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Reduction and oxidation (redox) chemistry is involved in both
normal and abnormal cellular function, in processes as diverse as
circadian rhythms and neurotransmission. Intracellular redox is
maintained by coupled reactions involving NADPH, glutathione
(GSH), and vitamin C, as well as their corresponding oxidized coun-
terparts. In addition to functioning as enzyme cofactors, these
reducing agents have a critical role in dealing with reactive oxygen
species (ROS), the toxic products of oxidative metabolism seen as
culprits in aging, neurodegenerative disease, and ischemia/ reper-
fusion injury. Despite this strong relationship between redox and
human disease, methods to interrogate a redox pair in vivo are
limited. Here we report the development of [1-13C] dehydroascor-
bate [DHA], the oxidized form of Vitamin C, as an endogenous
redox sensor for in vivo imaging using hyperpolarized 13C spectro-
scopy. In murine models, hyperpolarized [1-13C] DHA was rapidly
converted to [1-13C] vitamin C within the liver, kidneys, and brain,
as well as within tumor in a transgenic prostate cancer mouse. This
result is consistent withwhat has been previously described for the
DHA/Vitamin C redox pair, and points to a role for hyperpolarized
[1-13C] DHA in characterizing the concentrations of key intracellular
reducing agents, including GSH. More broadly, these findings
suggest a prognostic role for this new redox sensor in determining
vulnerability of both normal and abnormal tissues to ROS.
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Ascorbic acid (Vitamin C) is an essential cofactor in reactions
catalyzed by Cuþ- dependent monooxygenases and Fe2þ-

dependent dioxygenases, required for the enzymatic biosynthesis
of collagen, catecholamines, and peptide neurohormones (1–3).
Vitamin C is also an effective reducing agent protecting cells
from the injurious effects of reactive oxygen species (4). Pauling
championed the antiviral properties of Vitamin C, and cells of the
immune system including mononuclear leukocytes and neutro-
phils are known to accumulate large quantities of ascorbate,
which may be protective against free radicals generated during
the respiratory burst (5–7). In reactions with free radicals, ascor-
bic acid acts as a stable electron donor, converted to the radical
anion semidehydroascorbate, which can be recycled back to
ascorbate by a number of mechanisms, or undergo disproportio-
nation to form ascorbate and dehydroascorbate (8). Recently, a
number of mechanisms have been elucidated for the two-electron
reduction of dehydroascorbate (DHA) to Vitamin C in animals.
This conversion can take place via a glutathione (GSH)- depen-
dent mechanism catalyzed by glutaredoxin, protein disulfide
isomerase, and glutathione transferases or by NADPH-depen-
dent mechanisms including reduction catalyzed by 3α-hydroxys-
teroid dehydrogenase (9–12). In turn, GSH levels are maintained
by the NADPH-dependent reduction of oxidized glutathione
(GSSG) (13) (Fig. 1A). Redox reactions are broadly linked to
processes both normal and pathologic, but have particular rele-
vance to cancer with glutathione metabolism playing both protec-
tive and pathologic roles. Loss of the glutathione S-transferase
M1 gene (GSTM1) correlates with increased susceptibility to lung

and bladder cancer (14, 15), while elevated GSH in several tumors
may confer resistance to chemo- and radiotherapy (16–18). These
effects are thought to be secondary to cellular resistance to reactive
oxygen species (ROS) including hydrogen peroxide and super-
oxide (19).

Although redox chemistry is a central feature of cellular
processes, existing methods to interrogate coupled oxidation/
reduction reactions in vivo have significant limitations, including
poor tissue penetration (as is the case for optical probes) and
prohibitively long scan times (20, 21). Here we describe a MR
imaging agent, hyperpolarized [1-13C] DHA, which is rapidly
converted to [1-13C] Vitamin C in vivo, at levels suitable for mag-
netic resonance spectroscopic imaging (MRSI) (Fig. 1B). DHA
is maintained at much lower intracellular concentrations than
Vitamin C, but has a number of unique properties that set it
apart. While the Naþ- dependent cotransporters SVCT1 and
SVCT2 transport Vitamin C, DHA is transported by facilitated
diffusion via the glucose transporters GLUT1, GLUT2, and
GLUT4, with rapid reduction of DHA to Vitamin C occurring
within the cell (22). The transport, and structural properties of
DHA make it an excellent candidate for in vivo metabolic studies
using hyperpolarized 13C MRSI. This new MRI technique to
probe specific enzymatic pathways requires a labeled 13C sub-
strate with a long spin-lattice relaxation time (T1), whose meta-
bolic product is readily distinguishable by chemical shift (23–26).
Recently, this technique has afforded modelling of rapid enzy-
matic fluxes in vivo, including the rapid conversion of [1-13C]
pyruvate to [1-13C] lactate as mediated by lactate dehydrogenase
(LDH) (27). In a similar vein, [1-13C] DHA was designed to
probe the kinetics of reduction in vivo, via GSH-mediated con-
version to Vitamin C. Hyperpolarized [1-13C] DHA was found to
have a T1 of 57 s at a clinically relevant field strength (3 T), and
facile chemical reduction to [1-13C] Vitamin C by NaBH3CN with
a 3.8 ppm downfield chemical shift. In vivo, we observed rapid
conversion to [1-13C] Vitamin C in kidneys, liver, and tumor in
a transgenic adenocarcinoma of the mouse prostate (TRAMP)
model, as well as in a normal rat brain. These results highlight
the utility of hyperpolarized [1-13C] DHA as a probe for redox
chemistry in living biologic systems, and provide evidence that
GSH-mediated reduction of DHA is a feature of prostate cancer
that may be exploited therapeutically.
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Results
Synthesis, Polarization, and In Vitro Reduction of [1-13C] DHA. In vitro
methods to interrogate redox chemistry have relied on designer
redox-sensitive fluorescent proteins (yellow- or green fluorescent
protein) incorporating an artificial dithiol-disulfide pair (28), or
on detection of ROS themselves via chemical switching (29). In
general, fluorescent probes have limited clinical translation given
poor tissue penetration; making MR-compatible hyperpolarized
13C probes an attractive alternative. The technique is generally
limited to endogenous biomolecules, given the relatively high
concentrations of metabolic probes injected. Because the hyper-
polarized 13C signal can only be observed 1–2 min in vivo, rapid
uptake and metabolism is an additional important requirement.
The redox probe [1-13C] DHA was designed with these general
requirements in mind, minimizing T1-dependent signal loss due
to dipolar relaxation, and having sufficient chemical shift separa-
tion from [1-13C] Vitamin C for in vivo MRSI. [1-13C] DHA
was prepared as a pure dimer by air oxidation of [1-13C] ascorbic
acid in the presence of catalytic amounts of copper (II) acetate,
according to a published procedure (Fig. S1) (30). The material
was polarized by using a dynamic nuclear polarization (DNP)
approach (24) and dissolved with a hot water/ EDTA solution,
with T1’s calculated as previously described (31). T1’s for the
C1 [1-13C] DHA and [1-13C] Vitamin C carbons are tabulated at
both 11.7 Tand 3 T, with the longest recorded T1 that of [1-13C]
DHA at 3 T, 57 s (Fig. 1C, Table 1). There is a significant decrease

in T1 of the carbon of interest with increasing field strength. Due
to chemical shift anisotropy, carbonyl carbons tend to decrease in
T1, leading to faster polarization decay with higher field strengths
(32). The polarizations for [1-13C] DHA and [1-13C] Vitamin C
were measured as 5.9� 0.5% and 3.6� 0.1% respectively, repre-
senting signal enhancements on the order of approximately
24,000- and 15,000-fold relative to thermal equilibrium at 3 T.

We next turned to a set of in vitro experiments to demonstrate
(1) that we could reduce hyperpolarized [1-13C] DHA using a
water-soluble reducing agent (2) that the product [hyperpolarized
[1-13C]Vitamin C (VitC)] could be identified by chemical shift
and (3) that the rate of this reaction depended on the concentra-
tion of the reducing agent. The reaction of hyperpolarized [1-13C]
DHA with NaBH3CN yields the reduced [1-13C] Vitamin C with-
in seconds, as described in Fig. 1D. Due to the higher stability of
the DHA lactone at lower pH, these experiments were conducted
in unbuffered solution at 37 °C, with a resulting pH of 4.5–5.5
(a slight pH increase was observed for increasing concentrations
of NaBH3CN). The equilibrium NMR spectrum of the purified
dimeric [1-13C] DHA demonstrated a single peak at 174 ppm.
Following polarization, dissolution, and reaction with NaBH3CN
a more complex spectrum was obtained, with evidence of rapid
formation of [1-13C] Vitamin C. On increasing concentrations of
NaBH3CN, enhanced rates of conversion to [1-13C] Vitamin C
were observed indicating dependence on the concentration of the
reducing agent. Spectra at thermal equilibrium (without DNP)

A B

C

D

Fig. 1. Biochemical mechanism, hyperpolarization, and reduction of [1-13C] DHA. (A) Relationship between redox pairs NADPH/NADP, GSSG/GSH and Vitamin
C/DHA with associated enzymes. (B) Reversible reduction of labeled DHA to Vitamin C demonstrating the position of the hyperpolarized carbon. (C) Repre-
sentative decays of hyperpolarized [1-13C] DHA and [1-13C] Vitamin C at 3 T. Spectra were acquired using a 5 ° pulse with 3 s temporal resolution. (D) Hy-
perpolarized [1-13C] DHA (2.5 mM in water) was reacted with increasing concentrations of NaBH3CN. A delay is included for mixing of the substrate with
reducing agent and transfer to the magnet (15 s). VitC − VitaminC. VitC∕½VitCþ DHA� − Ratio of Vitamin C to sum of Vitamin C and DHA resonances.

Table 1. Chemical shifts, T1 spin-lattice relaxation constants, solid-state build-up constants and
percent polarization for [1-13C] DHA and [1-13C] VitC

δ (ppm) 3 T T1 (s) 11.7 T T1 (s) Buildup constant (s) Percent polarization

[1-13C] DHA 174.0 56.5 ± 7.6 20.5 ± 0.9 1,120 ± 50 5.9 ± 0.5
[1-13C] Vitamin C 177.8 29.2 ± 2.5 16.0 ± 0.8 1,756 ± 97 3.6 ± 0.1

Chemical shifts are relative to 13C-urea at 163 ppm. For [1-13C] DHA, measurements were performed in water at
37 °C (pH 4.5), while for [1-13C] VitC measurements were performed in 100 mM phosphate buffer (pH 7.0). All
measurements are reported as mean� standard deviation.

Keshari et al. PNAS ∣ November 15, 2011 ∣ vol. 108 ∣ no. 46 ∣ 18607

CH
EM

IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106920108/-/DCSupplemental/pnas.1106920108_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106920108/-/DCSupplemental/pnas.1106920108_SI.pdf?targetid=SF1


www.manaraa.com

were acquired immediately following these studies, and demon-
strated only a single peak corresponding to [1-13C] Vitamin C,
confirmed by chemical shift, indicating that the reaction had gone
to completion (Fig. S2).

Time-Resolved Magnetic Resonance Spectroscopy Confirms Rapid
Reduction of Hyperpolarized [1-13C] DHA In Vivo. Having demon-
strated rapid reduction of hyperpolarized [1-13C] DHA by a
water-soluble reducing agent, we then turned to evidence of in
vivo transformation. The transport of DHA in vivo occurs by a
mechanism analogous to that of glucose, by facilitated diffusion
using GLUT1, GLUT3, and GLUT4. Because glucose is known
to compete with the uptake of DHA, in vivo experiments were
performed on animals (mice and rats) fasted overnight. Animals
were also pretreated with a DHA dose identical to that adminis-
tered during the imaging experiment, 1 h prior which has been
shown to reduce the physiologic effects of DHA administration
(33). Time-resolved MRSI studies were carried out as previously
published (26, 34). 350 μL of a hyperpolarized 15 mM [1-13C]
DHA solution were injected similar to previously described meth-
ods for [1-13C] pyruvate, in normal mice with a 13C urea phantom
present for chemical shift reference. In a separate set of normal
mice, similar experiments were performed using hyperpolarized
[1-13C]Vitamin C at a slightly higher concentration, 50mM. Fig. 2
demonstrates the metabolism following injection of 15 mM
hyperpolarized [1-13C] DHA in a normal mouse. The DHA re-
sonance at 174 ppm reached a maximum at 19� 1.7 s post injec-
tion. A large metabolite resonance was observed at 177.8 ppm,
reaching a maximum at 29� 1.7 s, consistent with conversion
to [1-13C] Vitamin C in vivo. This chemical shift was confirmed
both in vitro at neutral pH using 13C urea as a reference, as well
as in vivo with hyperpolarized [1-13C] Vitamin C itself injected
in a separate animal. For the latter experiment, trace oxidation
to [1-13C] DHA was observed in vivo (Fig. S3). These results are
concordant with the literature regarding the bioconversion and
uptake of DHA, reflected in the relative steady-state concentra-
tions of DHA and Vitamin C in cells (35).

Reduction of Hyperpolarized [1-13C] DHA In Vivo Localizes to Kidneys,
Liver, Brain, and Tumor. In vivo reduction of hyperpolarized [1-13C]
DHA was expected to be fastest in tissues with high concentra-
tions of GSH, namely the liver, kidneys, and lungs. In addition,
we anticipated a contribution from highly glycolytic tissues, given
the rapid transport properties of dehydroascorbate. Analogous to
experiments performed previously using hyperpolarized [1-13C]
pyruvate, three-dimensional (3D) MRSI studies were conducted

on a series of normal mice (n ¼ 5) and TRAMP mice (n ¼ 4),
using a dual-tuned radio frequency (RF) coil (26), with 6 mm
isotropic resolution. Nearly identical studies were performed in
the rat brain (n ¼ 3) with 5 mm isotropic resolution. Fig. 3 depicts
characteristic 3D MRSI data obtained for TRAMP and normal
mice, with the relative rates of [1-13C] DHA reduction indicated
by the magnitude of 13C DHA and VitC resonances observed in
different voxels. Sequential coronal T2-weighted images and
overlayed 13C 3D MRSI for a TRAMP mouse are shown in
Fig. 3 A and B, with regions of liver, kidney, and prostate tumor
segmented and superimposed on the spectral grid. The liver
and kidneys are best seen in the first image but present in both.
Hyperpolarized 13C spectra corresponding to tumor are seen in
both Fig. 3 A and B, due to partial volume effects observed at this
spatial resolution. Fig. 3C shows representative spectra obtained
from different anatomic locations including tumor, while Fig. 3D
depicts the normal mouse prostate gland in the axial plane with
a representative 13C spectrum, demonstrating no observable 13C
VitC. Fig. 3E summarizes the average metabolite ratios calcu-
lated for liver, kidney, normal prostate, TRAMP tumor, and vox-
els surrounding tumor in TRAMP mice. In normal mice, large
Vitamin C resonances were observed in the murine liver (average
VitC∕½VitCþDHA� of 0.41� 0.03) and kidney (average VitC∕
½VitCþDHA� of 0.25� 0.03), and were significantly different
(p < 0.01). These ratios did not vary significantly from those
observed in TRAMP mice (average VitC∕½VitCþDHA� of
0.44� 0.05 for the liver and 0.28� 0.01 for the kidney, p ¼ 0.61
and 0.49 respectively). In tumors of TRAMP mice VitC∕½VitCþ
DHA� averaged 0.23� 0.03, while significantly less Vitamin C
signal was observed in the normal mouse prostate gland
(VitC∕½VitCþDHA� ¼ 0.06� 0.03, p ¼ 0.02). Finally, conver-
sion rates in TRAMP tumors were compared with those in sur-
rounding voxels (caudal to the level of the kidneys and liver) for
which the average VitC∕½VitCþDHA� was 0.06� 0.02, signifi-
cantly lower (p < 0.01). For a given TRAMP mouse, the average
VitC∕½VitCþDHA� ratio was 6.6-fold higher in tumor than in
surrounding tissue. These data are summarized in Fig. 3E. Hyper-
polarized 13C MRSI data acquired from rat brains demonstrated
an even greater ratio of VitC∕½VitCþDHA� of 0.51� 0.1 with
Vitamin C localized to the brain while DHA was present in the
surrounding muscle tissue (Fig. 4).

Discussion
Alterations in cellular redox are implicated in a large number
of pathologic processes, with a growing body of evidence also
suggesting that controlled ROS chemistry is essential for normal
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Fig. 2. Time-resolved 13C spectra demonstrating the in vivo reduction of DHA to Vitamin C (A) Coronal T2-weighted image of a normal mouse demonstrating
the region of excitation for dynamic experiments. (B) Representative time-resolved spectra postinjection of 350 uL of 15 mM hyperpolarized [1-13C] DHA. In
vivo spectra were acquired using a 5 ° pulse with 3 s temporal resolution at 3 T. An 8 M 13C-urea phantom was used as a chemical shift reference. (C) Spectra
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hyperpolarized Vitamin C in the dynamic spectra of normal mice (n ¼ 3). Error bars indicate ± standard deviation of mean. VitC − VitaminC.
VitC∕½VitCþ DHA� − Ratio of Vitamin C to sum of Vitamin C and DHA resonances.

18608 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1106920108 Keshari et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106920108/-/DCSupplemental/pnas.1106920108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106920108/-/DCSupplemental/pnas.1106920108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106920108/-/DCSupplemental/pnas.1106920108_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106920108/-/DCSupplemental/pnas.1106920108_SI.pdf?targetid=SF3


www.manaraa.com

development (29). Given the universality of redox chemistry in
the functional cell, we developed hyperpolarized [1-13C] DHA,
a MR-compatible endogenous probe to interrogate populations
of key redox pairs in vivo, in particular GSH/ GSSG that are
coupled to intracellular DHA reduction. The principal advantage
of hyperpolarized 13C MRI over other molecular imaging mod-
alities is detection of 13C metabolites by chemical shift, allowing
real-time evaluation of physiologically relevant enzyme fluxes in
vivo. Data obtained are potentially confounded by differential
perfusion of (and transport into) tissues of interest, a problem
that has been addressed by copolarization of 13C probes with a
perfusion agent, for example the intravascular agent 13C urea
(36). As for prior studies employing [1-13C] pyruvate, we found
for [1-13C] DHA that the observed total 13C signal (VitCþ
DHA) was highest in tissues that are well perfused, including
brain, liver, kidneys, and tumor. Although perfusion accounts for
increased total 13C signal in these tissues, we believe that the in
vivo reduction of hyperpolarized [1-13C] DHA is related both to
its rapid transport into highly glycolytic cells, and the concentra-
tions of key redox components within the cell, in particular GSH.
Hyperpolarized [1-13C] DHA was reduced rapidly to Vitamin C
within the liver, as might be expected given both its high perfusion
and role in GSH-dependent detoxification of electrophilic sub-
stances. To a lesser extent, the [1-13C] Vitamin C metabolite
was observed within kidneys and TRAMP tumors, the latter

demonstrating both elevated glycolysis and high concentrations
of GSH (37). Comparisons between TRAMP tumors and the
normal murine prostate, as well as between TRAMP tumors and
surrounding benign tissues indicated profound differences in
13C DHA reduction that may be exploited in the detection and
characterization of cancer.

For our 13C 3D MRSI studies, we were able to obtain 6 mm
isotropic resolution, in this case limited by signal to noise ratio
(SNR). In the future, we anticipate improving anatomic resolu-
tion by (i) enhanced sensitivity through localized coils (up to
10-fold increase in SNR) (38–40); (ii) improved polarization
methods, which include optimizing solvent, radical, and gadoli-
nium-chelate (a potential fourfold increase in SNR if we obtain
polarization similar to that of [1-13C] pyruvate) (41); and (iii)
MR techniques including more efficient sampling of k-space
in order to reduce losses from T1 and T2 relaxation (42, 43).
The advantages of better coil design are highlighted by the devel-
opment of the endorectal coil that is the current standard for
MR imaging of the prostate (40, 44), and murine brain studies
in particular would benefit from dedicated head coils. These
improvements in polarization and acquisition techniques would
significantly improve the spatial resolution obtained, reducing
partial volume effects and allowing a more detailed evaluation
of specific tissues.

The steady-state concentration of Vitamin C in the brain is
remarkably high, estimated to be 10 mM in neurons, while glia
harbor high concentrations of GSH (45). This high Vitamin C
level is generally attributed to the high rate of oxidative metabo-
lism in neurons, making the brain particularly vulnerable to ROS
and ischemia/reperfusion injury. Total brain Vitamin C levels are
under strong homeostatic regulation, with extracellular Vitamin
C concentrations mediated in part by heteroexchange with gluta-
mate (46). High levels of brain Vitamin C are neuroprotective,
and may be enhanced by administration of DHA, which readily
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crosses the blood-brain barrier (47). On injection of hyperpolar-
ized [1-13C] DHA into a normal rat, significant reduction to
[1-13C] Vitamin C was observed within the brain, with essentially
no background conversion observed in surrounding tissues. Given
the limited spatial resolution of this study, we were not able to
determine whether this reduction took place primarily in gray
matter (dominated by neurons) or white matter (predominantly
glia). Rapid reduction of hyperpolarized [1-13C] DHA within the
brain suggests a role for this probe in functional imaging (GLUT
transporter density), determining local glutamate concentrations,
as well as predicting vulnerability to ROS. More broadly, we
anticipate many new applications of this MR probe to investigate
the basic chemistry of living systems.

Materials and Methods
Synthesis of [1-13C] DHA. [1-13C] DHA (Isotec, Miamisburg, OH) was synthe-
sized using a published method (Fig. S1), by air oxidation of [1-13C] ascorbic
acid in the presence of catalytic amounts of copper (II) acetate (30).

Hyperpolarization and Dissolution of [1-13C] DHA and [1-13C] Vitamin C. A 2.2 M
solution of [1-13C] DHA in dimethyacetamide (DMA) containing 15 mM
OX063 trityl radical (48) (Oxford Instruments) was hyperpolarized on a Hy-
perSense DNP instrument (Oxford Instruments) as previously described (34).
The frozen sample was dissolved in distilled water containing 0.3 mM EDTA.
Similarly, a 2.2 M solution of [1-13C] Vitamin C (Omicron) was prepared as
a sodium salt in NaOH/ water/ DMSO containing 15 mM OX063. This
compound was polarized by an identical method and dissolved in 100 mM
phosphate buffer, pH 7.0.

11.7 T NMR Studies. NMR studies were performed on an 11.7 T Varian INOVA
spectrometer (125 MHz 13C, Varian Instruments) using a 10 mm 15N∕31P∕13C
broadband direct detect probe. Time-resolved hyperpolarized spectra, as
well as spectra at thermal equilibrium were obtained for [1-13C] DHA and
[1-13C] Vitamin C as previously described, and used to calculate T1’s and signal
enhancements (34). For NMR studies of the reduction of [1-13C] DHA to
[1-13C] Vitamin C, hyperpolarized [1-13C] DHA was reacted with an excess
of sodium cyanoborohydride (NaBH3CN). Following dissolution of hyperpo-
larized [1-13C] DHA in water containing 0.3 mM EDTA, NaBH3CN in water
was added and the resulting solution rapidly mixed in a 10 mm NMR tube.
In each case the final concentration of DHA was 2.5 mM while the NaBH3CN
concentration range was 5–100 mM, resulting in a measured pH of 4.5–5.5.

The mixing and transfer time was 15 s in each case. As for T1 measurements,
time-resolved spectra were obtained every 3 s using a 5 ° pulse.

3 T Studies. T1 studies were performed using a 3 T MRI scanner (GE Health-
care) equipped with the MNS (multinuclear spectroscopy) hardware package.
The RF coil used in these experiments was a dual-tuned 1H-13C coil with a
quadrature 13C channel and linear 1H channel construction used in 13C mouse
imaging studies (26). Prior to 13C studies, 3-plane T2-weighted images were
acquired for anatomic localization (TE ¼ 100 ms, TR ¼ 4 s, 6 averages) using a
standard fast spin echo sequence. 13C MRSI studies were carried out as pre-
viously published (26). 350 μL (mice) or 2 mL (rats) of a hyperpolarized 15 mM
[1-13C] DHA solution were injected similar to previously described methods
for [1-13C] pyruvate. For all imaging experiments, an 8M 13C urea phantom in
a sealed tube was placed within the sensitive volume of the RF coil. Similar
experiments were performed on a set of normal mice using hyperpolarized
[1-13C] Vitamin C at 50 mM. For the in vivo dynamic experiments, the first
spectrum was obtained 3 s after starting the 13C agent injection, and every
3 s thereafter. For the 13C 3D MRSI studies, the imaging sequence was
initiated 10 s following completion of a 15 s injection (representing a total
delay of 25 s). Time-resolved 13C spectra were acquired using a five-degree
excitation while the 13C 3D MRSI used a variable flip angle scheme, matrix
size of 8 × 8 × 16 and voxel size of 6 mm isotropic.

Data Processing and Analysis. All solution data was processed using ACD Labs
NMR Processor (ACD Labs). In vivo MRSI data was processed using custom
software written in IDL 8 (ITT Visual Information Solutions) and Matlab
2009b (MathWorks). DHA and Vitamin C resonances were integrated and
peak heights were used to calculate relevant ratios. In order to assign voxels
to a given tissue type, >70% of a given voxel corresponded to the tissue
of interest as validated by the corresponding T2-weighted image. Average
metabolite ratios (VitC∕½VitCþ DHA�) for liver, kidney, and normal prostate
were calculated from normal mice (n ¼ 5), while TRAMP mice (n ¼ 4) were
used to calculate metabolite ratios for tumor and surrounding benign tissues.
The average number of voxels (per animal) used to determine the VitC∕
½VitCþ DHA� ratio in a given tissue were as follows: liver 5.1� 0.3, kidney
7.1� 0.7, prostate 3.0� 0.6, tumor 12.5� 2.0, and surrounding tissues
11.3� 1.5. The number of tumor voxels (and surrounding tissues) used varied
with tumor size (ranging from 1 to 4 cc).
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