choice as a hyperpolarized 13C probe for
metabolic studies.?4:96-98,101,129.130 |5 normal oxidative tissues the main metabolites
observed after the injection of hyperpolarized[1-13C] pyruvate included [*3C] bicarbonate,
[1-13C] alanine and [1-13C]lactate.131-138 However, in cancer cells, lactate is produced in
significantly higher amounts than in normal tissues as a result of the Warburg effect and
consequently, hyperpolarized pyruvate made its greatest impact in tumor diagnosis and
grading.100.101,129,139-143 (yynerpolarized [1-13C] pyruvate was one of the first successful
implementations of a hyperpolarized probe for real-time metabolic imaging in tumors, as
strongly enhanced signal of the lactate C1 carbon was observed in the tumor region after
intravenous infusion.144 An often confounding aspect of hyperpolarized pyruvate
metabolism is whether the appearance of hyperpolarized lactate reflects net conversion of
pyruvate to lactate, requiring a stoichiometric amount of NADH for each molecule of lactate
produced, or more simply reflects exchange of the “labeled” polarized pyruvate with an
existing pool of lactate in the active site of lactate dehydrogenase (LDH). In the latter case, a
stoichiometric amount of NADH is not required because the reaction catalyzed by LDH is
rapid, so interconversion of pyruvate and lactate can occur in both forward and reverse
directions with little net change in either NADH or NAD* levels. There is strong evidence
for the rapid exchange mechanism, while net conversion of pyruvate to lactate is likely small
under most conditions.145-147 Thus, a large hyperpolarized C1 lactate signal can be detected
in tissues having a large preexisting lactate pool without significant production of new
lactate (Figure 11). In this case, strictly speaking, pyruvate does not directly probe flux
through glycolysis but rather reflects the size of the preexisting lactate pool and the activity
of LDH itself. However, one could argue that a large preexisting lactate pool may indeed
reflect a hyper-glycolytic state of the tissue, so hyperpolarized 13C-pyruvate can provide
valuable insights into glycolysis without actually measuring glycolytic flux. In one example,
it has been shown that hyperpolarized [1-13C] lactate level in prostate correlates with cancer
development and progression in the TRAMP mouse prostate cancer model.14 Interestingly,
the conversion of [1-13C] pyruvate to [1-13C] alanine could be observed at an earlier, pre-
glycolytic stage, in the pre-tumor regions of cancer progression in a Myc oncogene driven
liver cancer model.150
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One of the most promising oncological applications of hyperpolarized pyruvate is
assessment of treatment response. Chemotherapeutic drugs can induce metabolic changes in
tumors much earlier than the decrease in tumor size can be detected.151:152 |t was
demonstrated that reduction of lactate pool size due to treatment can be detected with
hyperpolarized pyruvate in tumor bearing animals by 13C spectroscopic imaging.148:153 13C
MRS/MRI with hyperpolarized pyruvate could be advantageously combined with FDG-PET
as the former measures the lactate pool size while the latter technique assesses the first stage
(glucose uptake and phosphorylation) of the glycolytic pathway (Figure 12).129.143 |t has
been demonstrated that areas of high 18F-FDG uptake and [1-13C] lactate production from
hyperpolarized [1-13C] pyruvate did not correlate with each other in a large heterogeneous
canine tumor, suggesting that elevated glucose uptake and high lactate production occurs in
different tumor regions (Figure 13).1%4 There is growing evidence that the assessment of
tumor metabolic activity may reflect treatment response more accurately than reduction in
tumor size.152:155-157 However, it should be noted that this is not necessarily a measure of
long term survival.

Other carbohydrate tracers

D-Fructose is a simple 6-carbon ketose. It is an isomer of glucose with a keto group at C2
rather than an aldehyde carbon at C1. In solution, fructose exists as a mixture of the p-
pyranose, p-furanose, a-furanose, a-pyranose and open chain forms (68.23%, 22.35%,
6.24%, 2.67% and 0.50%, respectively).198-160 The uptake and metabolism of fructose
(fructolysis) is markedly different from that of glucose.161.162 After dietary intake, either by
ingesting fructose or digesting sucrose (a-D-glucopyranosyl-(1—2)-p-D-fructofuranoside),
fructose is transported into enterocytes by a specific fructose transporter, GLUTS5. It is
generally accepted that only a small portion of fructose is converted to lactate in the
enterocytes, and most of the dietary fructose is released into the portal vein and rapidly taken
up by the liver via GLUT?2 transporters in an insulin-independent manner.163 A recent paper,
however, suggests that fructose in low doses is largely metabolized into glucose, lactate and
glycerate in the small intestine, and the liver is exposed to large amounts of fructose only
after high doses of dietary fructose intake.164 In the liver, fructose is phosphorylated at C1 in
hepatocytes by fructokinase, which is mainly expressed in the liver, kidneys and intestines.
This enzyme should not be confused with phosphofructokinase, which converts fructose 6-
phosphate to fructose 1,6-bisphosphate, an important regulatory step in glycolysis. Fructose
can also be phosphorylated at C6 by hexokinases, but hepatic fructokinase has much lower
K, than hexokinase so the majority of fructose is phosphorylated at C1 in the liver. Fructose
1-phosphate is then split into DHACP and glyceraldehyde by aldolase B and subsequently
converted to pyruvate and oxidized in the TCA cycle and/or used as gluconeogenic
substrates to produce glucose. It is worth noting that uptake and conversion of fructose into
trioses is not regulated by insulin.165 It has been shown in cancer studies that fructose is
preferentially metabolized by the non-oxidative PPP to generate precursors for nucleic acid
synthesis.166 The 77 value of the quaternary hemiketal C2 carbon of non-deuterated fructose
is reasonably long, about 16 sat 11.7 T (14 s at 3 T and about 27 s at 14.1 T), while
deuterated fructose has a 77 of 34 s at 11.7 T.”8 [2-13C] Fructose polarizes well in aqueous

solution using the trityl OX063 radical as a polarizing agent under standard DNP conditions.
61,167
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Metabolites detected in yeast (S. cerevisiae) after the infusion of hyperpolarized [2-13C]
fructose included [2-13C] DHACP and [2-13C]glucose-6P as well as [5-13C] fructose 1,6-
bisphosphate, produced by aldol condensation of DHACP and [2-13C]G3P.61 A further
demonstration of [2-13C] fructose metabolism was seen in the TRAMP mouse, where the
only metabolite observed in prostate tumors 15 s after injection of 80 mM hyperpolarized
[2-13C] fructose was [2-13C] fructose 6-phospate, reflective of high hexokinase activity in
the tumor.167

The recently reported hyperpolarized [1-13C]-D-glycerate is another interesting and
potentially useful probe for glycolysis, because glycerate is expected to be transported into
cells by monocarboxyate transporters and converted into PEP and triose phosphates.168 The
labeled compound was polarized to a high level using a commercial polarizer and the 7; of
the C1 labeled carbonyl was measured as 59.9 + 3.0 s at 3 T. The probe was investigated in
healthy Wistar rat liver under glycolytic (fed) and gluconeogenic (fasted) conditions. [1-13C]
Pyruvate (172.1 ppm) and [1-13C] lactate (185.1 ppm) were the main metabolic products
formed from [1-13C]-D-glycerate, and the amounts of products were consistent with the
metabolic state of the liver. The [1-13C]lactate/[1-13C] pyruvate ratio was higher in fed
animals, consistent with a more highly reduced redox state (Figure 14). [13C] Bicarbonate
(161.4 ppm) was also observed, albeit with a poor signal to noise ratio.168 Other metabolites
such as alanine and phosphoglycerates could not be detected because the chemical shift of
the C1 carbon of those metabolites overlapped with the intense glycerate signal.
Hyperpolarized [1-13C]-D-glycerate has not been tested in tumors at this point.

MONITORING THE PPP

The PPP consists of an irreversible oxidative phase (PPPgy), which generates ribulose 5-
phosphate plus CO, from glucose 6-phosphate, and a reversible non-oxidative phase
(PPPpon), Which produces ribose 5-phosphate plus other three-, four-, six- and seven-carbon
sugars. An important role of the PPP,, phase is to generate reducing equivalents in the form
of NADPH to maintain intracellular redox homeostasis.1® The PPP is elevated in cancer to
cover the needs of proliferating cells by generating the high NADPH levels required for
either de novo lipogenesis or fatty acid synthesis and by producing ribose for the increased
nucleic acid synthesis.22:170

Other metabolites derived from [U-13Cg, U-2H]-D-glucose

A doublet resonance with low signal-to-noise ratio can be observed at around 181 ppm in
13C NMR spectra in yeast, cancer cells and tumor bearing animals after exposure to
hyperpolarized [U-13Cg, U-2H-]-D-glucose.81-63 This resonance could potentially originate
from the C1 carbon of phosphorylated glycerates, 1,3-bisphosphoglycerate (1,3-PG), 3-
phophospglycerate (3-PG) and 2-phosphoglycerate (2-PG) produced in glycolysis or from
the C6 carbon of uniformly labeled 6-phosphogluconate (6PG), which is the second
intermediate in the PPP. The difference in the 13C chemical shifts of the C1 resonance in
3PG and 6PG is only 0.6 ppm, which makes it difficult to resolve them in vivo. This peak
has been assigned to 6PG in mice with EL4 tumors and to 3PG in yeast or breast cancer
cells.61-63 Recently, the 13C-labeled and total concentrations of 6PG in tumor samples from

NMR Biomed. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al.

5.2

Page 12

animals bearing EL4 tumors, as well as in wild type and glucose-6-phosphate
dehydrogenase deficient yeast was measured by LCMS/MS after infusion with [U-13Cg,
U-2H5]-D-glucose.1’1 Since about twice as much labeled 6PG as 2PG/3PG was found in the
tumor samples, it was concluded that the resonance at about 181 ppm is largely due to the
PPP intermediate 6PG in EL4 tumors. This is not surprising because PPP flux is known to
be often up-regulated in cancer.170 However, in both wild type and the glucose-6-phosphate
dehydrogenase deficient yeast strains, a cell not capable of producing 6PG, a similar
resonance was observed in spectra of cells exposed to hyperpolarized [U-13Cg, U-2H]-D-
glucose so in this case, the resonance likely reflects 3PG.

When hyperpolarized [U-13Cg, U-2H;]-D-glucose was injected into normal, non-tumor-
bearing mice, a weak, broad signal at 180 ppm was also detected in the brain in addition to
the C1 lactate signal.54 Again, this signal could potentially be due to either the C1 of 3PG
produced in glycolysis or the C1 of 6-phosphogluconate formed in the PPP, because
uniformly 13C-labeled glucose produces fully labeled metabolites. However, a similar
resonance also appeared in spectra when the 3,4-13C,-labeled glucose derivative, [3,4-13C,,
2,3,4,6,6-2 Hs]-D-glucose, was used in place of the uniformly 13C-labeled glucose. Since
C1-labeled gluconolactone cannot form from [3,4-13C,]-D-glucose, this peak could be
unambiguously assigned to the C1 of 3PG. Thus, the use of specifically 13C-labeled glucose
derivatives can help distinguish between confounding metabolic pathways such as glycolysis
and the PPP.

[1-13C]-D-glucono-8-lactone

The conversion of glucose-6-phosphate to 6-phosphogluconolactone by glucose-6-phosphate
dehydrogenase (G6PDH) generates NADPH in the first step of PPP, followed by a second
reductive step catalyzed by 6-phosphogluconate dehydrogenase to produce ribose-5-
phosphate and CO,. Given that [1-13C]-D-glucono-6-lactone is reasonably stable, survives
dissolution after DNP and is transported into cells by glucose transporters, this molecule was
evaluated as probe for the oxidative phase of PPP by detecting the production of
hyperpolarized bicarbonate.172 [1-13C]-D-glucono-8-lactone was synthesized from [1-13C]-
D-glucose under anhydrous conditions as a & (six-membered ring) lactone. In water, it forms
an equilibrium mixture consisting of the five- and six-membered lactones as well as the open
chain gluconic acid. However, both the lactone and open chain forms will be metabolized.
173,174 The labeled compound was hyperpolarized under standard DNP conditions and the
7; values of - and 8-[1-13C] gluconolactone were found to be 19.9 and 17.8 sat 9.4 T,
respectively. The hyperpolarized compound was evaluated in isolated normal livers and in
livers pre-exposed to hydrogen peroxide. The reactive oxygen species, hydrogen peroxide
(H205), is predicted to increase the flux through the oxidative phase of PPP to generate
excess NADPH to maintain the cellular redox state.1”® In livers perfused with or without
H,0,, hyperpolarized bicarbonate was observed a few seconds after the exposure to
hyperpolarized [1-13C]-D-glucono-6-lactone (Figure 15). This shows that the probe is
rapidly taken up by the hepatocytes and phosphorylated, and enters the PPP to generate CO»
and NADPH. In livers perfused with octanoate as the only oxidative energy source, there
was no change observed in bicarbonate production after hydrogen peroxide treatment.
However, hydrogen peroxide treatment resulted in a twofold increase in hyperpolarized
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bicarbonate production in livers perfused with glucose in the presence of insulin. This
observation likely reflects the production of sufficient reduction equivalents from octanoate
via the p-oxidation pathway to sustain the cellular redox state without elevating flux through
PPPox. These experiments demonstrate that hyperpolarized [1-13C]-D-glucono-8-lactone is a
promising probe of the PPP. This probe has not been evaluated in vivo.

Hyperpolarized [1-13C] dehydroascorbic acid (DHA) could potentially be used to indirectly
measure flux through PPP, as the rate of hyperpolarized [1-13C] DHA reduction was found
to be elevated in tumors with depleted glutathione pool. This was accompanied by an
increase in PPP flux and glutaredoxin activity.178 Glutaredoxins are a family of redox
enzymes that catalyze the glutathione-dependent reduction of dehydroascorbate to ascorbate.
Unfortunately, DHA induced transient respiratory arrest, which may limit its in vivo
applicability.176

CLINICAL TRANSLATION OF HYPERPOLARIZED 13C MRI FOR

IMAGING GLYCOLYSIS

Clinical assessment of metabolic activities is increasingly being used in the clinic to arrive at
diagnosis and make therapeutic decisions in several disorders, including cancer, diabetes and
heart disease.136:177-181 Apart from the risk associated with radiation exposure to patients, a
major disadvantage of PET in comparison with MR methods is that the real-time metabolic
imaging of specific enzyme-catalyzed reactions cannot be easily performed with PET
tracers, because PET cannot distinguish between different molecular species. The potential
to monitor metabolism in real time by measuring flux through specific enzyme steps would
be extremely useful clinically to evaluate the extent of heart diseases, the aggressiveness of a
tumor or the source of excess glucose production in a diabetic patients. Hyperpolarized 13C
MRS/MRI is well suited for this purpose, and the technology is currently being translated
into clinical practice.

So far, there have been only a few reports of hyperpolarized 13C MRI of in human patients
using [1-13C]pyruvate.136.182-185 Nelson et al. reported the first human imaging evaluations
of hyperpolarized [1-13C] pyruvate in 31 prostate cancer patients.183 In addition to
demonstrating the feasibility of administering and imaging 13C-pyruvate in humans, this
study demonstrated that the conversion of hyperpolarized 13C-pyruvate to 13C-lactate was
detectable in human prostate tumors. As cautioned earlier, the appearance of hyperpolarized
13C-lactate from hyperpolarized 13C-pyruvate does not directly measure aerobic glycolysis
in these tumors, but the 13C-lactate signal in tumors more likely reflects the size of the pre-
existing lactate pool in tissues, which may indirectly reflect total glycolytic or LDH activity
in the tissues. Therefore, the appearance of hyperpolarized 13C-lactate from hyperpolarized
13C-pyruvate could potentially be used as an indirect index for tissue glycolysis in tumors.
Using the 13C-lactate/13C-pyruvate ratios, it has been shown that elevated ratios correlated
well with abnormal prostate lesions compared with the normal prostate tissues (Figure 16).
The authors suggested that 13C-lactate/13C-pyruvate ratios may be used as a marker for
detecting tumors and staging the disease. In a follow-up report, a longitudinal study in a
prostate cancer patient with Gleason 4+5 adenocarcinoma and an elevated serum prostate-
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specific antigen (PSA) level showed that the appearance of hyperpolarized [1-13C] lactate
can be used as an imaging marker to evaluate therapeutic response following androgen
deprivation therapy (ADT).182 In this patient, baseline 13C MRSI detected a large
hyperpolarized [1-13C] lactate signal in the tumor prior to treatment but no detectable
[1-13C] lactate signal after 6 weeks of ADT. This result shows that preexisting lactate pool
(and perhaps total glycolytic activity) decreased following ADT therapy. The tumor size
remained relatively unchanged as shown by 7>-weighted MRI, but serum PSA levels
dropped after therapy. Despite the small number of subjects, this study demonstrates an
important aspect of hyperpolarized 13C magnetic resonance spectroscopy imaging (MRSI)
in that tumors of the same types and similar sizes but with different metabolic activities can
be differentiated. This result suggests that hyperpolarized 13C MRSI could one day be
routinely used to distinguish aggressive from indolent prostate tumors in a single study,
thereby greatly benefiting the diagnosis, therapy and management of prostate cancer.
Recently, Park et al. demonstrated the feasibility of metabolic imaging in the human brain by
hyperpolarized 13C MRI.184 In this initial study, the metabolism of hyperpolarized [1-13C]
pyruvate was imaged in patients with pre-diagnosed brain tumors (Figure 16). Both 13C-
lactate and 13C-bicarbonate were detected in the brain, alleviating the concerns about
potential transport issues of hyperpolarized [1-13C] pyruvate past the tightly regulated
blood-brain barrier. A relatively large [1-13C] lactate signal was observed in this energy-
demanding organ as shown by both 13C spectroscopy and 13C MRI of the brain.
Interestingly, hyperpolarized 13C-lactate signals are present in both healthy brain tissues and
the tumor regions, perhaps because the patients had undergone therapy before the
hyperpolarized 13C MRI studies. Nonetheless, the appearance of hyperpolarized 13C-lactate
in the brain demonstrates that glycolysis is active in the brain and that imaging conversion of
glucose to pyruvate or a three-carbon intermediate to pyruvate may be extremely valuable in
identifying the origin of altered metabolism in many types of human brain disease. In
another recent study, Miloushev et al. investigated the appearance of hyperpolarized [1-13C]
lactate from hyperpolarized [1-13C] pyruvate in brain tumors of four patients.18% In this
study, both dynamic 13C MRS and metabolic maps of [1-13C] lactate were acquired in
human brains with untreated, partly treated or recurrent tumors. High hyperpolarized [1-13C]
lactate was observed in a patient with an untreated tumor. Surprisingly, this same tumor
region showed a hypo-intense signal of 18F-FDG compared with the normal brain tissue in a
PET image. Hyperpolarized [1-13C] lactate signals were visible in the tumor regions of two
patients with recurrent glioblastoma and anaplastic oligodendroglioma as confirmed by
anatomical 1H MRI. However, the [1-13C] lactate signal intensities in the tumor areas were
indistinguishable from those of the normal brain within the same subjects. Last but not least,
low [1-13C] lactate signals were observed in the tumor of a patient with metastatic ovarian
cancer compared with the rest of the brain. The discrepancy in hyperpolarized [1-13C]
lactate appearance in different types of brain tumor highlights the complexity of using
hyperpolarized 13C MRI to measure the tissue glycolysis in this disease.

In a study not related to cancer, Cunningham and co-workers reported imaging of
hyperpolarized [1-13C] pyruvate in hearts of healthy volunteers.138 The results showed that
hyperpolarized 13C-bicarbonate and hyperpolarized-[1-13C] lactate can be imaged with good
spatial resolution (Figure 16). In this study, the authors also suggested that the
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hyperpolarized 13C-lactate signal may reflect pre-existing lactate in the heart. Perhaps the
most interesting result from this study is the 13C-bicarbonate map of the left ventricle,
demonstrating that metabolic flux through pyruvate dehydrogenase (PDH) can be imaged in
the human myocardium. Although PDH flux does not provide direct information about
glycolysis, the activity of the PDH enzyme is highly dependent on nutritional state and
cardiovascular diseases.186:187 This ground-breaking study opens new opportunities to
establish accurate imaging tools for the detection and assessment of cardiovascular
abnormalities.

LIMITATIONS OF CURRENT TECHNOLOGY

In addition to pyruvate, there are several other, promising hyperpolarized 13C probes for
metabolic imaging, but these have yet to be evaluated in patients.13% For example,
hyperpolarized 13C-glucose may be the ideal probe for measuring flux through the
glycolytic pathway and for detecting glycolytic intermediates. However, the short 7; of 13C-
glucose and its derivatives remains a major limitation in translating these probes to clinical
medicine. Meanwhile, newer probes with longer 77 values, such as hyperpolarized [2-13C]
DHAc, [1-13C]-D-glycerate and [1-13C]-D-glucono-6-lactone, have not undergone the
required optimizations and safety evaluations for use in humans yet.

The SPINIab commercial clinical polarizer was developed and optimized to polarize [13C]
pyruvic acid for clinical applications.1®8 It has an automated control subsystem for sample
analysis (quality control (QC) module) and a sterile, disposable fluid path that contains all
the necessary components (sample vial, co-axial tube, dissolution syringe, receiver vessel
with QC appendages, 0.2 um sterile assurance filter and administration syringe) required for
DNP, dissolution and subsequent QC.188 The process uses a trityl free radical polarizing
agent (electron paramagnetic agent) that precipitates in the dissolution liquid containing
pyruvic acid at pH values below 4.0, and it is removed with an in-line filter.188 The acid
solution is collected in the receiver, where it is mixed with the neutralization medium. The
receiver has a QC appendage that measures the 13C polarization, pH, residual free radical
concentration, temperature, volume and pyruvate concentration. The neutralized solution is
then transferred into a syringe and administered to a patient only after the sample has passed
all QC tests.184:188 The time required for the automatic dissolution and quality assurance
process is around 50 to 60 s. While this design works well for hyperpolarized pyruvate, it is
inadequate for the dissolution and transfer of other substrates such as 13C-labeled glucose
derivatives. Therefore, the dissolution, removal of the radical and subsequent quality
assurance must be significantly accelerated to prevent significant loss of polarization.

For human applications, the free radical polarizing agent must be removed from the
hyperpolarized solutions before injection. As discussed, SPINIab currently uses a trityl
radical that is insoluble in water at pH values below 4.0. Again, this works for pyruvic acid
DNP but it would be unsuitable for neutral substrates. However, trityl radicals can also be
removed by reversed phase silica sorbent.188 Other potential alternatives include easily
removable heterogeneous polarizing agents such as mesoporous silica with homogeneously
dispersed radicals,189.190 BDPA-doped polystyrene beads9! or thermo-responsive, spin-
labeled hydrogels.192 Another potential option is the in situ generation of free radicals by
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UV irradiation of the substrate itself, which altogether eliminates the need of using any
potentially toxic polarizing agents.193 It was demonstrated that photo-induced radicals can
be generated in high enough concentration for DNP by UV irradiation (at 365 nm) of
[1-13C] pyruvic acid at 77 K. Upon dissolution, the recombination of the radicals yielded the
non-toxic byproducts 13CO, and acetic acid.1%3 However, it remains to be seen if this
approach can be used for substrates other than pyruvate.

One of the greatest limitations of current dissolution DNP technology as it is employed in
commercially available polarizers is the batchwise design and inability to remove polarized
samples from the polarizer for storage and use at a later time. The liquid state 7; relaxation
time of 13C is largely determined by the molecular size and structure, magnetic field,
temperature, solvent and presence of paramagnetic species.’89 As discussed earlier, the 7;
can be prolonged somewhat by deuteration, which eliminates the strong dipolar relaxation
effect of IH nuclei. Nevertheless, 13C 7; values are generally less than 2 min even for
deuterated compounds,’8194 and it is unreasonable to expect that hyperpolarized
magnetization in the liquid state could be preserved for extended periods of time (several
hours) to allow for extensive purification or transport. On the other hand, the solid state 7;
values at cryogenic temperatures are several orders of magnitude longer than the liquid state
relaxation times.19° Interestingly, deuteration appears to have a 7; shortening effect in the
solid state in the presence of the free radical.196 Unfortunately, these long solid state 7;
values cannot be used to preserve the polarization because conventional DNP samples
prepared as frozen solutions containing the substrate, polarizing free radicals and glassing
agents cannot be extracted from the polarizer as frozen polarized samples without dramatic
shortening of the 13C 77 in the frozen mixture at low field, apparently due to the presence of
the free radical.1%7 Attempts have been made to overcome this problem by taking advantage
of the rapid recombination of the photo-induced radicals occurring above 190 K in pyruvic
acid.198 Warming the DNP sample above this temperature but keeping it below its melting
point (285 K) resulted in the complete annihilation of the radicals without significant decay
of the 13C polarization. The hyperpolarized, frozen pyruvic acid sample could then be
removed from the polarizer and dissolved into an injectable solution several hours later.1%8
Another interesting experimental approach for the production of transportable polarized
substrates uses TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl) benzoate
dissolved in toluene as polarizing solution.197 13C-labeled substrates were ground into a
micro-particulate powder and impregnated with the polarizing solution followed by DNP of
proton spins and 1H-13C cross polarization at 1.2 K and 6.7 T. The main advantage of this
approach is that the polarizing agent is physically separated from the substrate, thereby
creating a “trapped” hyperpolarized 13C state. This allowed the transfer of hyperpolarized
micro-powder out of the polarizer and storage in liquid helium for later dissolution.
Hyperpolarized samples stored at 4.2 K and 1 T for 16 hours showed significant decay of
13C polarization over the storage period (around 1 to 2% 13C polarization remaining) but
this could be ameliorated somewhat by storage at higher magnetic field (at 6.7 T the
polarization loss in sodium [1-13C] pyruvate was only about 40% over 16 h).197

While the liquid state 13C 7 relaxation times cannot be extended beyond a couple of
minutes, long lived singlet spin states offer an intriguing possibility to store the liquid state
polarization for longer periods.19%-205 The lifetime for the singlet configuration of strongly
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coupled %2 spins in a molecule can be significantly longer, often by an order of magnitude,
than the 77 relaxation time because it is not affected by intra-pair dipole-dipole relaxation.
201-204 para-hydrogen is a classic example of an extremely long lived singlet state. The
coupled spins must be magnetically equivalent, as in para-hydrogen (disconnected
eigenstate), or nearly equivalent, as are the 13C spins in [1,2-13C,] pyruvate in earth’s
magnetic field (pseudo-eigenstate).201204 |_ongitudinal magnetization can be converted into
a singlet spin state with specific pulse sequences or by low field manipulations using a mu-
shield.201,204,206 gjnglet spin states are NMR silent, but the NMR signal can be detected by
allowing the spins to freely evolve in a high magnetic field for pseudo-eigenstate systems or
by breaking the symmetry by a chemical reaction.2%4 At this point, however, this approach is
still in the early developmental stage for in vivo applications, and it is not practical for
routine metabolic imaging.201

For successful in vivo imaging, rapid delivery of the hyperpolarized substrate to the target
site is necessary. This is normally not a problem for well perfused organs, with the important
exception of the brain, where transport across the blood-brain barrier can restrict delivery.
Preferential uptake of hyperpolarized ethyl [I-13C]-pyruvate in brain compared with
pyruvate has been demonstrated,2%7 and the use of ester derivatives was suggested as a
general strategy to facilitate rapid transport across the blood-brain barrier.207 It is worth
noting that esterification may also enable cellular uptake of di- and poly-carboxylic acids
such as succinate that are not transported by monocarboxylate transporters.208

CONCLUSION

In conclusion, a collection of recent literature over the past decade has demonstrated the
feasibility of characterizing tissue glycolysis with hyperpolarized 13C MR. Despite several
reports of hyperpolarized 13C probes that show promise for imaging glycolysis in vivo,
pyruvate is the only probe that has been successfully tested in humans. The other 13C-
enriched glycolytic intermediates and substrates have not been evaluated in patients yet. As
discussed previously, the five pioneering clinical studies of hyperpolarized 13C MRI mainly
focused on the practicality of translating this technology to the clinic.136.182-185 po|arization
and delivery of human-dose quantities of hyperpolarized-[1-13C] pyruvate were optimized
and any potential acute adverse effects were monitored in patients after the administration of
hyperpolarized [1-13C] pyruvate followed by 13C MRI acquisitions. The fate and tissue
distribution of the hyperpolarized 13C-metabolites derived from pyruvate were studied and
mapped by 13C-specific imaging sequences. However, a direct readout of glycolysis in
tissues of interest, i.e. prostate tumors and viable myocardium, has not been established.
This is mainly because pyruvate is the end-product of glycolysis and therefore cannot be
used to probe specific steps in the glycolytic pathway. Nonetheless, the human studies with
hyperpolarized pyruvate have demonstrated that it is possible to safely translate this
hyperpolarization technology to patients. It seems inevitable that metabolic imaging with
hyperpolarized pyruvate will be applied to other malignancies such as breast cancer and liver
cancer as well as to cardiac, renal and hepatic metabolic abnormalities, because this could be
done without major changes in the current technology. The clinical translation of other
hyperpolarized 13C probes suitable for probing flux through specific steps of glycolysis
would require the redesign of the SPINIab clinical polarizer to accommodate agents with
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shorter 7; values. Hopefully, some of these agents, such as hyperpolarized glucose, fructose
or dihydroxyacetone, will be evaluated in humans over the next few years, allowing the real-
time imaging of this important pathway in many metabolic diseases.
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TCA tricarboxylic acid
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FIGURE 1.

Glycolysis and major steps in glucose metabolism. Metabolic reactions are shown in grey
boxes, glycolysis associated pathways in blue-shaded boxes, and enzymes in teal-shaded
boxes with those predominant in cancer cells highlighted in yellow. Sites regulated by the
tumor suppressor protein p53are indicated with red lines. 1,3BPG, 1,3-bisphosphoglycerate;
2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; a-KG, a-ketoglutarate; AcCoA,
acetyl-CoA; ALDO, aldolase; DHACP, dihydroxyacetone phosphate; ENO, enolase; F1,6BP,
fructose 1,6-bisphosphate; F2,6BP, fructose 2,6-bisphosphate; F6P, fructose 6-phosphate;
FAS, fatty acid synthase; G6P, glucose 6-phosphate; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GCK, glucokinase; GLUT, glucose transporter; glycerol-3P, glycerol 3-
phosphate; GPI, glucose 6-phosphate isomerase; HK, hexokinase; OAA, oxaloacetate; p53,
cellular tumor antigen 7P53, PFK1, phosphofructokinase 1; PFKFB, 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase; PGAM1, phosphoglycerate mutase 1; PGK1,
phosphoglycerate kinase 1; PK, pyruvate kinase; TPI, triosephosphate isomerase
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FIGURE 2.
An example of 18F-FDG-PET. A whole-body 18F-FDG study of a patient with metastases

from colon cancer (left, projection; right, three representative transaxial slices). The PET
scan began 40 min after injection of 370 MBq of 18F-FDG. (Reproduced with permission
from Reference 41)
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FIGURE 3.
13C MR spectra of the tumor region of a patient with high grade glioma after administration

of [1-13C]-D-glucose (left). The 'H MR images (right) show the position of the two voxels
(size 50 cm3) used for the 13C MRS. Voxel 1 is positioned in healthy cerebellum while
Voxel 2 covers the tumor (white arrow) as well as some normal brain tissue (black arrow).
The hyperintense areas are fluid filled. (Reproduced with permission from Reference 59)
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FIGURE 4.
2H decoupled 13C DNP NMR spectrum of hyperpolarized [U-13Cg, U-2H-]- D-glucose in

D,0 at 9.4 T. The hyperpolarized spectrum (red) was recorded using a single scan with a 9°
flip angle while the thermally polarized spectrum was acquired in 16 scans with a 45° flip
angle after the decay of hyperpolarized magnetization. The spectra show the 13C carbons of
the a and B anomers as multiplets due to 13C homonuclear J;, couplings. (Reproduced with
permission from Reference 62)
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yruvate-C1

FIGURE 5.
Time evolution of the carbonyl 13C signals of metabolites observed in cell suspensions of S.

cerevisiae fed with 4 mM hyperpolarized [U-13Cg, U-2H]-D-glucose. The spectra were
recorded using a 6° flip angle with 500 ms temporal resolution at 14.1 T and 30 °C. The
aliphatic region is not shown. (Reproduced with permission from Reference 61)
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FIGURE 6.
Time evolution of the 13C signals of various metabolites of hyperpolarized [U-13Cg, U-2H/]-

D-glucose in S. cerevisiae and E. coli. (Reproduced with permission from Reference 60)
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FIGURE 7.

A, B, Metabolism of hyperpolarized [U-13Cg, U-2H;]-D-glucose (A) and hyperpolarized
[3,4-13C5, 2,3,4,6,6-2Hs]-D-glucose (B) in the mouse brain. C, The 13C signal of C1 lactate
appeared as a doublet when [U-13Cg, U-2H;]-D-glucose was used (black) and as a more
intense singlet when [3,4-13C,, 2,3,4,6,6-2Hs]-D-glucose was used (red). (Reproduced with
permission from Reference 103)
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FIGURE 8.
Metabolism of hyperpolarized [U-13Cg, U-2H]-D-glucose in MCF7 human breast cancer

cells and PC3 human prostate cancer cell over 50 s with a 2 s time resolution. The observed
signals were assigned to the C2 of DHACP (212.6 ppm), C2 of pyruvate (206 ppm), C1 of
lactate (183.5 ppm), C1 of 6-phosphogluconate (179.8 ppm), C1 of 6-
phosphogluconolactone (177 ppm), C1 of pyruvate (171.6 ppm) and bicarbonate (161.4
ppm). (Reproduced with permission from Reference 122)
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FIGURE 9.
A, Representative 13C MR spectra recorded at 7 T in subcutaneous EL4 and LL2 tumors,

normal brain, heart and liver, and kidneys 15 s after injection of hyperpolarized [U-13Cg,
U-2H5]-D-glucose (350 L, 100 mM) into a tumor bearing mouse. B, Representative 13C
chemical shift images recorded 15 s after i.v. injection of hyperpolarized [U-13Cg, U-2H5]-
D-glucose (400 pL, 200 mM) into an EL4 tumor bearing mouse. The location of the tumor is
marked in white in the H MR image. (Reproduced with permission from Reference 63)
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FIGURE 10.
Various upstream and downstream metabolites of hyperpolarized [2-13C] DHAc detected by

13C NMR at 9.4 T in isolated, perfused mouse livers in gluconeogenic A, versus
glycogenolytic state B,. The spectra represent a sum of 35 scans (3 s repetition time)
acquired with 30° pulses after the injection of hyperpolarized [2-13C] DHAc. (Reproduced
with permission from Reference 125)
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FIGURE 11.

The hyperpolarized 13C label in [1-13C] pyruvate rapidly exchanges into a preexisting lactate
pool. The C1 13C signal of lactate first increases as the label is transferred from pyruvate and
then decreases due to 7; decay of the hyperpolarized magnetization. The & and 4| rate
constants as well as the 7; values can be calculated by fitting the C1 13C signal intensities of
pyruvate and lactate to the modified Bloch equations written for a two-site exchange.
(Reproduced with permission from Reference 148)
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FIGURE 12.
Comparison of [1-13C] pyruvate DNP-MRS and 18F-FDG PET in a murine lymphoma

model. The tumor margins are marked with a white line. A, Spatial distribution of injected
hyperpolarized [1-13C] pyruvate before and 24 h after treatment with etoposide. The MR
images were acquired from the same animal. Normalized 13C chemical shift images of
[1-13C] pyruvate distribution are overlaid on gray-scale 1H MR images. B, Spatial
distribution of hyperpolarized [1-13C] lactate after the injection of hyperpolarized
[1-13C]pyruvate. C, PET images acquired between 80 and 90 min after injection of 7 MBq
of 18F-FDG. Images were acquired before and after treatment, and the PET images have
been overlaid on gray-scale CT images. The MRI and PET experiments were performed
using different animals. (Reproduced with permission from Reference 143)
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FIGURE 13.
A, T1-weighted, Gd-enhanced H MR image of a canine neck squamous cell carcinoma

tumor, marked with a red line. B, C, 18F-FDG-PET image shows variable 18F-FDG uptake
in the tumor (B) that does not correspond to regions of high lactate production seen in the
13C MR image (C). (Reproduced with permission from Reference 154)
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FIGURE 14.
Time evolution of the hyperpolarized signal of [1-13C] glycerate (O), [1-13C] lactate (A) and

[1-13C] pyruvate (+) in the liver of fasted and fed rats injected with hyperpolarized [1-13C]
glycerate (1 mmol/kg dose). The data were collected at 3 T with a custom-built 13C transmit/
receive surface coil (diameter = 28 mm) placed over the liver. (Reproduced with permission
from Reference 168)
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FIGURE 15.
A plot of 13C NMR spectra collected on an isolated mouse liver after perfusion with

hyperpolarized [1-13C]-D-glucono-8-lactone (4 mM) and octanoate (0.4 mM). The 13C
spectra were collected every 5 s using a 66° pulse at 9.4 T. (Reproduced with permission
from Reference 172)
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FIGURE 16.
A, Hyperpolarized 13C MRSI of a prostate tumor in a human patient. The top images show

the 75-weighted MRI of the prostate. 13C spectra arrays of the voxels indicated in the above
1H image show intense lactate signal in the tumor areas. 13C lactate/pyruvate ratio maps
overlaid on a 'H image and an ADC (apparent diffusion coefficient) image are shown in the
bottom panel. B, Hyperpolarized 13C MRSI of a patient with brain tumor showing the
lactate peaks in a tumor and normal appearing brain regions. C, Hyperpolarized3C signal
intensity maps of [1-13C] pyruvate, [13C] bicarbonate, and [1-13C] lactate of the heart from a
healthy volunteer. Adapted from References 136, 183, 184, and with permission
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13C-labeled metabolic probes used to monitor glycolysis by hyperpolarized 13C MRS/MRI.
The position of the 13C label is highlighted in red
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