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Purpose: The correlation between glutamine metabolism and

oncogene expression in cancers has led to a renewed interest
in the role of glutamine in cancer cell survival. Hyperpolarized

[5-13C]glutamine is evaluated as a potential biomarker for non-
invasive metabolic measurements of drug response in prostate
cancer cells.

Methods: Hyperpolarized [5-13C]glutamine is used to measure
glutamine metabolism in two prostate cancer cell lines (PC3

and DU145) before and after treatment with the two natural
anticancer drugs resveratrol and sulforaphane. An invasive
biochemical assay simulating the hyperpolarized experiment is

used to independently quantify glutamine metabolism.
Results: Glutamine metabolism is found to be 4 times higher in
the more glutaminolytic DU145 cells compared with PC3 cells

under proliferating growth conditions by using hyperpolarized
[5-13C]glutamine as a noninvasive probe. A significant decrease

in glutamine metabolism occurs upon apoptotic response to
treatment with resveratrol and sulforaphane.
Conclusion: Hyperpolarized NMR using [5-13C]glutamine as a

probe permits the noninvasive observation of glutaminolysis in
different cell lines and under different treatment conditions.

Hyperpolarized [5-13C]glutamine metabolism thus is a promising
biomarker for the noninvasive detection of tumor response to
treatment, as it directly monitors one of the hallmarks in cancer

metabolism - glutaminolysis - in living cells. Magn Reson Med
000:000–000, 2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Prostate cancer is the second most common cause of
cancer-related death among men in developed countries,
second only to lung cancer (1). Clinical management of
prostate cancer, however, remains difficult due to the
biological diversity of prostate cancers. This diversity
necessitates highly varied treatment approaches, ranging

from active surveillance to radiation therapy and surgical
removal (2,3), often with adverse side effects (4). Prostate
cancer cells are only modestly responsive to the cyto-
toxic effects of currently available chemotherapeutic
agents. Increased concentrations of these cytotoxic drugs

fail to improve the response to clinical treatments and
can lead to resistance to apoptosis in prostate cancer
cells (5). Toxicity to normal cells is an important issue
in selection of therapies and one possible strategy evalu-
ates natural compounds that display cancer-specific
cytotoxicity (6). Resveratrol and sulforaphane are two
examples of natural compounds that have attracted

attention for their selective toxicity to cancer cells and
for their ability to sensitize cancer cells to other thera-
pies (7,8). Both Resveratrol and sulforaphane have been
shown to inhibit growth and induce apoptosis in tumor
cells as well as in tumor animal models (9–12). Sulfora-
phane is in clinical trial phase II treating patients with
recurrent prostate cancer (13). While resveratrol has not

yet been in clinical trials, phamacokinetic studies in
humans have been performed paving the road for testing
its anti-carcinogenic effects in humans (14).

Metabolic hallmarks of cancer cells may lead to the

identification of biomarkers needed for the evaluation
and development of prostate cancer therapies. In addi-
tion to increased glycolysis, cancer cells often show
increased lipogenesis and glutamine metabolism (15).
Catabolism of glutamine (glutaminolysis) takes place in
all proliferating cells, but certain cancer cells exhibit a
particular glutaminolytic phenotype that makes them

highly dependent on glutamine for energy production)
(16). Cell proliferation and metabolism are tightly linked
cellular processes. For some cancer cells, activation of
the phosphoinositide 3-kinase (PI3K) signaling pathway
is instrumental in causing increased levels of glucose
uptake and leading to a significant up regulation of cel-
lular glucose metabolism. In other cancer cells, the same

signaling pathway leads to an inefficient glutamine
metabolism rather than an excess glucose metabolism
(17). The latter types of cancer cells cannot survive,
when there is not enough extra glutamine and are there-
fore said to be “addicted” to glutamine (17). Both resver-
atrol and sulphoraphane have been shown to act by

means of the PI3K signaling pathway (12,13,18). PI3K
occupies a central role in several cellular processes criti-
cal for cancer progression, including metabolism,
growth, survival, and motility. Among other targets PI3K
regulates mTORC1, which depends on glutamine for
maximal activation (17) and also the cytotoxic function
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of resveratrol has been correlated to the presence of glu-
tamine during cell culturing (6). One hypothesis of this
study is thus that cellular glutaminolysis may be a bio-
marker for drug treatment with resveratrol and

sulphoraphane.
Due to the biological diversity of prostate cancer and

the lack of noninvasive clinical tools that can track
tumor progression and effect of therapy, repeated inva-
sive examinations of the patient is currently inevitable.
Technologies for noninvasive, reliable and accurate
measurements of tumor progression and antitumor
effects would provide a significant advance in prostate
cancer treatment. To this end, a recent technological
improvement in magnetic resonance (MR), hyperpolar-
ized 13C-MR (19), has radically increased the sensitivity
of MR and in consequence allowed real time metabolism
of 13C-labeled substrates and their metabolites to be
monitored in vivo (20). In particular, this new technol-
ogy has proven promising in the diagnosis of cancer
(21). Recently, hyperpolarized [1-13C]pyruvate has been
used as a biomarker for the diagnosis of prostate cancer
in a clinical trial (22). Although the necessary imaging
technologies are available, the development of treatment
strategies for prostate cancer is challenged by the lack of
relevant biomarkers predictive of treatment efficacy and
useful for therapy tracking (23). Development of bio-
markers that can measure response to treatments will
allow improving the efficiency of therapies or help avoid
unnecessary treatments, while facilitating the evaluation
of potential novel breakthrough therapies.

In the current study, we evaluate noninvasive observa-
tions of glutamine metabolism as a biomarker for the
treatment of prostate cancer cells. Hyperpolarized 13C
NMR measurements were used to probe the metabolic
conversion of hyperpolarized [5-13C]glutamine to
[5-13C]glutamate in aggressive living prostate cancer cell
lines (DU145 and PC3). Noninvasive tracking of glutami-
nolysis shows differences in the glutamine metabolism
between DU145 and PC3 cells. In agreement with the
high glutaminolytic activity, both cell lines only prolifer-
ate in the presence of glutamine in the medium, thus
showing that glutamine metabolism is a significant sub-
strate for both DU145 and PC3 cells. Glutaminolysis was
�four-fold higher in DU145 cells, as validated by disrup-
tive assays. The different glutaminolytic activity of both
prostate cancer cell lines was further tracked upon expo-
sure to two natural anticancer agents, resveratrol and sul-
foraphane. Treatment with both drugs was more effective
in the more glutaminolytic cell line DU145. Thus, nonin-
vasive observations of glutamine metabolism are pro-
spective biomarkers for cell line specific differences in
glutamine metabolism and response to therapy.

METHODS

Cell Culture and Treatments

DU145 and PC3 cells (America Tissue Culture Collec-
tion) were initially cultured in RPMI 1640 medium with
10% fetal bovine serum (FBS), 100 units/mL penicillin,
100 mg/mL streptomycin, 2 g/L glucose, and 0.3 g/L L-
glutamine (Sigma-Aldrich, St. Louis, MO) at 37�C in a
5% CO2 atmosphere. For cell experiments, DMEM low

glucose medium (with or without glutamine) was sup-
plemented with 10% FBS, 100 units/mL penicillin, 100
mg/mL streptomycin and 2 g/L sodium bicarbonate. The
glucose concentration in DMEM low glucose media was
increased up to 2 g/L glucose by adding the proper vol-
ume of D-(þ)-Glucose solution of 100 g/L (Sigma-
Aldrich). For cell counting experiments, cells were
plated in 24 multi well plates at cell densities of 1.5 �
104/well and 3 � 104/well for DU145 and PC3 cells,
respectively. For MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), Nucleosoma and ATP
assays, cells were plated in 96 multi well plates at den-
sities of 7.5 � 103/well and 12 � 103/well for DU145 and
PC3, respectively. For assays of glutamine metabolism,
cells were grown in T75 flasks prepared by seeding 2 �
106 cells.

Cell Treatment

Resveratrol and sulforaphane were dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich) to obtain 100 mM
and 80 mM stock solutions, respectively. Cells were
plated as described above in full growth media (DMEM
2 g/L glucose, 2 mM glutamine). Following 24 h attach-
ment, the medium was discarded and serial dilutions of
the two drugs prepared in growth medium were added
to cells at concentrations of 25, 50, 100, 200, 300, 400
mM of resveratrol and 5, 10, 20, 40 mM of sulforaphane.
Cells cultured in medium containing 0.05% (for sulfora-
phane experiments) or 0.4% DMSO (for resveratrol
experiments) served as control groups.

Cell Counting

Once harvested by trypsination, cells were pelleted and
resuspended in an appropriate volume of phosphate buf-
fered saline, then diluted 1:2 with trypan blue (Sigma-
Aldrich) and counted with a hemocytometer.

ATP Assay

CellTiter-Glo assay was purchased from Promega (Madi-
son, WI). Measurements were made according to the
manufacturer’s instructions. Briefly, plates containing 25
� 103 cells in 100 mL per well were removed from the
incubator and allowed to equilibrate at room temperature
for 20 min. An equal volume of CellTiter-Glo reagent
was added directly to the wells. Plates were incubated at
room temperature for 30 min on a shaker and lumines-
cence was measured on a microplate reader (Perki-
nElmer, Waltham, MA).

MTT Assay

The MTT assay measures the cellular capacity to reduce
3-(4,5-dimethylthiazol-2-yl)diphenyltetrazolium bromide
(Sigma-Aldrich) to blue formazan products by various
oxidoreductase enzymes (24,25). Cells were grown in 96-
well plates and after removing the supernatant, 100 mL
of MTT solution (0.5 mg/mL in growth media) were
added to each well. After incubation for 4 h, the result-
ant formazan crystals were dissolved in isopropanol (100
mL) and the absorbance intensity measured by a micro-
plate reader at 570 nm. All experiments were performed
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in quadruplicate, and the MTT conversion (%) was
expressed as a percentage relative to the control cells.

Nucleosome ELISA

Nucleosome Cell Death ELISA (enzyme-linked immuno-
sorbent assay) kit was acquired by Roche Applied Scien-
ces (Germany) and used according to the instructions.
Cells were grown as described above in 96 multiwell
plates. After 24 h of resveratrol or sulforaphane treat-
ments, cells were lysed with the lysis buffer supplied in
the kit. Lysed cells were pelleted with a 200 g centrifuga-
tion for 10 min. A total of 20 mL of supernatants were
incubated in ELISA wells with 80 mL of immunoreagent
per well. ELISA assays were quantified at a detection
wavelength of 405 nm. The enrichment of mono- and oli-
gonucleosomes released into the cytoplasm of cell lysates
was detected by biotinylated anti-histone- and
peroxidase-coupled anti-DNA-antibodies and was calcu-
lated as follows, enrichment factor¼ absorbance of sample
cells/absorbance of control cells. Both sample and control
values were first corrected by subtracting the blank
absorbance. Enrichment factor was used as a parameter of
apoptosis (26) and is given as the mean 6 SD of three
independent experiments performed in triplicate.

Metabolic Conversion of Glutamine with RP-HPLC Assay

Cells were grown in T75 flasks, harvested and assessed for
viability by trypan blue exclusion. For lyzed cells, the har-
vested cells were submitted to three rounds of freeze-
thawing at �80�C before continuing with the assay. After
centrifugation, cells were suspended by adding 225 mL of
0.1 M NaH2PO4 pH 7.5, 15 mL of 100 mM Norvaline (inter-
nal concentration reference) and 60 mL of 100 mM Gluta-
mine (or 60 mL of H2O in blank samples). Samples
containing 0.5 million cells were incubated for 30 min at
37�C, then 150 mL of 6% perchloric acid were added to
stop the reaction and samples were put on ice for 15 min.
Finally, 14 mL of saturated K2CO3 were added to re-
equilibrate pH and samples were pelleted at 15,000 g for
15 min at 4�C. Supernatants were filtered with 0.2 mm
PVDF syringe filter and analyzed by reverse-phase high
performance liquid chromatography (RP-HPLC) as
described (27). No de-amidation of glutamine is occurring
using this mild protein denaturing procedure allowing the
determination of glutamate concentrations. Three replicates
for blanks and samples were prepared for each condition.

In Vitro Hyperpolarized

13C-NMR polarization medium was prepared as
described (28). In brief, Ox063 radical (Albeda Research,
Denmark) and the gadolinium complex Gadoteridol
(Bracco Imaging Spa, Italy) were dissolved to 35 mM and
4 mM, respectively, in anhydrous DMSO. Cesium
hydroxide monohydrate (42.0 mg, 0.25 mmol) and
[5-13C]glutamine (35.3 mg, 0.24 mmol) (Cambridge Iso-
tope Laboratories, Tewksbury, MA) were weighed into a
microcentrifuge tube. The two solids were briefly whirl-
mixed and polarization medium (52 mL, 57.5 mg) was
added. The resulting slurry was sonicated and whirl-
mixed until a solution was obtained. The approximate

density of the liquid sample was �1.5 g/mL and the
resulting concentrations were: Ox063 radical 20 mM,
gadolinium 2.3 mM and 13C 2.7 M. A total of 30 mmol of
a [5-13C]glutamine sample prepared according to the pro-
tocol described above were hyperpolarized under DNP
conditions at 1.2 K and 3.35 T in a prototype polarizer
(19). It was dissolved in 5 mL 40 mM phosphate buffer
pH 7.0 with addition of HCl to neutralize the base. The
pH after dissolution was 7.1. For cellular NMR assays,
cells were harvested by trypsinization and counted. Cell
viability was assessed with trypan blue exclusion. Ten
million cells were dissolved in 500 mL of 40 mM phos-
phate buffer of pH 7.3 and placed in a flat bottom 10-
mm NMR tube adjusted in the NMR spinner to cover the
active volume. The sample tube, with a connected inlet
tubing, was placed into a 14.1 Tesla (T) magnet and
equilibrated for 5 min at 310 K. A total of 1 mL of the
dissolved hyperpolarized [5-13C]glutamine was injected
through the tubing, resulting in a glutamine concentra-
tion of 4.0 mM in the cell suspension. A time series was
acquired by applying a 20 degree pulse every 2 s and 48
time points were recorded. The acquisition was started
just before the injection of the hyperpolarized
[5-13C]glutamine.

Kinetic Fitting

The data from the data sets containing the signals from
glutamine and glutamate were first corrected for the
effect of pulsing by dividing the data sets with cos(a)n

where a is the flip angle (20�) and n is the pulse ordinal
number. The corrected data were then fitted to the fol-
lowing two differential equations:

dS=dt ¼ � k � S tð Þ – 1=T1S � S tð Þ [1]
dP=dt ¼ k � S tð Þ – 1=T1P � P tð Þ: [2]

Here, S denotes the signal from substrate glutamine, T1S

denoted the T1 of glutamine, P denotes the signal from
glutamate and T1P denotes the T1 of glutamate. The T1

of glutamine was determined from the decay of the sub-
strate signal (20 6 2 s). The T1 of glutamate was fitted to
24 6 2 s. All fitted curves had a coefficient of determina-
tion R2 above 0.91.

Data Analysis

Each experiment was repeated at least in triplicate and
means 6 SD for each value were calculated. Statistical
analysis of the results was performed using the Student’s
t-test and one-way analysis of variance, followed by Dun-
nett’s multiple comparison test. Significant differences
are indicated with “*” (P< 0.05) in all figures. All the
statistical analyses were performed using the statistical
package GraphPad Prism. Spectral analysis was per-
formed using the software MNova (Mestrelab Research,
Santiago de Compostela, Spain).

RESULTS

Glutamine Addiction of Prostate Cancer Cells

PC3 and DU145 are widely used aggressive human pros-
tate cancer cell lines derived from different origin. Both
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cell lines have been shown to exhibit a strong depend-
ence on glutamine for proliferation (29,30). This depend-
ence may be connected to a glutaminolytic phenotype of
the cell type. Cell growth characteristics were evaluated
for PC3 and DU145 cell lines to compare their depend-
ence on glutamine for growth (degree of glutamine addic-
tion). Figure 1 shows the growth of DU145 and PC3 cells
in the absence and in the presence of glutamine, as eval-
uated by the cell number and cell viability (MTT conver-
sion). The growth of both cell lines was diminished by
glutamine withdrawal in a time-dependent manner. A
significant decrease of cell proliferation was reached
after 72 h of glutamine withdrawal (P< 0.05) in both cell
types (Figs. 1A,B). Glutamine depletion affected MTT
conversion relative to the decrease in cell number in
both cell lines as shown in Figures 1C,D. In DU145 cells,
MTT conversion significantly decreased by 36 6 1.2%
already after 24 h (P< 0.05), while in PC3 cells MTT
conversion significantly decreased (by 28 6 0.77%) only
after 48 h (P< 0.05). ATP levels in the two cell types
were measured to evaluate, if the cell proliferation arrest
occurred as a result of reduced mitochondrial activity.
Cellular ATP was strongly reduced in DU145 cells dur-
ing glutamine restriction relative to control conditions
(by 77,7 6 1.5% at 48 h and 79.4 6 2.1% at 96 h), while
it was moderately diminished in PC3 (by 29.7 6 1.03% at
48 h and 34.9 6 5.9% at 96 h). Glutamine depletion is
clearly able to introduce proliferation arrest in PC3 and
DU145 cells, thus underlining the importance of this
metabolic pathway for both cell types to propagate.

To noninvasively probe glutamine metabolism in real
time with hyperpolarized [5-13C]glutamine in prostate
cancer cells, a protocol was adapted that we developed
previously for liver cancer cells (28). [5-13C]glutamine
was polarized to approximately 30% in the solid state.
The final concentration of the substrate in the NMR tube

was 4 mM. Figure 2A displays the hyperpolarized 13C
NMR experiment after injection of [5-13C]glutamine into
a cell suspension of DU145 cells. A time series of 1D 13C
NMR spectra shows the build-up of the metabolic prod-
uct signal ([5-13C]glutamate) and the decay of a signal
with similar chemical shift originating from [1-13C]pyro-
glutamate,. The pyroglutamate signal is not a result of
metabolism, but results from a chemical impurity present
in commercially available [5-13C]glutamine (28). A 13C
NMR spectrum of the cell suspension taken 20 s after
injection of hyperpolarized substrate is displayed sepa-
rately in Figure 2B, showing the substrate peak from
[5-13C]glutamine and the natural abundance signal from
the C1 of glutamine, together with the intracellular
metabolite signal which is detected at a signal to noise
ratio of �75. The T1 of [5-13C]glutamine at 37�C and 14.1
T was determined upon correction for the loss of signal
due to excitation pulses to 20 6 2 s.

Glutamine Addiction Correlates to Glutamine Metabolism
in Prostate Cancer Cells

The proliferative dependency of aggressive prostate can-
cer cells on glutamine availability supposedly correlates
to activated oncogenes that influence glutamine catabo-
lism (29). The first metabolic step in glutamine catabo-
lism is its conversion to glutamate in a reaction
catalyzed by the enzyme glutaminase. Glutamate forms
from the hyperpolarized [5-13C]glutamine probe by two
catalyzed steps, the cellular uptake and the glutaminase
catalysed reaction. It was therefore evaluated, if hyperpo-
larized [5-13C]glutamine metabolism is a possible bio-
marker for the glutamine dependence in prostate cancer
cells. The formation of the metabolic product [5-13C]glu-
tamate was compared between the two prostate cancer
cell types and an evaluation of the area under the curve

FIG. 1. Effect of glutamine with-

drawal on cell proliferation. DU145
and PC3 cells were cultured with

(control) or without glutamine ((�)
Q) for 4 days. A,B: Cell counts.
C,D: MTT assays were conducted

every 24 h. The data represent
means 6 SD values from three

independent experiments per-
formed in triplicate. Significant dif-
ferences are indicated by

*P<0.05.
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(AUC) is shown in Figure 2D. The AUC was 37.3 6 4.8
a.u. in DU145 cells whereas it was 9.0 6 1.0 a.u. or
approximately 4 times lower in PC3 cells. The kinetic
profile is similar for the DU145 and the PC3 cells,
although the latter show less product formation (Fig.
2C). The decay over time of the hyperpolarized substrate
([5-13C]glutamine) is identical in experiments performed
with the two cell types, because the decay is dominated
by relaxation rather than metabolism.

The hyperpolarization data indicating different gluta-
mine metabolism in DU145 and PC3 cells were vali-
dated by conventional biochemical methods. To mimic
the hyperpolarization protocol, glutamine was fed to
whole cells (5 � 105) enabling a quantification of com-
bined glutamine uptake and metabolism to glutamate.
The quantification was made with RP-HPLC after dis-
rupting the cells with perchloric acid. Production of glu-
tamate from glutamine was determined as 30 6 2 and
11 6 4 mU/million cells, in DU145 and PC3, respectively
(Fig. 2E). In consequence, both the noninvasive hyper-
polarized NMR assay and the disruptive assay show a
three- to four-fold larger metabolism of glutamine to glu-
tamate in DU145 cells, which are more addicted to glu-
tamine than PC3 cells. The measured glutamine to
glutamate conversion was stable under the chosen
growth conditions in both cell types when measured at
48 and 96 h.

Resveratrol and Sulforaphane Treatment in PC3 and
DU145

DU145 and PC3 cells were exposed to increasing concen-
trations of resveratrol and sulforaphane to determine, if
the degree of glutamine addiction is reflected in the

response to drug treatment. The effect of treatment was

measured in both cell types as a decrease in cell prolifer-

ation, a decrease in MTT conversion and as an induction

of apoptosis (Figs. 3 and 4). Dose response curves were

performed to identify the appropriate drug concentration

to induce apoptosis. DU145 was sensitive to resveratrol

treatment, with significant apoptosis achieved at 50 mM

(P< 0.05), and a maximum of 3.5 6 0.51-fold increase in

nucleosome release into the cytoplasm obtained at 200

mM. PC3 cells were less responsive to resveratrol-

induced apoptosis showing significant apoptosis with

1.8 6 0.86-fold increase in nucleosome release into the

cytoplasm, only at the highest tested concentrations (300

and 400 mM; see Figure 3F). When DU145 cell were

treated with resveratrol at high concentration (400 mM;

Fig. 3E) this resulted in a decrease of apoptotic enrich-

ment factor. This effect may be due apoptotic cells pro-

gressed into late apoptotic cells (secondary necrotic

cells). In this state the cell membrane becomes more per-

meable, resulting in the leakage of intracellular mole-

cules such as nucleosomes release into the cytoplasm

(31). Alternatively high concentration of an apoptosis-

inducing stimulus could induce necrosis rather than

apoptosis (32).
Antiproliferative action of resveratrol in DU145 cells

resulted in a 50% reduction (IC50) at 100 mM. In PC3

cells, no IC50 could be determined with reasonable drug
concentrations (33). The MTT conversion was signifi-

cantly decreased to 80.82 6 4.06% (P<0.05) at 50 mM in

DU145 cells, while a significant decrease to 80.6% was

achieved in PC3 cells only at 100 mM (P< 0.05). Simi-

larly, the effects of sulforaphane on cell growth, MTT

conversion and apoptosis in DU145 and PC3 cells are

shown in Figure 4. Treating DU145 cells with 5 to 20

mM sulforaphane resulted in maximum nucleosome

release (5.8 6 1.7-fold increase) into the cytoplasm at 5

mM. At this concentration of sulforaphane, cell numbers

and mitochondrial activities were significantly reduced

to 55.0% (P<0.05) and 63.3% (P<0.05) of the control.

FIG. 2. A: Real time glutamine

metabolism in DU145 cells using
hyperpolarized [5-13C]glutamine.

B: Single spectrum taken 20 s
after start of the experiment
shown in A), where [5-13C]gluta-

mate has its maximum. C: Meta-
bolic build-up curves of

hyperpolarized [5-13C]glutamate
from the 2 cell lines (DU145 and
PC3). D: Area under the curve of

the build-up curves from
[5-13C]glutamate (n¼3). E: Gluta-

minase activity measured by RP-
HPLC under proliferating condi-
tions. The data represent the

mean 6 SD from 2 independent
experiments performed in triplicate

(n¼6). Significant difference
between DU145 and PC3 cells are
indicated by “*” (P<0.05).
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In PC3 cells, apoptosis was observed in a concentration-

dependent manner with a maximum of 3.17 6 0.55 fold

at 40 mM. At this concentration of sulforaphane, cell

numbers and mitochondrial activities were significantly

reduced to 40.0% (P< 0.05) and 33.4% (P< 0.05) of the

control. Taken together, these data suggested that both

drug treatments are preferentially cytotoxic to the more

glutamine addictive DU145 cell type.

The potential of hyperpolarized [5-13C]glutamine to non-
invasively monitor the effect of drug treatment in prostate
cancer cells was evaluated. Metabolic build-up curves of
hyperpolarized [5-13C]glutamate were acquired after admin-
istration of hyperpolarized [5-13C]glutamine substrate to

either DU145 control cells or cells treated with 200 mM
resveratrol (Fig. 5A). Areas under the curves were deter-
mined and are shown in Figure 5B. Following treatment, a
decrease by 47% (n¼ 3; P< 0.05) in AUC was observed.
The metabolic conversion of glutamine was also quantified

using the RP-HPLC based biochemical assay, Figure 5C. In
DU145 cells a significant decrease by 59.3 6 4.7%
(P<0.05) was observed upon treatment with 200 mM
resveratrol. The two assays show a similar and much
reduced metabolism of glutamine to glutamate in the gluta-
mine dependent cell type, DU145. Resveratrol treatment
(200 mM) of PC3 cells resulted in a reduction in produced

glutamate by 39.6 6 2.2% (P< 0.05). Glutamine metabolism

was similarly quantified for sulforaphane treated cells at

the two concentrations with maximum apoptotic effect (5

mM for DU145 and 40 mM for PC3). Under these conditions

the glutamine metabolism was significantly reduced by

55.5 6 4.2% (P< 0.05) in DU145 and 50.8 6 6.3% (P< 0.05)

in PC3 compared with untreated cells.

A simple kinetic model was applied (see Methods sec-
tion) to quantitatively compare hyperpolarized 13C-MR
and biochemical measurements of glutamine metabolism.
This model allowed the extraction of the amount of

FIG. 3. Effect of resveratrol on sur-

vival of prostate cancer cells.
DU145 (A) and PC3 (B) cells were
treated with resveratrol at indi-

cated concentrations for 24 h in
DMEM. At the end of the incuba-

tion time, cells were harvested by
trypsinization and were counted.
C,D: Effect of resveratrol on MTT

conversion. This assay was eval-
uated by measuring the amount of

formazan crystals after resveratrol
exposure in DU145 (C) and PC3
(D) cells. E,F: Cell lysates were

analyzed by nucleosome ELISA in
DU145 (E) and PC3 (F) cells. The

data represent the means 6 SD
values from three independent
experiments performed in tripli-

cate. Significant differences from
control (0.2% DMSO) values are

indicated by “*” (P<0.05).
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hyperpolarized [5-13C]glutamate produced in the two
prostate cancer cell types to 210 6 21 amol/s/cell in
DU145 cells and 40 6 10 amol/s/cell in PC3 cells. Using
the same model, hyperpolarized [5-13C]glutamate forma-
tion in DU145 was determined for resveratrol treated
cells as 100 6 12 amol/s/cell.

DISCUSSION

The glutaminolytic phenotype shared by many tumor
cell types has been associated with a cellular addiction
to glutamine for the maintenance of cell viability (34).
Such glutamine addiction and a glutaminolytic pheno-
type have been reported for the human prostate carci-
noma cell types, PC3 and DU145 (29,30). Our results
confirmed that both cell types are highly dependent on
glutamine for proliferation and showed the more aggres-
sive prostate cancer cell type, DU145, to be more

strongly dependent on glutamine for proliferation. While
examples have been reported for cells with dramatically
changed viability upon glutamine withdrawal (34), the
prostate cancer cell types DU145 and PC3 are able to sur-
vive in glutamine deficient medium. Glutamine depriva-
tion instead resulted in proliferation arrest and in a
growth correlated decrease in MTT conversion in both
prostate cancer cell types. The MTT conversion was
almost halved in DU145 cells after 24 h in glutamine
depleted medium (Fig. 1C), while it was not significantly
changed in the PC3 cells at this time point (Fig. 1D), sug-
gesting that the DU145 cells are more glutamine depend-
ent than PC3 cells. That DU145 cells are more addicted
to glutamine than PC3 cells is further supported by a
time dependent increase in PC3 cell viability for cells
grown in glutamine deficient medium (Fig. 1D). It seems
that PC3 in contrast to DU145 cells pick up over time
and adapt to the glutamine free growth condition.

FIG. 4. Effect of sulforaphane on
the survival of prostate cancer

cells. DU145 (A) and PC3 (B) cells
were treated with sulforaphane at
indicated concentrations for 24 h

in DMEM. At the end of the incu-
bation time, cells were harvested

by trypsinization and were
counted. C,D: Effect of resveratrol
on MTT conversion. This assay

was evaluated by measuring the
amount of formazan crystals after

sulforaphane exposure in DU145
(C) and PC3 (D) cells. E,F: Cell
lysates were analyzed by nucleo-

some ELISA in DU145 (E) and
PC3 (F) cells. The data repre-

sented the means 6 SD values
from three independent experi-
ments performed in triplicate. Sig-

nificant differences from control
(0.025% DMSO) are indicated by
“*” (P<0.05).
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The higher sensitivity of DU145 cells to glutamine
withdrawal was correlated to a significantly higher
degree of glutaminolysis in DU145 compared with the
PC3 cells, as measured by glutamine metabolism to glu-
tamate. The metabolic conversion of hyperpolarized
[5-13C]glutamine to hyperpolarized [5-13C]glutamate was
quantified and proved to be 3 to 4 times higher in
DU145 cells than in PC3 cells. The rates of glutamate
production obtained in the hyperpolarized experiments
are consistent with rates obtained by the conventional
biochemical method (210 amoles/s/cell and 500 amoles/
s/cell, respectively, in DU145 cells and 40 amoles/s/cell
and 180 amoles/s/cell, respectively, in PC3 cells). The
rates calculated from the hyperpolarized experiments are
generally lower than those quantified with RP-HPLC
from perchloric acid extracts. The difference in the meas-
ured rates may be related to the different conditions
used in the two assays. The applied glutamine concen-
tration, although high in both assays to ensure saturation
of the transport into the cells, differ (4.0 mM and
20 mM, respectively, in the hyperpolarized and RP-
HPLC experiments) and the assay time is much shorter
in the hyperpolarized experiments (1.5 min) compared
with the conventional biochemical assay (30 min).

The glutamine metabolism is in both assays measured
as a result of a combination of an active cellular uptake of
glutamine and of glutaminase activity. A situation where
the uptake of glutamine is rate limiting and different in
the two cell types could explain why the reported rates
obtained with the two assays (hyperpolarized assay dur-
ing 1.5 min and conventional biochemical assay during
30 min) differs. In support of an uptake rate limitation in
prostate cell glutaminolysis a three times increased gluta-
mate production was measured in disrupted DU145 cells
(1516 amoles/s/cell) and a two times increase in PC3 cells
(360 amoles/s/cell). In general, the metabolic conversion
of glutamine is high in both prostate cancer cell types.
The conversion rate measured in PC3 cells is comparable
to the rate recently reported for the glycolysis in PC3 cells
(35). This high rate of glutamine metabolism in prostate

cancer cells could be the result of an increased cellular
glutamine transport, as reported for malignant hepatoma
cells (36,37) and a consequence of higher glutaminase
expression (29).

We exposed DU145 and PC3 cells to two well-
established natural systemic drugs, resveratrol and sulfor-
aphane, that are suggested to act on glutamine dependent
cellular regulators. Metabolic response to treatment was
measured for drug doses matched with maximum apopto-
tic effect and cellular proliferation arrest to 50%. At these
drug concentrations, glutamine metabolism was approxi-
mately half of that in the untreated cells (decreased by
59.3 6 4.7% and 55.5 6 4.2% in DU145 cells using resver-
atrol (200 mM) and sulforaphane (5 mM), respectively and
by 50.8 6 6.3% in PC3 cell using sulforaphane (40 mM)).
The high rate of glutamine metabolism in prostate cancer
cells, in particular in the highly glutaminolytic DU145
cells, made it possible to monitor and quantify hyperpo-
larized [5-13C]glutamine metabolism also in drug treated
cells. In resveratrol treated DU145 cells the rate of gluta-
mate production obtained from hyperpolarized
[5-13C]glutamine was 100 amoles/s/cell, which is slightly
below half of the rate measured in the untreated cells
(210 amoles/s/cell). This change in glutamine metabolism
upon treatment is consistent with the biochemical meas-
urements (untreated 500 amoles/s/cell and treated 200
amoles/s/cell). The significant effect on glutamine metab-
olism in response to natural drugs shows that glutamine
metabolism is a potentially strong indicator of the effect
of this type of therapy on prostate tumor cells. The earlier
response of DU145 cells to the natural drugs is consistent
with a more glutaminolytic phenotype in DU145 than in
PC3 cells. Resveratrol treatment did not yield effects on
apoptosis and cell proliferation in PC3 cells, while a sig-
nificant decrease in glutamine metabolism by
39.6 6 2.2% was measured in PC3 cells treated with 200
mM resveratrol. The decrease in glutamine metabolism
could be correlated to a decrease in mitochondrial activ-
ity. Glutamine metabolism thus could provide an early
biomarker of cellular response to drug treatment that is

FIG. 5. A: Metabolic build-up curves of hyperpolarized [5-13C]glutamate from untreated and treated DU145 cells. B: Area under the

curve of the build-up curves from [5-13C]glutamate (n¼3) in control and resveratrol treated DU145 cells (200 mM). C: Glutaminase activ-
ity for DU145 and PC3 cells, expressed as mU of glutamate per million cells, measured after 24 h treatment with 200 mM resveratrol.

The data represent the mean 6 SD from 2 independent experiments performed in triplicate (n¼6). Significant difference between
untreated versus treated DU145 is indicated by “*” (P<0.05).
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detectable before effects upon cell proliferation and cell
death can be detected.

Our interest in this study has been to evaluate hyperpo-
larized [5-13C]glutamine metabolism to hyperpolarized
[5-13C]glutamate as a possible predictive biomarker for the
efficacy of prostate cancer therapy. The detection of gluta-
mine metabolism in prostate cancer with hyperpolarized
[5-13C]glutamine was previously unsuccessful both in ani-
mals and in cells (38,39). We show here that the use of an
improved protocol shown to work in a rat liver cancer
model (28) allows us to follow hyperpolarized [5-13C]gluta-
mine metabolism in glutaminolytic prostate cancer cells.

A suitable noninvasive predictive biomarker of treat-
ment efficacy in prostate cancer ideally should have vari-
ous characteristics: The biomarker should provide
significant functional contrast between prostate cancer
and healthy tissue, it should correlate with a wanted effect
of a therapy and it should be quantifiable in the relevant
cells or tissue (23). This study shows that real time, nonin-
vasive metabolism of hyperpolarized [5-13C]glutamine
meets these demands as the metabolism of a hyperpolar-
ized [5-13C]glutamine probe (i) is particularly prominent
in highly glutaminolytic prostate cancer cell types, (ii)
correlates to drug treatment efficacy and (iii) can be quan-
tified in highly glutaminolytic isolated cells.

Metabolic reprogramming renders cancer cells highly
dependent on specific metabolic enzymes or processes.
As a predictive biomarker, glutamine metabolism offers
great promise due to its central role in cancer metabo-
lism. In consequence glutamine metabolism has previ-
ously been suggested as biomarker in tumors that fail to
show high aerobic glycolysis (40). Due to the excellent
resolution of magnetic resonance spectroscopy, metabo-
lism to glutamate can be probed by hyperpolarized NMR
methods. The noninvasive measurement of glutamine
metabolism and its sensitivity to drug treatment,
detected herein with hyperpolarized [5-13C]glutamine in
living prostate cancer cells, therefore potentially pro-
vides additional diagnostic and prognostic information
for drug evaluation and treatment strategies in cancer.
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