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Recent evidence has identified substantial overlap between metabolic and oncogenic biochemical pathways, suggesting
novel approaches to cancer intervention. For example, cholesterol lowering statins and the antidiabetes medication
metformin both act as chemopreventive agents in prostate and other cancers. The natural compound resveratrol has
similar properties: increasing insulin sensitivity, suppressing adipogenesis, and inducing apoptotic death of cancer cells in
vitro. However, in vivo tumor xenografts acquire resistance to resveratrol by an unknown mechanism, while mouse
models of metabolic disorders respond more consistently to the compound. Here we demonstrate that castration-
resistant human prostate cancer C4-2 cells are more sensitive to resveratrol-induced apoptosis than isogenic androgen-
dependent LNCaP cells. The MEK inhibitor U0126 antagonized resveratrol-induced apoptosis in C4-2 cells, but this effect
was not seen with other MEK inhibitors. U0126 was found to inhibit mitochondrial function and shift cells to aerobic
glycolysis independently of MEK. Mitochondrial activity of U0126 arose through decomposition, producing both
mitochondrial fluorescence and cyanide, a known inhibitor of complex IV. Applying U0126 mitochondrial inhibition to
C4-2 cell apoptosis, we tested the possibility that glutamine supplementation of citric acid cycle intermediate a-
ketoglutarate may be involved. Suppression of the conversion of glutamate to a-ketoglutarate antagonized resveratrol-
induced death in C4-2 cells. A similar effect was also seen by reducing extracellular glutamine concentration in the
culture medium, suggesting that resveratrol-induced death is dependent on glutamine metabolism, a process frequently
dysregulated in cancer. Further work on resveratrol and metabolism in cancer is warranted to ascertain if the glutamine
dependence has clinical implications.

Introduction

Altered metabolic pathways in cancer are well documented1-3 and
are potential targets for therapeutic intervention.4 Excess body
weight alone is associated with an increase of cancer incidence,5

implying the metabolic state of the patient can lead to cancer
development. Recent observational studies have provided evid-
ence that medical therapies that affect cellular metabolism, such
as cholesterol lowering (e.g., statins) and antidiabetic agents (e.g.,
metformin), reduce the risk of some cancers and/or aggressive
cancer.6-9 These findings suggest that metabolism-based chemo-
preventive and chemotherapeutic strategies could substantially
decrease cancer incidence and prolong survival in some patients.

Anabolic and catabolic metabolism intersects with multiple
oncogenic signal transduction nodes in tumor cells.10-13 This
complex web of interactions starts from two major metabolic
precursors: glucose and glutamine. In normal cells, glucose is
the major energy source and carbon backbone for biosynthesis.

Activation of the phosphoinositide 3'-kinase/AKT pathway, a
common feature of human cancers, can result in increased glu-
cose import and consumption,14 necessary in cancer cells to fuel
growth and proliferation. In contrast, glutamine is the most
abundant amino acid in plasma and a necessary precursor for
amino acid and nucleotide synthesis.15 In the process of gluta-
minolysis, glutamine is successively converted into glutamate,
followed by conversion to a-ketoglutarate, which can be supple-
mented into the citric acid cycle to drive production of citrate
for lipogenesis.15 In cancer, overexpression of MYC can increase
the rate of glutaminolysis, leading to glutamine addiction.11,16

The interconnection between glucose and glutamine supports a
strategy where both metabolic pathways, glycolysis and glutami-
nolysis, are targeted simultaneously.17

Current options for metabolic therapy for cancer are limited.
With malignant transformation, glucose metabolism is character-
istically shifted away from mitochondrial ATP production to
increased lactic acid production by aerobic glycolysis. The glucose
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analog, 2-deoxyglucose, has been used to inhibit and selectively
kill cancer cells,18 showing some clinical efficacy.19 Targeting
glutamine metabolism with non-metabolizable analogs like 6-
diazo-5-oxo-L-norleucine has been effective in mouse models,20

but side effects in humans limit clinical translation of these
strategies.21

One approach to metabolic targeting in cancer is evaluating
natural compounds that display cancer-specific cytotoxicities.
Dietary natural compounds are potentially advantageous clini-
cally because they are well tolerated and may function as long-
term chemopreventives.22 Resveratrol is an example of a natural
product that is selectively toxic to cancer and not normal cells,23

though the mechanism of action is unknown. Resveratrol has
been shown to act as an antioxidant,24 inhibit COX2,25 activate
SIRT126 and AMPK,27 elicit a DNA damage response,28 and
arrest the cell cycle.29 Resveratrol can also alleviate a variety of
metabolic disorders in mice including obesity, insulin resistance,26

and liver dysfunction,30 however the compound has generally
elicited a poor response in tumor xenograft models.31,32 Never-
theless, the ability of resveratrol to target a variety of oncogenic
mechanisms, along with its in vivo efficacy in non-cancer
conditions, suggests the possibility that resveratrol is potentially
a viable anti-cancer agent. The cancer toxicity and the metabolic
effects from resveratrol indicate that this compound may be a
powerful tool to learn about cancer cell vulnerabilities that arise
from metabolic derangements that arise with neoplasia.

In this study, we investigated the actions of resveratrol in an
isogenic pair of prostate cancer cell lines, LNCaP and C4-2,
representing early and late stage disease, respectively.39,40 Our
objective was to elucidate vulnerabilities targeted by resveratrol
for therapeutic development. While exploring a novel function
of the MEK inhibitor U0126, we discovered that resveratrol-
induced apoptosis is dependent on glutamine metabolism.

Results

U0126 inhibits resveratrol induced apoptosis. Resveratrol is
an established cytotoxic agent in prostate,23 breast,33 ovarian,34

colon,35 lung,36 heptatic, and brain cancer cells37 and is a pro-
posed chemopreventive agent.22 As a component of grape skins,
resveratrol is already in the diet,38 implying it may be well
tolerated if used in long-term clinical dosing. To determine if
resveratrol might be a relevant chemopreventive compound to
prevent prostate cancer progression, we exposed the LNCaP and
C4-2 prostate cancer disease progression model to resveratrol.
C4-2 cells are a subline of LNCaP derived by serial passage
through mice39 and display a castration resistant growth pheno-
type in vivo similar to advanced prostate cancer.40 We found that
resveratrol elicited a robust apoptotic response in C4-2 cells
and less of a response in LNCaP cells under serum-depleted
conditions. This differential response between the two cell lines
was highly reproducible in over 20 independent trials. Cell death
was measured by monitoring PARP cleavage by protein gel blot
analysis (Fig. 1A) and quantifying DNA fragmentation by
nucleosome ELISA after 12 h exposure to resveratrol (Fig. 1B).
We found extensive cell death at later time points in both cell

lines by counting viable cells (data not shown). The increased
toxicity in the more aggressive C4-2 cells implies that resveratrol
may be more effective against aggressive prostate cancer cells and
therefore has chemopreventive potential.

To probe the mechanism behind the higher sensitivity to
resveratrol of the C4-2 cells, we investigated the signaling events
reported to be linked with resveratrol’s biological effects. The
MEK/ERK pathway has been shown to be a critical node in cell
survival following resveratrol treatment41 and this pathway is
downstream from growth factor receptors implicated in prostate
cancer.42 Intriguingly, inhibition of MEK with the selective
MEK-1/2 inhibitor U0126 reduced the extent of resveratrol-
induced apoptosis, as measured by PARP cleavage and DNA
fragmentation (Fig. 1C and D). However, other MEK inhibitors
of similar potencies and specificities did not cause a similar
reversion of the apoptotic effect (Fig. 1C and E), suggesting
that inhibition of resveratrol-induced apoptosis by U0126 was
independent of MEK and was operating through an alternative
mechanism.

In performing these experiments, we noted that treatment
of LNCaP or C4-2 cells with U0126 produced a perinuclear
fluorescence signal detectable through the FITC channel in the
absence of an FITC fluorochrome. The fluorescence colocalized
with a mitochondrial-specific stain, MitoTracker CMXRos
(Fig. 2A). The mitochondrial localization was confirmed by
protein gel blot of cytoplasmic, mitochondrial, and nuclear
fractions. Fluorescence was only detected in the mitochondrial
fraction of prostate cancer cells treated with U0126 (Fig. 2B).
The fluorescence signal had excitation and emission peaks of
365 ± 5 nm and 420 ± 5 nm, respectively, in an aqueous solvent,
and was quenched in organic solvents including methanol,
chloroform, and acetone. The excitation emission characteristics
of the fluorescence signal implies it may originate from a con-
jugated Schiff base, but not a lipid peroxidation product, which
would fluoresce in organic solvents.43 Mitochondrial localization
of the U0126-dependent fluorescence suggests that U0126 may
react in the mitochondria or perturb mitochondrial function.
Other MEK inhibitors (PD98059, PD325901 or PD184161)
and analogs of U0126 (U0124, U0125 or SL327) did not
produce fluorescence (Fig. 2C). U0126 caused fluorescence in
a variety of mammalian cell lines (HeLa, COS, DU145, or
HEK293T) and in the BY4741 yeast strain (Fig. 2E). To evaluate
the dependence of appearance of the fluorescent product on
MEK, a yeast knockout strain was used that lacks the MEK
homolog STE7. The STE7 knockout strain produced comparable
levels of fluorescence when exposed to U0126 (Fig. 2E). We
concluded that the specific structure of U0126 produces or
induces fluorescence by a mechanism common to eukaryotic
cells and independently of MEK.

U0126 alters metabolism and inhibits mitochondrial func-
tion. Given the generation of fluorescence by U0126 and its
ability to suppress resveratrol-induced apoptosis, we hypothesized
that U0126 was shifting the cellular state at the time resveratrol
initiated apoptosis. Consistent with this, U0126 treatment of
C4-2 cells altered cell morphology, producing a flattened cell
shape (Fig. 4A), and acidified the culture media after 12–24 h.
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Acidification of the media suggested that U0126-treated cells
excrete more lactic acid, the final product of aerobic glycolysis. An
absorbance-based assay confirmed increased lactic acid content in
the media of U0126-treated cells at 24 h compared with DMSO
treated control cells (Fig. 3A). Considering the increased lactic
acid excretion and the mitochondrial fluorescence, we postulated
that U0126 may be a mitochondrial inhibitor. Consistent with
this hypothesis, U0126 decreased mitochondrial membrane
potential and ATP levels in the presence of 2-deoxyglucose,
while other MEK inhibitors did not (Fig. 3B and C). To under-
stand how U0126 may inhibit mitochondria, we inspected its
chemical structure and hypothesized that decomposition might
release the nitrile groups as cyanide. U0126 dose-dependently
generated higher levels of cyanide from C4-2 cells when assayed
24 h after treatment (Fig. 3D). Cyanide levels detected were
substantially lower than the theoretical limit and may be low
estimates of total cyanide released due to cyanide outgassing from
culture media.44

All mammalian cells require glycolysis to generate energy and
carry out metabolic reactions. Glycolysis can be autoinhibited if

the end product, pyruvate, is not consumed by the mitochondria
or converted to lactate by lactate dehydrogenase (LDH), result-
ing in cell death.45 If 10 mM U0126 substantially inhibits
mitochondrial function, then dosing U0126 with an LDH inhi-
bitor should result in synergistic cell death. To evaluate this
hypothesis, we used U0126 in combination with sodium oxa-
mate, an LDH inhibitor, and evaluated survival in C4-2 and T24
bladder cancer cell lines at 48 h by crystal violet staining and
viable cell counting (Fig. 4A–C). U0126 and sodium oxamate
produced synergistic cell death in both cancer cell lines. In
comparison, another MEK inhibitor, PD325901, or the U0126
analog U0124 were dosed as control compounds with sodium
oxamate and did not induce cell death (Fig. 4C). PD325901 is
an important control in this experiment because it binds to
the same site on MEK46 with a ~100-fold lower IC50.47 Taken
together, these data indicate that U0126 inhibits mitochondrial
function and stimulates aerobic glycolysis by a MEK-independent
mechanism.

Role of glutamine metabolism in resveratrol-induced tumor
cell death. The above results indicate that U0126 acts in the

Figure 1. Resveratrol-induced apoptosis is inhibited by U0126. (A) Cell lysate from LNCaP and C4–2 cells, treated with the indicated doses of resveratrol
for 12 h in serum-free conditions, were blotted with the indicated antibodies. The two cell lines exhibited differential cleavage of PARP. (B) Nucleosome
ELISA data confirm differential apoptosis in LNCaP and C4–2 cells at 2 mM resveratrol after 12 h exposure. (C) Cell lysates from C4–2 cells treated with the
indicated MEK inhibitors, at the indicated doses of resveratrol, were subjected to protein gel blot. PARP cleavage is selectively inhibited by 10 mM U0126.
(D) U0126 inhibition of apoptosis by resveratrol is confirmed by nucleosome ELISA at 12 h. (E) Cell lysates from C4–2 cells treated with the indicated MEK
inhibitors after EGF stimulation in serum-free conditions.
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mitochondria to cause a shift in cellular metabolism. In cancer,
mitochondrial function is altered toward the production of
substrates for biosynthesis at the expense of energy production.
Cancer cells use the TCA cycle substrate citrate for lipid synthesis,
but must load a-ketoglutarate derived from glutamine into the
cycle to maintain the mass flux. As a mitochondrial inhibitor,
U0126 may therefore influence metabolite flux through the
TCA cycle and reduce glutamine-dependent supplementation of
a-ketoglutarate.

We tested the dependence of resveratrol-induced death on
the supplementation of TCA cycle intermediates by inhibiting
alanine and aspartate transaminases, which convert glutamate to
a-ketoglutarate in the cytosol (aspartate transaminase also has
a mitochondrial isoform) for import into the mitochondria.
Two transaminase inhibitors, cycloserine48 and amino oxyacet-
ate (AOA), inhibited programmed cell death in response to
resveratrol at 12 h, as measured by PARP cleavage (Fig. 5A)
and nucleosome ELISA (Fig. 5B). Transaminases produce a-
ketoglutarate indirectly from imported glutamine and some

cancer cells exhibit increased glutamine uptake.1 Decreasing
glutamine in the culture media produced a dose-dependent
decrease in resveratrol-induced apoptosis at 12 h in C4-2 cells
(Fig. 5C). Glutamine depletion of the culture medium protected
cells from resveratrol for up to 60 h (Fig. 5D). Glutamine-free
media did not induce morphological signs of cellular distress. A
non-metabolizable analog, 6-diazo-5-oxo-L-norleucine (DON),
failed to restore the resveratrol-induced PARP cleavage in
glutamine-free media, suggesting that glutamine metabolism is
likely to be required for the resveratrol-induced apoptosis
(Fig. 5E). Taken together, we conclude that resveratrol-induced
programmed cell death is dependent on metabolism of glutamine,
partially through a mitochondria-dependent mechanism.

Discussion

In this study, we found that the MEK inhibitor U0126 is also
a mitochondrial inhibitor capable of shifting cell metabolism
toward aerobic glycolysis and sensitizing cells to glycolytic

Figure 2. U0126 induces mitochondrial fluorescence. (A) Fluorescence imaging of LNCaP cells treated with U0126 for 12 h and stained with the
mitochondrial dye Mitotracker CMXRos. Note the FITC perinuclear signal that colocalizes with the mitochondrial stain. (B) Fluorescence localization in the
mitochondria is confirmed by cell fractionation and fractionation purity is assayed by protein gel blotting of compartment specific markers: a-tubulin for
cytoplasm (cyto), MnSOD for mitochondria (mito), and lamin A/C for nucleus (nuc). (C) Multiple MEK inhibitors did not produce a fluorescent signal when
incubated in C4–2 cells for 12 h. (D) U0126 produced fluorescence in multiple mammalian cells after 12 h incubation and (E) in BY4741 yeast.
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inhibitors. Attempts to understand the metabolic implications of
our U0126 findings led us to discover that resveratrol-induced
apoptosis is dependent on glutamine metabolism. As small
molecule drugs, U0126 and resveratrol illuminate distinct
metabolic vulnerabilities within cancer cell metabolic pathways.
U0126 shifts prostate cancer cells toward increased glycolysis and
sensitivity to lactic acid dehydrogenase inhibitors, while resvera-
trol targets glutamine addiction. The mechanisms proposed for
both compounds may substantially influence the interpretation
of the preceding U0126 literature, help to integrate the divergent
conclusions from the resveratrol literature, and may suggest novel
therapeutic strategies.

U0126 is a commonly used MEK1/2 inhibitor. Over 3,500
papers are retrievable from the NCBI Pubmed database using
U0126 as a search term. The supposed specificity of U0126 for
MEK1/2 is based on failure of the drug to inhibit a panel of
11 other kinases.49 Other potential binding partners or cellular
perturbations were not considered in this original report. Several
subsequent studies have attributed other functions to U0126,
including activation of AhR50 and AMPK,51,52 inhibition of
mitochondrial ATP production53 and interference with flow
cytometry resulting from increased background fluorescence.54

Our identification of U0126-induced fluorescence confirms the
Blank et al.54 findings on increased fluorescence associated with
U0126 treatment of cells, and the mitochondrial ATP inhibition
documented previously by Yung et al.53 Furthermore, our findings

demonstrated, using other MEK inhibitors and the MEK
homolog STE7 knockout yeast strain, that the fluorescent signal
is independent of MEK. In addition, we have shown that U0126
treatment results in release of cyanide, which likely results in a
decrease in mitochondrial membrane potential. We also docu-
mented a metabolic shift toward aerobic glycolysis following
U0126 treatment for 12–24 h. The excitation and emission
peaks of the U0126-induced fluorescence correspond with the
properties of a conjugated Schiff base,43 but the molecular identity
of the fluorescent species could not be ascertained. We suggest
that the fluorescence signal is a direct product of chemical
modification of U0126 or its reaction with other compounds
in the oxidative environment of the mitochondria, but further
work needs to be done to validate this hypothesis.

The finding that U0126 is a mitochondrial inhibitor may be
relevant to published studies that have employed this compound.
For example, mitochondrial inhibition may be responsible for the
decrease in infarct size attributed to MEK in brain ischemia
reperfusion experiments performed with U0126.55–57 Other brain
ischemia reperfusion experiments with the mitochondrial uncou-
pler 2,4-dinitrophenol have resulted in similar infarct reduc-
tions.58 As a multifunctional drug, U0126 may be a useful
therapeutic for targeting cancer cells like other “dirty drugs”
documented in the literature such as the Abl inhibitor Imatinib
(Gleevec).59 MEK inhibition is clinically relevant in multiple
tumor systems where MEK is hyperactivated60 or overexpressed,

Figure 3. U0126 induces a metabolic shift in prostate cancer cells. (A) Lactic acid levels in the medium of LNCaP and C4–2 cells were assayed 24 h after
treatment with U0126. DMSO was used as a vehicle. (B) Mitochondrial potential was assayed at 12 h after dosing various MEK inhibitors in C4–2 cells.
(C) Cellular ATP levels were measured 9 h after treatment with U0126. Prior to assay, cells were preincubated with 10mM 2-deoxygluocse for 30 min to
inhibit glycolytic ATP production, but not mitochondrial production. (D) Cyanide levels detected in cell lysates exposed to different concentrations of
U0126 for 24 h. **p , 0.05, two-tailed Student’s t-test.

970 Cancer Biology & Therapy Volume 12 Issue 11



such as in prostate cancer.61 As a therapeutic strategy in cancer,
our results support pairing U0126 with a glycolysis inhibitor
such as 2-deoxyglucose to target cells with high metabolic rates.
In this scenario, U0126 could target both survival stimuli from
oncogenic pathways, such as ERBB/HER receptor tyrosine
kinases, and metabolic shifts characteristic of cancer cells.

Based on our results, we propose that resveratrol is selectively
toxic to cells with increased glutaminolysis. Building from what is
known about this process, we postulate that glutamine metabol-
ism may be inhibited through the scheme shown in Figure 6.
Resveratrol has been shown to inhibit glucose uptake62,63 leading
to loss of p70S6K phosphorylation.64,65 As glucose levels in the
cell decline, glycosylation is inhibited and plasma membrane
levels of growth factor receptors and transporters are reduced,66

including the glutamine importer ASCT2. Glutamine importers
are upregulated in a number of cancer cells lines67,68 possibly
through autocrine growth factor signaling,69 leading to a gluta-
mine “addiction” phenotype.11 Loss of glutamine influx may

inhibit glutathione, nucleotide, and amino acid synthesis result-
ing in the induction of autophagy or apoptosis.70 Normal cells
may be resistant to the effects of resveratrol because the com-
pound activates stress response networks that efficiently down-
regulate metabolic pathways. These networks may be lost or
disabled with malignant transformation.

Despite the ability of resveratrol to repress metabolic syn-
drome in mice,71 it has shown minimal therapeutic efficacy in
xenograft models of cancer (26, 30.). We suggest that this
difference in potency in vivo may be attributable to lower
glutamine concentrations in tumor cells and the tumor micro-
environment compared with organs such as the liver, with
intracellular glutamine concentrations between 4–8 mM.72 Intra-
tumor glutamine levels have been reported to be between 300–
600 mM,73-75 which may be insufficient to efficiently drive
resveratrol-dependent death. In addition, some tumors obtained
from human subjects show a net efflux of glutamine.74 Thera-
peutically, resveratrol may be more effective if tumor glutamine

Figure 4. Biological consequences of mitochondrial inhibition by U0126. (A) Cell morphology of C4–2 cells 48 h after drug treatment. U0126, U0124 were
dosed at 10uM and PD325901(PD32) was dosed at 1 mM. (B) Crystal violet staining of C4–2 and T24 cells at 48 h after treatment with DMSO (D) or U0126 (U)
and varying concentrations of sodium oxamate (Ox). (C) Viable cell counting with trypan blue of C4–2 cells 48 h after treatment with the indicated drugs.
(D) Lactate dehydrogenase (LDH) enzyme activity from cell lysates incubated with varying concentrations of sodium oxamate to verify LDH inhibition.
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concentration and metabolic conversion could be increased.
However, increasing glutamine availability in the tumor may also
drive tumor cell growth and disease progression concurrently.

The proposed requirement for glutamine metabolism as a
cofactor for resveratrol-induced cell death may relate to research
reports in areas other than cancer, specifically to the ability of
resveratrol to inhibit glutamate toxicity76 and adipogenesis.77

Glutamate toxicity in neurons results from elevated glutamate
concentrations in the synaptic cleft and is modulated through
interactions with astrocytes.76 Inhibiting glucose or glutamine
uptake may alter the downstream flux of glutamate within this
dynamic system. Glutamine uptake is also critical in adipocytes,
which need oxaloacetate replenished in the TCA cycle to drive
citrate release for production of fatty acids and triglyceride
storage.78 Resveratrol inhibits adipogenesis in culture models77

and modulation of glucose/glutamine metabolism could mechan-
istically account for this phenomenon.

In summary, this study found that the selective MEK inhibitor
U0126 is a MEK-independent mitochondrial inhibitor. We
employed this new information to explore several features of
cancer cell metabolism. Our findings suggest one clinical strategy

where U0126, or structurally similar analogs, would be used to
selectively upregulate aerobic glycolysis in cancer cells under
conditions where lactic acid dehydrogenase is simultaneously
inhibited, thereby starving cancer cells of energy and inducing
tumor regression. In this scenario, suppression of the prosurvival
kinase MEK, an important oncogenic signaling node in many
cancers, would occur in concert with the metabolic perturbation.
The glutamine-dependence for resveratrol-induced apoptosis we
have described is consistent with the glutaminolytic phenotype
seen in advanced cancer and warrants further study of resveratrol
to ascertain whether this finding has clinical implications.

Materials and Methods

Reagents. Cell lines (LNCaP, HEK293T, HELA, DU145, COS)
were acquired from American Type Culture Collection (ATCC),
with the exception of the C4–2 cells, which were a gift from Dan
Gioeli (University of Virginia). BY4741 yeast and Protein BCA
kit were obtained from Thermo Fisher Scientific. Resveratrol,
PD325901, PD184161, U0126, JC-1 Mitochondrial Membrane
Potential Assay Kit, and the LDH cytotoxicitiy assay kit, were

Figure 5. Role of glutamine metabolism in resveratrol induced apoptosis. (A) Transaminase inhibitors AOA and cycloserine were used in serum-free
conditions. Twelve hours later resveratrol was added and cell death was assayed at 24 h by cleaved PARP or (B) nucleosome ELISA. **p, 0.05, paired two
tailed t-test. (C) Cell death induced by resveratrol was assayed at varying glutamine concentrations. (D) Cell viability by crystal violet staining 60 h after
resveratrol treatment at varying glutamine concentrations. **p , 0.05, paired one tailed t-test (E) The non-metabolizable glutamine analog, 6-diazo-5-
oxo-L-norleucine (DON), did not restore resveratrol-induced death in glutamine-free medium.
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obtained from Cayman Chemicals. U0124 and U0125 were
obtained from EMD Chemicals. SL327 was obtained from Tocris
Bioscience. Mitotracker CMXRos, H2DCFDA, 200 mM L-
glutamine, RPMI 1640, DMEM low glucose, and McCoy’s
medium were obtained from Invtirogen. Recombinant human
EGF was obtained from R&D Systems. Vectashield mounting
medium for fluorescence with DAPI was obtained from Vector
Laboratories. Sodium oxamate, FCCCP, Antimycin A, 2-deoxy-
D-glucose, O-(carboxymethyl) hydroxylamine hemihydrochloride
(AOA), L-cycloserine, 6-diazo-5-oxo-L-norleucine (DON),
dimethyl 2-oxoglutarate, crystal violet, and trypan blue were
obtained from Sigma. Oligomycin was obtained from Cell Signal-
ing Technologies. CellTiter Glo Luminescent Cell Viability Assay
was obtained from Promega. Anitbodies against cleaved PARP
(9541), Lamin A/C (2032), p44/42 MAPK (ERK1/2) (4695),
and phospho-p44/42 MAPK (ERK1/2) (9101), total EGFR
(2232), ATM/ATR substrate motif (2851), ASCT2(V051)
(5345), phos (T68)-Chk2 (2661), phos(T389) p70S6K (9205),
phos(T172)-AMPK(2535), CHOP (2895), phos(S209) eiF4e
(9741), anti-mouse IgG, HRP-linked (7076) and anti-rabbit
IgG, HRP-linked (7074) were obtained from Cell Signaling
Technologies. Antibody against a-tubulin (TU-02, sc-8035) was
obtained from Santa Cruz Biotechnology. Antibodies against
b-actin (AC-15) and MnSOD (2A1) were obtained from Abcam.

Cell culture. LNCaP, and C4–2 cells were grown in RPMI 160
medium with 2 mM L-glutamine 10% heat inactivated fetal
bovine serum, 100 units/mL penicillin and 100 mg/mL strepto-
mycin. DU145, HeLa, COS, HEK293T cells were grown in low

glucose DMEM with 10% heat inactivated fetal bovine serum
and 100 units/mL penicillin and 100 mg/mL streptomycin. T24
cells were grown in McCoy’s 5A medium with 10% heat inacti-
vated fetal bovine serum, 100 units/mL penicillin and 100 mg/mL
streptomycin. All cells were maintained in a 37°C humidified
incubator with 5% CO2. For experiments, cells were plated at
2.5 � 104 cells/cm2 and allowed to attach to plate for 48 h in full
growth media. Cells were then placed in serum-free medium for
12 h prior to drug exposure for an additional 9–60 h.

Protein gel blotting. Cells were lysed in lysis buffer (50 mM
b-glycerophosphate, 10 mM sodium pyrophosphate, 30 mM
sodium fluoride, 50 mM Tris, pH 7.5, 1% Triton X-100,
150 mM NaCl, 1 mM benzamidine, 2 mM EGTA, 100 mM
sodium orthovanadate with Complete Mini protease inhibitors
from Roche). Samples were spun to pellet insoluble components
and protein was quantified with Protein BCA kit from Thermo.
Cleared lysates were run on ReadyGel format from Biorad.
Proteins were transferred to PVDF membranes and block in
5% milk or 5% BSA in accordance with manufacturers recom-
mendations. Primary antibodies were diluted in blocking solu-
tion at 1:2000 with the exception of a-tubulin (1:10,000) and
b-actin (1:20,000) and incubated at 4°C overnight. Secondary
antibodies were diluted at 1:2,500 in PBS-0.1% Tween and
incubated for 1 h at room temperature. Blots were visualized on
film with Western Lightning Chemiluminescence Reagent
(Perkin Elmer).

Nucleosome ELISA. Nucleosome Cell Death ELISA kit was
purchased from Roche Applied Sciences and used according to

Figure 6. Model for resveratrol action in cancer metabolism. Based on the results presented, resveratrol may inhibit glucose uptake leading to a cascade
of downstream effectors. Glutamine metabolism may be adversely targeted by downregulation of ASCT2 from the surface of the cell, depleting
glutamine levels in the cell, which ultimately induce apoptosis in cancer cells (a-KG, a ketoglutarate).
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the instructions. Cells were lysed after 12 h of resveratrol
treatment with incubation buffer supplied in the kit. Lysed cells
were pelleted with a 12,000 rpm centrifugation for 20 min.
Supernatant was diluted 1:10 in incubation buffer and 100 ml
of dilutes samples was incubated in ELISA wells. ELISA was
quantitated with a FLUOstar Omega plate reader by absorbance
at 415 nm.

Cell counting. Media was removed and reserved. Trypsin was
added to the plate and once cells rounded, trypsin was neutralized
with serum containing media and added to the reversed media.
Cells were pelleted for 5 min at 1,000 rpm and resuspended in
PBS. Cells were then diluted 1:2 in trypan blue and counted
with a hemocytometer.

Measurement of lactic acid in medium. Cells were incubated
under desired conditions for 24 h. Media was collected from
the plates and spun at 12,000 g to pellet any floating cells or
debris. Media was diluted 1:4 for use in the assay. Assay con-
tains 100 mL of cleared/diluted media in 280 mM hydrazine,
467 mM glycine, 2.6 mM EDTA, 2.5 mM b-nicotinamide
adenine dinucleotide and 250 units of L-lactic dehydrogenase.
Absorbance was monitored at 340 nm continuously in a
FLUOstar Omega plate reader every 30 sec for 1 h. Steady-state
absorbance values for each condition were normalized to cell
protein content.

Immunofluorescence imaging. For U0126 fluorescence
analysis, cells were plated on glass coverslips at a density of 1 �
104 cells/cm2. For mitochondrial visualization, MitoTracker
CMXRos was added to the medium at 100nM for 15 min. At
the indicated time cells were fixed in 3% paraformadehyde for
5 min, rinsed in PBS and mounted on microscope slides with
Vectorshield mounting media with DAPI. Slides were analyzed
on a Zeiss Microscope.

Cell fractionation. A cell fractionation kit was acquired from
MitoSciences and used as per company instructions. C4–2 cells
were serum starved and then incubated with 10 mM U0126 for
12 h.

Fluorophore purification and characterization. Cells were
scrapped off plates and lysed in phosphate buffered saline with 1%
NP-40 with protease inhibitors for 20 min on ice. Fluorophore
intensity was measured on a FLUOstar Omega plate reader with
an excitation filter of 355 nm and an emission filter of 460 nm.
For fluorophore characteristics, cells were lysed in PBS with 1%
NP-40. Cleared supernatant was heated to 95°C for 1 min and
then put on ice to precipitate proteins. Proteins were removed
by 5 min centrifugation at 12,000 g. Supernatant was then
combined with a 1/10 volume of saturated ammonium acetate
solution to precipitate the fluorophore into a hydrophobic drop
on the surface. The hydrophobic precipitate was captured and
used for excitation/emission characterization on a Spectramax
M2E Molecular Devices.

Yeast cultures and fluorescence measurements. Yeast were
grown in standard medium containing: 1% yeast extract, 2%
peptone and 2% dextrose or on plates containing: 1% yeast
extract, 2% peptone, 2% dextrose and 2% agar. Yeast were
streaked onto plates and allowed to grow into colonies for 48 h.
Liquid cultures were inoculated with single colonies and grown

at 30°C with 300 rpm for 24 h. For fluorescence generation
experiments, yeast were grown 1 mL cultures in the presence of
0.001% DMSO or 10 mM U0126 for 24 h. Cultures were
collected and cell concentration was measured by absorbance at
600 nm. Individual culture volumes were adjusted to standardize
total cells assayed across all conditions. Cells were then pelleted
and lysed in 500 mL 1% NP40 in PBS with mechanical
disruption from glass beads (Sigma, G8772) by vortexing for three
1 min intervals. Cellular debris was pelleted by centrifugation at
12,000 g for 5 min and supernatant was assayed on a FLUOstar
Omega plate reader with excitation and emission filters of
355/460 nm.

STE7 knockout (STE7 KO) BY4741 yeast strain was verified
by polymerase chain reaction (PCR) with primers designed in the
upstream and downstream sequence surrounding the STE7 wild
type (WT) gene, and within the STE7 WT gene or the KanMX
cassette. Primers were designed by Samuel Hasson (NIH) with
Clone Manager Suite 7 and include: KanMXForward: ATGC-
GCCAGAGTTGTTTC; KanMXReverse: AACTCACCGAGG-
CAGTTC; UpstreamForward: GCCCATCTGATGGATTAG;
DownstreamReverse: GGTGAAACACAGGCTAAC; STE7-
Forward: TGGCGTACTAAATGGCTTGG; and STE7Reverse:
TGCCTTCACCACAGTTCC. Yeast DNA template for PCR
was prepared from individual yeast colonies of WT or STE7 KO.
Colonies were collected from YPD agar plates, resuspended in
10 mL of 0.02 M sodium hydroxide, and heated to 95°C for
10 min. PCR was performed with Platinum PCR SuperMix
High Fidelity (Invitrogen), 3 mL of yeast DNA template, and
primers at a final concentration of 200 nM. Amplified DNA from
PCR reactions was electrophoresed on 0.7% agarous gels and
visualized with SYBR Gold Nuclei Acid Gel Stain (Invitrogen)
under UV light.

Mitochondrial potential with JC1. At the 12 h after drug
exposure, JC1 dye was added to culture media and incubated
for 15 min in a 37°C humidified incubator. Media and dye
were removed and cells were washed three times with JC-1 wash
buffer. Fluorescence was measured with the 485/520 and
544/590 filter sets on an FLUOstar Omega plate reader.
Control wells treated with drugs, but not JC1 were run in
parallel and corresponding fluorescent readings were subtracted
from stained wells. Mitochondrial potential was calculated as the
ratio between (544/590–background) / (485/520–background).

Measurement of ATP levels. Cells were plated in white, opaque
96-well plates and treated with drugs for 9 h. Cell TiterGlo reagent
was added directly to the wells and incubated for 2 min on an orbital
rotator plate. Luminescence was measured over 10 min on an
FLUOstar Omega plate reader. Steady-state values were compared
after normalization with protein concentrations from adjacent wells
under the same drug treatment conditions.

Lactic acid dehydrogenase (LDH) activity assay. Following
the directions on the Cayman LDH cytotoxicity assay kit.
Briefly, cells were plated and treated with sodium oxamate for
12 h at variable concentrations. Cells from 6-well plates were
lysed in 200 uL in PBS containing 0.1% Triton X-100 and
diluted 1:10 in PBS with appropriate sodium oxamate concen-
tration to match culture conditions. Resulting cleared supernatant
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was combined with LDH reaction buffer provided in the kit
and absorbance at 490 nm was monitored every 20 sec for
20 min on a FLUOstar Omega plate reader. LDH activity was
calculated from the slope of the early linear kinetic phase and
normalized to the vehicle treated control sample.

Crystal violet staining. Media was removed from the cells and
stained with 0.5% crystal violet in 25% methanol for 30 min.
Cells were washed extensively with water and plates were allowed
to dry. Dye was solubilized from dried plates with 10% acetic
acid for 20 min and absorbance was quantified at 595 nm on a
FLUOstar Omega plate reader.

In vitro fluorophore generation. To generate fluorescence
from U0126 in an Eppendorf tube, the following components
were mixed and allowed in incubate at room temperature for 1 h.
50 mL of PBS, 1 mL of 10 mM U0126 dissolved in DMSO or
2 mL of 100U/mL superoxide dismutase (Sigma, S-2515) or 1 uL
of 10 mM EUK134 and 2 mL of hydrogen peroxide, 30% by
weight (Sigma, 216763). All permutations of reactions were
run in parallel and after 1 h incubation samples were read on a
fluorimeter with excitation of 320 nm and emission 510 nm.

Measurement of cyanide. Adapted from reference 2. Briefly,
C4–2 cells were plated, serum starved and treated with 10, 20 or
40 mM U0126 for 24 h. Cells were scrapped off plates and
pelleted. Cells were lysed with 120 mL of 1% NP-40 in PBS for
30 min and centrifuged to remove insoluble material. An aliquot
of supernatant was removed for protein quantification by BCA.

All samples had protein contents within 10%. Twenty microliters
of supernatant was added to the following reaction mixture:
200 mL of 0.01 M potassium phosphate, pH 7.4, 200 mL
pyridoxal phosphate (0.5 mg/mL) and 20 mL water. The reaction
was incubated in a heat block at 80°C for 45 min and then
allowed to cool to room temperature. Reactions were acidified
with 200 mL of 10% trichloroacetic acid and centrifuged at
1,500 g for 5 min to pellet insoluble debris. Fifty-seven microliters
of the acidified reaction was mixed with 143 mL 2M potassium
acetate pH 3.8. Fluorescence was measured from the potassium
acetate mixture by exciting at 320 nm and recording emission at
427 nm. Each set of samples was run with a standard curve of
sodium cyanide samples and the standard curve was used to
convert experimental sample fluorescence to cyanide concentra-
tion. Each condition was run in triplicate.
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