1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
NMR Biomed. 2014 March ; 27(3): 356-362. doi:10.1002/nbm.3071.

Hyperpolarized [1,4-13C]-Diethylsuccinate: A Potential DNP
Substrate for In Vivo Metabolic Imaging

Kelvin L. Billingsley®”, Sonal JosanP¢, Jae Mo ParkP, Sui Seng TeeP, Eleanor Spielman-
Sund, Ralph Hurd®, Dirk Mayerf, and Daniel Spielman®9

aSan Francisco State University, Department of Chemistry and Biochemistry, San Francisco, CA,
94132

bStanford University, Department of Radiology, Stanford, CA 94305
¢SRI International, Neuroscience Program, Menlo Park, CA 94025
dOberlin College, Department of Chemistry, Oberlin, OH, 44074

eGE Healthcare, Applied Sciences Laboratory, Menlo Park, CA 94025

fUniversity of Maryland-Baltimore, Department of Diagnostic Radiology and Nuclear Medicine,
Baltimore, MD, 21201

9Stanford University, Department of Electrical Engineering, Stanford, CA 94305

Abstract

The tricarboxylic acid cycle (TCA) performs an essential role in the regulation of energy and
metabolism, and deficiencies in this pathway are commonly correlated with various diseases.
However, the development of non-invasive techniques for the assessment of the cycle in vivo has
remained challenging. In this work, the applicability of a novel imaging agent, [1,4-13C]-
diethylsuccinate, for hyperpolarized 13C metabolic imaging of the TCA cycle was explored. In
Vivo spectroscopic studies were conducted in conjunction with in vitro analyses to determine the
metabolic fate of the imaging agent. Contrary to previous reports (Zacharias, N. M. et. al. J. Am.
Chem. Soc. 2012, 134, 934-943), [13C]-labeled diethylsuccinate was primarily metabolized to
succinate-derived products not originating from TCA cycle metabolism. These results illustrate
potential issues of utilizing dialkyl ester analogs of TCA cycle intermediates as molecular probes
for hyperpolarized 13C metabolic imaging.
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Introduction

Hyperpolarized 13C magnetic resonance spectroscopy (MRS) has shown considerable
potential for disease diagnosis and treatment (1-10). This technique provides a complement
to conventional metabolomic methods, adding real time dynamics at high spatial resolution.
A key component of this emergent field is the development of novel molecular probes that
can distinctly faster monitor these pathways. The tricarboxylic acid (TCA) cycle, in
particular, has received significant attention as it plays a central role in cellular metabolism
for the production of energy, and misregulation of the TCA cycle has increasingly been
correlated with numerous diseases (11). For example, mutations in succinate dehydrogenase,
fumarate hydratase, and isocitrate dehydrogenase are well-documented in tumorigenesis
(12), and TCA cycle enzymes have been utilized as key biomarkers in cancer diagnosis
(13-14). Furthermore, prolonged alterations in TCA cycle metabolism can result in
deleterious modifications to mitochondrial energy production, which has been causally
implicated in the progression of various neurological disorders (15-17).

Several strategies have been proposed for monitoring the efficiency of the TCA cycle via
hyperpolarized 13C metabolic imaging. The most prominent method is the application of
hyperpolarized [13C]-pyruvate, which has typically been employed as an indirect marker of
the pathway (Figure 1A). [1-13C]-pyruvate is converted to acetyl-CoA, which can enter the
cycle, and [13C]-bicarbonate via pyruvate dehydrogenase (18-23). Although the detection of
[13C]-bicarbonate indicates flux into acetyl-CoA, this strategy does not provide any
information pertaining to the TCA cycle and its intermediates. Alternatively, hyperpolarized
[2-13C]-pyruvate, which forms [1-13C]-acetyl-CoA and subsequently integrates the label
into TCA cycle intermediates, has been employed (24-25). However with the exception of
citrate, only metabolites not on the TCA pathway (i.e. [5-13C]-glutamate (24-26) and
[1-13C]-acetylcarnitine (27)) are regularly observed due in part to the relative rate of
consumption of [2-13C]-pyruvate by alternative pathways. Although [13C]-pyruvate is
metabolized by the TCA cycle, these probes have not been able to directly evaluate the
catalytic activity of specific enzymes in the pathway.

Ongoing efforts are focused on the development of novel small molecule agents for
monitoring TCA cycle metabolism that overcome the limitations associated with [13C]-
pyruvate. For example, [13C]-labeled fumarate or succinate offers the advantage that they
are primarily metabolized by the TCA cycle, whereas [13C]-pyruvate can be diverted to
several pathways (e.g. gluconeogenesis and fatty acid biosynthesis). Though both [13C]-
labeled fumarate (28-29) and succinate (30-31) derivatives have been successfully
hyperpolarized, neither substrate is transported into the cytosol and mitochondria at a
sufficient rate for evaluation within the 1-2 min T4-limited time constraint of in vivo
hyperpolarized 13C experiments. Hence, the utility of these agents, particularly fumarate
(28-29), has been limited to assessing cell necrosis in which disruption of the cellular
membranes allows TCA-cycle enzymes to leak into the extracellular space.

A recent method was reported for the direct monitoring of TCA cycle metabolism via
hyperpolarized 13C MRS in vivo. This process relied upon the use of a new molecular probe,
[1-13C, 2,3-dy]-diethylsuccinate, which was prepared via parahydrogen-induced polarization
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(PHIP) from the corresponding [1-13C, 2,3-d,]-diethylfumarate (32). Diethylsuccinate
(DES), thought to be easily transported across biological membranes, can then be converted
in vivo to succinate (via monoethylsuccinate (MES) as an intermediate) by endogenous
esterases (Figure 1B) (33-36). Upon entry into the mitochondria, succinate can then be
metabolized by the TCA cycle and provide an analysis of the metabolic state in the
intracellular environment. Importantly, this recent report utilizing PHIP hyperpolarized
[1-13C, 2,3-dy]-diethylsuccinate was the first to suggest that various late-stage TCA cycle
intermediates (e.g. fumarate and malate) could be monitored in vivo. Furthermore, aspartate,
which plays a key role in the regulation of redox state in the mitchondria (37), was also
detected. The PHIP method achieved a 2.1% + 0.6% of hyperpolarized [1-13C, 2,3-d,]-
diethylsuccinate, and spectra were obtained from whole body of mice after either i.v. or i.p.
injection of 20 mM substrate.

Dynamic Nuclear Polarization (DNP), which is widely employed for in vivo studies (38),
also allows for substantial enhancement of nuclear polarization leading to improved
detection limits for in vivo imaging and novel information concerning metabolic pathways.
In this work, we explore the synthesis, development and application of [1,4-13C]-
diethylsuccinate ([13C]-DES) as a DNP substrate for hyperpolarized 13C metabolic imaging
of the TCA cycle. These studies, which are the first to examine DES as a DNP agent,
resulted in a reexamination of the in vivo metabolic fate of [13C]-labeled DES imaging
agents.

Experimental Details

General

All reagents were purchased from Aldrich Chemical Co. unless otherwise noted and used
without further purification.

Synthesis of [1,4-13C]-Diethylsuccinate

[13C]-DES was prepared by the following procedure: In an oven-dried 100 mL round-
bottom flask equipped with magnetic stir bar, 425 mg (3.54 mmol) of [1,4-13C]-succinic
acid (99% 1,4-13C, CLM-1084, Cambridge Isotopes, Andover, MA) was added. After the
addition of anhydrous ethanol (35 mL), 1.8 mL (1.54 g, 14.2 mmol) of trimethylsilyl
chloride was added dropwise via syringe over the course of two minutes. The reaction was
allowed to stir at room temperature. After 5 h, the reaction was quenched with 10 mL of
saturated sodium bicarbonate solution. Additional bicarbonate was removed via filtration,
and ethanol was removed under vacuum. The desired product was extracted from the
aqueous solution with 4 x 8 mL of dichloromethane. Organic layers were combined, dried
over anhydrous sodium sulfate, and filtered; the solvent was removed by evaporation and
480 mg (77% yield) of pure product was isolated as a colorless oil. 1H NMR (CDCl3, 500
MHz) & 4.15(q, J=7 Hz, 4H, -OCH>-), 2.60 (s, 4H, -C(O)CH>-), 1.12 (t, J= 7 Hz, 6H, -
CHs) ppm; 13C NMR (CDCl3, 125 MHz) § 172.4 (-C(O)-), 60.8 (-OCH>-), 29.1 (-
C(O)CHy-), 14.1 (-CH3) ppm.
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Synthesis of [1,4-13C]-Monoethylsuccinate

In order to reference [13C]-MES, a sample containing [13C]-succinate, [13C]-MES, and
[13C]-DES was prepared by the following procedure: In an oven-dried 100 mL round-
bottom flask equipped with magnetic stir bar, 100 mg (0.83 mmol) of [1,4-13C]-succinic
acid was added. After the addition of anhydrous ethanol (5 mL), 0.106 mL (90.5 mg, 0.83
mmol) of trimethylsilyl chloride was added dropwise via syringe over the course of one
minute. The reaction was allowed to stir at room temperature. After 30 min, the reaction was
quenched with 2 mL of saturated sodium bicarbonate solution. Additional bicarbonate was
removed via filtration, and ethanol was removed under vacuum. The desired product was
extracted from the aqueous solution with 4 x 4 mL of dichloromethane. Organic layers were
combined, dried over anhydrous sodium sulfate, and filtered; the solvent was removed by
evaporation to yield a sample with 2:3:6 ratio of [13C]-succinate:[13C]-DES:[13C]-MES as
determined by 1H-NMR (D,0).

Dynamic Nuclear Polarization of [1,4-13C]-Diethylsuccinate

The samples to be polarized consisted of 40 pL of a mixture of [13C]-DES (6 M, neat) and
20-mM a,y-Bisdiphenylene-p-phenylallyl (BDPA) radical. The samples were polarized via
dynamic nuclear polarization using a HyperSense system (Oxford Instruments Molecular
Biotools, Oxford, UK). The polarized samples were dissolved in a solution of 40-mM TRIS
buffer, 50-mM NaCl and 0.1 g/L EDTA-Nay, leading to an 80-mM solution of the
hyperpolarized substrate with a pH of approximately 7.5.

In Vivo Experiments

Healthy male Wistar rats (393 + 48 g body weight, n = 3) were injected with 2.6-3.2 mL of
the hyperpolarized solution (target dose = 1 mmol/kg body weight) through a tail vein
catheter at a rate of approximately 0.25 mL/s. The time from dissolution to start of injection
was approximately 20 s.

The rats were anesthetized initially with 2.5% isoflurane in oxygen (1.5 L/min) for tail vein
catheterization. Respiration, rectal temperature, heart rate and oxygen saturation were
monitored throughout the experiments with temperature regulated using a warm water
blanket placed underneath the animals. Each animal received two injections of the
hyperpolarized substrate, approximately 1.5 - 2 h apart. All animal procedures were
approved by the SRI Institutional Animal Care and Use Committee.

All experiments were performed on a clinical 3T Signa MR scanner (GE Healthcare,
Waukesha, WI), using a custom-built 13C transmit/receive surface coil (dia = 28 mm) placed
over the heart with rat supine. A quadrature volume rat *H coil (diameter = 70 mm) was
used for anatomical localization and to confirm the position of the 13C coil with respect to
the heart. Single-shot fast spin-echo (FSE) *H MR images in the axial, sagittal and coronal
planes with nominal in-plane resolution of 0.47 mm and 2-mm slice thickness were acquired
as anatomical references for prescribing the 13C MRS experiments. A non-selective pulse-
and-acquire sequence with an excitation flip angle of 6°, spectral width of 5 kHz and 2048
points was used to acquire 13C spectra from the heart every 3 s over a 4-min period starting
at the same time as the [13C]-DES injection.
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In Vitro Experiments

In vitro experiments were performed in order to facilitate the identification of the
metabolites observed from [13C]-DES in vivo experiments. These experiments include
exposure of [13C]-DES to:

1. Pig Liver Esterase. [13C]-DES (10 mM) was incubated at 37 °C with pig liver
esterase (7.5 Units/mL) in RPMI media supplemented with 10% fetal bovine serum
and 5% penicillin-streptomycin. Pig liver esterase has been previously shown to
selectively cleave a single ester of DES (39). After 5 min, the solution was then
analyzed via 13C-NMR on an 11.7 T instrument to determine the product
distribution.

2. Rat blood. Blood draws were performed from healthy male Wistar rats via tail vein
catheter. The freshly drawn blood (1 mL) was immediately dosed with [13C]-DES
(100 mM) and the solution was incubated at 37 °C. At various times points (1, 5, 20
and 60 min), a 0.25 mL aliquot of the solution was removed, and the sample was
quenched with methanol (0.25 mL). Each sample was then analyzed via 13C-NMR
on an 11.7 T instrument to determine the metabolic fate of [13C]-DES.

3. Homogenates of Rat Heart. Rat hearts were obtained from male Wistar rats and
samples were maintained at -80 °C. Samples were thawed, homogenized in buffer
(210 mM mannitol, 70 mM sucrose, 5 mM MOPS and 1 mM EDTA in D,0), and
centrifuged at 30009 to obtain desired homogenates. These homogenates were
dosed with [13C]-DES (10 mM) and incubated at 37 °C for 5 min. These samples
were analyzed at various time points (5, 20, 60 and 300 min) via 13C-NMR on an
11.7 T instrument to determine the product distribution.

Results and Discussion

[13C]-DES was successfully formulated for dynamic nuclear polarization through the
addition of 20 mM BDPA to 6 M [13C]-DES (neat). The solid-state polarization build-up
time constant was 1517 £ 91 s (n = 8) with a liquid-state polarization level of 5.5% (Figure
2). The T; (13C-labeled carbonyls) was found to be 37.9 s in solution at 3 T. No observable
toxicity (pulse or respiration) was detected upon i.v. administration of a TRIS-buffered
solution containing up to 80 mM [13C]-DES. In addition, no detectable ester hydrolysis of
[13C]-DES to yield [1,4-13C]-monoethylsuccinate ([13C]-MES) or [1,4-13C]-succinate was
observed when [13C]-DES was exposed to the dissolution conditions (40-mM TRIS buffer,
50-mM NaCl and 0.1 g/L EDTA-Nay, pH = 7.5) for a period of up to 20 min. Furthermore,
no hydrolysis was observed during the dissolution process, which requires superheating the
frozen sample (see supporting information).

Figure 3 displays a representative (A) spectrum and (B) time-resolved stackplot obtained
from a rat heart after i.v. administration of hyperpolarized [*3C]-DES. In these experiments,
a bolus injection of 80 mM [13C]-DES was performed, and the substrate was observed at
176.4 ppm along with three other distinct signals at 182.5, 177.6, and 172.7 ppm. Lower
substrate concentration (40 mM) did not significantly affect metabolites observed or the
relative quantities detected. Importantly, our spectra closely resembled the previously
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observed product distribution found in the report by Zacharias et. al. on PHIP-mediated
hyperpolarization of [1-13C, 2,3-d,]-diethylsuccinate (32). The PHIP study of DES did,
however, consistently detect a minor signal at 175.2 ppm, which is not observed in our
experiments and was indicated to be fumarate. The previous work assigned the three major
signals at 182.5, 177.6, and 172.7 ppm to succinate, malate and aspartate, respectively.
Despite the overall similarity of the spectra, we found several inconsistencies with the
previous report's assignments: (1) the chemical shifts found in the metabolite reference data
did not agree with the assigned spectra (32) and (2) a single resonance was attributed to
asymmetric compounds (i.e. malate and aspartate) that should display two resolvable signals
due to scrambling of the 13C label between the C1 and C4 positions (40). Given these issues,
we sought to reexamine the fate of [3C]-DES in vivo and conduct a thorough study to
determine the metabolite distribution.

In order to evaluate whether the metabolites observed in vivo correspond to products of
esterase cleavage (i.e.[}3C]-MES and/or [1,4-13C]-succinate), a reference standard was
prepared with a mixture of these products. A sample containing a 2:3:6 ratio of
succinate:DES:MES was prepared through treating [1,4-13C]-succinate with 1.0 equivalent
of trimethylsilyl chloride in ethanol at room temperature (Figure 4). The ratio of metabolites
was determined through analysis of the 1H-NMR of the sample. This standard was then used
to reference the MES and succinate carbonyl shifts via 13C-NMR on an 11.7 T NMR
instrument. Both [1,4-13C]-succinate (183.7 ppm ) and [13C]-DES (176.4 ppm) yield a
single resonance as they are symmetric molecules. It was discovered that peaks 182.5 and
177.6 ppm correspond to [13C]-MES and do not originate from metabolism via the TCA
cycle (Figure 3B). Based upon the difference in chemical shifts, [1,4-13C]-succinate should
be resolvable in vivo from the signal corresponding to [4-13C]-MES, so we conclude that
[1,4-13C]-succinate is not forming in detectable quantities during the time frame of the in
Vivo experiment.

DES was developed as agent for hyperpolarized 13C metabolic imaging because it was
hypothesized to cross biological membranes more readily than the parent compound.
However, given that esterases are known to be present in the blood (41), we sought to
examine whether cleavage of [13C]-DES to [*3C]-MES could occur extracellularly prior to
entry into the cytosol or mitochondria. In order to initially confirm that [13C]-DES was a
substrate for esterases, the substrate was incubated with pig liver esterase. As anticipated,
[13C]-MES was cleanly formed and two signals (182.5 and 177.6 ppm) were observed.
Next, [13C]-DES was added to a freshly drawn rat blood sample, and [13C]-MES was again
rapidly formed in the first 5 min (Figure 5). No signal corresponding to the unknown
compound (172.7 ppm) was detected under these conditions.

In order to determine the identity of this unknown metabolite, we sought to generate, isolate
and characterize the species via in vitro methods. [}3C]-DES was incubated with
homogenates of rat heart tissue. In all trials, conversion to [13C]-MES was observed.
However, only trace levels of the unknown metabolite at 172.7 ppm were detected, and
unfortunately, the product could not be successfully characterized via this process.
Furthermore, prostate cancer cells (PC-3) were dosed with [13C]-DES (10 mM), but no
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metabolic product corresponding to the signal at 172.7 ppm was observed (see supporting
information).

In order to assign the unknown signal, a series of succinate-derived compounds were
referenced and compared with previously published TCA cycle metabolites (Table 1). As
described above, the signal at 172.7 ppm did not coincide with any intermediate of the TCA
cycle. The chemical shifts of aspartate and glutamate, which are products typically formed
from TCA cycle intermediates, were also not consistent with the unknown metabolite.
However, based upon this analysis, the unknown species in the in vivo spectra was
tentatively assigned to [1,4-13C]-succinic anhydride. This assignment was in agreement with
the fact that only a single resonance is observed, which would be expected from a
symmetrical molecule like [1,4-13C]-succinic anhydride. In addition, [1,4-13C]-succinic
anhydride maintains the carbon skeleton of [13C]-DES without performing any C-C bond
cleavage steps, which in the TCA cycle would be associated with the loss and subsequent
observation of [13C]-CO, at 125 ppm, which is in fast exchange with [13C]-bicarbonate at
161 ppm. Neither resonance was observed in the in vivo experiment.

Succinate would be expected to have a relatively slow rate of dehydration under normal
physiological conditions (42-43): therefore, it is unlikely that [1,4-13C]-succinate converts to
[1,4-13C]-succinic anhydride. However, monoesters of succinate have been shown to be
unstable due to the close proximity of the neighboring carboxyl group (44), which results in
the formation of the corresponding anhydrides. Upon formation, [1,4-13C]-succinic
anhydride should slowly hydrolyze to furnish [1,4-13C]-succinate, which may then be
metabolized by the TCA cycle but is not observed at detectable levels in our experiments.
Further, although studies with hyperpolarized [1,4-13C]-succinate anhydride were attempted,
immediate hydrolysis of the substrate to yield [1,4-13C]-succinate was observed under
standard dissolution conditions.

Conclusions

Although the diester analog, [13C]-DES, of [13C]-succinate is more adept at crossing cellular
membranes, the substrate is not successfully metabolized by the TCA cycle. [13C]-DES is
initially metabolized to [13C]-MES via endogenous esterases, which may occur in the blood
rather than the intracellular environment. Further metabolism of the substrate leads to
formation of [1,4-13C]-succinic anhydride. Contrary to previous reports of PHIP
hyperpolarized [13C]-labeled DES, TCA cycle-derived metabolites (succinate, malate and
aspartate) were not observed. However, the previous work was able to detect [13C]-labeled
fumarate in vivo. Ongoing research efforts are directed towards the development of novel
agents that have the ability to monitor in vivo TCA cycle metabolism and, in turn, address
the current limitations in this field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Overview of compounds related to the TCA cycle that are generally detected when employing hyperpolarized [1-13C]- or
[2-13C]-pyruvate. (B) Strategy for probing TCA cycle metabolism. DNP substrate, [13C]-DES, enters intracellular environment
and is converted into TCA cycle intermediate.

NMR Biomed. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 12

Billingsley et al.

12- 8-

— A —
T s T

= o
% & s 4

& >
- 34 - 2-
ul L ] L L] c
0 1500 3000 4500 0

(A) Polarization buildup curves (3.35 T, 1.4 K) of [13C]-DES doped with 20 mM BDPA taken at P(+) = 94.116 GHz. (B)

time [sec]

Figure 2.

120 180
time [sec]

Liquid-state T1 decay (3 T, 298 K) of [13C]-DES samples with 20 mM BDPA (T; = 38 s).
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Figure3.

(A) Representative time-averaged spectra from 6 - 45 s obtained from heart beginning at the administration of 80 mM [13C]-
DES. (B) Representative stackplot of spectra obtained from heart at 3 s intervals beginning at the administration of 80 mM

[13C]-DES.
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Figure4.
Synthesis of reference sample containing succinate, DES and MES. 13C-NMR spectrum displays the relative chemical shift of

these compounds.
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Figure5.
Exposure of [13C]-DES to rat blood. Representative spectrum (20 min) shown to display the conversion to [13C]-MES via

endogenous esterases.
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Table 1

Chemical shifts of TCA cycle intermediates, commonly observed metabolies and succinate-based compounds.

compound position  pH  13C shift
succinate Cl 74 1g372
citrate C6 7.4 182.5b

monoethylsuccinate Cc4 7.4 182.32

glutamate C5 74 1g18C
malate C4 73 1816P
isocitrate C1C5 70 1g14b
isocitrate Cé 70  1g0.7b
malate Cl 73 1804b
citrate C1C5 74  q797b
aspartate C4 74 1785C

monoethylsuccinate Cl 74 17762

diethylsuccinate Cl 74 17642
aspartate C1 74 1753C
fumarate Cl 74 17502
glutamate C1 74 1751C

succinic anhydride C1 74 17082

aMeasurements conducted in 100 mM sodium bicarbonate buffer (ionic strength = 0.1) at pH = 7.4 and temperature = 23 °C.
bRef. 32 (temperature = 23 °C).

c . .
UT-Southwestern Advanced Imaging Research Center (AICR) metabolite database.
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