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ABSTRACT: Green tea and grape phenolics inhibit cancer growth and modulate cellular metabolism. Targeting the tumor
metabolic profile is a novel therapeutic approach to inhibit cancer cell proliferation. Therefore, we treated human colon
adenocarcinoma HT29 cells with the phenolic compound epicatechin gallate (ECG), one of the main catechins in green tea and
the most important catechin in grape extracts, and evaluated its antiproliferation effects. ECG reduced tumor viability and
induced apoptosis, necrosis, and S phase arrest in HT29 cells. Later, biochemical determinations combined with mass isotopomer
distribution analysis using [1,2-13C2]-D-glucose as a tracer were used to characterize the metabolic network of HT29 cells in
response to different concentrations of ECG. Glucose consumption was importantly decreased after ECG treatment. Moreover,
metabolization of [1,2-13C2]-D-glucose indicated that the de novo synthesis of fatty acids and the pentose phosphate pathway were
reduced in ECG-treated cells. Interestingly, ECG inhibited the activity of transketolase and glucose-6-phosphate dehydrogenase,
the key enzymes of the pentose phosphate pathway. Our data point to ECG as a promising chemotherapeutic agent for the
treatment of colon cancer.
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■ INTRODUCTION

Colorectal cancer is one of the most prevalent causes of cancer-
related mortality in the Western world.1 Therefore, further
development of therapeutic and preventive means of
controlling this disease is clearly needed. Epidemiological and
experimental studies have linked a diet rich in fruits, vegetables,
and beverages containing polyphenolic compounds to the
prevention of colon cancer, among other diseases. In particular,
epicatechin gallate (ECG), one of the major catechins in green
tea and grape, has been described as a potent protector against
colorectal cancer in a cell-type-dependent manner. ECG
induced apoptosis in SW480 cells through ERK activation,
AKT inhibition, imbalance among anti- and pro-apoptotic
protein levels, and caspase-3 activation. However, in Caco2
cells, ECG only increased the antioxidant potential without
affecting cell growth.2 Another study showed that ECG induces
G1 phase cell cycle arrest and apoptosis in HCT116 colon
cancer cells.3 Moreover, recent in vitro and in vivo studies have
suggested that green tea and grape polyphenols have preventive
effects against the development of metabolic diseases such as
obesity, insulin resistance, hypertension, and hypercholester-
olemia.4,5

Multiple lines of evidence show that tumorigenesis is often
associated with a metabolic adaptation characterized by, among
others, the broadly known Warburg effect (increased
fermentation of glucose to lactate even in the presence of
oxygen), the activation of biosynthetic pathways, and the
overexpression of some isoenzymes. These robust character-
istics confer a common advantage to different types of cancers

by increasing the ability of cells to survive, proliferate, and
invade.6 Therefore, a better knowledge of the tumor metabolic
profile required to support proliferation is necessary for the
development of novel therapeutic strategies against cancer. By
studying how antiproliferative natural products alter this
metabolic profile in cancer-derived cell lines, we are revealing
potential targets for therapeutic strategies against cancer.
Stable isotope tracing, using [1,2-13C2]-D-glucose as a source

of carbon in combination with mass spectrometry to detect
substrate flow and specific distribution patterns of 13C
isotopomers, allows the evaluation of metabolic fluxes through
the main pathways that facilitate energy production and
biosynthetic metabolism. Examples of the strength of this
approach include the characterization of the metabolic
adaptation underlying angiogenic activation7 and the elucida-
tion of distinctive metabolic phenotypes that correlate with
different codon-specific mutations in K-ras in NIH3T3 mice
fibroblasts.8

In the present study, we use this powerful methodology to
gain insight into the targeting of the tumor metabolic profile of
human colon adenocarcinoma HT29 cells by ECG.
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■ MATERIALS AND METHODS
Chemicals. All chemicals were purchased from Sigma-Aldrich Co.

(St Louis, MO, USA), unless otherwise specified. Dulbecco’s modified
Eagle’s medium (DMEM) and antibiotic (10 000 U/mL penicillin, 10
000 μg/mL streptomycin) were obtained from Gibco-BRL (Eggen-
stein, Germany). Fetal calf serum (FCS) and trypsin−EDTA solution
C (0.05% trypsin−0.02% EDTA) were from Invitrogen (Paisley, UK).
Stable [1,2-13C2]-D-glucose isotope was obtained with >99% purity and
99% isotope enrichment for each position from Isotec Inc.
(Miamisburg, OH, USA).
Cell Culture. Human colorectal adenocarcinoma HT29 cells

(obtained from the American Type Culture Collection, HTB-38)
were grown as a monolayer culture in DMEM (with 4 mM L-
glutamine, without glucose, and without sodium pyruvate) in the
presence of 10% heat-inactivated fetal calf serum, 10 mM glucose, and
0.1% streptomycin/penicillin in standard culture conditions. Cells
were cultured at 37 °C in 95% air, 5% CO2 humidified environment.
HT29 cell cultures were started with 3 × 105 cells in 60 cm2 Petri
dishes as determined by using standard cell-counting techniques.
Twenty-four hours after seeding, the culture medium was removed
and replaced with fresh medium supplemented with [1,2-13C2]-D-
glucose (50% isotope enrichment) with 70 μM ECG, 140 μM ECG, or
without ECG. The cells were harvested 72 h after treatment.
Determination of Cell Viability. Cell viability was assessed using

a variation of the MTT assay.9 The assay is based upon the principle of
reduction of MTT into blue formazan pigments by viable
mitochondria in healthy cells. HT29 cells were seeded at a density
of 3 × 103 cells/well in 96-well flat-bottom plates. After 24 h of
incubation at 37 °C, ECG was added to the cells at different
concentrations in fresh medium. The culture was incubated for 72 h.
Next, the medium was removed, and 50 μL of MTT (1 mg/mL in
PBS) with 50 μL of fresh medium was added to each well and
incubated for 1 h. The MTT was reduced to a blue formazan product,
and the precipitate was dissolved in 100 μL of DMSO. Absorbance
values were measured on an ELISA plate reader (550 nM) (Tecan
Sunrise MR20-301, Tecan, Salzburg, Austria). Absorbance was taken
as proportional to the number of living cells.
Cell Cycle Analysis by FACS. The cell cycle was analyzed by

measurement of the cellular DNA content using the fluorescent
nucleic acid dye propidium iodide (PI) to identify the proportion of
cells that are in each stage of the cell cycle. The assay was carried out
using flow cytometry with a fluorescence-activated cell sorter (FACS).
HT29 cells were plated in six-well flat-bottom plates at a density of 87
× 103 cells/well. After 24 h of incubation at 37 °C, ECG was added to
the cells at 70 and 140 μM. After 72 h of incubation, cells were
trypsinized, pelleted by centrifugation (400g for 5 min), and stained in
Tris-buffered saline (TBS) containing 50 μg/mL PI, 10 μg/mL RNase
free of DNase, and 0.1% Igepal CA-630. They were incubated in the
dark for 1 h at 4 °C. Cell cycle analysis was performed by FACS (Epics
XL flow cytometer, Coulter Corp., Hialeah, FL, USA) at 488 nm.
Apoptosis Analysis by FACS. Double staining with annexin V-

FITC and propidium iodide was used to determine the percentage of
apoptotic cells. At the start of apoptosis phosphatidylserine (PS)
translocates from the inner to the outer membrane, thereby exposing
phosphatidylserine to the external environment.10 The phospholipid-
binding protein annexin V, which is flourescently labeled with FITC
(fluourescein isothiocyanate), has a high affinity for phosphatidylser-
ine, so it binds to early apoptotic cells. Additionally, we can also
quantify PI-permeable cells due to processes such as necrosis, which
affect the integrity of the cell membrane. Annexin+/ PI− cells were
then considered early apoptotic cells. Moreover, annexin+/PI+ and
annexin−/PI+ cells were represented together as late apoptotic/
necrotic cells, since this method does not differentiate necrotic cells
from cells in late stages of apoptosis, which are also permeable to PI.
Annexin V-FITC and PI staining were measured by FACS. Cells were
seeded, treated, and collected as described in the previous section.
After centrifugation (400g for 5 min), cells were washed in binding
buffer (10 mM Hepes, pH 7.4, 140 mM sodium chloride, 2.5 mM
calcium chloride) and resuspended in the same buffer. Annexin V-

FITC was added using the annexin V-FITC kit. Afterward, cells were
incubated for 30 min at room temperature in the dark. Next,
propidium iodide was added 1 min before the FACS analysis at 20 μg/
mL. Flourescence was measured at 495 nm (annexin V-FITC) and 488
nm (PI).

Glucose, Lactate, and Glutamine Concentration. The glucose,
lactate, and glutamine concentrations in the culture medium were
measured spectrophotometrically using a Cobas Mira Plus chemistry
analyzer (Horiba ABX, Montpellier, France) at the beginning and at
the end of the incubation period, to calculate glucose/glutamine
consumption and lactate production.

Lactate Mass Isotopomer Analysis. To measure lactate by gas
chromatography coupled to mass spectrometry (GC/MS), this
metabolite was extracted by ethyl acetate after acidification with HCl
and derivatized to its propylamideheptafluorobutyric form.11 The m/z
328 (carbons 1−3 of lactate, chemical ionization) was monitored for
the detection of m0 (unlabeled species), m1 (lactate with one 13C
atom), and m2 (lactate with two 13C atoms).

Glutamate Mass Isotopomer Analysis. Glutamate was sepa-
rated from the cell medium using ion-exchange chromatography as
described elsewhere.12 Glutamate was converted to its n-trifluor-
oacetyl-n-butyl derivative, and the ion clusters m/z 198 (carbons 2−5
of glutamate, electron impact ionization) and m/z 152 (carbons 2−4
of glutamate, electron impact ionization) were monitored.

Fatty Acid Mass Isotopomer Analysis. Fatty acids were
extracted by saponification of the Trizol (Invitrogen, Carlsbad, CA,
USA) cell extract after removal of the RNA-containing supernatant.
Cell debris was treated with 30% KOH and 100% ethanol overnight,
and the extraction was performed using petroleum ether.11 Fatty acids
were converted to its methyl ester derivative, and the ion clusters m/z
269 (palmitate (C16), electronic impact ionization) and m/z 297
(stearate (C18), electronic impact ionization) were monitored.

RNA Ribose Mass Isotopomer Analysis. RNA ribose was
isolated by acid hydrolysis of cellular RNA after Trizol purification of
cell extracts. Ribose isolated from RNA was derivatized to its
aldonitrile acetate form using hydroxylamine in pyridine and acetic
anhydride.11 The ion cluster around m/z 256 (carbons 1−5 of ribose,
chemical ionization) was monitored.

Gas Chromatography/Mass Spectrometry. Mass spectral data
were obtained on a GCMS-QP2010 selective detector connected to a
GC-2010 gas chromatograph from Shimadzu. The settings were as
follows: GC inlet 200 °C, transfer line 280 °C, MS Quad 150 °C. A
HP-5MS capillary column (30 m length, 250 μm diameter, and 0.25
μm film thickness) was used for the analysis of lactate, glutamate, and
ribose. On the other hand, for the analysis of fatty acids, the GC inlet
was set at 250 °C, and a bpx70 (SGE) column (30 m length, 250 μm
diameter, and 0.25 μm film thickness) was used.

Activity of the Pentose Phosphate Pathway Enzymes
Glucose-6-phosphate Dehydrogenase (G6PD) and Transketo-
lase (TKT). Cell cultures were washed with PBS and scrapped in lysis
buffer (20 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 1 mM EDTA,
0.02% Triton X-100, 0.02% sodium deoxycholate). Cells were
homogenized on ice-cold buffer following three cycles of 10 s of
sonication with a titanium probe and immediately centrifuged at
13000g for 20 min at 4 °C. The supernatant was used for the
determination of enzyme activities by adapting a previously described
method13 to a Cobas Mira Plus chemistry analyzer. Briefly, G6PD (EC
1.1.1.49) activity was evaluated by measuring the absorbance changes
at 340 nm as a result of NADPH formation recorded for 15 min after
the addition of 10 μL of sample to a cuvette containing 0.5 mM
NADP+ in 50 mM Tris-HCl, pH 7.6, at 37 °C. Reactions were initiated
by the addition of G6P up to a final concentration of 2 mM. The
method for TKT (EC 2.2.1.1) analysis is based on its product,
glyceraldehyde-3-phosphate, which is isomerized to dihydroxyacetone-
phosphate, and in turn, its conversion to glycerol-phosphate consumes
NADH, which absorbs at 340 nm. Briefly, samples were added to a
cuvette containing 5 mM MgCl2, 0.2 U/mL triose phosphate
isomerase, 0.2 mM NADH, and 0.1 mM thiamine pyrophosphate in
50 mM Tris-HCl, at pH 7.6 and 37 °C. The reaction was initiated by
the addition of a substrate mixture in 1:2 proportion (substrate
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mixture:final volume) prepared by dissolving 50 mM R5P in 50 mM
Tris-HCl, pH 7.6, with 0.1 U/mL ribulose-5-phosphate-3-epimerase
and 1.7 mU/mL phosphoriboisomerase. Protein concentration of cell
extracts was determined using the BCA Protein Assay (Pierce
Biotechnology, Rockford, IL, USA). Enzyme activities are expressed
as mU/mg protein.
Data Analysis and Statistical Methods. In vitro experiments

were carried out using three cultures each time for each treatment.
Mass spectral analyses were carried out by three independent
automatic injections of 1 μL of each sample by the automatic sampler.
Statistical analyses were performed using one-way ANOVA followed
by the Bonferroni multiple-comparison test.

■ RESULTS
Inhibition of HT29 Cell Proliferation by ECG. HT29

cells were treated with different doses of ECG, and cell
proliferation was assessed. Figure 1A shows the dose−viability

curve from which ECG concentrations used for further
experiments were selected. A nontoxic but still active
concentration of ECG, 70 μM ECG dose, which produced an
18 ± 4% reduction in proliferation, was selected and also a
higher concentration of 140 μM, which caused a more
significant reduction in HT29 cell proliferation of 70 ± 11%.
Later, HT29 cell number was determined after treatment with
70 and 140 μM ECG for 24, 48, and 72 h (Figure 1B). Both
ECG concentrations decreased the rate of cell growth
compared to control HT29 cells.
Cell Cycle and Apoptosis in HT29 Colon Adenocarci-

noma Cells. To further investigate the mechanism by which
ECG treatment affects cell proliferation, we analyzed the cell
cycle and apoptosis by flow cytometry after treatment with 70
and 140 μM ECG for 72 h. As shown by staining with

propidium iodide, only HT29 cells treated with 140 μM ECG
showed a significant increase in the population in the S phase
(Figure 2A). Regarding apoptosis analysis, 70 μM ECG

produced a slight but not significant increase in apoptosis
and necrosis (Figure 2B). However, 140 μM ECG induced
significant percentages of both apoptosis and necrosis in HT29
cells (Figure 2B).

Glucose and Glutamine Consumption and Lactate
Production in ECG-Treated HT29 Cells. Glucose and
glutamine consumption and lactate production were estimated
in HT29 cells before and after 72 h of ECG treatment and
normalized by the amount of cells present during that time
(area under the curve in Figure 1B). Figure 3 shows the values
for normalized glucose consumption (A), lactate production
(B), and glutamine consumption (C) in ECG-treated and
nontreated (control) cells. Treatment with 70 μM ECG did not
affect glucose and glutamine consumption and lactate
production. However, treatment with 140 μM ECG signifi-
cantly reduced glucose consumption by 77% and increased
glutamine consumption by 48%.

Lactate Mass Isotopomer Distribution Was Not
Significantly Affected by ECG. The lactate mass isotopomer
distribution can be used to calculate the total lactate
enrichment measured as ∑mn = m1 + m2 × 2. This parameter
represents the average number of 13C atoms per molecule and
indicates the de novo synthesis from labeled glucose. The

Figure 1. (A) Effect of increasing concentrations of ECG on HT29
cell proliferation. Values are expressed as means of the percentage of
cell viability with respect to control cells ± standard deviation (SD), N
= 3. (B) Number of cells over time. Mean ± SD, N = 3.

Figure 2. (A) Cell cycle analysis by flow cytometry after treatment
with ECG for 72 h. Cell phases analyzed: G1, S, and G2. Mean ± SD,
N = 3. (B) Flow cytometry analysis of double staining with annexin V-
FITC and PI after exposure of HT29 cells to ECG for 72 h. Early
apoptotic cells: annexin V+PI−; late apoptotic/necrotic cells: annexin
V+/PI+ and annexin V−/PI+. Values are expressed as mean ± SD, N
= 3. Significant differences are identified with different letters (p < 0.05
by one-way ANOVA following Bonferroni test): aSignificantly different
from control; bSignificantly different from 70 μM ECG.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf3052785 | J. Agric. Food Chem. 2013, 61, 4310−43174312



glycolytic rate (GR), which indicates the rate of lactate
production versus glucose consumption, can also be estimated
from m2 lactate × 2/m2 glucose. In the present experiments,
the initial m2 glucose was 48.17%. Table 1A shows that lactate
label distribution was not significantly altered when HT29 cells
were treated with ECG at 70 or 140 μM.
ECG Treatment Reduced Glutamate Enrichment. The

activity of the tricarboxylic acid (TCA) cycle was studied by
glutamate mass isotopomer distribution analysis. Fluxes
through the pyruvate dehydrogenase (PDH) and pyruvate
carboxylase (PC) pathways were estimated from the levels of
m2 isotopomers of C2−C4 and C2−C5 fragments (%PC =
m2(C2−C4)/m2(C2−C5) and %PDH = (m2(C2−C5) −
m2(C2−C4))/m2(C2−C5)), and 13C glutamate enrichment
was calculated as ∑mn = m1 + m2 × 2 + m3 × 3 for C2−C4
and C2−C5 glutamate fragments. Both 70 and 140 μM ECG-
treated cells showed lower glutamate enrichment (Table 1B).
The results also showed that whereas 140 μM ECG treatment
increased the contribution of PC to the TCA cycle, it decreased
glucose utilization through PDH (Figure 4).
ECG Inhibited Lipid Synthesis. Lipid synthesis is

dependent on glucose carbons, as they are the primary source

of acetyl-CoA, which is then incorporated into fatty acids
through de novo synthesis. Acetyl-CoA enrichment was
calculated from the m4/m2 ratio using the formula m4/m2 =
(n − 1)/2 × (q/1 − q), where n is the number of acetyl units
and q is the labeled fraction with p being the unlabeled fraction
(p + q = 1). Therefore, to calculate the palmitate (C16)-labeled
fraction, the formula is (m4/m2)/3.5 = q/(1 − q) = q/p,
whereas to calculate it for stearate (C18) we used (m4/m2)/4
= q/(1 − q) = q/p. Next, we obtained the labeled fraction from
q = (q/p)/(1 + q/p). The contribution of glucose carbons to
fatty acid synthesis was estimated by dividing the obtained q by
the theoretical enrichment derived from glucose. Our results
indicated that 140 μM ECG caused a 9% reduction in the
contribution of glucose to both palmitate and stearate synthesis
(Figure 5).

Lower de Novo Synthesis of RNA Ribose in ECG-
Treated HT29 Cells. Table 1C shows the results of RNA
ribose analysis. Whereas the ribose mass isotopomer m1 is
formed when [1,2-13C2]-D-glucose is decarboxylated by the
oxidative branch of the pentose phosphate pathway (PPP), the
m2 mass isotopomer is synthesized by the reversible non-
oxidative branch of the cycle. Therefore, the ratio of fluxes
through oxidative and nonoxidative branches of the PPP can be
estimated according to the formula ox:nonox = m1/m2 because
the oxidative branch is necessary for m1 formation, whereas m2
species require the nonoxidative branch. The total ribose label
incorporation is estimated as∑mn = m1 + m2 × 2 + m3 × 3 +
m4 × 4. HT29 cells treated with 70 μM ECG did not show
consistent differences in both 13C enrichment and the ox:nonox
ratio when compared to the control cells (Table 1C). On the
contrary, treatment with 140 μM ECG decreased the ribose
total 13C enrichment in HT29 cells and significantly modulated
the flux balance through the two branches of the PPP
(ox:nonox ratio) in favor of the oxidative branch.

ECG Inhibited G6PD and TKT Specific Enzymatic
Activities. The alteration in the balance between the fluxes
through the oxidative and the nonoxidative branches of the PPP
led us to examine the activity of the enzymes controlling this
biosynthetic pathway, G6PD and TKT. The specific activities of
these enzymes were compared between nontreated and ECG-
treated cells (Figure 6). No significant changes in G6PD and
TKT activities were detected in HT29 cells after treatment with
70 μM ECG. However, treatment with 140 μM ECG caused
15% reduction in G6PD and 35% reduction in TKT specific
activities.

■ DISCUSSION
The characteristic metabolic adaptation underlying tumor
progression represents the end point of several signaling
cascades, but it also actively enhances the degree of tumor
malignancy. In this framework, tumor metabolism represents a
novel potential target to inhibit cancer cell growth. Because the
grape and green tea catechin ECG has been linked to both
tumor inhibition and modulation of metabolism, we examined
the metabolic network of HT29 colon cancer cells in response
to different concentrations of this polyphenol.
First, we determined the antiproliferative effect of ECG in

HT29 cells. We showed that treatment with 70 μM ECG
slightly affected HT29 cells. However, 140 μM ECG treatment
for 72 h significantly induced S phase cell cycle arrest and
apoptosis (Figure 2). Interestingly, the ECG concentrations
selected for our study, 70 and 140 μM, can be reached
physiologically in the intestinal lumen. In this regard,

Figure 3. Effect of ECG on glucose (A) and glutamine (C)
consumption and on lactate production (B). Mean ± SD, N = 3. p
< 0.05 by ANOVA test followed by Bonferroni correction: aSignif-
icantly different from the control; bSignificantly different from 70 μM
ECG.
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Vaidyanathan and Walle described that the concentration of
ECG in the lumen may range between 75 and 300 μM after
having a cup of tea and that ECG is extensively taken up by
colonic cells.
Neoplastic cells increase glycolysis to produce anabolic

precursors and energy.14 To maintain this high rate of
glycolysis, tumor cells must have access to an elevated supply
of glucose. In this regard, our results showed that HT29 cells
treated with 140 μM ECG exhibited a lower glucose uptake
compared to HT29 control cells (Figure 3). This result is in
agreement with the reported antidiabetic and antiobesity
properties of green tea, which have been related to the
regulation of gene expression associated with glucose uptake.15

However, ECG treatment did not affect the product of
anaerobic glycolysis, the lactate, neither in biochemical analysis
nor in mass isotopomer distribution analysis. Moreover, the
estimated glycolytic flux (GR) did not show modifications after
ECG treatment. This estimated GR indicated that in all cases
75−78% of the lactate was derived directly from glucose.
Consistently, our glycolytic rate measurements in HT29 cells

were in agreement with those previously reported by Alcarraz-
Vizań et al.16 In this regard, taking into account the determined
GR, lactate production was greater than that expected from
glucose consumption alone, indicating that lactate was
produced from additional carbon sources such as pyruvate,
glutamine, and amino acids.
Regarding glutamate mass isotopomer analysis in fragments

C2−C4 and C2−C5, we observed a reduction in 13C
enrichment in all the fractions of glutamate after ECG
treatments (Table 1B). This result may be explained by the
reduced glucose uptake and the consequent decrease in 13C
entrance in the Krebs cycle. Moreover, given that there is no
change in lactate production, we definitely conclude that it has
to be produced from other metabolites such as glutamine,
which showed an increase in consumption after 140 μM ECG
treatment (Figure 3) probably to compensate the considerable
decrease in glucose consumption. However, whereas 140 μM
ECG treatment reduced glucose consumption by 77%, it
increased glutamine consumption only by 48%, producing a
lack of metabolic precursors and energy. Furthermore, the
analysis of glutamate fragments allowed us to calculate the
contributions of PC and PDH to the TCA cycle (Figure 4). 13C
from [1,2-13C2]-D-glucose can enter into mitochondrial citrate
by the action of PDH or via the anaplerotic carboxylation of
pyruvate catalyzed by PC. Then, transamination of α-
ketoglutarate produces labeled glutamate that is excreted in
the media. Depending on the pathway mediating entry into the
mitochondria, a different labeling pattern is obtained in C2−C4
and C2−C5 glutamate fragments. In HT29 cells, both PDH
and PC entry points were active, although the PDH flux was
more significant (around 90%) (Figure 4). Interestingly, 140
μM ECG produced a disequilibrium in glucose utilization

Figure 4. PC and PDH contributions to the TCA cycle were estimated
using m2(C2−C4) and m2(C2−C5) − m2(C2−C4), respectively.
Values are expressed as mean ± SD, N = 3. a,bIndicate a significant
difference (p < 0.05) using Bonferroni multiple-comparison test
following one-way ANOVA: aSignificantly different from the control;
bSignificantly different from 70 μM ECG.

Figure 5. Determination of the relative contribution of glucose
carbons to palmitate (C16) and stearate (C18) synthesis in ECG-
treated cells and in control cells. Results are expressed as mean ± SD,
N = 2. One-way ANOVA followed by Bonferroni test (p < 0.05):
aSignificantly different from control; bSignificantly different from 70
μM ECG.

Figure 6. Plot of fold changes in G6PD (A) and TKT (B) activities in
ECG-treated versus nontreated HT29 cells. Results show the mean ±
SD, N = 4. p < 0.01 (**) versus untreated cells. Data were analyzed
using the Bonferroni test after one-way ANOVA: aSignificantly (p <
0.05) different from control.
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through these routes, enhancing the contribution of the PC flux
and reducing the characteristic high tumor flux through PDH.
Moreover, we determined label incorporation into the fatty

acids palmitate (C16) and stearate (C18) and calculated the
contribution of glucose to lipid synthesis (Figure 5). Our
results showed lower lipogenic activity in ECG-treated cells,
which could be related to the inhibition of the synthesis of
essential components of cellular membranes required for
accelerated proliferation in HT29 cells.
Finally, the analysis of ribose shown in Table 1C

demonstrated that low ECG concentration did not cause
significant changes in its mass isotopomer distribution.
Noteworthy, mass isotopomer distribution analysis experiments
were performed at 72 h, when metabolic enrichment of 13C
from [1,2-13C2]-D-glucose is almost saturated in this condition.
However, the metabolic enrichment of 13C in high ECG
concentration was lower and not saturated, indicating that there
was less de novo synthesis of ribose in this condition. This lower
ribose synthesis is associated with the high inhibition of cancer
cell growth produced by 140 μM ECG treatment (Figure 1B).
It is worth noting that PPP inhibition in different tumor cell
lines decreases tumor cell proliferation.22,23 Furthermore,
inhibition of nucleic acid synthesis has been shown to be a
successful chemotherapy strategy.24 Ribose can be synthesized
from the glycolytic intermediate glucose 6-phosphate via the
oxidative branch of the PPP as well as from fructose 6-
phosphate and glyceraldehyde 3-phosphate via the nonoxidative
branch of the PPP. Mass isotopomer distribution analysis in
ribose showed a significant increase in the ox:nonox ratio after
treatment with high concentrations of ECG. These findings
prompted us to further analyze PPP activity after ECG
treatment. Examination of the activities of the key enzymes in
the PPP, G6PD, and TKT showed that both enzymatic
activities were reduced in 140 μM ECG-treated cells (Figure 6).
Moreover, in agreement with the reported increase in the
ox:nonox ratio, the inhibition of TKT was more important than
the reduction in G6PD. Given that the control coefficients on
tumor cell growth for G6PD and TKT have been reported to
be 0.41 and 0.9, respectively,25 the 35% reduction in TKT
activity induced by ECG may indicate an important inhibition
of nucleic acid synthesis and tumor growth. Interestingly, in
several tumor-derived cell lines, the nonoxidative branch of the
PPP is the main source for ribose-5-phosphate synthesis,26

which underscores the importance of this inhibition. Although
to a lesser extent, G6PD activity was also inhibited (15%),
which could be biologically important because the oxidative
branch of the PPP not only enables cells to synthesize more
ribose for nucleic acid requirements but also mediates the
recruitment of reducing power in the form of NADPH
necessary for membrane lipid synthesis.
It has been reported that the pattern of metabolic changes is

associated with the type of cell death and growth inhibition
involved in the cytotoxic action of a determined drug.27

Moreover, the precise metabolic phenotype of cancer cells has
been reported to be dependent on cell type and growth
conditions28 even in the microregions of the same tumor.29 In
our study, ECG acted mainly by reducing the synthesis of
macromolecules needed to produce a new cell, hence inhibiting
colon cancer cell growth. In future studies, it would be
interesting to determine whether these metabolic changes
induced by ECG are common to other colon cancer models.
In summary, incubation with different concentrations of

ECG modified the metabolic profile in HT29 cells by targeting

the incorporation of nutrients into the biomass. ECG reduced
glucose uptake and inhibited the anabolic pathways required to
satisfy the metabolic requirements associated with increased
tumor proliferation. Our results indicate that bioactive
compounds such as polyphenols may play a role in cancer
therapy as nutritional supplements by controlling tumor
viability through the regulation of glucose carbon redistribution.
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