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ARTICLE INFO ABSTRACT

Article history: Background: Therapies targeting altered activity of pyruvate dehydrogenase (PDH) and pyruvate carboxylase
Received 14 August 2019 (PC) have been proposed for hepatomas. However, the activities of these pathways in hepatomas in vivo have
Accepted 7 October 2019 not been distinguished. Here we examined pyruvate entry into the tricarboxylic acid (TCA) cycle through PDH

versus PC in vivo using hepatoma-bearing rats.

Methods: Hepatoma-bearing rats were generated by intrahepatic injection of H4IIE cells. Metabolism of >C-la-
beled glycerol, a physiological substrate for both gluconeogenesis and energy production, was measured with
13C NMR analysis. The concentration of key metabolites and the expression of relevant enzymes were measured
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Tricarboxylic acid cycle Results: In orthotopic hepatomas, pyruvate entry into the TCA cycle occurred exclusively through PDH and the
Glycerol excess PDH activity compared to normal liver was attributed to downregulated pyruvate dehydrogenase kinase

(PDK) 2/4. However, pyruvate carboxylation via PC and gluconeogenesis were minimal, which was linked to
downregulated forkhead box O1 (FoxO1) by Akt activity. In contrast to many studies of cancer metabolism, lac-
tate production in hepatomas was not increased which corresponded to reduced expression of lactate dehydro-
genase. The production of serine and glycine in hepatomas was enhanced, but glycine decarboxylase was
downregulated.
Conclusions: The combination of [U-'3C5]glycerol and NMR analysis enabled investigation of multiple biochemi-
cal processes in hepatomas and surrounding liver. We demonstrated active PDH and other related metabolic al-
terations in orthotopic hepatomas that differed substantially not only from the host organ but also from many
earlier studies with cancer cells.
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1. Introduction

Recent discoveries - oncometabolites, the role of mitochondria in
cancer, metabolic heterogeneity in some tumors — have led to a re-
surgence of interest in cancer metabolism [1-3]. Analysis of meta-
bolic pathways in hepatocellular carcinoma, one of the most
common malignancies worldwide [4], is particularly challenging be-
cause of the metabolic flexibility of the host organ. Healthy liver uses
simple molecules such as glycerol, alanine and lactate for energy
production by metabolism to pyruvate, decarboxylation by pyruvate
dehydrogenase (PDH) to acetyl-CoA, and subsequent oxidation in
the tricarboxylic acid (TCA) cycle in mitochondria [5-7]. The liver
also converts pyruvate to oxaloacetate, an intermediate of the TCA
cycle, via pyruvate carboxylase (PC) to support biosynthetic pro-
cesses including gluconeogenesis [6-8].

These alternate pathways for entry of pyruvate into the TCA
cycle are the targets of recent strategies for hepatoma therapy [9-
11]. Tumor growth rate and invasion are linked to excess lactate de-
rived from pyruvate production through aerobic glycolysis, and
directing pyruvate into the TCA cycle via PDH is a strategy in cancer
treatment [11,12]. Stimulating PDH had the effect of inhibiting
hepatoma cell growth and sensitizing cells to chemotherapy
[9,10]. Pyruvate carboxylation in the liver also directs pyruvate
into the TCA cycle where it serves an essential role in gluconeogen-
esis [11,13]. Restoring gluconeogenesis is another therapeutic strat-
egy specifically for hepatomas [11] and an inverse relation between
gluconeogenic enzyme activities and hepatoma growth rate has
been reported [14]. Nonetheless, the relative importance of PC
versus PDH for entry of pyruvate into the TCA cycle has not been
evaluated in hepatomas, and it is unclear how these alternate
entries of pyruvate are regulated in hepatomas in situ. In earlier
studies, glycolysis in hepatoma cells was not different from most
cancer cells and was associated with overwhelming lactate produc-
tion [9,15,16]. In contrast, gluconeogenic enzymes in hepatoma
cells were mostly downregulated [14,17]. However, a study using
isolated, tumor-bearing livers found that gluconeogenesis from
pyruvate and alanine via the TCA cycle was inhibited, but gluconeo-
genesis from glycerol was not altered [18]. This study, however, did
not distinguish metabolism of the cancer from the non-malignant
surrounding liver tissue. A significant challenge, in addition to
distinguishing flux through PDH from PC in vivo, is evaluating
these reactions in hepatomas versus nontumor-bearing liver in an
in vivo exam.

Considering both carboxylation and decarboxylation of pyruvate
is required for understanding metabolic reprogramming in hepato-
mas. The use of a 13C stable isotope tracer and '>C detection of met-
abolic products could be ideally suited for distinguishing PC
activity from PDH. 13C-labeled glucose has been widely used for met-
abolic studies in cancer or liver. Glucose tracers have the advantage
of assessing glycolysis, but they do not allow examination of gluco-
neogenesis, a key hepatic function. In this study, '>C-labeled glycerol
was used to distinguish PDH activity from PC and to examine gluco-
neogenesis in orthotopic hepatomas produced by the intrahepatic
inoculation of H4IIE cells in rats. The use of [U-'3Cs]glycerol is attrac-
tive because (i) glycerol is a physiological substrate and it is utilized
predominantly by liver [19], (ii) gluconeogenesis from glycerol does
not require metabolism in mitochondria and bypasses the require-
ment for the intact TCA cycle activity, and (iii) flux of glycerol car-
bons through the “lower” pathways of glycolysis leads to pyruvate,
enabling detection of pyruvate alternate entries into the TCA cycle.
We found that orthotopic hepatomas had markedly reprogrammed
carbohydrate metabolism including pyruvate decarboxylation
followed by oxidative phosphorylation, but minimal pyruvate car-
boxylation and gluconeogenesis. >C NMR analysis generally con-
firmed predictions based on measures of gene expressions and
phosphorylation state of enzymes.

2. Material and methods
2.1. Animal studies

The study was approved by the Institutional Animal Care and Use
Committee at the University of Texas Southwestern Medical Center.
Male AxC-Irish (ACI) rats had free access to ad libitum feed and water,
and were placed on a 12:12-hour day-night cycle. Rats (n = 10) re-
ceived intrahepatic injections of rat hepatoma cells (H4IIE; 2 x 10°
cells/10 LL) to establish orthotopic liver tumors. The progress of tumor
growth was monitored by proton magnetic resonance imaging ('H
MRI), and tumors grew to ~10 mm-diameter at three weeks of
intrahepatic inoculation of the cells (Fig. S1). These tumor-bearing ACI
rats (n = 10) and healthy ACI rats (n = 6) were fasted beginning
10:00 AM for a 24-hour fast with free access to water. On the next
day, all rats received [U-'3Cs]glycerol (50%; 100 mg/kg) intraperitone-
ally under isoflurane anesthesia. Rats quickly awakened and were active
for 60 min before sacrifice under anesthesia. Blood was collected from
the inferior vena cava. Tumors and liver tissues were dissected, freeze-
clamped using liquid nitrogen, and kept at —80 °C until further
processing.

2.2. Sample processing for NMR analysis

Ground liver tissue or tumors (3 g) were treated with perchloric acid
(10%) to extract water soluble metabolites. If tumors were small (<2 g),
tumors from two rats were combined. The acid mixtures were vortexed
for 1 min, centrifuged, and supernatants were transferred to new tubes.
The extraction was repeated after adding DI water to the precipitate.
The extracts were neutralized with KOH, centrifuged, and supernatants
were lyophilized prior to NMR acquisition.

2.3. Hepatoma cells treated with >C-labeled gluconeogenic substrates

HAIIE cells were incubated in DMEM supplemented with 5.5 mM
glucose, 10% fetal bovine serum and penicillin/streptomycin at 37 °C
and 5% CO, for 3 days. The cells were treated with [U-'3Cs]glycerol
(2 mM) or [U-'3Cs]propionate (2 mM, 10 mM) for 8 h. Cells and
media from two dishes (150 x 25 mm; n = 6 dishes for each tracer)
were combined and metabolites were extracted using perchloric acid
for NMR acquisition.

24. NMR spectroscopy

All NMR spectra were collected using a Varian INOVA 14.1 T spec-
trometer (Agilent, Santa Clara, CA) equipped with a 3-mm broadband
probe with the observe coil tuned to '>C (150 MHz). Dried extracts
were dissolved in 2H,0 (300 pL) containing 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS; 5 mM; NMR reference), centrifuged
and supernatant was transferred to a 3-mm tube for NMR acquisition.
13C NMR spectra were collected using a 45° pulse (5.0 ps), 34,965 Hz
sweep width, 104,986 data points, and a 1.5-s interpulse delay at 25
°C. Proton decoupling was performed using a standard WALTZ-16
pulse sequence. Spectra were averaged ~23,000 scans requiring 20 h.
All NMR spectra were analyzed using ACD/Labs NMR spectral analysis
program (Advanced Chemistry Development, Inc., Toronto, Canada).

2.5. NMR assessment of metabolite concentration and '3C enrichment

In 13C NMR analysis of tissue extracts, the relative concentration of
each metabolite was measured using natural abundant '3C signal (sin-
glet, S) normalized by a NMR reference (DSS). Multiplet (such as dou-
blet) signals in spectra reflect excess 3C enrichments in metabolites
indicating 3C transfers from [U-'2Cs]glycerol in this study. The 3C en-
richment in each metabolite was estimated by assuming a singlet as
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natural abundance based on the low probability of forming single-la-
beled metabolite from exogenous [U-'3Cs]glycerol.

2.6. RNA extraction and real-time quantitative PCR (RT-qPCR) analysis

Total RNA was isolated from liver tissue or hepatomas using TRIzol
(Ambion, Carlsbad, CA). Complementary DNA (cDNA) was synthesized
from 1 pg total RNA with oligo-dT primers using high capacity cDNA re-
verse transcription kit according to the manufacturer's protocol (Ap-
plied Biosystems, Grand Island, NY) on the S1000™ Thermal cycler
(Bio rad laboratories, Hercules, CA). RT-qPCR was performed with the
iTag™ Universal SYBR® Green Supermix (Bio rad laboratories, Hercules,
CA) on the CFX384™ real time system (Bio rad laboratories). The PCR
primers are shown in Supplemental Table 1. The results were normal-
ized by housekeeping genes such as glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) and [3-actin.

2.7. Immunoblot analysis

Tissue and whole cell lysates were prepared by RIPA buffer supple-
mented with a protease inhibitor cocktail and phosphatase inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN). Proteins were mixed
with sodium dodecyl sulfate sample buffer and denatured by boiling
for 5 min. Samples were separated by 8-15% SDS-PAGE gels and trans-
ferred onto a nitrocellulose membrane (Millipore, Billerica, MA). Mem-
branes were blocked in 5% non-fat milk in tris-buffered saline with 0.1%
Tween 20 (TBS/T) for 1 h. After blocking, the blots were incubated with
primary antibody in diluted blocking buffer overnight at 4 °C and
washed in TBS/T, and incubated with secondary antibodies conjugated
with horseradish peroxidase (HRP) for 1 h at room temperature. Blots
were developed using an immobilon western chemiluminescent HRP
substrate (Millipore). Relative densities of bands were quantified with
UN-SCAN-IT gel 6.1 software. The results were normalized to the o-tu-
bulin intensity of the same sample.

Table 1

2.8. Plasma glucose and insulin assay

Plasma glucose was estimated using glucose oxidase (YSI 2300 Glu-
cose Analyzer; GMI, Inc). Insulin was measured using a rodent insulin
ELISA kit (ALPCO).

2.9. Materials

[U-13C5]glycerol (99%) was obtained from Cambridge Isotopes (An-
dover, MA) and other common chemicals were purchased from
Sigma-Aldrich. The following antibodies were used: PDH, pyruvate de-
hydrogenase kinase (PDK) 2/3/4, PC, Myc, and anti-goat IgG-HRP from
Santa Cruz Biotechnology (Dallas, TX); p-PDH (Ser293) from Millipore
(Billerica, MA); PDK1 from Enzo Life Sciences (Farmingdale, NY); pyru-
vate kinase subtype M2 (PKM2), p-PKM2 (Tyr105), lactate dehydroge-
nase A (LDHA), Akt, p-Akt (Thr308), p-Akt (Ser473), forkhead box O1
(Fox01), and p-FoxO1 (Ser256) from Cell signaling (Beverly, MA); o-
tubulin, pyruvate dehydrogenase phosphatase (PDP) 2, rabbit IgG HRP
linked whole Ab, and mouse IgG HRP linked whole Ab from Sigma (St.
Louis, MO).

2.10. Statistical analysis
Values are presented as mean + standard deviation (SD). Compari-
sons between groups were performed using two-tailed Student's t-test,
where p < 0.05 was considered significant.
3. Results
3.1. Hepatoma-bearing rats are produced using H4IIE cell inoculation
Tumors grew to ~10 mm-diameter at three weeks after intrahepatic
inoculation of H4IIE cells (Fig. S1). These hepatoma-bearing rats and

healthy rats as controls had similar body weight, liver weight, plasma
glucose and insulin concentrations after a fast (Table S2). All animals

Relative concentrations and '*C enrichments of metabolites. '*C NMR analysis was performed with tissue extracts from the liver of healthy rats (L), non-malignant surrounding liver tissue
(ST) and hepatomas (H) of tumor-bearing rats. The relative concentration of a metabolite was measured using a signal from natural '3C abundance normalized by a NMR reference. Excess
13C enrichment in each metabolite was calculated by assuming a singlet as natural abundance (1.1%).

Metabolite Chemical shift Control (n = 6) Tumor-bearing rat (n = 10) p value
Liver (n = 6) Surrounding Tissue (n = 10) Hepatoma (n = 7)? Lvs. ST Lvs.H STvs.H
Glucose (a & 3; C1) 92.9 & 97.0 ppm 1.00 4 0.14 0.97 £ 0.27 0.27 £ 0.08 0.806 <0.001 <0.001
Glucose enrichment (%) 6.91 4+ 0.98 6.03 4+ 0.69 4.53 £ 0.32 0.052 <0.001 <0.001
Glycerol (C1 & C3) 63.5 ppm 1.00 4+ 0.26 0.54 + 0.32 3.14 4+ 0388 0.014 <0.001 <0.001
[U-13C5]glycerol 1.00 £ 0.56 0.34 + 0.15 145 4+ 144 0.003 0.487 0.027
Glycerol enrichment (%) 174 £ 5.7 146 £ 9.5 80+5.6 0.555 0.016 0.130
Glycerol 3-phosphate (C1) 63.3 ppm 1.00 + 0.12 1.04 + 0.24 0.32 + 0.08 0.742 <0.001 <0.001
[U-13C5]G3P 1.00 £+ 0.19 0.85 + 0.28 0.18 + 0.05 0.269 <0.001 <0.001
G3P enrichment (%) 2.77 £ 0.51 231 +£0.24 1.69 4 0.53 0.035 0.004 0.005
Serine (C2) 57.4 ppm 1.00 £ 0.38 149 4+ 0.70 6.64 + 2.33 0.138 <0.001 <0.001
Serine enrichment (%) ND ND 0.49 £ 0.13
Taurine (C1) 48.6 ppm 1.00 + 0.13 1.15 4+ 0.66 1.25 4+ 0.13 0.479 0.004 0.690
Glutathione (glycine unit C2) 44.4 ppm 1.00 &+ 0.17 0.95 + 0.09 0.71 £ 0.10 0.450 0.003 <0.001
Glycine (C2) 42.6 ppm 1.00 & 0.08 1.08 + 0.22 217 £ 045 0.395 <0.001 <0.001
Glycine enrichment (%) 0.14 + 0.05 0.19 + 0.08 0.74 + 0.07 0.131 <0.001 <0.001
Phosphoethanolamine (N) 41.8 ppm 1.00 & 0.23 1.20 £ 0.21 9.63 + 1.52 0.104 <0.001 <0.001
Succinate (C2 & C3) 35.0 ppm 1.00 + 0.23 122 £0.19 0.35 £+ 0.05 0.051 <0.001 <0.001
Succinate enrichment by ['3Cs] (%) 0.34 4+ 0.08 0.35 4+ 0.09 ND 0.882
Succinate enrichment by ['3C,] (%) 0.15 £ 0.05 0.15 £+ 0.04 0.26 + 0.07 0919 0.009 0.002
Glutamate (C4) 34.0 ppm 1.00 & 0.08 093 £ 0.12 1.26 £ 0.12 0.230 <0.001 <0.001
Glutamate enrichment (%) ND ND 0.43 + 0.08
Glutamine (C4) 1.00 + 0.09 0.88 + 0.19 0.61 £ 0.10 0.159 <0.001 0.004
Glutamine enrichment (%) ND ND 0.05 + 0.05
{3-Hydroxybutyrate (C4) 22.7 ppm 1.00 + 0.14 0.84 + 0.15 0.63 + 0.08 0.052 <0.001 0.005
Lactate (C3) 21.0 ppm 1.00 + 0.26 1344+ 0.21 1514024 0.012 0.004 0.140
Lactate enrichment (%) 343 + 0.52 3.05 + 0.35 2.37 £0.07 0.097 <0.001 <0.001
Alanine C3 17.3 ppm 1.00 4 0.22 1.23 £ 0.16 0.83 £ 0.08 0.031 0.081 <0.001
Alanine enrichment (%) 3.41 + 0.46 2.94 + 037 2.17 £0.10 0.041 <0.001 <0.001

¢ Total seven hepatoma samples were prepared from ten tumor-bearing rats by combining small tumors for NMR analysis; ND, not detected; data are represented as mean + SD.
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received [U-3C;]glycerol and data were collected on tissue extracts de-
rived from three sources: 1) liver of healthy rats, 2) non-malignant sur-
rounding liver tissue from hepatoma-bearing rats, and 3) hepatomas.
Together 1) and 2) are referred as ‘the liver’ in this study since the re-
sults from both sources were similar in most assays. Overall [U-'3Cs]
glycerol utilization in these sources can be estimated using the data in
Table 1 showing the concentrations of metabolites of interest and
their enrichments by >C-labeled ones.

3.2. Pyruvate enters the TCA cycle preferentially through PDH in hepatomas

[U-13C5]pyruvate derived from [U-'3C;]glycerol has several fates
through PDH, PC, lactate dehydrogenase (LDH) and alanine transami-
nase. The entry of [U-'3C3]pyruvate to the TCA cycle through PC pro-
duces [1,2,3-13C5]oxaloacetate that undergoes rapid exchange with

succinate (a symmetric molecule) producing equal amounts of
[1,2,3-13C5] and [2,3,4-'3C5]succinate (Fig. 1A). These triple-labeled mole-
cules were detected in the liver by 3C NMR [20], but not in hepatomas.
The concentration of succinate was also substantially decreased in hepa-
tomas (Fig. 1B). In contrast, the entry of [U-'>Cs]pyruvate through PDH
produces [1,2-13C,]acetyl-CoA, and subsequent condensation with oxalo-
acetate produces [4,5-13C,]citrate and [4,5-13C,]a-ketoglutarate in the
TCA cycle. Since a-ketoglutarate is in exchange with glutamate, the pres-
ence of [4,5-'2C;]glutamate reflects PDH activity (Fig. 1A). [4,5-12C;]gluta-
mate was detected in hepatomas only, and the concentration of
glutamate was higher in hepatomas than the liver (Fig. 1C).

Consistent with NMR data, protein and mRNA expression of PC were
lower in hepatomas compared to the liver (Fig. 2A). The activity of PDH
is regulated through phosphorylation and dephosphorylation of its sub-
units by PDK and PDP, respectively [21-23]. In immunoblot analysis,
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phosphorylated PDHE1a (p-PDHE1) on serine 293 was dramatically
lower and the ratio of p-PDHE1/PDHE1 was also lower in hepatomas
compared to the liver (Fig. 2B). Protein and/or mRNA expressions of
PDK2/4 were lower in hepatomas compared to the liver, but PDK1
remained unchanged (Fig. 2C). The expressions of PDK3 were trivial in
all tissues, so they were not considered further in analysis. Gene expres-
sion of PDP2 was also decreased in hepatomas (Fig. 2C). Downregulated
PDK2/4 was consistent with low p-PDHE1 and pyruvate decarboxyl-
ation proven by NMR, but downregulated PDP2 was contrary to the
observations.

3.3. Gluconeogenesis is minimal in hepatomas

Glycerol after phosphorylation can be converted to dihydroxyace-
tone phosphate (DHAP) or glyceraldehyde 3-phosphate (GA3P).

Condensation of DHAP and GA3P leads to glucose production, and tri-
ple-labeled ([1,2,3-13C5] or [4,5,6-'3C5]) glucose in this study is evidence
of gluconeogenesis from [U-'3C;]glycerol (Fig. 3A). Both glucose con-
centration and its 1*C-enrichment were lower in hepatomas compared
to the liver, demonstrating minimal gluconeogenesis from glycerol
(Fig. 3B). Also mRNA expressions of glucose 6-phosphatase (G6Pase),
phosphoenolpyruvate carboxykinase (PEPCK) and CCAAT/enhancer-
binding protein alpha (C/EBPa) were decreased in hepatomas (Fig.
3C). C/EBPa is known to regulate gluconeogenic enzymes [24].

In addition to rat models, H4IIE cells were treated with >C-labeled
gluconeogenic substrates (i.e., [U-"2Cz]glycerol or [U-'3C;]propionate).
[U-13C5]glycerol incorporated into glycine in these cells, but not into
glucose (Fig. 4D). [U-'3C;]propionate enters the TCA cycle through pro-
pionyl-CoA carboxylase and ultimately succinyl-CoA, labeling the cycle
intermediates and exchanging pools. Thus the detection of '>C-labeled
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glucose after the administration of [U-'2Cs]propionate is evidence of
gluconeogenesis from the TCA cycle. The entry of [U-'3C;]propionate
into the TCA cycle was evidenced by excess '>C enrichment in glutamate
that is in exchange with o-ketoglutarate, but again excess '>C was not
detected in glucose (data not shown). Together, these results indicate
that gluconeogenesis from either glycerol or the TCA cycle was minimal
in hepatomas with downregulated gluconeogenic enzymes.

3.4. FoxO1 is downregulated by Akt in hepatomas

Insulin signaling pathways were investigated if they are linked to
metabolic alterations in liver tumors. Hepatomas had 4-fold higher
mRNA expression of insulin receptor substrate 2 (IRS2) while they
had lower expressions of insulin-like growth factor 1 (IGF1), IGF2, insu-
lin receptor (IR), IGF1R and IRS1 compared to the liver (Fig. 4A). The
protein level of Akt was not altered, but that of phosphorylated Akt
(p-Akt, active form) was higher in hepatomas (Fig. 4B). PI3K/Akt path-
way downregulates gluconeogenic enzymes by suppressing the tran-
scription factor, FoxO1 [25]. FoxO1 in hepatomas was downregulated

based on a lower protein level and a higher ratio of p-FoxO1/FoxO1
compared to the liver (Fig. 4B).

3.5. Production of serine and glycine, but not lactate, is increased in
hepatomas

Pyruvate can be converted to lactate or alanine instead of entering
the TCA cycle (Fig. 5A). Lactate concentration was not higher in hepato-
mas compared to non-malignant surrounding liver tissue, but it was
slightly higher compared to the liver of healthy rats. The fraction of
13C-labeled lactate was lower in hepatomas compared to the liver (Fig.
3B), and gene expression of LDHA was also reduced (Fig. 5C-D). Simi-
larly the concentration of alanine and the fraction of '>C-labeled alanine
were lower in hepatomas than the liver (Table 1).

In contrast, [U-'3Cs]glycerol metabolism to serine and glycine was
increased in hepatomas. Both serine and glycine concentrations were
higher in hepatomas than the liver. '3C-labeled serine was detected in
hepatomas only, and '3C-labeled glycine was much higher in hepato-
mas compared to the liver (Fig. 5E-F). There was exchange between
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serine and glycine in hepatomas as evidenced by '3C-labeling patterns
in these molecules (Fig. S2). As illustrated in Fig. 5A, enzymes involved
in glycine metabolism were examined including 3-phosphoglycerate
dehydrogenase (PHGDH), phosphoserine aminotransferase (PSAT), ser-
ine hydroxymethyltransferase (SHMT), and glycine decarboxylase
(GLDC). Both PHGDH and PSAT1 mRNA expressions were increased by
~20 fold in hepatomas, but SHMT1/2 and GLDC were reduced (Fig. 5G).

The high level of serine in hepatomas may play a contributory role in
pyruvate decarboxylation. Serine is an allosteric activator of pyruvate
kinase (PK) M2 [26], and PKM2 protein was detected in hepatomas
only (Fig. 5D). However, the lack of p-PKM2 in tumors (Fig. 5D) reflects
the presence of active tetrameric PKM2, which was reported to drive
pyruvate into the TCA cycle through PDH for oxidative phosphorylation
[27-29].

4. Discussion

We studied metabolic alterations in orthotopic hepatomas of rats
using multiple complementary technologies, [U-'3Cs]glycerol as a trac-
ing molecule with '3C NMR analysis of downstream metabolites, en-
zyme expression quantitation, and phosphorylation states of relevant
enzymes. We demonstrated that pyruvate entry into the TCA cycle in
hepatomas occurred exclusively through PDH followed by oxidation in
the TCA cycle. In contrast, pyruvate in the liver was metabolized pre-
dominantly via pyruvate carboxylation followed by gluconeogenesis,
consistent with the fasted state of these animals. Glycerol metabolism
to lactate was modest, but metabolism to serine and glycine was

enhanced in hepatomas. The increase in PDH activity was attributed to
downregulated PDK2/4. Conversely, reduced gluconeogenesis and re-
duced expressions of gluconeogenic enzymes in hepatomas were con-
sistent with an increase in phosphorylated FoxO1 linked to the Akt
pathway.

Metabolic processes in orthotopic hepatomas differed not only from
the liver but also from the behavior of many other tumor cells reported
previously, in several important respects. First, earlier reports indicated
that PDH activity was attenuated in cancer cells by multiple factors in-
cluding a high ratio of acetyl-CoA/CoA due to persistent fatty acid 3-ox-
idation and consequent suppression of PDH activity [30]. The
suppressed PDH was associated with upregulated PDK1 [30,31]. In con-
trast, in the current study, PDK1 expression was unchanged and PDK2/4
was downregulated. The anticipated metabolic consequence in vivo, en-
hanced PDH activity, was readily confirmed by '>*C NMR analysis. Sec-
ond, modest lactate production and downregulated LDH in the
hepatomas were quite different from most tumors. The combination
of high pyruvate level and high NADH/NAD ratio in most tumors was as-
sociated with reduced oxidation of pyruvate through the TCA cycle and
diversion of pyruvate to lactate. This hallmark of cancer was confirmed
by our previous studies in orthotopic hepatomas produced using N1S1
cells [32] or H4IIE cells (not published) with the use of >C-glucose.
The same animal model was used in the current study, but lactate
over-production was not detected in hepatomas after >C-glycerol ad-
ministration. Third, PKM2 in hepatomas was present in the active (de-
phosphorylated) form. This finding is distinct from most cancers
where PKM2 is largely phosphorylated. Phosphorylated PKM2 has
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reduced affinity for phosphoenolpyruvate, presumably contributing to
accumulation of glycolytic intermediates enabling biosynthetic reac-
tions and consequently cell proliferation [27-29]. The presence of phos-
phorylated PKM2 in most tumors was mediated by hypoxia-inducible
factor-1a (HIF-1at) and Myc [33-36]. In the current study, however, ex-
pressions of both genes were not significantly different in hepatomas
compared to the liver and were consistent with our finding that PKM2
was dephosphorylated (Fig. S3A-B). Although there are other steps reg-
ulating glycerol oxidation, this finding is consistent with the observa-
tion by '3C NMR that glycerol was readily oxidized in the TCA cycle

via PDH. Finally, the expression of GLDC in the current study was re-
duced in hepatomas, again differing from most tumors [37,38]. GLDC
is required for the transfer of methyl group of glycine to one-carbon me-
tabolism for nucleotide synthesis [39], but it was downregulated in hep-
atomas. Inhibition of glycine metabolism at this step is consistent with
the increased concentration of serine and glycine in hepatomas. In this
study, regulation of PKM2, PDH, LDH and glycine metabolism were ex-
amined by gene expression or measurements of phosphorylation states
of the relevant enzymes. In all instances, the predicted metabolic effects
in hepatomas were confirmed by isotope tracing in vivo.
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The loss of gluconeogenesis in hepatomas was evidenced by multi-
ple data. No glucose production from the TCA cycle could be detected.
Somewhat surprisingly, since glucose production from glycerol is a rel-
atively simple pathway requiring little energy, gluconeogenesis from
glycerol could not be detected in hepatomas, either. This is consistent
with previous reports about downregulated gluconeogenic enzymes in
hepatoma cells, but not fully consistent with a study using isolated,
tumor-bearing livers [18]. The latter study reported impaired gluconeo-
genesis from pyruvate and alanine, like the current results, but pre-
served gluconeogenesis from glycerol. The absence of gluconeogenesis
from glycerol is a straightforward result of the current study. However,
direct comparison between two studies may not be reasonable due to
differences in methods including cell lines. Also, the earlier study did
not distinguish hepatoma metabolism from non-malignant surround-
ing liver tissue metabolism. The regulation of gluconeogenesis by
FoxO1 is known [25], and the minimal gluconeogenesis in hepatomas
was attributed to suppressed FoxO1 by active Akt. The PDH activity in
hepatomas could be also attributed to Akt because of reported Akt reg-
ulation in PDHE1 phosphorylation [40,41].

Overall the results from gene expression and phosphorylation
state were consistent with results from '3C isotope analysis. There
were, however, a few exceptions. In principle, both PDP and PDK
modulate phosphorylation of PDHE1, but downregulated PDP2 in
spite of active PDH in hepatomas indicated that PDP2 was not critical
in controlling the activity under these conditions. The discrepancy
between downregulated SHMT1/2 and enhanced metabolism to gly-
cine was also detected in hepatomas, and this could be explained
partially by suppressed glycine cleavage by downregulated GLDC
(Fig. 5G).

In summary, analysis of the products from metabolism of [U-'3C5]
glycerol provided a detailed window of multiple pathways in hepato-
mas as well as the liver. We demonstrated unexpected changes in
orthotopic hepatomas with the use of the glycerol including upregu-
lated PDH, downregulated LDH, downregulated GLDC and dephosphor-
ylated PKM2. These findings need to be validated using other models or
preferably with human patients because only a single cell line was used
to produce rodent models in this study. The major findings in this
study are directly related to recent strategies proposed for cancer
treatment that target reprogrammed metabolism. Directing lactate
for oxidative phosphorylation through PDH arrested many cancer
cells including hepatomas and human brain tumors, and PDK inhib-
itors such as dichloroacetate have been developed to activate PDH
[10,42,43]. Inhibiting GLDC is another strategy to arrest cell prolifer-
ation since its activity is required for de novo purine synthesis [39].
Here hepatomas after the administration of glycerol revealed multi-
ple potential pathways that may be targets for anticancer therapies,
and glycerol is acceptable for administration to human patients.
Since '3C is a stable isotope, extension of this exam to human pa-
tients is straightforward.
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