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a b s t r a c t

An abnormally high rate of aerobic glycolysis is characteristic of many transformed cells.

Here we report the polyphenolic compound, resveratrol, inhibited phosphatidylinositol

3-kinase (PI-3K) signaling and glucose metabolism, coinciding with cell-cycle arrest, in

germinal center (GC)-like LY1 and LY18 human diffuse large B-cell lymphomas (DLBCLs).

Specifically, resveratrol inhibited the phosphorylation of Akt, p70 S6K, and S6 ribosomal

protein on activation residues. Biochemical analyses and nuclear magnetic resonance

spectroscopy identified glycolysis as the primary glucose catabolic pathway in LY18 cells.

Treatment with the glycolytic inhibitor 2-deoxy-D-glucose, resulted in accumulation of LY18

cells in G0/G1-phase, underscoring the biological significance of glycolysis in growth.

Glycolytic flux was inhibited by the PI-3K inhibitor LY294002, suggesting a requirement

for PI-3K activity in glucose catabolism. Importantly, resveratrol treatment resulted in

inhibition of glycolysis. Decreased glycolytic flux corresponded to a parallel reduction in

the expression of several mRNAs encoding rate-limiting glycolytic enzymes. These results

are the first to identify as a mechanism underlying resveratrol-induced growth arrest, the

inhibition of glucose catabolism by the glycolytic pathway. Taken together, these results

raise the possibility that inhibition of signaling and metabolic pathways that control

glycolysis might be effective in therapy of DLBCLs.

# 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Resveratrol exhibits anti-oxidant and anti-inflammatory

activities. These biological activities have been linked to

inhibition of cyclooxygenase and free radical formation [1–3].

Resveratrol suppresses signaling through the IkB kinase/NF-

kB pathway, which is likely to contribute to its anti-

inflammatory activity [4,5]. Jang et al. [3] reported the ability

of resveratrol to block tumor initiation, promotion, and

progression. Cell cycle arrest induced by resveratrol results,
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at least in part, from inhibition of enzyme activities directly

involved in DNA synthesis and the up-regulation of p53 and

p21 [6–9]. The pro-apoptotic effects of resveratrol have been

linked to several mechanisms, including perturbation of

mitochondrial permeability, caspase-9 activation, and CD95-

signaling [10–14]. Despite these advances, much remains to

be known of the mechanism(s) underlying the anti-prolif-

erative action of resveratrol. Moreover, its efficacy in human

diffuse large B-cell lymphomas (DLBCLs) has not been

investigated.
.
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Diffuse large B-cell lymphoma is the most common form of

non-Hodgkin’s lymphoma (NHL) [15–17]. A subset of patients

with DLBCL can be successfully treated with conventional

anthracycline-based chemotherapy [17]. The variability in

response to chemotherapy along with the biologic hetero-

geneity suggests that DLBCL comprises several diseases

[15,16]. Gene expression profiling studies have revealed DLBCL

to be comprised of at least three distinct sub-groups, germinal

center (GC)-like, activated B-cell (ABC)-like, and primary

mediastinal PM-BCL [18–22]. ABC-DLBCLs exhibit constitu-

tively active NF-kB, which is necessary for survival, whereas

GC-DLBCLs express a ‘‘signature’’ gene profile reflecting that of

normal tonsillar GC B cells [18,20,23]. GC-DLBCLs also express

a glycolysis ‘‘sub-signature’’ gene profile; however, the

biological significance of increased glycolytic gene expression

has not been established [18]. Advances in the treatment of

DLBCL will require the identification and functional analysis of

the signaling molecules and metabolic pathways active in

individual DLBCL sub-groups.

Phosphatidylinositol 3-kinase (PI-3K) contributes to the

activation of growth and anti-apoptotic pathways [24];

aberrant expression and/or activation of PI-3K have been

linked to several human diseases such as diabetes and

malignancy [25,26]. PI-3Ks are classified as IA, IB, II, and III;

the class I isoforms phosphorylate the D3 hydroxyl of

phosphoinositides, thereby generating lipid mediators such

as phosphatidylinositol 3,4,5-trisphosphate (PIP3) [25,26]. PIP3

recruits to the cell membrane proteins that contain pleckstrin-

homology domains, such as protein kinase B (Akt) and this

facilitates their activation [27]. Akt coordinates multiple

cellular functions through phosphorylation-dependent acti-

vation of distinct signaling cascades [24,25,28–30]. The role of

PI-3K/Akt signaling in the growth and/or survival of GC-

DLBCLs has not been thoroughly investigated. Here we report

that resveratrol treatment of the human LY1 and LY18 GC-

DLBCLs results in G0/G1-phase cell cycle arrest and evidence is

provided that growth arrest by resveratrol occurs through

disruption of PI-3K signaling and inhibition of glucose

catabolism via glycolysis.
2. Materials and methods

2.1. Antibodies and reagents

Anti-phospho-FOXO3a (S253) antibody (Ab) was purchased

from Upstate Cell Signaling Solutions (Charlottesville, VA).

The anti-phosho-p70 S6K (T389), anti-phospho-Akt (S473),

anti-Akt, anti-phospho-JNK (T183/Y185), anti-phospho-

p38MAPK (T180/Y183), anti-phospho-MEK1/2 (S217/S221),

anti-phospho-S6 ribosomal protein (S235/S236), and anti-

MEK1/2 antibodies (Abs) were obtained from Cell Signaling

Technology (Beverly, MA). Anti-b-actin Abs and anti-hsp90

Abs were obtained from Stressgen Biotechnologies Corp.

(Victoria, BC). ECL reagents were obtained from Kirkegaard

and Perry Laboratories (Gaitherburg, MD). FITC-conjugated

Annexin V and anti-CD16/CD32 (FcgIII/II receptor) 2.4G2kmAb

were obtained from BD Biosciences (San Diego, CA). The anti-

Glut1 Ab was from Fitzgerald Industries International (Con-

cord, MA). PE-conjugated F(ab0)2 fragments of goat anti-rabbit
IgG was obtained from CalTag Laboratories (Burlingame, CA).

Resveratrol was obtained from Sigma–Aldrich (St. Louis, MO).

All other reagents were purchased from Calbiochem-Nova-

biochem International (San Diego, CA).

2.2. Cell culture

Dr. Raju Chaganti (Memorial Sloan-Kettering Cancer Center,

New York, NY) kindly provided the human GC-like DLBCL cell

lines OCI-Ly1 (LY1) and OCI-Ly18 (LY18). The cells were

maintained in a 37 8C-humidified incubator (5% CO2) and

cultured as previously described [31]. Cells were treated with

the desired doses of resveratrol (25 or 50 mM final concentra-

tion in tissue culture medium) dissolved in dimethyl sulfoxide

(DMSO) or DMSO alone as a control. The dose range of

resveratrol used in this study is consistent with reports

evaluating either the anti-inflammatory or anti-proliferative

actions of resveratrol on numerous cell and tissue types (1–10).

2.3. Flow cytometry and cell cycle analysis

LY1 (5 � 105) or LY18 (5 � 105) cells were collected, washed in

PBS, and then resuspended in PBS containing 0.1% Triton X-

100, 50 mg/ml propidium iodide (PI) and 50 mg/ml RNase A.

Cells were incubated for 30 min (37 8C) and DNA content was

measured by flow cytometry using a FACSCanto cytometer (BD

Biosciences). Acquired data were analyzed with Modfit LT V3.0

(Verity Software House, Tosham, ME). For apoptosis measure-

ments, cells (5 � 105) were collected, washed in PBS and then

resuspended in 0.5 ml binding buffer (10 mM HEPES, pH 7.4,

140 mM NaCl, 2.5 mM CaCl2) containing 5 ml of FITC-conju-

gated Annexin V and 5 ml PI (50 mg/ml). Cells were incubated at

room temperature for 15 min and then analyzed by flow

cytometry. Staining of surface Glut1 expression was carried

out as previously described [32].

2.4. Western blotting

Cells were solubilized in Triton X-100 buffer (20 mM Tris, pH

7.4, 100 mM NaCl, 0.1% Triton X-100) containing 2.5 mg/ml

leupeptin/aprotinin, 10 mM b-glycerophosphate, 1 mM PMSF,

1 mM NaF, and 1 mM Na3VO4. Insoluble debris was removed

by centrifugation at 15,000 � g for 15 min (4 8C). Lysate protein

was separated by electrophoresis through a 10% polyacryla-

mide SDS gel, transferred to an Immobilon-P membrane, and

incubated with the indicated Abs as described [32].

2.5. Glucose utilization

Glucose transport was measured by monitoring the uptake of

100 mM 2-deoxy-D-glucose plus 1 mCi/ml [3H]2-deoxy-D-glu-

cose (Amersham Biosciences, Piscataway, NJ) as previously

described [32,33]. To assess the contribution of total glucose

uptake by facilitated glucose transporters, uptake of [3H]2-

deoxy-D-glucose was also measured in the presence of 10 mM

cytochalasin B, a potent inhibitor of glucose transporter

activity. Glycolysis was measured by incubating 106 LY18

cells/0.5 ml with 2 mCi [5-3H]glucose (Amersham Biosciences)

for 90 min. Cells (100 ml) were removed and placed in 1.5 ml

microcentrifuge tubes containing 100 ml of 0.2N HCl 3H2O was
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separated from unmetabolized [3H]glucose by evaporation

diffusion for 48 h (25 8C) as previously described [32,33].

Oxidation of glucose was measured by monitoring the rate

of 14CO2 production from LY18 cells cultured with 1 mCi

[6-14C]glucose (Amersham Biosciences) as described [32].

Glucose and lactate levels were measured using assay kits

from Sigma Diagnostics (St. Louis, MO) according to the

manufacturer’s instructions.

2.6. Real-time RT-PCR

Total RNA was isolated from LY18 cells using the RNeasy mini

RNA isolation kit (QIAGEN Inc., Valencia, CA), following the

manufacturer’s protocol. Following DNase-I treatment, 2 mg

RNA was reverse-transcribed to cDNA using MMLV reverse

transcriptase (Ambion Inc., Austin, TX). Real-time PCR was

performed with the SYBR Green Supermix on an iCycler with

iQ5 Real-time PCR detection system (Bio-Rad Laboratories,

Hercules, CA). Amplification conditions were as follows: 50 8C

for 2 min, 95 8C for 10 min, followed by 45 cycles of 95 8C for 15 s,

58 8C for 1 min. Real-time primers contained a specified

amplicon length of between 150 and 200 bp. Primers were as

follows: b2 microglobulin, forward: 50-AGGAGACACGGAACAC-

CAAGG-30, reverse: 50-CCATCGTAGGCATACTGTTCATACC-30;

hexokinase-2, forward: 50-ACGAGAGCATCCTCCTCAAGTG-30,

reverse: 50-GGTCTTCAAAGCCACAGGTCATC-30; phosphoglyce-

rate mutase-1, forward: 50-GGACAGTGCTAGATGCCATTGATC-

30, reverse: 50-CGGAGGTGGTGG GACATCATAG-30; and phos-

phofructokinase-1, forward: 50-GGCAACCTGAACACCTACAA-

GC-30, reverse: 50-CGAAGCCGTCAAAGCCATCA TAG-30. Relative

expression of RNA was determined as the relative expres-

sion = 2�(DDCT), where DDCT = (cycle threshold (CT) gene of

interest) � (CT b2 microglobulin). Real-time SYBR-green dis-

sociation curves show one species of amplicon for each primer

combination (data not shown).

2.7. Nuclear magnetic resonance (NMR) spectroscopy

LY18 cells (3 � 107) were cultured in RPMI 1640 containing

10 mM [1-13C]glucose or [2-13C]glucose (Cambridge Isotope

Laboratories Inc., Andover, MA). Cells were collected by

centrifugation and extracted three times with 1 ml of 70% (v/

v) ethanol. The soluble ethanol extracts were pooled, frozen

in liquid nitrogen and lyophilized. The dry material was then

resuspended in 0.5 ml D2O. 1H and 13C-coupled 1H spectra

were acquired on a Varian INOVA 500 spectrometer (Varian

Inc., Palo Alto, CA) with a 5 mm indirect detection probe as

described previously [32,34]. 1H NMR spectra were acquired

using a 5006.6 Hz sweep width, 9984 datum points, 908 pulse

width, 3.0 s recycle delay time and 128 transients. The 1D

heteronuclear multiple quantum coherence (HMQC) spectra

(which detect only those protons coupled to 13C) were

acquired with a sweep width of 7509.6 Hz, 2048 datum

points, 908 pulse width, a 1.0 s recycle delay time; these 1D

spectra were also 13C decoupled using 135 Hz as the average

one-bond 1H–13C J-coupling constant. 1D HMQC spectra were

obtained with 4000 transients. Under these acquisition

conditions, the lactate methyl doublet was not resolved,

but integrated intensities of small molecules could easily be

quantified.
3. Results

3.1. Resveratrol inhibits growth of human LY1 and
LY18 cells

To investigate the effects of resveratrol on growth, LY1 and

LY18 cells were cultured in the presence or absence of

resveratrol and the number of viable cells was measured over

the course of 72 h. As shown in Fig. 1A, resveratrol caused a

complete block of cell proliferation. Analysis of DNA content

by PI staining and flow cytometry indicated that in the

presence of 25 or 50 mM resveratrol, LY1 and LY18 cells

accumulated in G0/G1-phase of the cell cycle when measured

at 24 h (Fig. 1B). Resveratrol-treated cultures also exhibited

increased hypodiploid DNA content in comparison to control

non-treated LY1 or LY18 cells at 24 h, signifying apoptotic cells

(Fig. 1B). The presence of apoptotic cells was confirmed by

annexin V-FITC staining. Although control LY1 and LY18 cells

exhibited measurable annexin V-FITC positive cells, treatment

with 25 or 50 mM resveratrol for 24 h led to an increase in the

percentage of apoptotic cells (Fig. 1C).

3.2. LY1 and LY18 cells display PI-3K signaling that is
inhibited by resveratrol

To understand the mechanism(s) underlying resveratrol-

induced growth arrest, we examined the effects of resveratrol

on several pathways known to control growth in naı̈ve B

lymphocytes [24,25]. LY18 and LY1 cells displayed phosphory-

lated Akt on Ser473, which is necessary for full activation of

the kinase (Fig. 2A and B, respectively). The downstream target

of Akt, p70 S6K exhibited phosphorylation on Thr389, which is

required for activation. In addition, S6 ribosomal protein and

FOXO3a were phosphorylated on residues Ser235/236 and

Ser253 in LY18 and LY1 cells, respectively (Fig. 2A and B);

members of the FOXO family of transcription factors are

targets of Akt [28]. The contribution of PI-3K to the phosphor-

ylation of these signaling components in LY18 cells was

demonstrated insofar as treatment with the PI-3K inhibitor

LY294002, reduced phosphorylation of Akt, p70 S6K, S6

ribosomal protein, and FOXO3a (Fig. 2C). Treatment of LY18

cells with rapamycin, an inhibitor of mTOR, blocked p70 S6K

and S6 ribosomal protein phosphorylation, confirming the role

of mTOR as an upstream effector of these components

(Fig. 2E). Similar results were obtained following LY294002

or rapamycin treatment of LY1 cells (Fig. 2B, D and F).

Treatment of LY1 or LY18 cells for 4 h with 25 or 50 mM

resveratrol inhibited downstream PI-3K signaling, as evi-

denced by reduced phosphorylation of Akt, p70 S6K, S6

ribosomal protein and FOXO3a on the aforementioned

residues (Fig. 2A and B). The effects of resveratrol cannot be

attributed to a global inhibition of signaling, because the

phosphorylation of JNK (Thr183/Tyr185) and p38

MAPK(Thr180/Tyr182) was not inhibited by resveratrol treat-

ment of LY18 (Fig. 3A) or LY1 cells (data not shown).

Importantly, we find that PI-3K signaling was required for

cell cycle progression insofar as treatment of LY1 or LY18 cells

with LY294002 blocked proliferation (Fig. 3B) and that this was

accompanied by an increased percentage of cells in G0/G1-

phase of the cell cycle in comparison to control non-treated
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Fig. 1 – Resveratrol inhibits human LY1 and LY18 cell growth. (A) LY1 and LY18 cells were cultured in medium containing

DMSO (as solvent control, denoted hereafter as Control) or in the presence of 25 or 50 mM resveratrol (Res). At the indicated

times, the number of viable cells was determined by trypan blue exclusion; similar results were obtained with PI

staining/flow cytometry (data not shown). The data are representative of three independent experiments; the standard

deviation is less than 5% of the mean (not indicated on the graph). (B) Cells were cultured in the absence (Control) or

presence of 25 or 50 mM resveratrol for 24 h and then analyzed for DNA content by PI staining/flow cytometry as described

in Section 2. (C) LY1 and LY18 cells were also cultured in the absence (Control) or presence of 25 or 50 mM resveratrol for 24 h

and the percentage of apoptotic cells was determined by Annexin V and PI staining as described in Section 2. For (B and C),

the data are representative of four independent experiments.
LY18 (Fig. 3C) or LY1 cells (data not shown). Consistent with

these results, treatment with triciribine, a cell-permeable

tricyclic nucleoside that specifically inhibits Ser473 phosphor-

ylation (Fig. 3C, inset) and activation of Akt [35], resulted in an

increase in the percentage of LY18 cells in G0/G1-phase of the

cell cycle at 24 h (Fig. 3C); rapamycin similarly induced the

accumulation of LY18 cells in G0/G1-phase of the cell cycle

(Fig. 3C). Taken together with the anti-proliferative action of

resveratrol (Fig. 1), these findings suggest that resveratrol

blocks LY1 and LY18 cell growth, in part, by inhibiting PI-3K

signaling.

During the course of these studies, we observed that MEK1/

2 was phosphorylated on activation residues Ser217/221 in

LY18 (Fig. 3A) and LY1 cells (data not shown). Moreover,

resveratrol reduced MEK1/2 phosphorylation, as shown in the

LY18 DLBCL (Fig. 3A). In keeping with the established role of

MEK1/2 in mammalian cell proliferation, these results point to

a role for MEK1/2 in resveratrol-induced growth arrest.

However, treatment of LY1 or LY18 cells with several MEK1/

2 inhibitors, including PD98059, U0126, or 2-chloro-3-(N-

succinimidyl)-1,4-naphthoquinone (MEK II inhibitor), had no

measurable effect on cell cycle distribution (Fig. 3D).
3.3. Resveratrol inhibits PI-3K-linked glycolysis in
LY18 cells

Gene expression profiling has uncovered increased expression

of several mRNAs encoding glycolytic enzymes in GC-DLBCLs,

but not ABC-DLBCLs, raising the possibility that heightened

glycolysis plays a role in the growth and/or survival of GC-

DLBCLs [18,37]. Therefore, we investigated glucose metabo-

lism and whether resveratrol might act to inhibit glucose

utilization in GC-DLBCLs. For these studies, we initially

focused on LY18 cells and examined the effects of resveratrol

on glucose uptake and metabolism. Exponentially growing

LY18 cells exhibited facilitated glucose uptake, which was not

significantly inhibited by treatment with resveratrol or

LY294002 (Fig. 4A). We next determined if resveratrol altered

the surface expression of Glut carriers [36]. LY18 cells express

Glut1 (Fig. 4B), which represents the primary facilitated

glucose transporter expressed on hematopoietic cells

[32,33]. Treatment with resveratrol or LY294002 did not

measurably alter the expression of Glut1 (Fig. 4B).

During these experiments we observed lactate accumula-

tion in the tissue culture medium (Fig. 4C). The ratio of lactate
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Fig. 2 – Resveratrol inhibits PI-3K signaling in LY1 and LY18 cells. Cells were cultured in the absence ((-) DMSO as solvent

control) or presence of 25 or 50 mM resveratrol (A and B), 10 mM LY294002 (C and D), or 10 nM rapamycin (E and F) for 4 h.

Cells were harvested and the phosphorylation of individual PI-3K signaling proteins was determined by Western blot

analysis of detergent soluble whole cell extracts prepared from LY18 (A, C and E) and LY1 (B, D and F) cells. To

control for protein loading, the blots were stripped and reprobed with anti-hsp90 Ab. The data are representative of four

independent experiments.
produced/glucose consumed corresponded to approximately

1.8 at each time point, which was calculated from the

cumulative glucose consumption from the tissue culture

medium (0.9 and 2.0 mmol glucose at 12 and 24 h, respectively)

and lactate production (1.6 and 3.6 mmol lactate, respectively)

(Fig. 4C, lanes Control). If direct conversion of glucose to

lactate is assumed, these data suggest that a significant

portion of glucose consumed by LY18 cells is metabolized to

lactate. Interestingly, the increase in lactate production over

time was reduced by resveratrol treatment and was inhibited

by LY294002 (Fig. 4C). To identify the glucose catabolic

pathways functioning in LY18 cells, we evaluated glucose

flux through glycolysis. LY18 cells exhibited a relatively high

rate of glycolysis (Fig. 5A); treatment with resveratrol resulted

in a greater than 70% reduction in glycolysis (Fig. 5A).

Glycolysis was dependent on PI-3K activity as evidenced by

reduction of glycolytic flux with LY294002, to a level compar-

able to that of resveratrol.

To corroborate the finding that resveratrol inhibits glyco-

lysis, we used NMR spectroscopy to specifically monitor 13C

fixation from [1-13C]glucose into metabolites. We have pre-

viously shown that the use of a 1D-HMQC sequence to select out

protons attached to 13C of [1-13C]glucose and its metabolites
afford measurement of glucose metabolism by the glycolytic

pathway [32]. Integration of the 13C-coupled 1H resonances

revealed that the lactate methyl group exhibited a relatively

high 13C content as [1-13C]glucose was metabolized in LY18 cells

(Fig. 5B, 1-13C control, hatched bars). Resveratrol treatment of

LY18 cells inhibited approximately 65% of 13C label incorpora-

tion from [1-13C]glucose into the methyl group of lactate (Fig. 5B,

1-13C resveratrol, hatched bars). Similar results were obtained

with LY18 cells treated with LY294002, although inhibition of PI-

3K activity resulted in approximately 80% inhibition of 13C label

incorporation into the methyl group of lactate (Fig. 5B, 1-13C

LY294002, hatched bars).

To monitor for diversion of glucose into the pentose

phosphate pathway, a similar 1D-HMQC experiment was

carried out with [2-13C]glucose. If [2-13C]glucose is used instead

of [1-13C]glucose, we have previously shown that no 13C label is

incorporated into the lactate methyl group by the glycolytic

pathway; however, if the pentose phosphate pathway is

operational 13C label will be incorporated into the methyl group

of lactate [32]. A relatively small amount of 13C label from

[2-13C]glucose was incorporated into the lactate methyl group

when measured at 12 h (Fig. 5B, 2-13C control, hatched bars).

Treatment with resveratrol did not measurably reduce 13C label
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Fig. 3 – Inhibition of PI-3K, but not MEK1/2 blocks LY1 and LY18 cell growth. (A) LY18 cells were incubated in the absence ((-)

DMSO control) or presence of 25 or 50 mM resveratrol for 4 h. Cells were harvested and phosphorylation of JNK and p38

MAPK on activation residues was measured by Western blot analysis using anti-phospho-JNK or anti-phospho-p38MAPK

Abs. The blot was stripped and reprobed with an anti-hsp90 Ab to control for loading. Cell extracts were also probed with

an anti-phospho-MEK1/2 Ab. The blot was stripped and reprobed with anti-MEK1/2 Ab. (B) LY1 and LY18 cells were

incubated in the absence (Untreated) or presence of 10 mM LY294002. At the indicated times, the number of viable cells was

determined by trypan blue exclusion. The data are representative of three independent experiments; the standard

deviation is less than 5% of the mean (not indicated on the graph). (C) LY18 cells were cultured in the absence (Control) or

presence of 10 mM LY294002, 1 mM Triciribine, or 10 nM rapamycin for 24 h. Cells were then analyzed for DNA content by

flow cytometry as described in Section 2 (bar code: black = percentage of sub-G0/G1, opened dots = percentage of G0/G1,

gray = percentage of S + G2/M). Inset shows LY18 cells cultured in the absence (Con) or presence of 1 mM Triciribine (Tri) for

15 min; cells were then harvested and phosphorylation of Akt on Ser 473 was measured by Western blot analysis using an

anti-phospho(S473) Akt Ab. The blot was stripped and reprobed with an anti-hsp90 Ab to control for protein loading. (D)

LY1 and LY18 were cultured in the absence (Control) or presence of 10 mM PD98059, 10 mM U0126, or 10 mM MEK II inhibitor

for 24 h. Cells were collected and stained with PI and analyzed for DNA content by flow cytometry as described in Section 2.

The data in (A)–(D) are representative of three independent experiments.
incorporation, whereas LY294002 decreased 13C label incor-

poration into the lactate methyl group by approximately 50%

(Fig. 5B, 2-13C hatched bars). We also measured glucose flux

through the tricarboxylate acid (TCA) cycle by monitoring the

rate of 14CO2 generation from the metabolism of radiolabeled

[6-14C]glucose. The complete oxidation of glucose was not
Table 1 – The catabolism of glucose in LY18 cells

Control (nmol/106 cells/h) 50 mM resveratro

Glycolysis 2175 � 150 550

TCA cycle 0.10 � 0.01 0.11

The rates of metabolic flux of radiolabeled glucose via glycolysis and TC

50 mM resveratrol or 10 mM LY294002 were determined at 12 h. The d

determinations.
substantial in comparison to its flux via the glycolytic pathway

(Table 1). The rate of glucose oxidation, albeit low, was not

measurably altered by treatment of LY18 cells with resveratrol

or LY294002 (Table 1). Taken together, these findings suggest

that glucose is primarily metabolized by glycolysis and that

resveratrol acts to inhibit glycolytic flux in LY18 cells.
l (nmol/106 cells/h) 10 mM LY294002 (nmol/106 cells/h)

� 30.0 600 � 40.0

� 0.01 0.10 � 0.01

A cycle in LY18 cells cultured in the absence (Control) or presence of

ata in nmol/106 cells/h are represented as mean values of three
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Fig. 4 – Facilitated glucose transport and Glut expression in LY18 cells. (A) LY 18 cells were cultured in the absence (Control)

or presence of 50 mM resveratrol or 10 mM LY294002 for 12 h. Cells were harvested and uptake of [3H]2-deoxy-D-glucose was

measured for 60 s in the absence (black bars) or presence (gray bars) of 10 mM cytochalasin B. Error bars reflect standard

deviation from the mean of triplicate measurements and the data are representative of two independent experiments. (B)

LY18 cells were cultured in the absence (black line) or presence of 50 mM resveratrol (blue line) or 10 mM LY294002 (red line)

for 12 h and then Glut1 expression was determined by flow cytometry as described in Section 2; the black dashed line

indicates staining with an isotype control Ab. The data are representative of two independent experiments. (C) LY18 cells

were cultured in the absence (Control) or in the presence of 10 mM LY294002 or 50 mM resveratrol. At the indicated times,

the tissue culture medium was assayed for lactate levels (mmol/l) as described in Section 2. Media denotes the amount of

lactate in tissue culture medium at the beginning of the experiment. Error bars reflect standard deviation from the mean of

triplicate measurements and the data are representative of two independent experiments.
3.4. Inhibition of glycolysis results in accumulation of
LY18 cells in G0/G1-phase of the cell cycle

The results above indicate that the anti-proliferative action of

resveratrol may involve inhibition of glucose catabolism via

the glycolytic pathway. To evaluate the contribution of

glycolysis on cell cycle position, we treated LY18 cells with

2-deoxy-D-glucose (2-DOG) for 12 h and then analyzed cells by

PI staining and flow cytometry. 2-DOG can be phosphorylated

by hexokinase, but cannot be further metabolized through

glycolysis [38]. As shown in Fig. 5C, inhibition of glycolysis

resulted in accumulation of LY18 cells in G0/G1-phase of the

cell cycle in comparison to control non-treated cells.

3.5. Resveratrol reduced the expression of genes encoding
rate-limiting glycolytic enzymes

To obtain insight into the molecular basis underlying the

inhibition of glycolysis by resveratrol, we evaluated the

expression of several genes encoding enzymes in the

glycolytic pathway. Treatment of LY18 cells with resveratrol

resulted in decreased mRNA levels for hexokinase-2 and
phosphofructokinase-1 by approximately 65% and 85%,

respectively, relative to control non-treated LY18 cells

(Fig. 5D). Both hexokinase-2 and phosphofructokinase-1 are

rate-limiting enzymes for glycolysis. Interestingly, the expres-

sion of phosphoglycerate mutase-1 mRNA was decreased by

approximately 75%. Our results also indicate that inhibition of

PI-3K activity with LY294002 reduced mRNA expression for

hexokinase-2 and phosphoglycerate mutase-1, which was

similar to that observed with resveratrol (Fig. 5D). LY294002

reduced phosphofructokinase-1 mRNA levels by 50% (Fig. 5D).
4. Discussion

The results herein demonstrate that resveratrol treatment

results in the accumulation of human LY1 and LY18 cells in G0/

G1-phase of the cell cycle and that this is accompanied by

inhibition of cell growth. Both lymphomas treated with

resveratrol also exhibit an increase in annexin V staining

and hypodiploid content of DNA, signifying apoptosis. Our

studies show that LY18 and LY1 (data not shown) cells display

activation of p38 MAPK and JNK, but resveratrol does not
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Fig. 5 – Resveratrol inhibits glycolysis in LY18 cells. (A) LY18 cells were cultured in the absence (Control) or presence of 10 mM

LY294002 or 50 mM resveratrol (12 h) and then glycolysis was measured as described in Section 2. The standard error

represents the mean of triplicate measurements and the data are representative of three independent experiments. (B)

LY18 cells were cultured in medium alone (Control) or 10 mM LY294002 or 50 mM resveratrol for 12 h. The tissue culture

medium was supplemented with 10 mM [1-13C]glucose (1-13C) or 10 mM [2-13C]glucose (2-13C) as indicated. Black bars

indicate total lactate detected in the 1H NMR spectrum; all values were normalized to the intensity of the control cells.

Hatched bars indicate intensity of 13C-coupled lactate methyl protons as measured using a 1D-HMQC NMR experiment

described in Section 2; all intensities were normalized to the control sample 13C-coupled proton intensity. (C) LY18 cells

were cultured in the absence (Control) or presence of 10 mM 2-DOG for 12 h. Cells were collected and analyzed for DNA

content by PI staining/flow cytometry as described in Section 2. (D) LY18 cells were cultured in medium alone (open bars),

50 mM resveratrol (black bars) or 10 mM LY294002 (gray bars) for 12 h. Cells were collected and Real-time RT-PCR was carried

out as described in Section 2. Gene expression was evaluated for hexokinase-2 (HK2), phosphofructokinase-1 (PFK1), and

phosphoglycerate mutase-1 (PGAM1). The data are presented as the standard deviation of the mean, n = 3. The experiment

shown is representative of three independent experiments.
measurably affect the phosphorylation of these MAPKs on

activation residues. These results are somewhat surprising

given reports that MAPKs have been implicated in resveratrol-

induced growth arrest and/or apoptosis of numerous cancer

cell types [8,9,39]. By contrast, we found that LY18 and LY1

(data not shown) cells exhibit phosphorylation of MEK1/2.

Interestingly, resveratrol treatment reduces MEK1/2 phos-

phorylation on activation residues; however, inhibition of

MEK1/2 activity did not alter the cell cycle distribution of either

human lymphoma. Although we cannot rule out a role for

MEK1/2 in the cell cycle, these findings suggest that inhibition

of MEK1/2 is not sufficient to induce growth arrest or apoptosis

in LY1 or LY18 cells.

The experiments herein reveal that both LY1 and LY18 cells

display continuous activation of the PI-3K pathway and that

resveratrol inhibits PI-3K-dependent signaling. Our results

suggest that PI-3K activity plays a role in cell cycle progression

in that treatment with LY294002 blocks LY1 and LY18 cell
growth. It should be mentioned that LY294002 is a potent PI-3K

inhibitor, but has also been shown to inhibit other signaling

molecules (reviewed in Ref. [25]). While this may represent a

potential caveat to our interpretations of the role of PI-3K

signaling in LY1 and LY18 cells, we note similar results with

the PI-3K inhibitor wortmannin (data not shown). Moreover, in

LY18 cells a similar inhibitory effect on the cell cycle was

obtained in response to Akt or mTOR inhibition. Our results

are consistent with a growing body of evidence that points to a

role for PI-3K signaling in contributing to lymphomagenesis in

leukemia and lymphoma [40,41].

The molecular basis underlying the activation of PI-3K

signaling in LY1 and LY18 cells is unknown. The gene encoding

the p110 subunit of PI-3K is highly expressed in GC-like DLBCL

when compared to ABC-like tumors, suggesting that aberrant

expression of the catalytic p110 subunit might contribute to

the activation of PI-3K and downstream effectors of PI-3K

signaling [18,37]. In addition, the tumor suppressor PTEN gene
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Fig. 6 – Model for the action of resveratrol in LY18 cells.

Resveratrol inhibits downstream PI-3K signaling (Akt/

mTOR/p70 S6K/S6) in LY18 cells. Although not entirely

defined, components of this cascade lead to the

transcriptional upregulation of several genes encoding

enzymes in the glycolytic pathway, such as hexokinase II

(HK2), phosphofructokinase-1 (PFK-1) and

phosphoglycerate mutase-1 (PGAM) (denoted by dotted

line). Expression of these gene products promote cellular

glucose metabolism via glycolysis.
product, which antagonizes PI-3K signaling through its

PtdIns(3,4,5)P3 lipid phosphatase activity [42], is involved in

10q23 deletions in several tumors [43,44] and in approximately

5–10% of non-Hodgkin’s lymphomas (reviewed in Ref. [16]).

However, a recent study of NHL cases with 10q abnormalities

did not display detectable biallelic deletions or mutations of

PTEN [44]. Whether LY1 and LY18 cells contain deletions,

mutations or exhibit haploinsufficiency of PTEN that might

contribute to activation of PI-3K signaling remains to be

investigated. Notwithstanding, our findings suggest that the

anti-proliferative action of resveratrol on LY1 and LY18

DLBCLs results, at least in part, from inhibition of PI-3K

signaling.

Our results indicate that glucose is primarily metabolized

by the glycolytic pathway in LY18 cells. Similar results were

obtained for LY1 cells (data not shown). We did not detect

substantial oxidation of glucose by the TCA cycle. Because the

assay used herein to monitor 14CO2 generation requires the

complete oxidation of [6-14C]glucose, we cannot entirely rule

out the possibility that some glucose may be incompletely

oxidized by a ‘‘truncated’’ TCA cycle. The 1D-HMQC experi-

ments reveal measurable glucose flux through the pentose

phosphate pathway; however, in comparison to glycolytic

flux, it was not substantial. These results are consistent with

the elevated expression of several mRNAs encoding glycolytic

enzymes detected by gene profiling of GC-DLBCLs [18,37]. We

also provide data underscoring the importance of glycolysis in

LY18 cell growth in that 2-DOG, which can be phosphorylated

by hexokinase, but cannot be further metabolized through

glycolysis [38], is sufficient to induce G0/G1-phase arrest in

LY18 cells. It is noteworthy that many tumor cells exhibit high

rates of aerobic glycolysis, regardless of whether oxygen is

present to carry out oxidative phosphorylation in the

mitochondria [45]. The so-called Warburg effect has been
attributed to mutations in the mitochondrial respiratory chain

or in glycolytic enzymes [46]; however a recent report indicates

that activation of Akt alone is sufficient to account for the

switch to glycolysis in tumor cells [29].

Importantly, our studies reveal for the first time that

resveratrol inhibits glycolysis, which is accompanied by a

reduction in lactate production (Fig. 6). The signaling pathway

underlying resveratrol-induced effects on glycolytic flux in

LY18 cells has not been completely defined. However,

LY294002 similarly reduces glycolysis in exponentially grow-

ing LY18 cells, raising the possibility that resveratrol may

inhibit glycolysis through its inhibitory action on PI-3K

signaling. It is unlikely that decreased glycolytic flux is

secondary to a reduction in glucose uptake, given that

facilitated glucose uptake is not affected by resveratrol.

Resveratrol treatment does however, result in a decrease in

mRNAs encoding hexokinase-2 and phosphofructokinase-1,

both are considered rate-limiting glycolytic enzymes. Inter-

estingly, resveratrol also reduces phosphoglycerate mutase-1

mRNA, which encodes an enzyme of the glycolytic pathway

that catalyzes the isomerization of 3- and 2-phosphoglyce-

rates. Although this step is not considered to be rate-limiting

in the majority of differentiated cell types, phosphoglycerate

mutase-1 may be rate-limiting for glycolysis in tumor cells

[47].

In conclusion, the results indicate that PI-3K signaling is an

important mechanism for cell growth in LY1 and LY18 cells.

Our results support the conclusion that PI-3K signaling is a

pivotal target of resveratrol in LY1 and LY18 cells with an

inhibitory effect on glucose metabolism that is necessary for

growth (Fig. 6). The results herein highlight the potential

therapeutic benefit of targeting signaling and metabolic

pathways that control glucose utilization with pharmacolo-

gical inhibitors. Indeed, the regulation of glucose metabolism

is increasingly recognized to play an important role in tumor

formation [28,29]. Aberrant glucose transport and utilization

on its own has been implicated in the development and

progression of lymphomas [48]. We suggest that anthracy-

cline-based chemotherapy in combination with pharmacolo-

gical inhibition of PI-3K-linked glucose metabolism may prove

beneficial in the treatment of DLBCL.
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