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Use of Hyperpolarized [1-13C]Pyruvate and [2-13C]Pyruvate to
Probe the Effects of the Anticancer Agent Dichloroacetate on
Mitochondrial Metabolism In Vivo in the Normal Rat

Simon Hu1, Hikari A.I. Yoshihara1, Robert Bok1, Jenny Zhou2, Minhua Zhu1, John
Kurhanewicz1, and Daniel B. Vigneron1

1Department of Radiology and Biomedical Imaging, University of California, San Francisco, CA
2School of Medicine, Temple University, Philadelphia, PA

Abstract
Development of hyperpolarized technology utilizing dynamic nuclear polarization has enabled the
measurement of 13C metabolism in vivo at very high SNR. In vivo mitochondrial metabolism can,
in principle, be monitored with pyruvate, which is catalyzed to acetyl-CoA via pyruvate
dehydrogenase (PDH). The purpose of this work was to determine if the compound sodium
dichloroacetate (DCA) could aid the study of mitochondrial metabolism with hyperpolarized
pyruvate. DCA stimulates PDH by inhibiting its inhibitor, pyruvate dehydrogenase kinase. In this
work, hyperpolarized [1-13C]pyruvate and [2-13C]pyruvate were used to probe mitochondrial
metabolism in normal rats. Increased conversion to bicarbonate (+181% ± 69%, p = 0.025) was
measured when [1-13C]pyruvate was injected after DCA administration, and increased glutamate
(+74% ± 23%, p = 0.004), acetoacetate (+504% ± 281%, p = 0.009), and acetylcarnitine (+377% ±
157%, p = 0.003) were detected when [2-13C]pyruvate was used.

Keywords
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Introduction
Development of hyperpolarized technology utilizing dissolution dynamic nuclear
polarization (DNP) has enabled the measurement of 13C metabolism in vivo at very high
SNR (1). The most widely used DNP agent for both in vitro and in vivo applications thus far
has been [1-13C]pyruvate with its metabolic conversion to [1-13C]lactate and [1-13C]alanine
catalyzed by the enzymes lactate dehydrogenase (LDH) and alanine transaminase (ALT)
respectively. The levels of these hyperpolarized metabolites have been used to characterize
disease state in many preclinical studies. For example, in cancer animal models, dramatic
increases in [1-13C]lactate have been detected (2,3,4,5). Deviations in [1-13C]lactate and
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[1-13C]alanine levels (occurring in the cytosol) reflect changes in glycolytic metabolism.
Mitochondrial metabolism can also, in principle, be monitored with pyruvate, which is
catalyzed to acetyl-CoA via pyruvate dehydrogenase (PDH). In this reaction, the 1-position
carbon is oxidized to CO2 and interconverts to bicarbonate. The 2-position carbon remains
on acetyl-CoA, which itself has many possible metabolic fates, including entry into the
Krebs cycle, conversion to ketone bodies, lipogenesis, and synthesis of cholesterol and other
steroids (6). Figure 1 summarizes these pathways. The purpose of this study was to
determine if the compound sodium dichloroacetate (DCA) could aid the study of
mitochondrial metabolism with hyperpolarized pyruvate. DCA has the anti-glycolytic effect
of stimulating PDH by inhibiting its inhibitor, pyruvate dehydrogenase kinase (PDK) (see
Figure 1). In fact, DCA has shown promise as an anticancer agent in numerous in vitro
studies, preclinical experiments, and most recently, a clinical trial (7,8). By stimulating flux
through PDH, DCA is believed to restore mitochondrial function and thereby the apoptotic
mechanisms driven by mitochondria (7). The use of DCA has been regarded as a paradigm
shift in cancer therapy not only for the approach of targeting tumor metabolism, but also due
to DCA being a generic, non-patentable drug that pharmaceutical companies would have no
financial interest in (7). Furthermore, the fact that DCA is a small molecule drug that has
been safely administered in humans for over 30 years (7) strengthens the rationale to pursue
clinical trials despite the lack of industry support (7). In a previous hyperpolarized
carbon-13 imaging study, the anti-glycolytic effects of DCA were investigated in NSCLC
cells and a mouse tumor model derived from those cells (9). In the current work,
hyperpolarized [1-13C]pyruvate and [2-13C]pyruvate were used to probe mitochondrial
metabolism in normal rats. Hyperpolarized technology utilizing both [1-13C]pyruvate and
[2-13C]pyruvate is particularly impactful for monitoring response to DCA therapy because it
makes possible the direct detection of PDH flux, which is the target of DCA treatment.
Metabolic imaging with FDG-PET, as was done in the initial DCA clinical trial (8), does not
examine PDH flux directly, but rather upstream uptake of glucose.

Methods
Polarizer and Preparations

All hyperpolarizations were performed using a Hypersense DNP polarizer (Oxford
Instruments, Abingdon, UK). For all the experiments, a mixture consisting of 35 μL
(approximately 45 mg) of either C1-labeled or C2-labeled pyruvic acid (Isotec, Miamisburg,
OH, USA) with 15 mM OX063 trityl radical and 1.5 mM Dotarem® gadolinium was
polarized. The preparation was polarized for 1 hour and then dissolved and neutralized in an
aqueous solution with 40 mM Tris, 100 mM NaOH, and 0.3 mM Na2EDTA. The final
dissolved pyruvate had a concentration of 100mM and a pH of ~7.5. The liquid state
polarizations for [1-13C]pyruvate and [2-13C]pyruvate were typically >30% and >27%
respectively at the time of dissolution.

Animal Handling
All animal studies were carried out under a protocol approved by the Institutional Animal
Care and Use Committee. Normal male Sprague-Dawley rats were used. For each
experiment, a rat was anesthetized with an initial dose of isoflurane (2–3%), placed on a
heated pad, and had a tail vein catheter inserted while under continuous anesthesia (1–2%
isoflurane). An extension tube was attached to the main catheter to facilitate the eventual
administration of the hyperpolarized substrate. The rat was then transferred to a heated water
pad (37 °C, continuous flow) in the radiofrequency (RF) coil in the MR scanner, strapped in
place, kept under anesthesia with continuous delivery of isoflurane (1–2%) through a long
tube to a nose cone (oxygen flow of 1 L/min), and periodically monitored. Sodium
dichloroacetate (Sigma Aldrich, St. Louis, MO, USA) was dissolved in saline (100 mg/mL)
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and administered to each rat. The first dose of DCA (150 mg/kg) was given intraperitoneally
right after a baseline carbon-13 imaging experiment, and another dose of DCA (150 mg/kg)
was given intravenously 5 minutes before the follow-up carbon-13 imaging experiment.

MR Studies
All experiments were performed on a 3T MR scanner (GE Healthcare, Waukesha, WI,
USA) equipped with multinuclear spectroscopy capability. A custom dual-tuned 1H/13C rat
coil with a quadrature 13C channel and a linear 1H channel was used. The coil design was
the same as in (10), and the coil measured 15.25 cm in length with an 8.3 cm inner diameter.
Axial T2-weighted anatomical images were acquired with a standard fast spin-echo
sequence. For the carbon-13 imaging, non-localized baseline and follow-up scans were
conducted 1.5 hours apart. In the [1-13C]pyruvate scans, a double spin-echo sequence with
adiabatic refocusing pulses (11) with TE = 35 ms, TR = 3 sec, and 5 degree (500 μsec) hard
pulse excitation was used. The 500 μsec 5 degree hard pulse had an amplitude of 0.0065
gauss and required 0.135 mW of power delivered to the rat coil. The adiabatic pulses were
1.7 gauss in amplitude and required 9.2 W of power. 2.5 mL of 100 mM pyruvate was
delivered into the animal over 12 seconds (no flush), with data collection starting at the
same time as the injection. In the [2-13C]pyruvate scans, the adiabatic pulses (11) in the
double spin-echo sequence were removed and the 5 degree hard pulse was shortened to 32
μsec to increase excitation bandwidth. This increased the pulse amplitude and power to
0.102 gauss and 33 mW respectively. (Note that without the adiabatic pulses, the echo could
be collected immediately after the excitation, thereby shortening TE to essentially 32 μsec.)
In addition, 3 mL of 100 mM [2-13C]pyruvate was injected. Otherwise, all parameters
between the [1-13C]pyruvate and [2-13C]pyruvate scans were the same.

Data Analysis
For each dynamic time point, a 10 Hz Gaussian apodization filter was used, a 1D FFT was
performed, and a zero-order phase correction was applied. The first 32 time points were
summed together, and for metabolite quantification, noise-subtracted area ratios were used.
For the quantification of metabolites after injection of [2-13C]pyruvate, a local baseline
correction (assuming a linear baseline in that region) was first applied. Paired student t-tests
were used for all statistical comparisons.

Results
Figure 2 shows non-localized rat spectra after injection of [1-13C]pyruvate pre and post
DCA. The vertical scales are zoomed in about a factor of 6 to highlight the lactate, alanine,
and bicarbonate peaks. As expected from stimulation of the PDH pathway, there was a
dramatic increase in bicarbonate after DCA administration. A total of n = 4 rats were studied
with [1-13C]pyruvate, and the bicarbonate/pyruvate ratio (where pyruvate is the sum of
pyruvate and pyruvate-hydrate) increased by 181% ± 69% (mean ± standard deviation) with
p = 0.025, providing evidence that the DCA was indeed effective in increasing the in vivo
PDH enzymatic conversion of pyruvate to acetyl-CoA. The (lactate + alanine)/pyruvate
ratios were also quantified with only a minor but not statistically significant reduction
observed (−5.7% ± 16.6%, p = 0.63). Figure 3 shows and lists the peaks detected in a non-
localized spectrum after DCA administration and injection of [2- 13 C]pyruvate. The
chemical shift values in Figure 3 are referenced to the injected [2-13C]pyruvate at 207.8
ppm. Peaks were assigned by consulting a standard metabolome database (http://
www.hmdb.ca/), considering plausible metabolic pathways, and comparing with results
from a prior study using hyperpolarized [2-13C]pyruvate (12). All of the chemical shifts for
the metabolite peaks in Figure 3 matched closely with those from (12) except that the
acetoacetate peaks were not detected in (12). This was not surprising given that the authors
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in (12) did not stimulate the PDH pathway, and in this study we observed the acetoacetate
peaks reliably (Figure 4) only after DCA administration. Most of the signal came from the
injected [2-13C]pyruvate and its equilibrium partner [2-13C]pyruvate-hydrate, but
appreciable metabolic products could also be detected. In particular, the highlighted box in
Figure 3 shows a group of metabolite signals ([5-13C]glutamate, [1-13C]acetoacetate,
[1-13C]acetylcarnitine, and [1,2-13C2]pyruvate) on which quantitation was performed.
Figure 4 shows the pre and post DCA spectra zoomed in on glutamate, acetoacetate,
acetylcarnitine, and pyruvate. As shown in Figure 4, glutamate increased modestly relative
to pyruvate, and acetoacetate and acetylcarnitine increased dramatically. For quantification
purposes, the area of the right peak in the pyruvate doublet was used. Across n = 4 rats, the
glutamate/pyruvate ratio increased by 74% ± 23% (p = 0.004), the acetoacetate/pyruvate
ratio increased by 504% ± 281% (p = 0.009), and the acetylcarnitine/pyruvate ratio
increased by 377% ± 157% (p = 0.003). As shown in Figure 3, there was some residual
baseline after zero-order phasing of the spectrum. This baseline was locally corrected in the
region highlighted in Figure 3 before quantitation of the metabolites shown in Figure 4.

Discussion
In this study, it was demonstrated that sodium dichloroacetate could be used to enhance flux
through the PDH pathway and thus aid the investigation of mitochondrial metabolism using
hyperpolarized carbon-13 substrates. The increase in 13C-bicarbonate (in equilibrium
with 13CO2, which comes directly from [1-13C]pyruvate entering the mitochondria) strongly
indicates that DCA was effective in stimulating pyruvate flux through PDH. Acetyl-CoA
derived from pyruvate entering the mitochondria has several possible metabolic fates. One
of those is entry into the Krebs cycle, which was indicated by the detection of glutamate, as
shown in Figure 4. Another fate is attachment to carnitine via carnitine acyltransferase I to
form acetylcarnitine. As suggested by Figure 4, at least in the normal rat, much of the excess
acetyl-CoA goes to form acetylcarnitine. In addition, acetyl-CoA can be converted to ketone
bodies, and accordingly, Figure 4 demonstrates production of the ketone body acetoacetate.
Other metabolic fates, such as lipid synthesis, are probably not detectable with
hyperpolarized 13C due to binding with large enzymes that cause rapid spin-lattice
relaxation.

The results from this study show that changes in carnitine metabolism were detected in
response to a physiological perturbation. A substantial portion of the excess acetyl-CoA was
shunted to acetylcarnitine, essentially labeling the carnitine pool. Carnitine is synthesized in
the liver, kidneys, and brain and is crucial in the transport of fatty acids to mitochondria for
oxidation in muscle and cardiac tissue (13). It has been administered as a neuroprotective
agent and in disorders that involve carnitine deficiency. Such a deficiency is present in
diabetes, cirrhosis of the liver, and other metabolic disorders. In the liver, carnitine
deficiency has been linked to excessive lipid accumulation (13). Thus, acetylcarnitine could
be a potential biomarker for disruption of metabolism in liver disease.

The excess acetyl-CoA was also directed to form ketone bodies, such as acetoacetate.
Ketogenesis occurs in the liver to produce and export fuel for extrahepatic tissues. Ketone
bodies are overproduced during starvation and diabetes and can lead to acidosis (14).
Normal liver only produces and does not consume acetoacetate, but elevated activity of
acetoacetyl-CoA transferase, involved in the catabolism of acetoacetate, has been detected in
a rat liver cancer model (14). Therefore, it is possible that diseased liver will exhibit
hyperpolarized acetoacetate levels that differ from healthy liver, making it a potential
biomarker as well. In addition, hyperpolarized acetate itself may also be a good agent for
liver cancer studies, as [11C]acetate is being investigated as a PET tracer for cancer (14).
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Detecting the metabolic products listed above (from both [1-13C]pyruvate and
[2-13C]pyruvate) and thus monitoring flux through PDH would, of course, also have utility
if DCA were used as a cancer therapy (7, 8). Hyperpolarized technology would have the
distinct advantage over other metabolic imaging modalities of being able to specifically
monitor the PDH pathway, which is targeted by DCA. The strong signal to noise ratio made
possible by hyperpolarized technology means that localized imaging may be possible for
future preclinical and clinical studies involving DCA, DCA analogs, and other PDK
inhibitors (15). Overall, the specificity of hyperpolarized technology to monitor PDH flux
could assist in drug development and targeted imaging of this pathway in patients.

Hyperpolarized 13C metabolic imaging has distinct advantages, such as high sensitivity,
virtually no background signal, and no ionizing radiation. It has the potential to become
clinically applicable (16), and use of hyperpolarized 13C technology to track metabolism
could substantially impact the diagnosis, staging, and measurement of response to therapy of
disease (16). Much attention has already been given to the use of [1- 13C]pyruvate in
preclinical cancer models, where it has been shown that perturbation of glycolysis in tumors
results in elevated hyperpolarized [1-13C]lactate levels (2, 3, 4, 5). The utility of
hyperpolarized technology, though, extends beyond probing glycolysis. At least in
preclinical applications, it is feasible to study mitochondrial metabolism using
[2-13C]pyruvate, as shown in this work. The use of DCA and hyperpolarized
[2-13C]pyruvate would also be appropriate in cell culture studies. In these scenarios, DNP
technology is especially beneficial in that investigations of steady state levels of low
concentration metabolites would be severely limited without the sensitivity enhancement
from hyperpolarization. In the current study, DCA was used to modulate the PDH pathway,
and a change was detected using hyperpolarized 13C MR. Changes in the PDH pathway are
also associated with the actions of a single oncogene, such as MYC in the liver (5), another
reason [2-13C]pyruvate may be of interest as an agent for future cancer studies. The
observations in the normal rat in the current study could serve as the basis for future disease
studies. The continued investigation of agents beyond [1-13C]pyruvate in animal models
could lead to new biologically-relevant hyperpolarized biomarkers and promote the
development of novel metabolic imaging approaches useful for the individualized treatment
of disease.

Conclusions
Metabolic changes were detected in vivo in normal rats in response to a physiological
perturbation in the pyruvate dehydrogenase pathway, namely stimulation with the compound
DCA. Increased production of acetyl-CoA from pyruvate occurred, as detected by increased
glutamate, acetoacetate, and acetylcarnitine. These results in normal rats may provide the
basis for future disease studies.
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Figure 1.
Summary of key metabolic pathways. The injected pyruvate is converted to lactate and
alanine in the cytosol. Pyruvate is irreversibly catalyzed to acetyl-CoA + CO2 (CO2 in
equilibrium with bicarbonate) in the mitochondria by the enzyme PDH. The compound
DCA can be used stimulate PDH by inhibiting its inhibitor—the enzyme PDK. The
metabolic fates of acetyl-CoA include entry into the Krebs cycle and formation of ketone
bodies.
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Figure 2.
Representative non-localized rat spectra after injection of [1-13C]pyruvate pre and post
DCA. The vertical scales are zoomed in by about a factor of 6 to highlight the lactate,
alanine, and bicarbonate peaks. The major difference between the pre-DCA (left) and post-
DCA (right) spectra is the dramatic increase in bicarbonate following DCA administration,
indicating that DCA was effective in stimulating the PDH pathway.
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Figure 3.
Representative non-localized spectrum after DCA administration and injection of
[2-13C]pyruvate. The peak assignments along with their chemical shifts are shown (ppm
values are given with respect to the injected [2-13C]pyruvate’s chemical shift of 207.8 ppm).
Pyruvate is in equilibrium with pyruvate-hydrate and is enzymatically converted to lactate
and acetyl-CoA. Through [1-13C]acetyl-CoA, [5-13C]glutamate, [1-13C]acetoacetate, and
[1-13C]acetylcarnitine were produced and detected. Figure 4 shows zoomed in spectra of the
highlighted box containing glutamate, acetoacetate, acetylcarnitine, and pyruvate.
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Figure 4.
Representative non-localized rat spectra after injection of [2-13C]pyruvate pre- and post-
DCA zoomed in on [5-13C]glutamate, [1-13C]acetoacetate, [1-13C]acetylcarnitine, and
[1,2-13C2]pyruvate. This is the highlighted region from Figure 3. Glutamate increased
modestly relative to pyruvate, and acetoacetate and acetylcarnitine increased dramatically.
Note that in this figure and for subsequent quantitation, local baseline correction was
applied.
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