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Abstract
Purpose: Most cancers exhibit high levels of aerobic glycolytic 

metabolism with diminished levels of mitochondrial oxidative 
phosphorylation even in the presence of normal or near-normal 
levels of oxygen (“Warburg effect”). However, technical challenges 
have limited the development of non-invasive in vivo imaging 
techniques for monitoring glycolytic metabolism of hepatocellular 
carcinoma (HCC) and quantitatively evaluating the impact of this 
effect on the growth and therapy of this disease. Thus, there is a 
critical need to develop non-invasive techniques for longitudinal 
assessment of the metabolism and treatment response of patients 
with unresectable HCCs. 

Procedures: This article discusses a novel method, 
“Hyperpolarized 13C MRS imaging”, for achieving this objective 
and thus improving the prognosis of HCC patients. The primary 
objective has been to characterize in vivo metabolic biomarkers 
as determinants of HCC metabolism and treatment response of 
unresectable HCC tumors or viable HCC cells. 

Results: This innovative technique capitalizes on a new 
technology that increases the sensitivity of MRS detection of crucial 
metabolites in cancer cells. 

Conclusion: It is anticipated that this innovative approach will 
lead to improved methods, both for the diagnosis and staging of 
HCCs and for the facilitation of the development of enzyme targeted 
therapies and other therapeutic interventions.
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Introduction
A characteristic feature of cancer cells is the alteration of their 

central carbon metabolism. It is generally acknowledged that for 
energy production cancer cells enhance their utilization of glycolysis 
and diminish that of oxidative phosphorylation irrespective of 
oxygen supply [1]. However, although mechanistic explanations for 
this enhanced glycolytic phenotype are controversial, it is likely due 
to the need for a versatile method for ATP production to serve as 
a direct form of energy, or as energy to drive both biosynthesis of 
vital intermediates for cell growth and provide anaplerotic flux for the 
tricarboxylic acid (TCA) cycle [2-4]. 

As technological improvements increase the feasibility of 
studying cancer metabolism, a growing number of reports have 
investigated the molecular basis of malignant transformation and 
cell metabolism. Recently, a state-of-the-art metabolome analysis 
tool based on capillary electrophoresis coupled to mass spectrometry 
[5] quantified the various levels of metabolites involved in central 
carbon metabolism in human tumor tissues and globally mapped 
the glycolysis, pentose phosphate, and TCA pathways. In addition, 
the liquid state preservation of polarized nuclear spins from dynamic 
nuclear polarization (DNP) [6] has advanced 13C magnetic resonance 
spectroscopic imaging (MRSI) and enabled the implementation 
of in vivo tumor metabolic imaging with hyperpolarized [1-13C]
pyruvate [7-15], 13C-labelled bicarbonate [16], [2-13C]fructose [17], 
[1,4-13C2]fumarate [18] or [1-13C]ketoisocaproate [19] to investigate 
local changes in the carbon metabolic pathways after intravenous 
administration of the hyperpolarized substrate. Detection of these 
substrates and their metabolic products provide crucial information 
about multiple transporters and enzymes involved in carbon 
metabolism. Due to the short lifetime of the hyperpolarized signal (~ 
60 s), a complete investigation of carbon metabolism is not feasible in 
a single data acquisition session. 

Hyperpolarized [1-13C]pyruvate MRSI was previously used to 
demonstrate changes in metabolism of fasted rat liver in which the [1-
13C]lactate to [1-13C]alanine ratios increased as compared to normal 
rat liver [20]. Another study demonstrated an increased lactate 
production rate in rat liver when [1-13C]pyruvate was co-administered 
with ethanol [21]. This finding was attributed to increase nicotinamide 
adenine dinucleotide (NADH) in relation to ethanol metabolism in 
the rat liver. More recently, it was reported that a fasted rat bearing 
an orthotopic HCC showed increased [1-13C]lactate and [1-13C]
alanine levels after a bolus intravenous injection of hyperpolarized 
[1-13C]pyruvate [15]. Unlike most [1-13C]pyruvate studies, a single-
voxel MRS study [15] and a MRS imaging study [9] revealed a marked 
increase in [1-13C]alanine above that from [1-13C]lactate in tumors. 
A switchable transgenic mouse model of MYC-driven liver cancer 
showed a correlation of increased alanine to tumor formation and 
increased lactate as a biomarker [22]. However, a seminar review 
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[23] discussed that the glycolytic phenotype observed in tumor cells 
is regulated by the PI3K, hypoxia-inducible factor (HIF), p53, MYC 
and AMP-activated protein kinase (AMPK)-liver kinase B1 (LKB1) 
pathways, which make it difficult to attribute the glycolytic phenotype 
of liver cancer to a single pathway. These contributions are significant 
because they may characterize inherent biomarkers of HCC that can 
provide new insights into the progression of unresectable hepatomas. 
Studies have previously investigated the pattern of glycolytic enzymes 
in buffalo rat hepatomas using invasive tissue assay analyses [24, 
25]. With the exceptions of glucokinase, phosphofructokinase and 
pyruvate kinase, the activities of the enzymes of the main glycolytic 
pathway are generally similar in rat liver and hepatomas [25]. The 
activities of these three enzymes, glucokinase, phosphofructokinase 
and pyruvate kinase, reflect the growth potential of the tumors that 
is consistently highest in the more rapidly growing HCC tumors and 
gradually decreasing from slowly growing HCC tumors to normal rat 
liver. 

The enzyme patterns of rat hepatomas also showed distinctive 
changes indirectly related to glycolysis at branched points that 
involve alternate pathways to the main glycolytic route. One such 
pathway is via lactate dehydrogenase (LDH). The ratio of LDH to 
glycerol phosphate dehydrogenase activities was highest in the most 
rapidly growing HCC tumors and lowest in the slowly growing 
HCC tumors as compared to normal liver, thereby suggesting a 
correlation of the rate of aerobic glycolysis of malignant tissues to 
their rate of proliferation. Also, it has been noted that total tyrosine 
aminotransferase in many host livers and hepatomas were slightly 
elevated in rats fed a vitamin B6-deficient diet [24]. These observations 
could point to distinguishable metabolic markers of HCC that may 
be identifiable in vivo. In light of these findings, we conclude that 
previous studies have not adequately investigated enzyme levels in 
connection with catalyzed metabolites in in vivo HCC animal models 
or in humans.

Liver cancer, the vast majority (91%) of which is hepatocellular 
carcinoma (HCC), is the sixth most common cancer worldwide, 
and the third most common cause of death from cancer [26]. The 
incidence rates of HCC tripled in the United States from 1975 
through 2005 across all ethnic groups with marked recent increases 
among middle-aged black, hispanic, and white males [27]. The rapid 
increases in HCC incidence in developed countries correlates with 
a similar trend in the prevalence of chronic infection with hepatitis 
B virus (HBV) [27,28]  and hepatitis C virus (HCV) [27,29]. Most 
patients with HCC are diagnosed when the disease is already at an 
advanced stage, thereby limiting therapeutic options and leading to a 
dismal one-year cause-specific survival rate [27]. This health challenge 
warrants efforts to effectively manage and treat the disease. Research 
on alterations of gene and protein expression of HCC could facilitate 
identification of molecular hallmarks for effective therapeutic 
strategies. Therefore, suitable animal models of orthotopic HCC 
that permits the control of genetic and environmental conditions in 
longitudinal studies promises to recapitulate all phases of the disease, 
facilitate the development of diagnostic or prognostic biomarkers, 
develop robust tumor imaging approaches, and provide evaluation 
of potential therapeutic strategies. Perhaps, limited technologies 
may have previously prevented initiation of advanced imaging 
studies of HCC metabolism in vivo with subsequent translation 
into humans. There is clearly a critical need for introduction of 
robust technologies to permit earlier intervention and provide better 

prognosis. Researchers may develop measures for distinguishing the 
metabolic characteristics of HCC and identify promising therapeutic 
modalities for improving studies of HCC metabolism. The expected 
outcomes may be utilized complimentarily for down-staging of 
HCC to meet established criteria for liver transplantation and for 
assessing functional hepatic reserve. In addition, the early detection 
of treatment failure will permit other treatment options thus avoiding 
wasted time, cost and morbidity. Furthermore, better understanding 
of the metabolic phenotype of HCC could lead to pharmacologic 
strategies that may develop targeted inhibition of crucial enzymes in 
the inherent biochemical pathway(s) of HCC. 

Materials and Methods
In vivo Hyperpolarized 13C MRS Imaging

A total of 7 male buffalo rats (Charles River Laboratories 
International Inc., Wilmington, MA) were used in this study. All 
procedures with animals were performed in accordance with the 
recommendations in the guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health, and the protocol was 
approved by the Institutional Animal Care and Use Committee 
(IACUC). During single orthotopic implantation, a subxiphoid 
incision was made and a total of 1×106 Morris hepatoma McA-
RH7777 cells (American Type Culture Collection, Manassas, VA) 
suspended in 100 µL of phosphate-buffered saline (PBS) were injected 
slowly (typically over 15-30 seconds) beneath the parenchyma of the 
middle lobe. At 12 to 14 days post-implantation, this cohort of rats 
(N =7) was treated on two consecutive days with a doxorubicin HCl 
liposome injection, Doxil® (2.5 mg/kg, intraperitoneally, i.p.), (Ben 
Venue Laboratories Inc, Bedford, OH) prior to hyperpolarized 13C 
MRSI. Experiments were performed on rats anesthetized with 2% 
isoflurane in oxygen at a flow rate of 1.5 L/min. An MR-compatible 
small animal monitoring and gating system (Model 1025, SA 
Instruments Inc., Stony Brook, NY) was used to measure and record 
physiological parameters of each rat. A custom-built dual-tuned 
(1H/13C) quadrature rat coil was used for both radiofrequency (RF) 
transmission and reception in a 3.0 Tesla clinical system (SignaTM 
MR Scanner, GE Healthcare, Waukesha, WI). An 8 molar 13C-urea 
phantom was placed alongside each rat for experimental calibrations. 
A mixture of [1-13C]pyruvic acid and trityl radical was polarized to 
approximately 23.7±1.7% using a DNP polarizer (HyperSenseTM, 
Oxford Instruments Molecular Biotools, Oxford, UK). After the 
mixture was polarized for 1 hour, it was rapidly dissolved using a 
Tris/EDTA NaOH buffer (pH=7.5±0.1). A 3 mL bolus injection of 
hyperpolarized [1-13C]pyruvate (80 mM) was administered via the 
tail vein over a 14 s interval followed by a 4 s saline flush to clear 
the 0.5 mL catheter dead volume. A 3D DSE-EPSI sequence [30] 
was utilized, which allows a maximum in-plane spatial resolution 
of 3.4 mm with spectral bandwidth (BW) of 500 Hz to include the 
metabolite peaks. A 30 mm axial slab was excited to cover the rat 
liver. Hyperpolarized [1-13C]ketoisocaproate (KIC) technique was 
performed as previously published [19] with an axial slab (4 mm) 
across the liver, a tail vein injection of 2.7 mL of 23 mM KIC, and 5° 
flip angle acquisitions in dynamic spiral CSI [31]. Data reconstruction 
and analysis were performed using custom software written in Matlab 
(The MathWorks, Inc., Natick, MA, USA).

Quantitative real-time PCR analysis

Following the MRSI examinations of 4 rats, rat liver tissues were 
harvested and immediately snap-frozen in cold acetone and stored 
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at -80°C. About 30 mg of snap-frozen tissue was used from each rat 
specimen to extract mRNA. Total RNA enriched with mRNA was 
purified with RNeasy Mini Kit (Qiagen, Valencia, CA). All procedures 
were performed according to the manufacturers’ recommendations. 
Following a 1:50 dilution of samples, aliquots were pipetted 
into microplate wells and absorbance at 260 nm was measured 
using a PowerWave™ XS Microplate Spectrophotometer (BioTek 
Instruments, Winooski, VT). Reverse transcription (RT) using 500 
ng of total RNA in a 10 µL reaction was performed using the Applied 
Biosystems RT Kit (Applied Biosystems, Foster City, CA) according 
to the instruction manual. Synthesized cDNA was then maintained at 
37°C for 1 h, followed by 10 min at 95°C. cDNA was PCR-amplified in 
a 20-µL reaction using the TaqMan® Gene Expression Assay Kit and 
Master Mix Kit (Applied Biosystems, Forster City, CA) according to 
the instruction manual. Briefly, thermal cycling was performed using 
the Mx3000P real-time PCR system (Stratagene®, Santa Clara, CA), 
amplification rates were measured automatically, and the number of 
cycles needed to cross the threshold (Ct) determined. Each sample was 
assayed in triplicates for levels of both cytosolic and mitochondrial 
branched-chain aminotransferases (BCAT-1 and BCAT-2). The 
mRNA from Morris hepatoma McA-RH7777 cells, used for tumor 
implantation, was used to generate standard curves for each enzyme 
assay. Ct values of respective enzymes were normalized to a reference/
housekeeping gene (18S rRNA) as endogenous control. Negative 
controls included a sample without enzyme in the RT reaction and 
another sample without template during the PCR.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 
5.0d for Mac OS X (GraphPad Software, San Diego, California, USA). 
A two-tailed unpaired student’s t test was performed to verify the 
statistical significance of the means in the compared groups. A p-value 
≤ 0.05 was considered statistically significant. All results are displayed 
as mean±SEM (standard error of mean) of measures in groups.

Results
Proton MR images (Figure 1) and metabolic maps (Figure 

2) of [1-13C]pyruvate, [1-13C]lactate, and [1-13C]alanine from a 
representative rat are shown. These maps are color-coded with values 
ranging from minimum (blue) to maximum (red). It is notable that 
both [1-13C]lactate and [1-13C]alanine maps are co-localized with the 
HCC tumor, and the heterogeneous tumor values are greater than 
those of normal liver (Figure 2). Spectra from reconstructed voxels 
in tumor and normal liver are shown (Figure 3a). The integral values 
of four reconstructed voxels per region (tumor or normal) were 
tabulated across 7 rats for statistical comparisons (Figure 3b). Each 
metabolite peak integral was expressed as a ratio to the reference 
13C-urea phantom, always placed alongside each rat. There was no 
significant difference (p > 0.05) between the levels of alanine and 
lactate metabolites in Doxil® treated tumors as compared to those of 
control rats previously published. In addition, we found a significant 
upregulation of both cytosolic and mitochondrial branched-chain 
aminotransferases (BCAT-1 and BCAT-2) in rat HCC tissues (Figure 
4) as compared to normal rat tissues. Since these BCAT enzymes 
indicate strong correlates to those of human HCC tissues, it could be 
possible to image the activity of these enzymes with hyperpolarized [1-
13C]ketoisocaproate MRS imaging. This technique was demonstrated 
in rat livers (Figure 5) by implementing a 3D spiral chemical shift 
imaging [31] pulse sequence.

Discussion
In the study discussed herein, we emphasized the utility of 

hyperpolarized 13C MRS imaging to measure metabolic signatures of 
hepatocellular carcinoma. The conversion of pyruvate to lactate and 
alanine was not significantly affected with Doxil® treatment used in 
this study. To account for the observed elevated levels of metabolites 
in HCC tumors, quantitative real-time PCR [9] was used to measure 
the expression levels of putative enzymes (LDH-A, NQO1, and ALT) 
associated with the metabolism of [1-13C]pyruvate. Measurements 
were made in triplicates for each specimen (tumor or normal liver) 
from four rats. All three enzymes, LDH-A, NQO1, and ALT were 
significantly elevated in HCC tumors relative to normal liver tissues. 

Using cDNA microarrays to characterize human HCC, another 
study found an upregulation of BCAT-2 enzymes [32]. It has been 

Figure 1: Representative 7T MR images of rat liver at pre-screening with a set of (a) coronal images and (a) axial images with HCC tumors indicated by arrows. A 
T2-weight fast-spin-echo acquisition, 5 ́  5 cm field-of-view, 256 ́  256 matrix dimensions, and 2 mm slice thickness. [In: Proceedings of the World Molecular Imaging 
Congress (WMIC); 2010 September 8-11 Abstract# 0049; International Conference Center (ICC), Kyoto, Japan.]
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Figure 2: Representative metabolite maps computed from integral of metabolite peak. (a) 1H MR image of rat liver, (b) [1-13C]pyruvate metabolic map, (c) [1-13C]
lactate metabolic map, and (d) [1-13C]alanine metabolic map.
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reported that BCAT is only expressed in extra hepatic tissues, and 
BCAT-2 activity is required in hepatocytes under conditions of 
rapid cell proliferation [33]. We suspect that ALT and BCAT-1 in 
the cytoplasm may be associated with the significantly high levels of 
alanine in HCC, because both enzymes are aminotransferases located 
in the cytoplasm that transfer the amine group from glutamate to a 
keto-carbon of an alpha ketoacid like pyruvate. An ongoing study 
will test this hypothesis with the utility of hyperpolarized [1-13C]
ketoisocaproate MRSI similar to a recent study on EL4 lymphoma 
in the mouse [19]. These findings may suggest potential molecular 

signatures of HCC, and fortunately, in vivo hyperpolarized 13C MRS 
imaging can be used to investigate the catalyzed reactions of the 
aforementioned enzymes. In addition, this study was performed on 
a clinical 3 Tesla magnet thereby making the technique translatable 
into humans with appropriate radio-frequency coil for imaging 
human livers. 

The effect of 3-bromopyruvate on AS-30D rat HCC [34] has 
shown remarkable results by regressing the tumor completely. The 
mechanism of 3-bromopyruvate is assumed to inhibit hexokinase 
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II and prevent glucose from entering the glycolytic pathway [35-
38]. More specifically, it is suggested that 3-bromo-pyruvate targets 
the sulfhydryl group of cysteine residues in hexokinase II [39]. It is 
possible to label the C1 position with the 13C isotope, 3-bromo-[1-
13C]pyruvate, and hyperpolarize this compound for the study of its 

pharmacokinetics and pharmacodynamics. In addition, the spatial 
distribution of this therapeutic agent could be evaluated with 3D 
MRS imaging. Another pharmacologic strategy [3] had used small 
interfering RNA against lactate dehydrogenase to preferentially 
inhibit the glycolysis of cancer cells. To avoid complications with 
systemic administration of such a drug in vivo, short hairpin RNA 
can be incorporated into a transcatheter arterial chemoembolization 
(TACE) to localize the drug within the tumor. As a demonstration 
of feasibility, image-guided nanoembolization has been performed 
in a rabbit model of liver cancer to target micro RNA [40]. Other 
investigators have used ethyl-bromopyruvate, a hydrophobic 
derivative of 3-bromopyruvate, for intraarterial treatment of a 
rabbit HCC model (VX2 carcinoma) by a transfemoral intraarterial 
approach [41].

Potential for clinical translation of hyperpolarized 13C MRSI

Hyperpolarized 13C 3D MRSI is currently limited to preclinical 
studies. These studies may have overestimated the physiological levels 
of metabolites because the exogenous metabolic substrate surpasses 
physiological levels when administered in vivo. However, advanced 
techniques in mass spectrometry have demonstrated elevated levels 
of lactate and alanine in ex vivo human tumors at physiological levels 
[5]. Despite these limitations, the findings herein strongly support 
the advent of novel in vivo imaging technologies that hold promise 
for improved diagnosis and prognosis of HCC. MRS imaging could 
complement retrospective metabolomics of glycolytic metabolites in 
human HCC tissues with advanced techniques in mass spectrometry 
as demonstrated in ex vivo human tumors [5] and mouse livers 
[42]. In addition, enzyme analysis can be utilized to validate the 
translational capabilities of hyperpolarized 13C MRS imaging into 
humans. In terms of administration of pyruvate, intracoronary 
pyruvate injections have been successfully performed on clinical 
patients with congested heart failure (27.75 mmol of pyruvate, 185 
mL volume, 15 min injection time) [43,44]. Similarly, this amount 
of stable isotopic 13C-enriched pyruvate can be hyperpolarized and 
injected via transcatheter arterial infusion as performed on patients 
with HCC with the advantage of localizing the substrate to the HCC 
lesion in the liver. However, fast imaging techniques are critical to 
follow dynamic metabolic processes in vivo. Therefore, we encourage 
researchers to develop fast volumetric 13C MRSI methods for dynamic 
metabolic imaging. Additionally, the development of novel kinetic 

Figure 4: Pairwise bar graphs of enzyme gene expression from normal 
liver and tumor tissues in control and treated cohorts. (a) branched-chain 
aminotransferase-1 (BCAT-1) gene expressions, and (b) branched-chain 
aminotransferase-2 (BCAT-2) gene expressions. All bar graphs are displayed 
as mean±SEM, and the p-values were evaluated by unpaired t test (*p-value £ 
0.05, ** p-value £ 0.01, *** p-value £ 0.001).
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modeling tools to measure enzyme kinetics characterizing the in vivo 
metabolism of hyperpolarized [1-13C]pyruvate will be essential to the 
application of the technique with validation by molecular analysis of 
metabolites and enzymes in liver tissues.

In summary, the objective of this report has been to describe 
potential molecular hallmarks of an orthotopic hepatocellular 
carcinoma in vivo. The reports herein suggest that the conversion 
of exogenous [1-13C]pyruvate to [1-13C]lactate and [1-13C]alanine 
is a characteristic marker of this HCC type in vivo. Coupled to this 
finding, the associated enzymes (LDH-A, NQO1, and ALT) are 
significantly elevated in this HCC tumor as compared to normal 
liver that can be detected with non-invasive imaging. Concomitant 
up-regulation of the enzymes (LDH-A, ALT, NQO1) may explain 
the observed increases in metabolic products in HCCs, or at least in 
the HCC type (s) described in this report. In addition, in vivo KIC 
conversion to leucine could be associated with BCAT-1 and BCAT-2 
expression levels. Such molecular signatures of HCCs could provide 
an impetus to developing novel enzyme inhibitors as therapeutic 
agents. Hyperpolarized 13C 3D MRSI is a potential diagnostic tool for 
detection of HCCs and may become an important new imaging tool 
to measure surrogate markers or endpoints for drug treatment. 
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