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Hyperpolarized [1-13C]Dehydroascorbate MR Spectroscopy in a
Murine Model of Prostate Cancer: Comparison with 8F-FDG PET

Kayvan R. Keshari, Victor Sai, Zhen J. Wang, Henry F. VanBrocklin, John Kurhanewicz,
and David M. Wilson
Department of Radiology and Biomedical Imaging, University of California San Francisco, San
Francisco, California

Abstract

Reduction and oxidation (redox) chemistry is increasingly implicated in cancer pathogenesis. To
interrogate the redox status of prostate tumors noninvasively, we developed hyperpolarized
[1-13C]dehydroascorbate (13C-DHA), the oxidized form of vitamin C, as an MR probe. In a model
of transgenic adenocarcinoma of the mouse prostate (TRAMP), increased reduction of
hyperpolarized 13C-DHA to vitamin C was observed in tumor, as compared with normal prostate
and surrounding benign tissue. We hypothesized that this difference was due to higher
concentrations of glutathione and increased transport of hyperpolarized 13C-DHA via the glucose
transporters (GLUT1, GLUT3, and GLUT4) in TRAMP tumor. To test these hypotheses,
hyperpolarized 13C-DHA MR spectroscopy (MRS) and 18F-FDG PET were applied as
complementary technologies in the TRAMP model.

Methods—Late-stage TRAMP tumors (>4 cm?3) were studied at similar time points (MR studies
conducted < 24 h after PET) in fasting mice by 18F-FDG PET and hyperpolarized 13C-DHA MR
imaging on a small-animal PET/CT scanner and a 1H/3C 3-T MR scanner. PET data were
processed using open-source AMIDE software to compare the standardized uptake values of
tumor with those of surrounding muscle, and 3C-DHA MRS data were processed using custom
software to compare the metabolite ratios (vitamin C/[vitamin C + 13C-DHAY]). After in vivo
studies, the tumor glutathione concentrations were determined using a spectrophotometric assay,
and thiol staining was performed using mercury orange. Real-time polymerase chain reaction was
used to evaluate the relevant transporters GLUT1, GLUT3, and GLUT4 and vitamin C
transporters SVCT1 and SVCT2. GLUT1 was also evaluated by immunohistochemistry.

Results—The average metabolite ratio was 0.28 £ 0.02 in TRAMP tumor, versus 0.11 £+ 0.02 in
surrounding benign tissue (/7= 4), representing a 2.5-fold difference. The corresponding tumor-to-
nontumor 18F-FDG uptake ratio was 3.0. The total glutathione was 5.1 + 0.4 mM in tumor and 1.0
+ 0.2 mM in normal prostate, whereas reduced glutathione was 2.0 + 0.3 mM and 0.8 + 0.3 mM,
respectively, corresponding to a 2.5-fold difference. In TRAMP tumor, mercury orange staining
demonstrated increased thiols. Real-time polymerase chain reaction showed no significant
difference in GLUT1 messenger RNA between TRAMP tumor and normal prostate, with
immunohistochemistry (anti-GLUT1) also showing comparable staining.

Conclusion—Both hyperpolarized 13C-DHA and 18F-FDG provide similar tumor contrast in the
TRAMP model. Our findings suggest that the mechanism of in vivo hyperpolarized 13C-DHA
reduction and the resulting tumor contrast correlates most strongly with glutathione concentration.
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In the TRAMP model, GLUTL is not significantly upregulated and is unlikely to account for the
contrast obtained using hyperpolarized 13C-DHA or 18F-FDG.

Keywords
hyperpolarized; ascorbate; redox; positron emission tomography; FDG

Prostate cancer is the second most common cancer occurring among American men,
resulting in an estimated 33,720 deaths in 2011 (1). Radiation therapy, with or without
concomitant hormonal therapy, is a mainstay of prostate cancer therapy, with more than
750,000 patients treated per year. Of newly diagnosed prostate cancer patients,
approximately 30% have high-risk disease (stage T3-T4, initial prostate-specific antigen
level greater than 20 pg/L, or Gleason score of 8-10) and are at risk for biochemical and
clinical failure after therapy (2). Even with modern conformal radiation therapy, treatment
failure occurs in approximately 45% of patients with locally defined disease (3). A variety of
biochemical events is implicated in radiation resistance, including acid ceramidase
upregulation (4), downregulation of DAB2IP RAS glutamyl transpeptidase expression (5),
and the effects of androgens (6). Increasingly, redox (reduction and oxidation) mechanisms
are considered critical in this process (7). The cytotoxic effect of radiation therapy is
mediated by generation of reactive oxygen species in tissue, which cause oxidative damage
in DNA, proteins, and lipids leading to DNA strand breaks, loss of protein function, and
membrane damage. A recent study demonstrated that reduced nicotinamide adenine
dinucleotide phosphate oxidase enzymes are upregulated in response to androgens,
stimulating the production of stress molecules and antioxidative enzymes; inhibition of these
enzymes sensitizes human prostate cancer cells in vitro to radiation (6). Additional studies
have found a critical role for glutathione in mediating radiation resistance in prostate cancer
(8,9). Intracellular redox status is often characterized by the ratio of reduced to oxidized
glutathione (glutathione-to-GSSG ratio), and decreasing this ratio in vitro (by addition of
selenite) was found to radiosensitize prostate cancer cells (10). Elevated glutathione and
other antioxidants observed in cancer are increasingly seen as “redox adaptation,” which
several new therapies aim to exploit, including the thiol-depleting agent 4-benzyl-2-
methyl-1,2,4-thiadiazolidine-3,5-dione (11). To determine therapy efficacy and identify
those patients at high risk for therapy failure, companion biomarkers for the redox state of
prostate cancer are needed.

Hyperpolarized 13C MR spectroscopy (MRS) has tremendous potential to address
limitations in prostate cancer management and customize treatment to the molecular
phenotypes of individual patients. This methodology is based on polarizing nuclear spins in
an amorphous solid state at approximately 1.2°K through coupling of the nuclear spins with
unpaired electrons that are added to the sample via an organic free radical (12,13). In the
solid state, the high electron spin polarization is in part transferred to the nuclear spins by
microwave irradiation (14) and then the sample is rapidly dissolved for injection into a
system of interest. 13C-labeled substrates have recently been polarized to obtain dramatic
enhancements of the 13C nuclear MR signals (>50,000 fold at 3 T) of the substrate as well as
subsequent metabolic products (15,16). [1-13C]pyruvate (13C-pyruvate) has been the most
widely used probe for hyperpolarized MR studies since it polarizes well, has a long spin-
lattice relaxation time, and is rapidly taken up by the cell and metabolized at the juncture of
glycolysis, tricarboxylic acid cycle, amino acid biosynthesis, and other critical pathways. In
vivo MRS studies using hyperpolarized 13C-pyruvate have been correlated with
aggressiveness and response to therapy. Specifically, in a model of transgenic
adenocarcinoma of the mouse prostate (TRAMP), increases in hyperpolarized [1-13C]lactate
(13C-lactate) observed after injection of hyperpolarized 13C-pyruvate correlated with tumor
grade (17). This technique has recently been extended to human patients in a phase 1 clinical
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trial at the University of California, San Francisco, demonstrating the potential for rapid
clinical translation (18).

Recently, we developed hyperpolarized [1-13C]dehydroascorbate (13C-DHA) as an MR
probe to investigate the redox changes in prostate cancer (19). This probe shares several
features with 13C-pyruvate, including a long spin-lattice relaxation time and rapid in vivo
conversion on the time scale of the hyperpolarized MR experiment. These features suggest
similar outstanding potential for clinical translation. The goal of this probe is noninvasive
determination of redox status, which may be critical in therapy selection and timing.
Previous studies showed significantly higher reduction of hyperpolarized 13C-DHA to
vitamin C in TRAMP tumor than in normal prostate (Fig. 1) (19). In the present study, these
in vivo findings were validated in a larger cohort of mice and correlated with the
concentrations of glutathione and the expression of relevant transporters. The results have
implications both for the diagnostic utility of the probe and for new therapies targeting
redox.

In contrast to vitamin C, which is transported via the Na*-dependent cotransporters SVCT1
and SVCT2, 13C-DHA enters cells by the glucose transporters GLUT1, GLUT3, and
GLUT4 and is subsequently reduced (20). The uptake and conversion of 13C-DHA and
vitamin C are summarized in Figure 2. This mechanism suggests that the differences in
vitamin C signals observed in hyperpolarized 13C-DHA in vivo studies may be transporter-
dependent and analogous to the GLUT-dependent uptake of 18F-FDG. The uptake and
metabolism of 18F-FDG have been extensively studied in vitro and in vivo, and GLUT
transport, followed by intracellular phosphorylation by hexokinase, has been identified as a
key step for subsequent tissue accumulation (21). The best-studied transporter is GLUT1,
although several other isoforms are implicated (22). GLUTL is highly expressed in a variety
of neoplasms, including lung, breast, and colorectal cancers (23-25). In metastatic non—
small cell lung cancer, GLUT1 expression was higher in true-positive lymph nodes than in
false-negative lymph nodes, and the relatively low 18F-FDG uptake in lung
adenocarcinomas (making them more difficult to detect) is considered secondary to their
relatively weak expression of GLUT1 (26). These results indicate a correlation between
GLUT1 expression and 18F-FDG uptake that can be used to detect a variety of fast-growing
cancers.

GLUT1 expression has been poorly characterized in prostate cancer, with a recent study
finding the transporter immunohistochemically undetectable in 28 human specimens (27).
This feature, as well as the urinary excretion of radiotracer, may explain the limited clinical
utility of 18F-FDG PET in prostate tumors. GLUT transport has also not been characterized
in the TRAMP murine model. The aim of this study was to compare the ability of 18F-FDG
PET and hyperpolarized 13C-DHA MRS to distinguish between cancer and benign tissue in
a prostate cancer model. In addition, we explored some of the possible mechanisms involved
in the contrast obtained, including both transport and redox components known to mediate
dehydroascorbate reduction in vivo.

MATERIALS AND METHODS
Hyperpolarized 13C-DHA MRS Studies

All animal experiments were conducted under approved protocols in accordance with the
guidelines of the University of California, San Francisco, Institutional Animal Care and Use
Committee. Mice (7= 4) were kept fasting for at least 6 h before image acquisition. A 2.2 M
solution of 13C-DHA (prepared as previously described) in dimethyacetamide containing 15
mM OXO063 trityl radical (Oxford Instruments) was hyperpolarized on a HyperSense DNP
instrument (Oxford Instruments) (19). The frozen sample was dissolved in distilled water

J Nucl Med. Author manuscript; available in PMC 2014 June 01.
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containing 0.3 mM ethylenediaminetetraacetic acid. Imaging was performed using a 3-T MR
scanner (GE Healthcare) equipped with the multinuclear spectroscopy hardware package.
The radiofrequency coil used in these experiments was a dual-tuned 1H/13C coil with a
quadrature 13C channel and a linear *H channel. Before 13C-DHA studies, 3-plane T2-
weighted images were acquired for anatomic localization (echo time, 100 ms; repetition
time, 4 s; 6 averages) using a standard fast spin echo sequence. 13C-DHA MRS studies were
performed at 6-mm isotropic resolution, as previously published (19). In vivo 13C-DHA
MRS data were processed using custom software written in IDL 8 (ITT Visual Information
Solutions) and Matlab 2009b (MathWorks). The peak heights of 13C-DHA and vitamin C
resonances were used to calculate relevant ratios. The reduction of hyperpolarized 13C-DHA
to vitamin C was expressed by the metabolite ratio (vitamin C/[vitamin C + 13C-DHA]) for
a given voxel that corresponded either to tumor or to surrounding normal tissue
(predominantly muscle). Voxels were assigned to a given tissue type if more than 70% of a
given voxel corresponded to the tissue of interest as validated by the corresponding T2-
weighted image.

Small-Animal 18F-FDG PET/CT Scanning

A small-animal PET/CT scanner (Inveon; Siemens Medical Solutions) was used for
imaging. The TRAMP mice (7= 4) used for the subsequent hyperpolarized 13C-DHA MRS
study were kept fasting for at least 6 h before image acquisition. A heating pad at 37°C was
used to dilate the tail vein for injection and to keep the animal warm. Fifty-five minutes after
a tail vein injection of 5.55-7.4 MBq (150-200 .Ci) of 18F-FDG in 100 pL of phosphate-
buffered saline, a 600-s PET scan was acquired in a single frame under isoflurane and
oxygen anesthesia. CT images were acquired in 120 projections of continuous rotation to
cover 220°, with the x-ray tube operating at 80 kVp and 0.5 mA and with a 175-ms exposure
time. CT images were created using a cone-beam Feldkamp reconstruction algorithm
provided by Exxim Computing Corp. The matrix size of the reconstructed CT images was
512 x 512 x 662, with an isotropic voxel size of 0.19 x 0.19 x 0.19 mm. PET images were
reconstructed with CT-based attenuation using a manufacturer-provided ordered-subsets
expectation maximization algorithm resulting in a 128 x 128 x 159 matrix with a voxel size
of 0.776 x 0.776 x 0.796 mm. Using open-source AMIDE software (28), freehand 3-
dimensional regions of interest (ROIs) were manually drawn around the prostate tumor and
the thigh muscles. The mean activities were recorded for each region of interest, and the
standardized uptake value was calculated by multiplying the region-of-interest activity by
the mouse weight divided by the injected dose.

Mercury Orange Staining and Fluorescent Microscopy

Eight-micrometer tissue sections from TRAMP tumor (7= 4) and normal murine prostate (7
= 4) were immersed in and rinsed with 50 M mercury orange in toluene for 4 min and then
mounted. Slides were viewed by dark-field, phase-contrast transmission fluorescence on an
Eclipse Ti microscope (Nikon) with an excitation frequency of 450-490 nm and an emission
filter barrier frequency of 600 nm. Mean fluorescent intensity was measured in 3 separate
fields and averaged using NIS-Elements software (Nikon). Hematoxylin and eosin staining
was also performed on tissue sections from TRAMP tumors studied by diffusion-weighted
MRat14 T.

Glutathione Measurements

TRAMP and normal prostate tissues were homogenized in phosphate-buffered saline with
ethylenediaminetetraacetic acid. Protein was precipitated with 10% metaphosphoric acid,
and glutathione concentrations were assayed spectrophotometrically using a commercially
available 5,5 -dithio-bis-2-(nitrobenzoic acid)-based absorbance assay (Cayman).

J Nucl Med. Author manuscript; available in PMC 2014 June 01.
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Real-Time Polymerase Chain Reaction (PCR)

Total RNA was isolated from frozen tissue extracts of TRAMP tumor (/7= 4) and normal
murine prostate (17 = 4) using the TriPure Isolation Reagent (Roche) and reverse transcribed
using Superscript 111 Reverse Transcriptase (Invitrogen) according to the manufacturer’s
instructions. PCR primers were obtained from Applied Biosciences (Life Technologies), and
real-time PCR determination of complementary DNA amounts was performed. Relative
expression to control gene cyclophilin was determined using the ACt method.

Immunohistochemistry

Antimouse GLUT1 polyclonal antibodies were obtained from Santa Cruz Biotechnologies.
Percentage staining was visually evaluated by 2 independent observers.

Statistical Analysis

A Student ¢test assessed differences between the tissue of the 2 groups using the statistical
software package JMP (SAS Institute). All values are reported as mean + SE. A Pvalue of
less than 0.05 was considered statistically significant.

RESULTS

In Vivo Hyperpolarized 13C-DHA MRS and 18F-FDG PET Studies

Hyperpolarized 13C-DHA MRS and 18F-FDG PET studies were performed on 4 tumor-
bearing TRAMP mice. Since 18F-FDG is administered at tracer concentrations, the PET
studies were conducted first, with MRS following within 24 h. In all cases, the mice were
kept fasting for more than 6 h to mimic the typical preparation for human studies. The
results are summarized in Figure 3. A typical small-animal PET/CT image of the TRAMP
model is shown in the coronal plane (Fig. 3A), with increased 18F-FDG uptake observed
within tumor and the highest activity observed in the bladder (displaced superiorly). In
Figures 3B and 3D, 13C-DHA MRS data are overlaid with a T2-weighted 1H image in the
same animal, showing increased conversion of hyperpolarized 13C-DHA to vitamin C within
tumor. A typical spectrum (highlighted) shows both 13C-DHA and vitamin C resonances
used to calculate the metabolite ratio. Figure 3C compares the average standardized uptake
value of TRAMP tumor with that of adjacent muscle, representing a 3.0-fold difference.
Figure 3D compares the average metabolite ratio for TRAMP tumor with that of
surrounding tissues. The average metabolite ratio was 0.28 + 0.02 in TRAMP tumor, versus
0.11 + 0.02 in surrounding benign tissues (predominantly muscle), representing a 2.5-fold
difference.

Glutathione Studies

Our hypothesis is that the observed in vivo reduction of hyperpolarized 13C-DHA reflects, in
part, the concentration of reduced glutathione, and our previous study found a higher rate of
hyperpolarized 13C-DHA reduction in TRAMP tumor than in normal prostate tissue. To test
this hypothesis, we assayed both TRAMP tumor (7= 4) and normal prostate (n7 = 4) for
glutathione concentrations using an enzymatic recycling method (29). Both total glutathione
(glutathione + GSSG) and reduced glutathione concentrations were calculated. In addition,
TRAMP tumor and normal prostate were sectioned and stained with mercury orange, a thiol
stain that predominantly reacts with glutathione (30). Fluorescent microscopy of the stained
tissue sections was performed, with quantification of the fluorescence intensities. The results
are summarized in Figure 4. Figure 4A shows the structure of reduced glutathione, the
critical determinant of the redox capacity of the cell. The total glutathione was 5.1 + 0.4 mM
in tumor and 1.0 £ 0.2 mM in normal prostate, whereas reduced glutathione was 2.0 + 0.3
mM and 0.8 £ 0.3 mM, respectively, corresponding to a 2.5-fold difference (Fig. 4B).

J Nucl Med. Author manuscript; available in PMC 2014 June 01.
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Increased thiol staining using mercury orange is visually apparent in TRAMP tumor,
confirmed by fluorescence quantification (Fig. 4C). These results indicate that both the total
glutathione pool size and glutathione are markedly elevated in TRAMP tumor relative to
normal prostate.

Transporter Expression

To investigate the role of transporter expression on hyperpolarized 13C-DHA reduction

and 18F-FDG accumulation in TRAMP tumor, real-time PCR studies were used to study
GLUT1, GLUT3, GLUT4, SVCT1, and SVCT2 messenger RNA transcripts (31). In
addition, immunohistochemistry was performed using GLUT1 polyclonal antibodies since
the role of this transporter in 13C-DHA and 18F-FDG uptake has been best established. As
discussed previously, 13C-DHA is transported via GLUT1, GLUT3, and GLUT4 whereas its
reduced counterpart vitamin C enters cells via the SVCT1 and SVCT2 Na*-dependent
cotransporters. 18F-FDG studies have also found significant correlations between in vivo
tracer accumulation and the expression of GLUT1, GLUT3, and GLUT4 in human cancers
(32—34). The results of real-time PCR analysis are shown in Figure 5 for both TRAMP
tumor (7= 4) and normal murine prostate (1= 4). The expression of the 5 transporters is
shown relative to the control gene cyclophilin. The expression of GLUT3 and SVCT2 was
significantly higher for TRAMP tumor than for normal murine prostate (£ = 0.03 and 0.002,
respectively). In contrast, the expression of GLUT1 and GLUT4 was not significantly
different. SVCT1 expression was not observed in either TRAMP tumor or normal prostate.
Figure 5B shows a typical result obtained for anti-GLUT1 immunohistochemistry studies,
with similar staining observed between TRAMP tumor and normal prostate.

DISCUSSION

In the evaluation of prostate cancer, 18F-FDG has significant limitations because it is
excreted in the urine. Clinical 18F-FDG PET scans typically take place after a significant
delay (45 min to 1.5 h) during which radiotracer accumulates in the bladder, making
examination of the prostate difficult. In addition, low levels of 18F-FDG accumulation by
prostate tumors may reflect low expression of GLUT1, the glucose transporter isoform most
closely linked to 18F-FDG activity. In this study, we used the new 13C probe

hyperpolarized 13C-DHA, which shares an uptake mechanism with 18F-FDG via the glucose
transporter. One potential benefit of hyperpolarized 13C-DHA MRS, in the context of
prostate and renal tumors, is that imaging typically takes place within 1-2 min after agent
injection, thus avoiding the excretory phase of contrast. The first 13C MR study in humans,
using 13C-pyruvate, demonstrated the benefit of early imaging and showed differences

in 13C-lactate generation between tumor and normal prostate (18). We developed
hyperpolarized 13C-DHA to further investigate redox changes in prostate cancers that
potentially render them more resistant to radiotherapy, especially the accumulation of
glutathione, which is a response to oxidative stress. In the TRAMP murine model, both
hyperpolarized 13C-DHA and 18F-FDG resulted in significant contrast between tumor and
surrounding benign tissue, with a similar contrast-to-noise ratio obtained for

hyperpolarized 13C-DHA. However, in its present incarnation hyperpolarized 13C-DHA
MRS is limited by signal-to-noise ratio, and the obtained spatial resolution (6 mm isotropic)
is lower than that obtained for 18F-FDG. Future studies will focus on improving spatial
resolution via several methods, including increased polarization and K-space undersampling
(35).

We believe that the contrast obtained using hyperpolarized 13C-DHA most closely correlates
with the increased glutathione concentration in TRAMP tumor and the redox machinery
involved in maintaining glutathione. Consistent with this hypothesis, the reduction rate of
hyperpolarized 13C-DHA to vitamin C in vitro has been shown to correlate with the
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concentration of reducing agent, both for glutathione and for the water-soluble reducing
agent sodium cyanoborohydride (19,36). As previously noted, these in vitro reduction rates
are too slow to account for the hyperpolarized vitamin C signal observed in vivo. One
interpretation of these results is that the hyperpolarized 13C-DHA reduction rate in TRAMP
tumor depends both on glutathione concentration and on the expression of key enzymes
related to 13C-DHA reduction (e.g., glutaredoxin) and glutathione regeneration (e.g.,
glutathione reductase). Additional work is needed to elucidate the roles of these redox
components in hyperpolarized 13C-DHA reduction in the TRAMP model. For TRAMP
tumor, we found the concentration of total glutathione (and glutathione) to be significantly
increased relative to normal prostate. Interestingly, in TRAMP tumor, the glutathione-to-
GSSG ratio was markedly increased, suggesting a more oxidized redox state (37) that likely
reflects long-standing oxidative stress. Therefore, it appears that hyperpolarized 13C-DHA
primarily detects redox capacity, determined by the concentration of glutathione (elevated
2.5-fold in TRAMP tumor) and the cell’s ability to regenerate it. Future studies will focus on
whether elevated glutathione in prostate tumors (reflected by in vivo hyperpolarized 13C-
DHA reduction) confers resistance to radiotherapy, and the effect of radiosensitizing agents
on both glutathione concentration and therapeutic outcomes.

The role of transporter expression on hyperpolarized 13C-DHA conversion and 18F-FDG
accumulation in prostate tumors (both human and TRAMP) warrants future investigation. In
this study, we focused on the glucose transporter isoforms GLUT1, GLUT3, and GLUT4
since these are principally responsible for 13C-DHA uptake. With respect to the transport

of 18F-FDG, GLUT1 has been most broadly studied, but many isoforms are implicated. It is
likely that both hyperpolarized 13C-DHA and 18F-FDG enter cells via the same transporters
in the TRAMP model, but since both probes differ structurally from glucose, their relative
affinity for GLUT isoforms may not be the same. Our experiments suggest that neither real-
time PCR nor immunohistochemical methods show significant overexpression of GLUT1 in
the TRAMP model. However, we observed increased expression of GLUT3 in TRAMP
tumor relative to normal prostate, and this increase may partially account for the tumor
contrast observed using hyperpolarized 13C-DHA and 18F-FDG. The increase in expression
of GLUT3 was small relative to overall expression of GLUT1. It is also possible that
increased hexokinase activity would result in increased trapping of 18F-FDG in TRAMP
cells. Future studies will focus on teasing out whether there is a relationship between
hexokinase expression and 18F-FDG uptake. Elevated SVCT?2 transporter expression is also
an unlikely correlate for in vivo hyperpolarized 13C-DHA results given what is known
about 13C-DHA uptake and metabolism.

CONCLUSION

Hyperpolarized 13C-DHA MRS can provide significant information complementary to 18F-
FDG PET in the evaluation of prostate cancer, and the results of the first human
hyperpolarized 13C-pyruvate trial were promising. Although hyperpolarized 13C-pyruvate
probes the carbon flux through lactate dehydrogenase, a hallmark of the Warburg
phenotype, hyperpolarized 13C-DHA was designed to investigate an entirely different
mechanism whereby advanced tumors accumulate antioxidants (in particular glutathione).
Our study suggests that hyperpolarized 13C-DHA reduction in TRAMP tumor does correlate
strongly with glutathione concentration, although transporters (other than GLUT1) and the
enzymes that mediate its reduction may also play a role.
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Hyperpolarized 13C-DHA in TRAMP model. (A) Two-electron interconversion of 13C-
DHA and [1-13C]vitamin C. (B) Characteristic MRS spectra for voxels corresponding to

normal prostate and TRAMP tumor after injection of hyperpolarized 13C-DHA,

demonstrating increased conversion to hyperpolarized vitamin C in TRAMP. VitC = vitamin

C.
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Mechanism for transport of 18F-FDG, 13C-DHA, and [1-13C]vitamin C into cells. 18F-FDG

and 13C-DHA are transported by glucose transporters, notably GLUT1, GLUT 3, and

GLUT4 for 13C-DHA, which have also been implicated in 18F-FDG uptake. 18F-FDG is
phosphorylated by hexokinase to form charged, trapped adduct, whereas 13C-DHA (neutral

molecule) is reduced to [1-13C] vitamin C, negatively charged at physiologic pH. In

contrast, extracellular [1-13C]vitamin C enters cells by SVCT1 and SVCT2
transporters. 13C-VitC = [1-13C]vitamin C.
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(A) Small-animal PET/CT image of TRAMP mouse in coronal plane after administration
of 18F-FDG. Margins of tumor are depicted by dotted line. Tumor demonstrates diffuse
uptake whereas intense signal is seen in bladder, displaced superiorly. (B) T2-weighted
coronal MR image of same TRAMP mouse, with overlaid spectra from 13C-DHA MRS
study performed after injection of hyperpolarized 13C-DHA. Significantly higher
hyperpolarized vitamin C resonances are seen in voxels corresponding to tumor than in
those corresponding to surrounding tissues. (C) Calculated standardized uptake values for
TRAMP tumor relative to adjacent muscles, corresponding to 3-fold difference. (D) Relative
metabolite ratios between TRAMP tumor and surrounding benign voxels, demonstrating
increased conversion to vitamin C (2.5-fold difference). HP = hyperpolarized; PET/uCT =
small-animal PET/CT; SUV = standardized uptake value; VitC = vitamin C.
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FIGURE 4.

Glutathione levels in TRAMP tumor vs. normal prostate. (A) Chemical structure of reduced
glutathione. (B) Calculated glutathione and GSSG (oxidized glutathione) concentrations
using spectrophotometric assay. Concentrations of total glutathione (glutathione + GSSG)
and glutathione are markedly elevated in TRAMP, although glutathione-to-GSSG ratio is
much higher. (C and D) Mercury orange staining in TRAMP shows increased thiol staining,
with higher calculated mean fluorescence intensities. GSH = glutathione; MO = mercury
orange.
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FIGURE 5.

Transporter expression in TRAMP vs. normal prostate. (A) Messenger RNA transcripts
corresponding to relevant transporters GLUT1, GLUT3, GLUT4, SVCT1, and SVCT2 were
evaluated by real-time PCR. Although GLUT3 and SVCT2 expression was significantly
increased in TRAMP, GLUT1 and GLUT4 expression was not significantly different, and
SVCT1 was not detected. (B) Immunohistochemical staining using anti-GLUT1 antibodies
demonstrates similar degree of staining.
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