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Abstract
Hepatocellular carcinoma (HCC), the primary form of human adult liver malignancy, is a highly
aggressive tumor with average survival rates that are currently less than a year following
diagnosis. Most patients with HCC are diagnosed at an advanced stage, and no efficient marker
exists for predicting prognosis and/or response(s) to therapy. We previously reported a high level
of [1-13C] alanine in an orthotopic HCC using single-voxel hyperpolarized [1-13C] pyruvate
magnetic resonance spectroscopy (MRS). In the present study, we implemented a 3D-magnetic
resonance spectroscopic imaging (MRSI) sequence to investigate this potential hallmark of
cellular metabolism in rat livers bearing HCC (N=7 buffalo rats). In addition, quantitative real-
time PCR was used to determine the mRNA levels of lactate dehydrogenase A, NAD(P)H
dehydrogenase quinone 1, and alanine transaminase. The enzymes levels were significantly higher
in the tumor than the normal liver tissues within each rat, which is associated with the in vivo
MRSI signal of [1-13C]alanine and [1-13C]lactate after a bolus intravenous injection of
[1-13C]pyruvate. Histopathological analysis of these tumors confirms successful growth of HCC
as a nodule in buffalo rats’ livers revealing malignancy and hyper-vascular architecture. More
importantly, the results demonstrate that the metabolic fate of [1-13C]pyruvate conversion to
[1-13C]alanine significantly supersedes that of [1-13C]pyruvate conversion to [1-13C]lactate
potentially serving as a marker of HCC tumors.
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INTRODUCTION
The incidence rates of hepatocellular carcinoma (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 (1). 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 (1). This health challenge warrants efforts to
effectively manage and treat the disease. Research on alterations of gene and protein
expressions of HCC could facilitate identification of molecular hallmarks for effective
therapeutic strategies. Therefore, suitable animal models of orthotopic HCC that permit the
control of genetic and environmental conditions in longitudinal studies will 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.

A characteristic feature of cancer cells is the alteration of their central carbon metabolism. It
is generally acknowledged that cancer cells preferentially utilize glycolysis rather than
oxidative phosphorylation for energy production irrespective of oxygen supply (2).
However, mechanistic explanations for this glycolytic phenotype are controversial, perhaps
ATP production for energy, biosynthesis for cell growth, or anaplerotic flux for the
tricarboxylic acid (TCA) cycle (3–5). As technological improvements increase the feasibility
of studying cancer metabolism, growing number of reports have investigated the molecular
connections between malignant transformation and cell metabolism. Recently, a state-of-the-
art metabolome analysis tool based on capillary electrophoresis coupled to mass
spectrometry (6) 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) (7) has advanced 13C magnetic resonance spectroscopic
imaging (MRSI) and enabled the implementation of in vivo tumor metabolic imaging with
hyperpolarized [1-13C]pyruvate (8–14), 13C-labelled bicarbonate (15), [2-13C]fructose (16),
[1,4-13C2]fumarate (17) or [1-13C] ketoisocaproate (18) 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), complete investigation of carbon metabolism is not
feasible.

Hyperpolarized [1-13C]pyruvate MRSI was previously used to demonstrate changes in
metabolism of fasted rat liver where the [1-13C]lactate to [1-13C]alanine ratios increased as
compared to normal rat liver (19). Another study demonstrated an increased lactate
production rate in rat liver when [1-13C]pyruvate was co-administered with ethanol (20).
This finding was attributed to increased nicotinamide adenine dinucleotide (NADH) in
relation to ethanol metabolism in the rat liver. More recently, it was reported that a fasted rat
bearing orthotopic HCC showed increased [1-13C]lactate and [1-13C]alanine levels after a
bolus intravenous injection of hyperpolarized [1-13C]pyruvate (14). Unlike most
[1-13C]pyruvate studies, this single-voxel MRS study revealed a marked increase in
[1-13C]alanine above that from [1-13C]lactate in tumors. 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
(21,22). 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 (21). The activities of these three enzymes, glucokinase, phosphofructokinase
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and pyruvate kinase, reflect the growth potential of the tumors that is consistently being
highest in the more rapidly growing tumors and gradually decreasing from slowly growing
tumors to normal rat liver. Notwithstanding, the enzyme patterns of the rat hepatomas also
showed distinctive changes indirectly related to glycolysis at branched points that involve
alternate pathway to the main glycolytic pathway. One such pathway is via lactate
dehydrogenase (LDH). The ratio of LDH to glycerolphosphate dehydrogenase activities was
highest in the most rapidly growing tumors and the lowest in the slowly growing tumors as
compared to normal liver, thereby suggesting a correlation to the rate of aerobic glycolysis
of malignant tissues. 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 (22).
These results could point out some distinguishable metabolic markers of HCC that may be
identifiable in vivo. In light of these findings, little or no investigation has reported enzyme
levels in connection with metabolites produced from in vivo HCC rat models or even in
humans.

We postulated, on the basis of preliminary data, that in vivo 13C MRS measurement of the
conversion of administered hyperpolarized [1-13C]pyruvate to the downstream metabolites
of [1-13C]alanine and [1-13C]lactate will produce surrogate markers concomitant with
associated enzymes to characterize orthotopic HCC in rat. In this study, we implemented a
three-dimensional double-spin-echo echo-planar spectroscopic imaging (3D DSE-EPSI)
pulse sequence to investigate potential hallmarks of cellular carbon metabolism in rat liver
bearing orthotopic HCC. In addition, quantitative real-time polymerase chain reaction (PCR)
was performed to measure the mRNA levels of lactate dehydrogenase A [LDH-A, EC
1.1.1.27], NAD(P)H dehydrogenase quinone 1 [NQO1, EC 1.6.5.2], and alanine
transaminase [ALT, EC 2.6.1.2] in our rat hepatoma model. We show that differentially
expressed enzymes in pyruvate metabolism could be exploited to distinguish HCC tissues
from normal liver tissues. Our imaging data based on metabolite profiles may also be used
as molecular hallmarks for improved diagnosis and prognosis of HCC, and for monitoring of
response to drug treatment.

EXPERIMENTAL
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 rats were studied under a protocol approved by Stanford
University Administrative Panel on Laboratory Animal Care (APLAC). 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. A sterile cotton stick was
applied for 1–2 minutes over the needle insertion site followed by application of about 100
μL of 70% isopropyl alcohol to the peritoneal cavity to prevent extrahepatic tumor
formation. The incision was then closed in layers with absorbable surgical suture. During
tumor growth, the tumor volume was estimated by measuring its dimensions on three
orthogonal MR imaging planes (a, b, c) and using the formula: (π/6)× a×b×c (23). At 12 to
14 days post-implantation, tumor volume of 100 mm3 to 200 mm3 was considered
appropriate for subsequent MRS analysis. Each rat was fed ad libitum with water and rodent
formula 5P04 from LabDiet® (Brentwood, MO) up to the time of setup in the magnet.
Experiments were performed on rats (~300 g) 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, specifically respiration (66±5 breath/min), temperature
(37.2±.1°C), pulse rate (396±30 beats/min), and oxygen saturation (96±3%). A custom-built
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dual-tuned (1H/13C) quadrature rat coil was used for both radiofrequency (RF) transmission
and reception in a 3.0 Tesla clinical system (Signa™ 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 (HyperSense™, 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. Based on
calculation, the bolus injection resulted in a peak blood concentration of approximately 8
mM. Acquisition of MRSI data began 20 s after the start of bolus injection.

A 3D DSE-EPSI sequence 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. The EPSI gradient was applied in the right-
left direction. Eighteen phase encoding steps were applied in the anterior-posterior (A/P)
direction and eight in the superior-inferior (S/I) direction. The acquisition parameters were:
matrix size = 26 × 18 × 8, FOV = 90 mm × 60 mm × 40 mm, spectral BW = 500 Hz, time
points = 64 (spectral resolution = 7.8 Hz), flip angle = 8, TR = 245 ms, and total scan time =
35 s. Details of the 3D DSE-EPSI pulse sequence were previously published by Yen et al
(24). Data reconstruction and analysis were performed using custom software written in
Matlab (The MathWorks, Inc., Natick, MA, USA). The symmetric EPSI waveform was used
as a weighting function in a gridding algorithm to effectively correct for phase among
sample points in kx vs. time domain. Apodizations were performed in kx and ky with a
Hamming filter and in time domain with a line broadening of 15 Hz. Then the data were
zero-filled to 64 × 42 × 8 and fast Fourier transform was applied to reconstruct the
spectroscopic images. B0 correction was performed for spectral peaks above noise threshold
to align the spectral peaks across all voxels. After reconstruction, metabolite maps of
[1-13C]pyruvate, [1-13C]lactate, and [1-13C]alanine were computed by integrating the area
under respective peaks of each voxel’s magnitude (complex modulus) spectrum and overlay
on T1-weighted proton images.

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 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).
The quantity of RNA (ng/μL) was calculated using the Beer-Lambert equation. 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 LDH-A (Assay number
Rn00820751_gl), ALT (Assay number Rn01538341_ml) and NQO1 (Assay number
Rn00566528_ml). The mRNA from Morris hepatoma McA-RH7777 cells, used for tumor
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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.

Immunohistochemistry
For the remaining 3 rats, liver tissues were harvested upon completion of the MRSI
examinations and immediately fixed in 10% neutral buffered formalin, paraffin embedded
and sectioned into 5-μm slices. Multiple histologic stains of Hematoxylin & Eosin (H&E),
anti-CD31, and anti-Caspase-3, were performed according to standard protocols (Histo-tec
Laboratory, Hayward, CA). The stained slides were submitted to a pathologist for
histopathological evaluations. Digital images of the histological slides were acquired with a
20× objective lens at a light microscope, Nikon DXM1200F digital camera (Nikon, Japan).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 4.0a 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
In Vivo Hyperpolarized 13C MRS Imaging revealed elevated levels of [1-13C]-lactate and
[1-13C]-alanine in HCC

Metabolic maps of [1-13C]pyruvate, [1-13C]lactate, and [1-13C]alanine from a representative
rat are shown in Figure 1. These maps are color-coded with values ranging from minimum
(blue) to maximum (red) and normalized (0 to 1). The maps were set at a threshold value of
0.4 on a scale of 0 to 1. It is notable that both [1-13C]lactate and [1-13C]alanine maps are co-
localized with the HCC tumor, and the tumor voxel values are greater than those of normal
liver (Fig. 1). Spectra from reconstructed voxels (1.4×1.4×5 mm3) in tumor and normal liver
are shown (Fig. 2A). The integral values of four reconstructed voxels (1.4×1.4×5 mm3) per
region (tumor or normal) were tabulated across all 7 rats for statistical comparisons (Fig.
2B). Each metabolite peak integral was expressed as a ratio to the reference 13C-urea
phantom, always placed alongside each rat. Difference in the means of normal liver and
tumor were statistically significant for [1-13C]lactate (p < 0.0001) and for [1-13C]alanine (p
< 0.0001), but not significant for [1-13C]pyruvate (p = 0.3428). Such comparable levels of
[1-13C]pyruvate in tumor and normal liver may indicate that both tissues were well perfused
with [1-13C]pyruvate. Also, the sum of [1-13C]pyruvate, [1-13C]lactate and [1-13C]alanine,
representative of the total 13C-carbon signal was found to be significantly higher (p <
0.0001) in tumors (4.86±0.29 × 108) than normal rat liver (2.74±0.18 × 108).

Quantitative Real-Time PCR Analysis indicated higher gene expressions of LDH-A, NQO1,
and ALT in HCC tissues

To account for the observed elevated levels of metabolites in HCC tumors, we used
quantitative real-time PCR 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 (p < 0.0001), NQO1 (p < 0.0001), and ALT (p = 0.0173) were
significantly elevated (p ≤ 0.05) in HCC tumors compare to normal liver tissues (Fig. 3). We
anticipated the levels of NQO1 to be in accordance with LDH-A, because NQO1 is an
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enzyme that produce NADH, and NADH is used in the LDH-A catalyzed reaction of
[1-13C]pyruvate to [1-13C]lactate. Although the levels of ALT (Fig. 3) were significantly
greater in tumor than normal liver (p = 0.0173), the degree of significance is less than that of
the [1-13C]-alanine metabolite (p < 0.0001) (Fig. 2).

Immunohistochemistry confirms a nodular HCC displaying malignant characteristics
Histopathologic examinations were performed on H&E stained liver tissues (Fig. 4B).
Multiple sections of liver are examined, revealing multiple demarcated nodular masses
within the middle lobe of the liver. The masses are comprised of haphazard, 2- to 8-cell
thick trabeculae and solid lobules of cells with scant vascular stroma. The cells are
polygonal with defined cell borders enclosing small amounts of eosinophilic cytoplasm. The
nuclei are irregularly round with dispersed stippled chromatin and single, prominent
nucleoli. An average of 7 mitoses per 400X field (range from 4 to 12) were observed in
tumors. Anisocytosis and anisokaryosis are markedly noticeable (> 3-fold each). Few
apoptotic bodies are noted scattered throughout the masses. Multifocal, random, discrete
areas of coagulation necrosis are noted throughout the nodules. There are few but distinct
areas of local invasion by the nodules into surrounding hepatic parenchyma, and discrete
solid aggregates of a few of the cells are noted within adjacent vascular spaces.

Sections immunostained with anti-Caspase-3 antibody (Fig. 4D) reveal strong (3+) specific
brown cytoplasmic immunoreactivity in some of the cells of the nodular masses, at an
average rate of 9 immunostained cells per 100 cells in tumors. Anti-Caspase-3
immunoreactivity is not noted in any cells in the normal liver (Fig. 4C) outside the nodular
masses.

The vascular architecture of rat liver tissue was examined with anti-CD31 antibody (Fig. 4E-
F). Sections immunostained with anti-CD31 antibody reveal presence of normal endothelial
cells outside the nodular masses (Fig. 4E), as well as normal endothelial cells within the
nodular masses (Fig. 4F). These endothelial cells are extremely flattened and elongated,
displaying strong (3+) specific brown cytoplasmic immunoreactivity. The tumors exhibit
more vascularization (as determined by CD31 immunostaining) (Fig. 4F) than normal liver
(Fig. 4E).

DISCUSSION
We sought to investigate potential molecular hallmarks of an in vivo orthotopic HCC model.
Our data suggest that the conversion of exogenous [1-13C]pyruvate to [1-13C]lactate and
[1-13C]alanine is a characteristic marker of HCC in vivo. Coupled to this finding, the
associated enzymes (LDH-A, NQO1, and ALT) are significantly elevated in HCC tumor as
compared to normal liver. Histopathologic analysis of liver tissues revealed a nodular tumor
with malignant features.

Previous reports of in vivo hyperpolarized 13C MRSI of tumors have implicated constitutive
increase in [1-13C]lactate after a bolus injection of [1-13C]pyruvate(8–14). Similarly, we
observed that [1-13C]lactate levels were significantly elevated and co-localized within the
HCC tumor. The observed elevated levels of lactate may be attributed to exchange of
[1-13C]pyruvate labeling with preexisting lactate pools, a net flux of [1-13C]pyruvate to
[1-13C]lactate, or a combination of both. Regardless of whether this technique measures
isotopic exchange or net flux, the enzyme responsible for the conversion is LDH-A. Our
results indicate significantly higher levels of LDH-A mRNA in HCC tumor as compared to
normal liver, suggesting that the elevated levels of lactate in the HCC tumor is ascribed to
the increased LDH-A enzyme levels.
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While [1-13C]-lactate might be a main product of aerobic glycolysis, the significant
[1-13C]alanine production observed in our study is consistent with recent report of human
colon and stomach cancers (6) and rat HCC tumors (14), even though metabolic imaging
was not implemented at the time. We determined that these elevated metabolites in HCC
tumor could be ascribed to the density of enzymes associated with the metabolism of
[1-13C]pyruvate. Despite incomplete understanding of the underlying in vivo mechanisms by
which the [1-13C]pyruvate to [1-13C]alanine metabolism supports HCC growth, our study
identified metabolic signatures in HCC and their relation to putative enzymes levels.
Furthermore, extended investigations into these metabolic signatures may help to unravel
the mechanisms by which they support HCC growth and to identify promising targets for
intervention.

We measured mRNA levels of enzymes involved in pyruvate metabolism in our HCC
tissues, so as to infer enzyme activities based on their expression levels. Our results indicate
that the levels of LDH-A, NQO1, and ALT are consistently elevated in orthotopic HCC and
that the [1-13C]pyruvate metabolism of these tumors appears concomitant with the in vivo
changes in the glycolytic pathway connected to the production of [1-13C]lactate and
[1-13C]alanine. These crucial enzymes, LDH-A, NQO1, and ALT, are highly elevated in the
orthotopic HCC tissues, and the glycolytic capacities of HCC tumors are likely dependent
on the up-regulation of these enzymes. Our observed elevated LDH-A level is in
concordance with increased LDH activity in mouse tumors and cancer cells (3,10,12). This
increased level can be linked to the elevated lactate levels in this orthotopic model, which
was similarly demonstrated in cancer cells (3,12). NQO1 is a prevalent cytosolic
flavoenzyme that catalyzes two-electron reduction of various quinones, with NADH as an
electron donor (25,26). This NQO1-mediated reduction mechanism may be responsible for
scavenging superoxides anions generated during oxidative stress as a cellular defense
against various toxic quinones. Significant expressions of NQO1 have been reported in
response to liver damage or primary biliary cirrhosis in human liver (27) or rat liver (28),
and NQO1 expression is altered in a plethora of cancers cells (29). Also, NQO1 plays a key
role in regulating the p53 tumor suppressor gene, a labile protein that induces either growth
arrest or controlled apoptosis (30,31). Histologically, the HCCs in rats revealed higher
mitotic activity and apoptotic rate. Since NQO1 regulates the p53 gene (30,31), the
apoptotic features only localized to the HCC nodule may be attributed to increased NQO1
levels in these tumors. Thus, NQO1 may play varied and important roles in cancers, and
may have diagnostic and/or therapeutic potential.

ALT, mostly found in liver, is specific for catalyzing an exchange between pyruvate and
alanine, and between 2-oxoglutarate and glutamate. Pyruvate conversion to alanine mostly
occurs in the cytoplasm, because ALT expression in rat hepatoma cells is found
predominantly in the cytoplasm with a small fraction in the mitochondria (32). We observed
a significantly greater level of ALT in rat HCC tumor as compared to normal liver. This
finding may be due to a prolific induction or transcription of ALT in HCC tumors. 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 (22). During fasting, pyruvate
dehydrogenase is inactivated in rat liver bearing hepatoma (33). This could be a potential
reason that excess pyruvate gets shuttled through alternative metabolic pathways, like lactate
or alanine. The inhibition of pyruvate dehydrogenase in our HCC model is unlikely, because
all rats were fed ad libitum during the hyperpolarized 13C MRSI experiments.

This hyperpolarized 13C 3D MRSI technique is currently limited to only preclinical studies.
Our study may have overestimated the physiological levels of metabolites because we
administered an exogenous metabolic substrate that surpasses physiological levels.
However, advanced techniques in mass spectrometry have demonstrated elevated levels of
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lactate and alanine in ex vivo human tumors at physiological levels (6). Despite these
limitations, our findings strongly support the advent of novel in vivo imaging technologies
that hold promise for improved diagnosis and prognosis of HCC.

In summary, HCC exhibits a characteristic increase in lactate and alanine production in vivo
following a bolus infusion of hyperpolarized [1-13C]pyruvate 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 HCC. Hyperpolarized 13C 3D MRSI
is a potential diagnostic tool for detection of HCC and may become an important new
imaging tool to measure surrogate markers or endpoints for drug treatment.
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TCA tricarboxylic acid

MRSI magnetic resonance spectroscopic imaging

NADH nicotinamide adenine dinucleotide

LDH lactate dehydrogenase
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PCR polymerase chain reaction

NQO1 NAD(P)H dehydrogenase quinone 1
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Ct cycles needed to cross the threshold
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CD31 glycoprotein expressed on endothelial cells and in platelets
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Figure 1.
Representative metabolite maps of a rat liver bearing hepatocellular carcinoma (HCC)
tumors showing [1-13C]lactate and [1-13C]alanine production after a bolus injection of
hyperpolarized [1-13C]pyruvate. Metabolite maps were computed from the integral of
metabolite peak for each voxel’s spectrum from 3D DSE-EPSI data. [A] 3D axial magnetic
resonance images of a rat abdomen with HCC tumors in the liver, [B] [1-13C]pyruvate
metabolic map overlays, [C] [1-13C]lactate metabolic map overlays, and [D] [1-13C]alanine
metabolic map overlays.
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Figure 2.
[A] Representations of in vivo hyperpolarized 13C MRS spectra of normal liver and HCC
tumor obtained within the same rat. [B] Quantitative measures of 13C-metabolites peaks
integrals plotted as bar graphs for 7 rats. All bar graphs are displayed as mean±SEM, and the
p-values were evaluated by npaired t test (nsp-value > 0.05, *p-value ≤.05, ** p-value ≤
0.01, *** p-value ≤ 0.001).
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Figure 3.
Pairwise bar graphs of enzyme mRNA expression from normal liver and tumor tissues in
control and treated cohorts. 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).
LDH-A, lactate dehydrogenase A; NQO1, NAD(P)H dehydrogenase quinone 1; ALT,
alanine transaminase; NL, normal liver; T, tumor.
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Figure 4.
Histopathologic analysis with hematoxylin and eosin stains of rat liver bearing
hepatocellular carcinoma [A] normal liver and [B] tumor (20-fold magnification.
Photomicrograph of anti-Caspase-3 positive stain for apoptotic cells [C] normal liver and
[D] tumor (20-fold magnification). Immunostain of endothelial cells lining vessel walls with
anti-CD31 (brown) and counterstained with hematoxylin for cell nuclei (blue) [E] normal
liver and [F] tumor (20-fold magnification).
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