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Treatment with the MEK inhibitor U0126 induces decreased
hyperpolarized pyruvate to lactate conversion in breast but not
in prostate cancer cells

Alessia Lodi, Sarah M. Woods, and Sabrina M. Ronen
Department of Radiology and Biomedical Imaging, University of California San Francisco, 1700
4th Street, San Francisco, CA 94158–2512

Abstract
Alterations in cell metabolism are increasingly recognized as a hallmark of cancer and are being
exploited for the development of diagnostic tools and targeted therapeutics. Recently, 13C
magnetic resonance spectroscopy (MRS)-detectable hyperpolarized pyruvate to lactate conversion
was validated in models as a noninvasive imaging method for the detection of tumors and
treatment response, and successfully passed phase I clinical trials. To date, response to treatment
was associated with a drop in hyperpolarized lactate production. Here, we monitored the effect of
treatment with the MEK inhibitor U0126 in prostate and breast cancer cells. Following treatment
we observed a 31% drop in flux of hyperpolarized 13C label in treated MCF-7 breast cancer cells
compared to controls. In contrast and unexpectedly, flux increased to 167% in treated PC3
prostate cancer cells. To mechanistically explain these observations we investigated treatment-
induced changes in the different factors known to affect pyruvate to lactate conversion. NADH
levels remained unchanged whereas lactate dehydrogenase expression and activity as well as
intracellular lactate increased in both cell lines, providing an explanation for the elevated
hyperpolarized lactate observed in PC3 cells. The expression of MCT1, which mediates pyruvate
transport, dropped in treated MCF-7 but not in PC3 cells. This identifies pyruvate transport as rate
limiting in U0126-treated MCF-7 cells and explains the drop in hyperpolarized lactate observed in
those cells following treatment. Our findings highlight the complexity of interactions between
MEK and metabolism, and the need for mechanistic validation before hyperpolarized 13C MRS
can be used for monitoring treatment-induced molecular responses.
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Introduction
The clinical availability of an increasing number of new targeted therapies and treatment
options requires timely and effective methods to evaluate individual response in order to
improve the outcome by personalizing treatment. However, the evaluation of response to
targeted therapies using traditional imaging methods is complicated by the fact that this
response is frequently associated with inhibition of growth or tumor stasis and therefore only
detectable after prolonged treatment. The development of novel methods to evaluate early
response is therefore of key importance. Several novel imaging methods, recently introduced
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in the clinic or under development, exploit altered tumor metabolism and its normalization
in treatment-responsive tumors as methods to evaluate treatment response. Most notably,
when compared to their normal counterparts, several oncogenically transformed cells are
known to have increased glycolytic rates, known as the Warburg effect (1). This peculiar
aspect of cancer cell metabolism has been successfully exploited in the clinic, whereby
monitoring the increased uptake of the glucose analogue [18F]-2-fluoro-2-deoxy-D-glucose
(FDG) using positron emission tomography (PET) enables the detection of tumors in vivo.
Similarly, FDG-PET has also been used for the evaluation of clinical outcome and the early
detection of tumor response to treatment (2–8). However, this approach is limited by the fact
that the readout can be affected by such factors as high background glucose uptake, for
example in brain, the presence of inflammation in the area of the tumor, or hyperglycemia
(9–12). Restrictions on radiation exposure can also limit the use of PET for assessing
response to targeted therapies, particularly if long term monitoring of response through
repeat longitudinal imaging is required. In addition, the detection of elevated lactate
using 1H magnetic resonance spectroscopy (MRS) has also been proposed as a readout of
tumor metabolism (13).

More recently, an alternative approach, based on the combination of dynamic nuclear
polarization (DNP) and 13C MRS, has been used to monitor abnormal tumor metabolism
and detect response to a range of antineoplastic treatments. Several compounds have been
successfully hyperpolarized and their metabolism detected in cancer cells and animals
models, including pyruvate (14–23), bicarbonate (24), glutamine (25), glutamate (26),
fumarate (27), succinate (28, 29), ketoisocaproate (30), acetate (31), and fructose (32). This
approach has shown great potential in preclinical models and a highly successful phase I
clinical trial was recently concluded at UCSF ((33); http://clinicaltrials.gov/ct2/show/
NCT01229618).

Pyruvate is the substrate that has received most attention for hyperpolarized 13C MRS
applications. Owing to its relatively long T1 relaxation time and its central role in several
key metabolic pathways, pyruvate provides a method to probe the rate of pyruvate to lactate
conversion, alanine production and flux into the citric acid cycle, depending on the
specific 13C labeling scheme of the substrate used. In the context of cancer, pyruvate has
proved valuable in the evaluation of response to therapy early during treatment in in vitro
and in vivo models. An approximately 80% reduction in the conversion of hyperpolarized
pyruvate to lactate was observed in a murine lymphoma model after only 16 h of treatment
with etoposide, as well as after radiation and temozolomide treatment (16, 34, 35). A
decrease in hyperpolarized lactate was observed following administration of dichloroacetate
in lung cancer cells (21). Recently, we used hyperpolarized 13C MRS of pyruvate to monitor
the effect of inhibition of the phosphoinositide 3-kinase (PI3K) pathway. We observed a
significant decrease in pyruvate to lactate conversion prior to a detectable change in tumor
size following treatment with a PI3K or a mammalian target of rapamycin (mTOR) inhibitor
in breast cancer and glioma models, and following inhibition of the upstream platelet-
derived growth factor receptor in a prostate cancer model (15, 22, 36).

Although these studies have all reported a decrease in pyruvate to lactate conversion
following treatment, the mechanism driving this drop can differ. Several factors regulate
hyperpolarized lactate production. First, hyperpolarized pyruvate needs to be transported
from the extracellular space into the cell. This is mediated by monocarboxylate transporters
(MCTs) (37–39). Several MCT isoforms are expressed in mammalian cells with MCT1–4
regulating pyruvate and lactate transport (39). Among these, MCT1 and MCT4 have the
widest tissue distribution. MCT1 has a greater affinity for pyruvate than MCT4. The Km
value for MCT1 is ~2 mM whereas it is over 100 mM for MCT4 (39) Accordingly, MCT1 is
likely the main transporter for hyperpolarized pyruvate and was proposed as the rate limiting

Lodi et al. Page 2

NMR Biomed. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://clinicaltrials.gov/ct2/show/NCT01229618
http://clinicaltrials.gov/ct2/show/NCT01229618


step for hyperpolarized lactate production in the case of T47D breast cancer cells (38). Once
inside the cell, hyperpolarized pyruvate can be converted to lactate by lactate dehydrogenase
(LDH), with NADH as a necessary cofactor (40). The level of LDH expression was shown
as the dominant factor mediating a decrease in hyperpolarized lactate in PI3K inhibited
cells, whereas a decrease in NADH mediates this effect in etoposide-treated cells (15, 16,
22, 36). Finally, the size of the intracellular lactate pool has also been shown to affect the
hyperpolarized pyruvate to lactate conversion (16). Treatment can therefore affect the
pyruvate to lactate conversion by modulating MCT1, LDH, NADH or the size of the lactate
pool.

Here, we investigated for the first time the effect of treatment with the mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase (MEK) inhibitor U0126 on
hyperpolarized pyruvate to lactate conversion in prostate and breast cancer cells. Since the
mitogen-activated protein kinase (MAPK) signaling pathway is known to affect cell
metabolism, including glucose metabolism, we were interested in investigating whether
hyperpolarized pyruvate could represent a valuable readout of MAPK inhibition (41). In the
MCF-7 breast cancer cells treatment led to a decrease in hyperpolarized lactate levels. In
contrast, and unexpectedly, in PC3 prostate cancer cells hyperpolarized lactate increased
following treatment. Our mechanistic studies indicate that, while in both cell lines drug
treatment induced increased LDH expression and activity as well as an elevation in total
intracellular lactate levels, the drop in hyperpolarized pyruvate to lactate conversion
observed in MCF-7 cells was due to a drop in MCT1 expression in those cells. These
observations highlight the complexity of factors affecting the hyperpolarized pyruvate to
lactate conversion, and indicate that hyperpolarized MRS findings require mechanistic
validation before they can be used to monitor response to treatment with MAPK inhibitors.

Methods
Cell culture and treatments

PC3 (prostate) and MCF-7 (breast) cancer cell lines were obtained from American Type
Culture Collection via the UCSF Cell Culture Facility (San Francisco, CA, USA). All the
experiments were performed within 6–12 months of cell line authentication (using short
tandem repeat (STR) analysis, PowerPlex 1.2 System, Promega, Madison, WI, USA) and
mycoplasma testing (MycoAlert™ mycoplasma detection kit, Lonza, Rockland, ME, USA).
Cells were maintained in exponential proliferation in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
100 units ml−1 of penicillin and 100 μg ml−1 of streptomycin and cultured in a humidified
chamber at 37 °C in an atmosphere of 5% CO2 in air.

For all the experiments cells were incubated for 48 hours with 50 μM and 25 μM U0126
(LC Laboratories, Woburn, MA, USA) for PC3 and MCF-7 cells, respectively. Treatment
doses were determined as follows. First response to different doses of U0126 was assessed
using the WST-1 cell proliferation assay as previously described (22). Treatment doses were
then selected such that they decreased cell proliferation to approximately 50% of solvent
control after 48 hours of treatment. All treatments were performed with matching DMSO
(dimethylsulfoxide) solvent controls (1:1000 final concentration in culture medium) and
were replenished every 24 hours. The effect of drug treatment on cell size was monitored
using a Coulter Counter and no significant changes were observed.

Western Blotting
The effect of treatment with U0126 on the levels of proteins of interest was analyzed by
Western blotting. Whole cell extracts were obtained (RIPA buffer, Cell signaling, Danvers,
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MA, USA) and separated on 4% to 20% SDS-PAGE gels (Bio-Rad, Hercules, CA, USA).
Proteins were then transferred onto nitrocellulose membranes, blocked and incubated with
primary and secondary (anti-IgG horseradish peroxidase-linked, Cell Signaling) antibodies.
Primary antibodies against p44/42 MAPK (ERK1/2), phospho- p44/42 MAPK (p-ERK1/2),
β-actin (as loading control; Cell Signaling), LDHA (Epitomics, Burlingame, CA, USA for
PC3 and Cell Signaling for MCF-7 cells) and MCT1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were used. Immunocomplexes were visualized using Pierce ECL Western
Blotting Substrate (Pierce Biotechnology, Rockford, IL, USA). Quantification of bands was
performed using the gel analysis submenu of ImageJ (http://rsbweb.nih.gov/ij/index.html).

NADH Quantification
Steady state intracellular levels of NADH were determined in cell lysates using a
spectrophotometric enzymatic cycling assay, as previously described (15). Briefly, cells
were harvested by trypsinization, washed and lysed by freeze-thaw (2 cycles). In order to
quantify the levels of NADH, cell lysates were heated at 60 °C for 30 min to selectively
destroy NAD+. Changes in absorbance at 570 nm due to reduction of the reporter molecule
thiazolyl blue were spectrophotometrically measured on a M200 Tecan spectrophotometer
and compared to a standard curve established using known NADH concentrations.

LDH Activity Assay
LDH activity was monitored in vitro by detecting consumption of the cofactor NADH
during the LDH-catalyzed conversion of pyruvate to lactate in cell lysates, as previously
described (15). Briefly, cell lysates were obtained and NADH consumption was monitored
for 10 minutes at 340 nm on a Tecan spectrophotometer. Km and Vmax values were
calculated by fitting the initial velocity plots using a Lineweaver-Burke plot.

Cell extraction and proton MRS data acquisition and analysis
Cell extracts were prepared as previously described (42–44). Briefly, cell samples were
grown as a monolayer in tissue culture flasks and were treated either with the appropriate
dose of U0126 or solvent. After 48 hours of treatment cells were placed on ice and extracted
using the dual phase extraction method as previously described (45). A parallel flask was
trypsinized and used to count the cells. At the time of extraction the extracellular medium
was also collected and 1 ml snap frozen and stored at −80 °C until the 1H MR analysis.

The acquisition of 1H MR spectra was performed at 600 MHz using a 90° pulse, 3 s
relaxation delay, 8 kHz spectral width and either presat or excitation sculpting (46) for
suppression of the water signal. Sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 (TMSP;
Cambridge Isotope Laboratories, Andover, MA, USA) was used as internal reference. Fully
relaxed spectra (90° pulse and 60 s relaxation delay) were also obtained and saturation
correction factors were used for the quantification of lactate concentrations. ACD/Spec
Manager version 9.15 (Advanced Chemistry Development) software was used for the
analysis of spectra and for peak area integration. Peak assignments were based on previous
literature and available databases such as HMDB (http://www.hmdb.ca/) and BML
(www.bml-nmr.org). The intensities of total intracellular and extracellular lactate were
obtained by integration of the proton MR spectra and were normalized to cell number.

Cell perfusion system
For MRS studies of live cells, experiments were performed using a cell perfusion
(bioreactor) system. Briefly, cells were seeded and allowed to adhere and grow on
Biosilon® microcarrier beads (Nunc, Roskilde, Denmark) for approximately 24 hours prior
to starting treatment. Because treatment inhibited cell growth and because we wanted to
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have comparable cell numbers in control and treated samples, 4 × 107 cells were seeded for
samples receiving U0126 treatment and 2–3 × 107 cells for control samples. Cells were
treated for approximately 48 hours prior to the MRS analysis. In addition to the cells
required for the MRS studies, one extra aliquot of cells was seeded on microcarrier beads at
the same density and treated in the same way. At the time of the MRS study these cells were
detached from the microcarrier beads by trypsinization and used to obtain a cell count.
Immediately prior to MRS studies, the cell-bearing beads were loaded into a MR-compatible
bioreactor system previously described (22, 42, 47). Briefly, a perfusion system consisting
of one inflow and two outflow lines enabled circulation of growth medium to a 10-mm MR
tube at the bottom of which the cells on beads were immobilized. The system was under a
5% CO2/95% air over-pressure and placed in the MR probe at 35 °C. A three-way valve
allowed for introduction of hyperpolarized material to the inflow line. The growth medium
(100 ml) was circulated at 1.5 ml min−1 throughout the MRS studies and contained either
the appropriate dose of U0126 or DMSO.

Hyperpolarization and injection of hyperpolarized material
Samples of 1-13C pyruvic acid (Isotech, Sigma Aldrich, St. Louis, MO, USA) containing 15
mM of the OX063 trityl radical (Oxford Instruments, Tubney Wood, UK) were
hyperpolarized using the Hypersense DNP polarizer (Oxford Instruments) as previously
described (14, 17). After 1–1.5 h, polarized pyruvic acid was rapidly dissolved in 6 ml of
isotonic 40 mM Tris-based buffer containing 3.0 μM EDTA (to achieve a final pH of 7.8)
and injected into the perfusion system within 15 s at approximately 37 °C and to a final
concentration of 5 mM hyperpolarized pyruvate. To prevent rapid wash out of the
hyperpolarized substrate, the perfusion system was stopped briefly during injection of
hyperpolarized pyruvate and the subsequent acquisition of 13C spectra and was restarted
immediately after the completion of data acquisition.

MRS data acquisition and analysis
All MRS studies on live cells were performed on a 500 MHz INOVA NMR spectrometer
(Varian, Palo Alto, CA, USA) equipped with a 10 mm broadband probe. Prior to and at the
end of each experiment, 31P MRS spectra were acquired to confirm cell viability. A single
injection was performed on each PC3 cell samples while a maximum of 2 injections were
performed in MCF-7 cells few hours apart of each other. To exclude the possibility that the
outcome of the second injection can be influenced by the first injection, data from the two
injections were compared. No significant difference was observed. 31P spectra were
acquired using a pulse-acquire scheme with 30° pulse, 3 s relaxation delay, 8k datapoints, 8
kHz spectral width and composite pulse 1H decoupling during acquisition. Following
injection of hyperpolarized pyruvate, single-transient 13C spectra were acquired every 3 s
over a period of 300 s using 5° pulses, 40k datapoints and 20 kHz spectral width. The ACD/
Spec Manager version 9.15 software was used for data analysis. Peak area integration was
performed and the intensities of the hyperpolarized lactate peak were normalized to the
intensity of the total hyperpolarized signal at maximum and to cell number. Changes in the
conversion of pyruvate into lactate levels were determined by comparing the maximum
normalized lactate levels in control and treated cells, as previously described (22). In
addition, the apparent pyruvate to lactate rate constants (kP) were determined by fitting the
levels of hyperpolarized pyruvate and lactate over time to the Bloch equations, as previously
described (16, 22). The apparent pyruvate to lactate flux, Vobs, was then obtained by
multiplying kP by the concentration of pyruvate.

Studies in cell lysates
To discriminate the individual contribution of LDH and MCT to Vobs determined in
intactcells, we used a previously described method (48) and determined the apparent LDH
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flux VLDH in cell lysates (where VMCT=0) and then calculated VMCT assuming
Vobs −1=VLDH

−1+VMCT
−1 (48). Following appropriate treatment, approximately 107 cells

were passed 5 times through a fine needle syringe and lysed by sonication in 100 mM Tris-
HCl buffer (pH 8) with 100 mM NaCl, 10 mM DTT and 1 mM EDTA. Lysates were spun
down (14,000 rpm for 30 min at 4 °C) and the supernatant was transferred to a 10 mm NMR
tube. Hyperpolarized pyruvate (hyperpolarization and dissolution as described above) was
injected in the NMR tube to final concentrations of 2.5, 5 and 10 mM. Acquisition of MR
spectra (as described above) was started immediately after injection and data analyzed as
above.

Statistics
All data are reported as mean ± S.D. Statistical significance was determined using a student
t-test with p<0.05 considered significant.

Results
Effect of treatment with U0126 on signaling

The inhibition of MAPK signaling following treatment with the MEK-inhibitor U0126 was
confirmed in PC3 and MCF-7 cells by probing for ERK and p-ERK levels in untreated and
treated cells. As illustrated in Figure 1, p-ERK levels dropped in both of our cell lines
confirming the molecular effect of U0126.

Effect of treatment with U0126 on conversion of hyperpolarized pyruvate into lactate
Modulation of conversion of hyperpolarized 1-13C pyruvate into lactate in live PC3 and
MCF-7 cells treated with U0126 was probed using 13C MRS. Comparison of the maximum
hyperpolarized lactate levels in MCF-7 cells indicated that treatment with U0126 induced a
drop to 62 ± 26% (p = 0.05) of control. In contrast, the maximum hyperpolarized lactate
levels in treated PC3 cells increased to 162 ± 23% (p = 0.02) compared to control cells. In
addition we calculated the apparent hyperpolarized pyruvate to lactate flux Vobs
(representative fits shown in Figure 2A). In agreement with the changes in maximum lactate
levels, we found that in MCF-7 cells treatment with U0126 induced a drop to approximately
69% of control from 45±11 to 31±6 fmol/cell/min (p = 0.025, N=6–9), whereas in treated
PC3 cells the flux of hyperpolarized 13C label increased to 167% of control from 23±6 to
39±9 fmol/cell/min (p = 0.02, N=5; Figure 2B). Importantly, 31P MR spectra recorded prior
to and following hyperpolarized pyruvate injection were unchanged (data not shown) for
each individual combination of cell line and treatment condition. In particular this was true
for nucleoside triphosphate (NTP) levels, and confirmed that cell viability was not affected
by exposure of cells to hyperpolarized pyruvate. When comparing control and treated cells,
our 31P MRS data confirmed previous findings and detected a drop in phosphocholine levels
(49).

Total intracellular lactate levels
Because the conversion of hyperpolarized pyruvate to lactate can be affected by intracellular
lactate levels, we first assessed the effect of U0126 on the concentration of intracellular
lactate using 1H MRS of cell extracts. Our findings are illustrated in Figure 3A. Treatment
resulted in a significant increase in total intracellular lactate to 134 ± 16% (p=0.002, N=8)
and 206 ± 42% (p=0.001, N=3) of control in PC3 and MCF-7 cells, respectively (Figure
3B). Consistent with the intracellular lactate levels, data from PC3 cells showed that the
extracellular lactate in medium also increased with treatment to 174% of control from 7.7 ±
0.1 to 13.5 ± 0.4 μmol/106 cells (p=0.001, N=3).
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LDH level and activity
LDH is the enzyme that catalyzes the conversion of pyruvate to lactate. The effect of
treatment with U0126 on LDH expression and activity was assessed in PC3 and MCF-7
cells. Consistent with the increase in total intracellular lactate levels observed in both cell
lines, LDHA protein levels increased in both PC3 (138 ± 19%, p=0.03, N=4) and MCF-7
(212 ± 57%, p=0.03, N=4) cells following treatment with U0126 (Figure 4A). Similarly,
LDH activity (Vmax calculated from the spectrophotometric data) increased significantly to
136 ± 18% of control (p=0.037, N=3) in PC3 cells and to 245 ± 38% of control (p=0.02,
N=4) in MCF-7 cells following treatment with U0126 (Figure 4B).

NADH level
The conversion of pyruvate into lactate is catalyzed by LDH with NADH serving as its
cofactor and thus NADH can affect hyperpolarized pyruvate to lactate conversion (16). We
probed the effect of U0126 treatment on steady state intracellular NADH levels and found
that, in both PC3 and MCF-7 cells, levels of NADH remained unchanged following
treatment (Figure 5).

Monocarboxylate transporter
MCT1 has been shown as the rate limiting step for hyperpolarized lactate production in
T47D breast cancer cells (38). We therefore probed for MCT1 in control and treated PC3
and MCF-7 cells. Interestingly, while treatment with U0126 induced a significant decrease
in the expression of MCT1 in MCF-7 cells (57 ± 8% of control, p=0.01, N=3), the
transporter levels remained unchanged (94 ± 31%, p=0.77, N=3) in PC3 cells (Figure 4A).

Contribution of LDH and MCT to hyperpolarized pyruvate to lactate flux
To further confirm the role of MCT in modulating the pyruvate to lactate conversion in
treated MCF-7 cells, we used a previously described approach (48) to discriminate the
individual contribution of LDH and MCT to the apparent flux Vobs.. First we quantified
VLDH, the flux in cell lysates (where VMCT =0). As previously reported VLDH did not show
a clear dependence on pyruvate concentration in either PC3 or MCF-7 cells (48). The
averages of VLDH for three pyruvate concentrations (2.5, 5 and 10 mM; N=1 for each
concentration) were 53 ± 18 and 65 ± 24 fmol/cell/min in untreated and U0126-treated PC3
cells, and 65 ± 22 and 99 ± 33 fmol/cell/min in untreated and treated MCF-7 cells.
Assuming that VLDH is the same in intact and lysed cells, and using
Vobs

−1=VLDH
−1+VMCT

−1, the values calculated for VMCT were then 42 ± 39 and 96 ± 125
fmol/cell/min in untreated and treated PC3 and 144 ± 241 and 45 ± 31 fmol/cell/min in
untreated and treated MCF-7 cells. The drop in VMCT observed in treated MCF-7 cells, but
not PC3 cells, was in line with the reduced expression of MCT1 observed by western blot
analysis.

Discussion
As the key role of cell metabolism in oncogenesis and cancer progression is being
established, several methods to detect changes in cell metabolism are being evaluated as
approaches than can improve both diagnosis and evaluation of patient response to anticancer
therapy. The latter is of key importance as standard tumor imaging methods are often unable
to inform on response to novel targeted therapeutics due to their limited effect on tumor size.
In some cases, FDG-PET, which can be used to measure the treatment-induced modulation
of FDG uptake by the tumor, has provided an effective method for the detection of early
response (5–8). Moreover, methods and technologies for the simultaneous acquisition of
PET and MR images have been developed and the clinical value of PET/MRI as a new
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molecular imaging modality is being evaluated (50). In vivo metabolism has also been
investigated using 13C MRS following the administration of 13C labeled metabolites (e.g.
glucose; (51)). However, the limited sensitivity of thermal equilibrium 13C MRS has
hampered its widespread application, particularly in the clinic. Recently, 13C MRS detection
of hyperpolarized substrates has received increasing attention as a valuable radiation-free
tool, which could provide an alternative method for the detection of metabolic modulation in
the tumor environment during treatment. In particular, MRS of hyperpolarized pyruvate,
which probes the conversion of pyruvate into lactate at the end of the glycolytic pathway,
has been proposed as an alternative to FDG-PET, which probes the first step of that pathway
(i.e. glucose uptake) (23, 52). Both these methods can be used to detect the modulation of
glycolysis and can be valuable in clinical diagnosis and response assessment. Indeed, a
recent study compared hyperpolarized 13C MRS of pyruvate with FDG-PET as methods to
detect response to treatment in a murine lymphoma model (23). That study showed that,
although the PET-detected modulation of radiolabeled FDG uptake preceded the decrease in
conversion of hyperpolarized pyruvate to lactate, the magnitude of the changes detected
using these two methods were comparable within 24 hours of treatment.

To date, previous studies investigating changes in hyperpolarized pyruvate to lactate
conversion in response to traditional chemotherapy or targeted therapies have all observed a
drop in the conversion of hyperpolarized pyruvate to lactate (15, 16, 21–23). In this study
we investigated the effect of treatment with the MEK inhibitor U0126 on the conversion of
hyperpolarized pyruvate to lactate in prostate and breast cancer cells. Our results indicate
that, in response to treatment, the hyperpolarized lactate level and the pyruvate to lactate
flux decrease in MCF-7 breast cancer cells. However, in contrast, the hyperpolarized lactate
level and flux increase in PC3 prostate cancer cells following the same treatment.

In an effort to mechanistically explain our observations we investigated the effect of U0126
treatment on the different factors known to affect the pyruvate to lactate conversion, namely
NADH concentration, LDH expression and activity, total intracellular lactate levels, and
expression of the monocarboxylate transporter MCT1. The NADH concentration was found
to be unchanged following treatment in both cell lines and thus could not explain any of our
findings. In contrast, LDH expression, LDH activity and the total intracellular lactate pool
were all significantly elevated in both cell lines. This was an unexpected finding, and might
indicate that flux through the glycolytic pathway is increased by U0126 treatment, at least in
our prostate (PC3) and breast (MCF-7) cancer cells. In this context, therapies targeting Raf
have been shown to induce a drop in FDG-PET-detected glucose uptake (53, 54). Moreover,
chemotherapy or radiation led to a drop in 1H-MRS detectable total lactate levels (55–57)
associated with modulations in enzyme activities or in vivo vasculature. Further studies are
thus needed to monitor the effect of U0126 on glycolysis in our cells as well as in vivo.

The elevation of LDH expression and activity as well as the elevation of total intracellular
lactate could both contribute to formation of higher levels of hyperpolarized lactate, as
indicated by previous studies (16, 22). In the case of PC3 cells, this is indeed what we
observed. Treatment with U0126 led to an increase in the hyperpolarized pyruvate to lactate
conversion. In contrast, in MCF-7 cells we observed a drop in the pyruvate to lactate
conversion, in spite of an even greater elevation in both LDH activity and total intracellular
lactate levels. We believe that this is due to the significant drop in cellular MCT1 levels
observed in treated MCF-7 cells, an effect that was not observed in the PC3 cells. We also
characterized the contributions of LDH and MCT to the observed hyperpolarized pyruvate
to lactate conversion. Our findings based on the expression of MCT1 were paralleled by the
MRS-based contribution of MCT to the observed hyperpolarized flux. Independent of the
elevation in total intracellular lactate levels and LDH activity, our experiments indicate that
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the reduction in hyperpolarized pyruvate delivery into the cytosol is likely the explanation
for the different results observed in PC3 and MCF-7 cells following U0126 treatment.

Our findings highlight the complexity of the interactions between signaling pathways and
metabolism, and, in some cases, the dependence of these effects on the specific cell type.
Although additional investigations, currently under way, are needed to fully understand the
mechanistic links between signaling pathways and metabolism, our findings demonstrate the
value of the hyperpolarized 13C approach to enhance our understanding of the metabolic
sequelae of treatment. Furthermore, our work illustrates the need to understand the
underlying factors affecting the pyruvate to lactate conversion before this new methodology
can be used for monitoring response to MAPK inhibitors.
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Abbreviations

DMEM Dulbecco’s Modified Eagle’s Medium

DMSO dimethylsulfoxide

DNP dynamic nuclear polarization

FDG [18F]-2-fluoro-2-deoxy-D-glucose

LDH lactate dehydrogenase

MAPK mitogen-activated protein kinase

MCT monocarboxylate transporter

MEK mitogen-activated protein kinase/extracellular signal-regulated kinase kinase

MRS magnetic resonance spectroscopy

mTOR mammalian target of rapamycin

NTP nucleoside triphosphate

PET positron emission tomography

PI3K phosphoinositide 3-kinase

STR short tandem repeat

TMSP sodium 3-trimethylsilylpropionate
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Figure 1.
Inhibition of MAPK signaling following treatment with U0126. The successful inhibition of
MAPK signaling following treatment with the MEK inhibitor U0126 in PC3 and MCF-7
cells (50 μM and 25 μM, respectively) was confirmed by probing ERK and pERK levels by
Western blotting.
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Figure 2.
Effects of treatment with U0126 on PC3 and MCF-7 cell metabolism. (A) Experimental
build-up curves (symbols) for hyperpolarized lactate and their fit to the Bloch equation
(solid line) for untreated and U0126-treated PC3 cells; (B) Flux of 13C hyperpolarized label
in untreated (black) and U0126-treated (white) PC3 and MCF-7 cells. Data is shown as
mean ± standard deviation. *: p<0.025.
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Figure 3.
Effects of treatment with U0126 on PC3 and MCF-7 cell metabolism. (A) Enlarged proton
spectral regions (between 1.3–1.36 ppm and 4.1–4.16 ppm, the latter shown with 10 times
increased intensity) showing the lactate signals in untreated and U0126-treated PC3 cells.
Data is shown as mean (symbols) ± standard deviation (shaded area). (B) Intracellular
lactate concentrations (fmol/cell) in untreated (black) and U0126-treated (white) PC3 and
MCF-7 cell extracts as quantified from proton spectra. Data is shown as mean ± standard
deviation. *: p<0.002.
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Figure 4.
Effects of treatment with U0126 on LDHA expression and activity and MCT1 levels in PC3
and MCF-7 cells. (A) LDHA and MCT1 levels in untreated (solvent control; C) and U0126-
treated (U) PC3 and MCF-7 cells probed using Western blotting. β-actin was used as a
loading control; (B) LDH activity modulation in untreated (black) and U0126-treated
(white) PC3 and MCF-7 cells. Data is shown as mean ± standard deviation. *: p<0.037.
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Figure 5.
Effects of treatment with U0126 on intracellular NADH levels in PC3 and MCF-7 cells.
Intracellular NADH concentrations (fmol/cell) in untreated (black) and U0126-treated
(white) PC3 and MCF-7 cells. Data is shown as mean ± standard deviation.
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