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Nuclear Magnetic Resonance allows the non-invasive detection and quantitation of
metabolites to be carried out in cells and tissues. This means that that metabolic changes
can be revealed without the need for sample processing and the destruction of the
biological matrix. The main limitation to the application of this method to biological
studies is its intrinsic low sensitivity. The introduction of hyperpolarization techniques and,
in particular, of dissolution-Dynamic Nuclear Polarization (d-DNP) and ParaHydrogen
Induced Polarization (PHIP) is a significant breakthrough for the field as the MR signals
of molecules and, most importantly, metabolites, can be increased by some orders of
magnitude. Hyperpolarized pyruvate is the metabolite that has been most widely used for
the investigation of metabolic alterations in cancer and other diseases. Although d-DNP is
currently the gold-standard hyperpolarization method, its high costs and intrinsically slow
hyperpolarization procedure are a hurdle to the application of this tool. However, PHIP is
cost effective and fast and hyperpolarized pyruvate can be obtained using the so-called
Side Arm Hydrogenation approach (PHIP-SAH). The potential toxicity of a solution of the
hyperpolarized metabolite that is obtained in this way is presented herein. HP pyruvate
has then been used for metabolic studies on different prostate cancer cells lines (DU145,
PC3, and LnCap). The results obtained using the HP metabolite have been compared
with those from conventional biochemical assays.

Keywords: nuclear magnetic resonance, pyruvate, hyperpolarization, para-hydrogen, metabolism

INTRODUCTION

NMR is a powerful and non-invasive tool for the investigation of cellular metabolism as it allows a
wide range of metabolites to be detected either in cell cultures or in samples obtained from tissues
resected from living systems.

The main drawback of magnetic resonance spectroscopy in biological specimens is the low
intensity of the MR signals. Thermal nuclear spin polarization P is typically in the order of
107°-107° for conventional high-field NMR spectrometers. The signal from water protons is
predominant by far, while cell metabolites, whose concentration is about 10,000 times lower, can
only be observed in vivo with low spatial resolution and after long acquisition times. Moreover,
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the 'H-NMR spectra acquired in vivo or in tissues can only
provide information about the concentration of metabolites in
a steady-state.

The breakthrough in the field came with the introduction of
the d-DNP hyperpolarization method (1), which increased the
sensitivity of MR signals by some orders of magnitude, thus
allowing the visualization of metabolites to be performed in
cells and in vivo. More interestingly, the acquisition of time-
resolved spectra becomes possible, thus providing information
about the kinetics of metabolic transformations, in cell cultures
and in vivo (2, 3).

[1—13C]pyruvate is the substrate that has been used most
widely for the study of cellular metabolism and its alterations in
diseases such as cancer, heart failure and stroke (4-8). Pyruvate
plays a central role in cellular metabolism as it can be converted
into a number of metabolites, depending on cellular conditions.
In most normal tissues, pyruvate dehydrogenase catalyzes the
decarboxylation of the pyruvate that enters the TCA cycle.
Pyruvate can also be transaminated by alanine aminotransferase
or reduced to lactate by lactate dehydrogenase. The presence of
disease can alter metabolic fluxes through the different enzymes
and an increased glycolytic flux is often observed in tumors.
The use of hyperpolarized pyruvate has shown a marked up-
regulation in the exchange of the '*C hyperpolarized label,
mediated by the LDH enzyme, between pyruvate and lactate
in tumor cells (9). Hyperpolarized [1—13C]pyruvate is currently
under intense scrutiny as a potential probe with which to assess
the presence and grading of prostate cancer in humans (10).

Unfortunately, d-DNP is an inherently slow, technologically
demanding and extremely expensive technique, limiting the
application of this powerful tool to a few laboratories worldwide.

ParaHydrogen Induced Polarization (PHIP) allows
hyperpolarized substrates to be obtained in a few seconds and
with much lower costs than d-DNP (11). This hyperpolarization
method is based on the hydrogenation, catalyzed by metal
complexes, of an unsaturated precursor of the target molecule
(12-14). On this basis the number of PHIP-polarizable substrates
appears to be limited by the availability of the proper unsaturated
precursor and the concerns about the biological applications
of the obtained hyperpolarized products are related to the
presence of residual metal catalyst and other impurities that are
associated to the hydrogenation reaction. The PHIP- side-arm
hydrogenation (PHIP-SAH) approach (15) is a good step
ahead as it circumvented both issues and can provide aqueous
solutions of hyperpolarized pyruvate, or other metabolites
(16), that can be safely used for in-vivo and in-cells studies
(17, 18). Nevertheless, although the PHIP-SAH procedure
allows most of the toxic compounds to be removed (catalyst
and solvent), traces that may affect the viability and metabolism
of cells may still be present in the aqueous phase of the
final product.

This work thoroughly investigate the toxicity of aqueous
solutions of the HP metabolites by performing in-vitro
cytotoxicity analyses on prostate cancer cell lines.

HP [1-3C]pyruvate was found to be a sensitive tool for
investigation into the difference in the metabolic phenotype
of two highly aggressive and metastasizing human prostate

carcinoma cell lines, PC3 and DU145 and another, less aggressive
one, LNCaP.

MATERIALS AND METHODS

[1-13C]pyruvate Hyperpolarization

13C-labeled HP pyruvate was obtained using the PHIP-
SAH method (Figure1). The hydrogenation catalyst ([1,4-
bis(diphenylphosphino)butane](1,5-cyclooctadiene) rhodium(I)
tetrafluoroborate, Sigma Aldrich, 1.38 pumol) was dissolved in
deuterated chloroform (CDCl3, 100 pl). The propargylic ester
of [1-13C]pyruvate (3 pl, 26.6 wmol) was added to this solution.
A 5mm NMR tube (equipped with a gas valve) was used as the
hydrogenation reactor and was pressurized with 2.1 bar of para-
enriched hydrogen (~86% enriched), while the NMR tube was
kept in a liquid nitrogen bath.

The sample was kept frozen in liquid nitrogen (time intervals
from 0.5 to 7h) until the start of the hyperpolarization
experiment. The hyperpolarization procedure consisted of the
following steps:

a) Parahydrogenation reaction: the NMR tube containing the
frozen reaction mixture was quickly heated, via immersion in
a hot water bath (at 353 K for 7 s), and then shaken for 3 s;

b) Polarization transfer: the NMR tube was opened to release
the parahydrogen pressure and immediately placed in the
magnetic field shield, to which magnetic field cycling (MFC)
was applied (18).

c) Hydrolysis: a base solution (260 pl of NaOH 0.1 M and
Sodium Ascorbate 50 mM), pressurized using argon (2bar)
and heated at ~353 K, was injected into the organic solution
to hydrolyze the hyperpolarized allyl-ester. An acidic buffer
solution (100 wl HEPES 144 mM, pH 5.4) was then added
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FIGURE 1 | Scheme reporting the key steps of the PHIP-SAH procedure: (1)
hydrogenation using parahydrogen of propargyl-[1-'3C] pyruvate; (2)
polarization transfer to the '3C carboxylate spin by means of magnetic field
cycle (MFC); (3) hydrolysis and phase transfer of the Sodium salt from the
organic to the water phase.
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to the aqueous phase to reach physiological pH (7.2 + 0.2
was measured).

d) Phase separation: the aqueous solution of the HP product
(250 ul) was taken up into a syringe and diluted with 600
ul of distilled H,O before being transported to the NMR
spectrometer, where 230 £ 11 ul of this solution was quickly
added to the NMR tube containing the cell suspension.

The concentration and hyperpolarization of [1-13C]pyruvate was
measured at the end of each experiment by acquiring a *C-NMR
spectrum of the thermally polarized product with the addition of
13C-urea as an internal reference. The pyruvate concentration in
the cell suspensions was found to be 5.0 £ 0.4 mM.

13C-NMR Experiment Set-Up

The '*C-NMR spectra were carried out using 5 mm NMR tubes,
instead of the previously reported 10 mm sample tubes (18). A
standard 5 mm-OD Wilmad NMR tube was equipped with a cap
modified with a central hole (inner diameter 2 mm) and a glass
tube (2mm OD, 1.75 mm ID, 8 mm L) was inserted into the cap.
A PTFE tube (1mm OD, 0.75mm ID, 750 mm L) was placed
inside the glass capillary tube and kept in the axial position, a
few mm above the cells suspension. The quick injection of the
aqueous solution of the hyperpolarized substrate through the
PTEE injection line allowed the cell suspension to mix with the
HP pyruvate. The PTFE tube was removed immediately after the
addition of the HP-pyruvate in order to avoid By inhomogeneities
during the acquisition of the *C-NMR spectra.

13C-NMR Experiments: Cells Preparations
The metabolic  transformation of [1-13(C] pyruvate,
hyperpolarized through the PHIP-SAH procedure, into [I-
13C]lactate, was assessed on the following specimens: (I) prostate
cancer cells suspended in their growth medium; (II) intact cells
suspended in lactate-enriched medium; (III) lysed cells. The
samples (volume of 300 ul) were placed in the 5mm NMR
tube equipped with the Teflon transfer line ready to receive the
addition of the HP substrate. The NMR tube was positioned into
the NMR spectrometer (600 MHz Bruker Avance) where it was
kept at 310 K.
The contents of the specimens were as follows:

I. Pyr/Lac tests in cells suspension: cells were harvested from
plates (2 ml of warm 0.25% Trypsin 0.53 mM EDTA solution),
counted using a Burker chamber and then centrifuged in
the growth medium for 5min at 125 X g-force. Once
the supernatant was removed, 9.2 + 0.2M cells for each
experiment were found to be suspended in 300 pl of culture
medium and transferred into a 5 mm NMR test tube.

II. Pyr/Lac test in cells suspension in the presence of added Lac:
the cell-containing sample was prepared as in I, L-lactate was
then added to the culture medium and left to equilibrate for
10 min in the NMR spectrometer before the injection of the
HP-pyruvate. At the end of the experiment, after the addition
of the aqueous solution of the HP metabolite, the final lactate
concentration was 5.94 & 0.14 mM.

III. Pyr/Lac test in the presence of Lysed cells: for each experiment,
the lysed cell solution was obtained by twice freeze-thawing

cell suspension in liquid nitrogen. The sample-containing cells
were prepared as in IL. In this set of experiments L-lactate
(10mM) was also added to the growth medium and left to
equilibrate for 10 min in the NMR spectrometer before the
HP experiment.

The acquisitions of the 1> C-NMR spectra were carried out using a
small flip angle (18°). A 2's delay was applied between successive
acquisitions. The first acquisition started a few seconds before the
injection of the HP substrate.

The vitality of the cells at the end of the hyperpolarized
experiment was checked using the trypan blue exclusion test. The
viability in all of the experiments was 95%.

At the end of the experiment the number of cells was checked
via the quantification of Bradford proteins, using the specific
calibration line for each cell line.

The '3C NMR spectra were acquired on a Bruker Avance
14.1' T NMR spectrometer using a 5mm BBO probe equipped
with 'H and 13C coils.

Cells Cultures

The PC3, DU145, and LNCaP (prostate carcinoma) cell lines
were purchased from American Type Culture (ATCC®). Cells
were kept for 72h in 175 ¢cm? flasks at 310K in a humidified
atmosphere with 5% CO; in the recommended culture media as
suggested by ATCC, in particular: LNCaP: RPMI1640 (D-glucose
25.0 mM); PC3: F-12K (D-glucose 7.0 mM); DU145: EMEM (D-
glucose 5.6mM). All the cells were used within the first 10
passages from unfreezing.

In-vitro Cytotoxicity

To assess the adverse effects of the aqueous PHIP-SAH
hyperpolarization derived solutions, the MTT test (based on
the enzymatic reduction of the tetrazolium salt MTT [3-(43-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromidein])  in
living, metabolically active cells was carried out on two prostate
cancer cell lines (DU145 and PC3).

For these tests, cells were harvested via trypsinization,
resuspended in fresh medium, and plated in the wells of 96-
well-microtiter plates at a volume of 0.1 ml. Routinely 7,000-
16,000 cells, depending on the cell-lines growth curves, were
plated in each well. After 24h, to ensure the cells adhesion,
the culture medium was removed, and replaced with a fresh
medium of the same composition as the one used in the
hyperpolarization procedure, i.e., 15% of the aqueous solution in
the final volume (0.1 ml).

At the end of the incubation period (1, 6, and 24h), the
medium was replaced with 0.1 ml of a 5 mg/ml solution of MTT
(purchased from Sigma, St. Louis, MO) in phosphate-buffered
saline (PBS 1X). After 4h of incubation with MTT at 310K,
the supernatant was carefully sucked off and a solubilization
solution, 0.15 ml of dimethyl sulfoxide, was added to dissolve the
insoluble purple formazan product into a colored solution and
the absorbance at 570 nm was read by a spectrophotometer.

Cells were plated in triplicate to minimize the variability
of the results. In each plate, 3 control wells for each cell line
were included.
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The PC3 and DUI145
following solutions:

cells were treated with the

1. Aqueous solution of the product of the PHIP-SAH
procedure, prepared as described in the [1-!3C]pyruvate
hyperpolarization paragraph (i.e., the aqueous phase resulting
after step c).

2. Aqueous solution obtained from the injection of the
pressurized and heated base through a chloroform solution of
the hydrogenation catalyst, without the addition of propargyl-
pyruvate. The solution is analogous to that in 1 but is expected
to contain only residues of chloroform and catalyst impurities.

3. Aqueous solution obtained from the injection of the
pressurized and heated base through chloroform, without the
hydrogenation catalyst. The aqueous solution is expected to
contain only traces of chloroform.

4. Aqueous solution of allyl-alcohol, at the same concentration
as that obtained from the hyperpolarization procedure.

5. Aqueous solution of the product of the PHIP-SAH procedure,
prepared with the addition of ethanol (5 ul) to the organic
phase. In this case the composition of the aqueous solution
is analogous to that in 1, but with an excess of ethanol. As this
composition was the one used in a previous in-vivo study (17),
its toxicity was tested in this work for completeness.

Lactate Dehydrogenase Assay

A commercial kit (Sigma-Aldrich MAK066) was used to measure
the LDH activity in the cell lines. The kit was used according to
the manufacturer’s instructions. Briefly, 1 x 10 cells per sample
were rapidly homogenized by sonication (30% power, 21 W, for
30s) over ice in 500 pl of cold LDH Assay buffer, and was
then centrifuged at 10,000 g for 15min at 277 K to remove the
insoluble material.

To ensure the readings were within the linear range of the
standard curve, 4-10 pl samples were added into duplicate wells
of a 96-well-plate, bringing the sample to the final volume of 50 pl
with LDH Assay Buffer. After the addition of 50 pl of the Master
Reaction Mix the NADH production kinetics were measured via
the absorbance of the specific probe at 450 nm.

Extracellular Lactate Assessment

To determine the concentration of lactate in the supernatant,
cells were seeded on 75 mm? plates. After overnight adhesion in
standard conditions (310K and 5% CO,), the culture medium
was replaced with a new one. After 72h, the medium was
collected, and the cells were harvested by trypsinization and then
counted. The applied procedure allowed the amount of lactate
measured in the culture medium to be normalized to the number
of cells.

In order to immediately quench any possible residual
metabolism, one volume of culture medium was mixed with
two volumes of cold methanol in a vial, snap-frozen and left
2h in liquid nitrogen. Proteins were then allowed to precipitate
at 250K for 30 min and the sample was centrifuged at 16,000 g
at 277K for 20 min. The supernatant was then collected and
immediately lyophilized to remove the methanol for subsequent
measurements, and was then reconstituted with 0.6ml of

phosphate buffer (0.15 M K,;HPOy, pH 7.0) in deuterated water
(D,0) for '"H NMR quantification.

The amount of extracellular lactate was determined using
NMR !'H spectrometry (see Supplementary Material).
Experiments were carried out in triplicate and the lactate
concentration in the samples (umol/cell) was calculated based
on the internal standard reference. A known amount (0.35 mM)
of 3-(trimethylsilyl)-propionic-d4 acid sodium salt (TSP-d4) was
added to act as a chemical shift reference for the calibration
of the NMR data (at 0.0 ppm) as well as an internal standard
for quantitation.

Intracellular Lactate Concentration
Methanol-chloroform-water extraction (M/C) was used to
extract metabolites from cells (19).

Briefly, cell pellets were promptly quenched in liquid nitrogen
followed by the addition of 0.5 ml of cold methanol-chloroform
solution at a ratio of 2:1. After thawing over ice, samples were
vortexed for 60s and sonicated. After 15min of contact with
the M/C solution, 0.25 ml of chloroform and 0.25 ml of distilled
water were added to the mixture to yield an emulsion, which was
vortexed and centrifuged at 13,000g for 20 min at 277 K. The
upper layer which contained the water-soluble metabolites was
collected, lyophilized and reconstituted with 0.6 ml of phosphate
buffer (0.15M K;HPOy, pH 7.0) in deuterated water (D,0) for
'"H NMR quantification (see Supplementary Material).

An internal standard (TSP-d4) concentration of 0.03 mM was
used as the reference.

RESULTS

Biochemical Assays

Cytotoxicity

The cytotoxicity of the aqueous HP-pyruvate-containing
solutions obtained by PHIP-SAH (solution I) and of single
components was assessed. Cell viability was not affected by
solution I after 1 and 6 h of treatment while a toxicity effect was
observed after 24 h (Figure 2A). The solutions that contained
traces of chloroform plus catalyst (solution II) and chloroform
alone (solution III), showed a significant effect on the cell
viability after 6h of treatment (Figures 2B,C). As their toxicity
appeared to be the same, one can draw the conclusion that
it is mainly associated with the presence of the chloroform
traces in the water phase. The hydrolysis side product allyl
alcohol (solution IV) did not show any significant effect on
the cell viability (Figure2D). The presence of ethanol, the
hydrogenation co-solvent, in the water solution, had a toxicity
effect after 24 h treatment (Figure 2E).

LDH Activity

The conventional biochemical assay used for the measurement
of LDH activity showed that this enzyme was significantly more
active in PC3 than in DUI145 cells (Figure 3A), while in the
LNCaP cells the activity of LDH was significantly lower than
in both the other. This latter finding is in agreement with the
fact that LNCaP cells are less glycolytic than the other two,
more aggressive prostate tumor models. It has already been
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cells viability was assessed by MTT assay. Data are the mean +SD from three independent experiments (n = 3). *P < 0.05, ***P < 0.001, ns: not significant vs.

C 150
b3
2:100-
E
8 504
>
0-
6h 24h 1h 6h 24h
150-
| %
= . DU145
504
Ml rc:
0-
1h 6h 24h

LnCap PC3 DU145

LnCap PC3 DU145

A B (o] D
dekk
P
Fkk
— 150~ i 0.0257
1600 ﬁl i xX
= c = s
E ° ] =
2 1200 S = 1004 = 2
£ HE g 2
> e =X c
2 goo a o £ -
2 o E ] =
° ® 2 504 5} @
© ko] o S
I 400 5 3 3
= (U]
0

FIGURE 3 | (A) LDH activity in the three cell lines measured using a conventional biochemical assay on cells lysates; (B) amount of extracellular lactate obtained from
"H-NMR spectra of the growth medium; (C) amount of intracellular lactate measured by means of "H-NMR of cells lysates; (D) rate of glucose consumption in PC3
and DU145 cells as obtained from the "H-NMR spectra of the growth medium at three different timepoints. *P < 0.01, **P < 0.001; unpaired t-test.
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shown that the metabolic phenotype of the LNCaP cells is
dramatically different from that of PC3 and DU145 cells (20). The
difference of LDH activity between PC3 and DU145 cells is also
significant, being PC3 cells much more glycolytic than DU145
cells. This difference has been further investigated by means of
the metabolomic measurements carried out in growth media and
cells extracts.

TH-NMR Metabolomic Measurements

From the 'H-NMR spectra of the culture medium it was
found that the production and accumulation of lactate in the
extracellular space is slower in the less aggressive cells (LNCaP).
If only the other two, more aggressive cell lines are considered,
the lactate production is faster in DU145 than in PC3 cells

(Figure 3B). Conversely, the intracellular lactate pool was larger
in PC3 than in DU145 cells (Figure 3C).

Measurements of the glucose content in the extracellular
medium, at different timepoints, showed that the rate of glucose
consumption was faster in DU145 than in PC3 cells (Figure 3D).
These results would appear to imply that glycolytic efficiency is
higher in PC3 than in DU145 cells.

13C-Hyperpolarization Experiments

When HP-[1-13C]pyruvate was added to the cells suspended in
their growth medium and then kept in the NMR spectrometer at
physiological temperature, lactate signal build-up was observed
immediately in the '*C-NMR spectra series. This was due to
the rapid exchange of the *C hyperpolarized label between
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FIGURE 4 | (A) series of '*C-NMR spectra acquired after the perfusion of a cells suspension (PC3 cells, 10 M) with the aqueous solution HP-[1-'3Clpyruvate. Spectra
were acquired using small flip angle pulse (18°) and 2s delays between one scan and another. (B) expanded '*C-NMR spectrum at maximum intensity of the lactate
signal; (C) Time dependent pyruvate and lactate curves obtained from the integrals of the signals of the two metabolites in the '*C-NMR spectra reported in (A).
(D) time dependent lactate curves obtained after the addition of HP-pyruvate to a suspension of DU145, PC3, and LNCaP cells.

pyruvate and lactate that occurs in the intracellular compartment
(Figure 4). The lactate signal reached a maximum at about 20,
and then decayed due to the T; relaxation processes. The 3¢
signals that correspond to pyruvate and lactate were integrated
and the time-dependent signal intensities of lactate and pyruvate
were interpolated using a set of functions in order to obtain
information about the kinetics of the metabolic process. The
experimental results can be interpolated using a four-pool model
that takes into account intra- and extra-cellular pyruvate and
lactate, all mutually exchanging (21, 22). However, in the present
case, the spectral resolution did not allow us to discriminate
between the intra and extracellular metabolite signals, meaning
that the two-compartments model was used in order to avoid
errors that might be caused by over-parametrization (23).

The observed pyruvate and lactate peak intensities can be
fitted to a simple two-sites exchange model

Pyr = Lac
according to which, the '*C-NMR signals of [1-'*C]pyruvate

and [1-13C]lactate are described by the coupled differential
equations (24)

dP 1
X — _kpPyr(t) +kplac(t) — —Pyr() (1)
dt Tip
dL 1
8 LkpPyr(H) — kpplac(t) — —Lac(t)  (2)
dt T,

where kpp and kpp are the kinetic constants of the pyruvateto-
lactate conversion and the T values are the decay time constants
of the 13C carbonyl sites. It has been shown that the model can

be further simplified by setting the back-conversion rate (krp) to
zero (25). It follows that one deals with a two compartment model
characterized by an unidirectional flow with the kinetic constant
kpy, being an apparent overall pyruvate to lactate conversion
rate. The solutions of equations 1 and 2, given that Pyr(t = 0)
= [Pyr]*Z, where [Pyr] is the concentration of hyperpolarized
pyruvate added to the test tube, Z is the enhancement factor, and
Lac(t =0) =0, are

1
Pyr = Pyr (ty) - exp (— (ka—i-f) . t) (3)
Tip
T kpp Pyr (1
Lac = 1 ket Byr (to) <exp (‘%)
Lac 1 T1 ac
T1 kPL+W —1
kpr+ ! t (4)
—eXp | — | krLT 5,
e

We must also be consider that the small flip angle pulses (¢)
that were used lead to further loss of polarization. In order to
take into account this factor, an envelope function exp(—\t) was
added to the observed signal intensity, where A = 1"(270:(‘)) and At
is the time interval between successive pulses (26)

(5)
(6)

Pyr'=Pyr. exp (—At)
Lac'=Lac. exp (—At)

The kinetic constants obtained from the fittings were normalized
to the number of cells and the pyruvate-to-lactate conversion rate
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FIGURE 5 | Rate of pyruvate to lactate conversion obtained from the
experiments carried out using HP [1-13C]pyruvate on cells, in different
conditions: (A) intact cells (DU145, PC3 and LNCaP cells) cultured in their
proper culture medium, (B) intact cells suspended in the medium with added
lactate; (C) lysed cells and (D) cells cultured in the same medium (DMEM).
*P < 0.05, P < 0.01, *™P < 0.001; unpaired t-test.

was calculated as follows

kpr. [Pyr]to.v
VpL=
n cells
where v is the volume of the sample.

From the interpolation of the '3C-NMR time-dependent
signals LNCaP cells resulted to be less glycolytic than the other
two (PC3 and DU145), in agreement with the fact that LNCaP
cells have a more oxidative metabolic phenotype than the other
two (20), while DU145 were significantly more glycolytic than
PC3 cells (Figure 5A).

In the second set of experiments, lactate was added to the
medium in which cells were suspended, during the 13C-NMR
experiment, as reported by Day et al. (27). In this case, the
pyruvate-to-lactate conversion rate become significantly faster in
PC3 than in DU145 cells, while the apparent glycolytic efficiency
of the LNCaP cells was still significantly lower than in the other
two cell lines (Figure 5B).

The observed pyruvate-to-lactate exchange rate in intact
cells is the result of concomitant processes, namely the rate of
metabolite transport through the cellular membrane, and the
efficiency of the LDH enzyme. In order to get more information
about the differences in the metabolic phenotype of the two,
more aggressive cell lines (PC3 and DU145), another series
of experiments has been carried out on lysed cells. In these
experiments, the contribution of MCT1 mediated transport of
pyruvate to the extra to the intracellular compartment was
removed, while lactate was added to the medium in order to
mimic its intracellular concentration. In these experiments, the
exchange kinetics became higher in both cell lines (PC3 and
DU145) and were still slightly, even if not significantly, faster in
DU145 than in PC3 cells (Figure 5C).

It must also be noticed that the difference between PC3 and
DU145 cells was not significant when the cells were maintained
in the same growth medium (DMEM) (20) (Figure 5D), while
the growth rate of LNCap cells was exceedingly low.

DISCUSSION

One of the main concerns with the application of parahydrogen
hyperpolarized substrates in metabolic studies, both in cells and
in vivo, is the presence of toxic impurities in the aqueous solution
of the HP metabolite, traces of hydrogenation catalyst, organic
solvent, and reaction side-products. The cytotoxicity experiments
carried out in this work indicate that the aqueous solution of the
HP substrate has moderate toxicity when cells are incubated with
the product solution for 24 h. Interestingly, the toxicity appeared
to be mainly caused by traces of organic solvent (chloroform)
while the hydrolysis side-product allyl-alcohol did not affect cell
viability after 24 h of incubation. Most importantly, experiments
carried out using hyperpolarized substrates usually take place
in a timeframe of a few minutes after the perfusion of the
HP substrate. Therefore, on the basis of the herein reported
results, it can be reasonably assumed that cellular metabolism
is not affected by these chemicals during the time course of
the experiment.

In this work, the experimental set-up and procedure for
in-cell studies has been modified, compared to the previously
reported protocol (18). The improved system for the addition
of the hyperpolarized product through the cell suspension
allowed us to use small size NMR tubes (5mm NMR tubes)
instead of the previously reported 10mm NMR tubes. The
use of a smaller volume is a significant improvement as the
amount of cells necessary for each experiment was drastically
reduced, from 20 to 8-10 M, and the spectral resolution was also
considerably increased.

When cellular metabolism was interrogated using HP-[1-
3C]pyruvate in intact cells, the pyruvate to lactate conversion
rate was slower in LNCaP than in the other two cell lines.
This is in agreement with the fact that the metabolic phenotype
of LNCaP is significantly different from that of the other two
cell lines and is also coherent with the lower LDH activity
measured using the conventional biochemical assay. Differently,
the pyruvate to lactate conversion rate of PC3 and DU145 cells,
measured using hyperpolarized pyruvate, was contradictory with
the LDH activity obtained from the biochemical assay applied to
both cell lines. In fact, while in the first set of experiments, DU145
appeared more glycolytic than PC3 cells (Figure 5A), the second
showed a higher LDH activity in the PC3 cells (Figure 3A).

In order to clarify this apparent contradiction, other series of
experiments using HP-[1-13C]pyruvate have been carried out on
intact cells suspended in their growth medium with added lactate
and on lysed PC3 and DU145 cells.

When lactate was added to the extracellular medium of the
intact cells, the apparent pyruvate-to-lactate exchange rate was
significantly increased in all the cell lines and in particular in the
PC3 cells. (Figure 5B).
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Conversely, in the experiments carried out on lysed cells, there
was not a significant difference between the 13C label exchange
kinetics of these two cell lines (Figure 5D).

In order to account for these experimental observations, two
different hypotheses can be put forward, one relying on the
oxidative lactate metabolism and the other based on the MCT4
mediated transport of lactate through the cellular membrane.

The first is based on the well-known fact that different
isoforms of LDH exist, that are tetramers of two kinds of subunits
(the M type and the H type), and have different affinity either
for pyruvate or for lactate. These subunits are encoded by two
similar genes (LDH-A and LDH-B, respectively). While LDH-A
supports the ability of malignant cells to convert pyruvate into
lactate, LDH-B is related to the oxidative use of lactate (28).
Therefore, the faster 1*C label exchange between pyruvate and
lactate observed in the PC3 cells, after the addition of lactate
to the extracellular medium, might be due to higher LDH-B
expression, that leads to the more efficient oxidation of lactate
to pyruvate.

The biochemical assays seemed also to support this
hypothesis. In fact the biochemical LDH assay measured
the rate of lactate-to-pyruvate conversion, through the
spectrophotometric observation of NADH formation, and
the LDH activity was higher in PC3 than in DU145 cells. From
the glucose measurements carried out on the extracellular
medium it was also evident that glucose consumption and
lactate production was more efficient in DU145 cells, which
accumulate lactate in the extracellular compartment. On the
other hand, PC3 cells showed smaller glycolytic efficiency and
a larger amount of lactate in the intracellular space, which may
imply a more efficient use of lactate rather than glucose as an
oxidative substrate.

All of these observations seemed to point toward the view
that the oxidation of lactate into pyruvate is more efficient in
PC3 cells, while the LDH enzyme works preferentially as a
pyruvate reductase in the DU145 cells. The oxidative lactate
metabolism, associated with MCT-1 facilitated lactate uptake,
is at the core of a metabolic adaptation of cancer cells called
metabolic symbiosis (28).

The other possible explanation takes into account the effect
of MCT-mediated transport on the pyruvate-to-lactate exchange
rate, that has previously been investigated using hyperpolarized
pyruvate in cells (25, 29, 30) and in vivo (31). MCT-1 has a
broader distribution and has been associated with the uptake
and efflux of pyruvate, L-lactate and others through the plasma
membrane, while MCT-4 are mostly associated with the export
of lactate in cells with high glycolytic rates (32, 33). The effect
of the overexpression of MCT-4 in cancer cells on the pyruvate-
to-lactate exchange rate observed using hyperpolarized pyruvate
had been investigated as well (23). A recent study on MCT4
carried out by Contreras-Baeza et al. (34) showed that MCT4
is a high-affinity lactate transporter with a somewhat lower
affinity for pyruvate. This property confers MCT-4 expressing
cells the ability to export lactate against high ambient lactate level,
thus maintaining their lactate producing role, while MCT1 cells

revert from lactate producers to consumers. A higher expression
of MCT4 in DU145 cells than in PC3 may also explain the
observation that the pyruvate-to-lactate exchange rate becomes
more marked in the former cell line when the concentration
of lactate in the extracellular medium is increased. It must also
be noticed that the addition of lactate to the medium, in the
experiments carried out on lysed cells (Figure 5D), did not lead
to any significant difference in the exchange rate.

Although a thorough investigation of the expression of the
different isoenzymes (LDHA and LDHB) and MCTs (MC1 ad
MCT4) in the two, more aggressive prostate cancer cell lines
(PC3 and DU145) would be needed, it can be concluded that
the experiments reported herein have shown that the polarization
obtained on [1-!3C]pyruvate, as obtained using the PHIP-SAH
methodology is more than sufficient for investigation of the
differences in the metabolic phenotype of prostate cancer cells
characterized by different aggressiveness (LNCaP, PC3, and
DU145). These findings pave the way for a number of possible
NMR investigations of cellular metabolism that go well-beyond
the pyruvate/lactate transformation investigated in this work.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

The study was conceived and designed by EC and FR,
implemented with the help of CC and OB. CC synthesized the
substrates and optimized the preparation of the aqueous solution
of the HP product. EC and FR carried out the analysis of the
data from hyperpolarized experiments. GD and EC performed
the biochemical assays and metabolomic measurements. SA
provided conceptual advices on the study. FR, SA, and EC wrote
the manuscript. All the authors contributed to the discussion
of the results, revised, and approved the final version of
the manuscript.

FUNDING

EC was a recipient of a fellowship from the Fondazione Umberto
Veronesi FUV (Post-doctoral Fellowships 2018). This project has
received funding from the Compagnia di San Paolo (Athenaeum
Research 2016, n. CSTO164550) and from the European Union’s
Horizon 2020 research and innovation programme under the
Marie Sktodowska-Curie Grant Agreement No. 766402.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.00497/full#supplementary-material

Frontiers in Oncology | www.frontiersin.org

April 2020 | Volume 10 | Article 497


https://www.frontiersin.org/articles/10.3389/fonc.2020.00497/full#supplementary-material
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Cavallari et al.

Parahydrogen HP-Pyruvate and Prostate Cancer

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Golman K, Zandt RI,

. Ardenkjaer-Larsen JH, Fridlund B, Gram A, Hansson G, Hansson L,

Lerche MH, et al. Increase in signal-to-noise ratio of > 10,000 times
in liquid-state NMR. Proc Natl Acad Sci USA. (2003) 100:10158-63.
doi: 10.1073/pnas.1733835100

. Golman K, in’t Zandt R, Thaning M. Real-time metabolic imaging. Proc Natl

Acad Sci USA. (2006) 103:11270-5. doi: 10.1073/pnas.0601319103

. Merritt ME, Harrison C, Storey C, Jeffrey FM, Sherry AD, Malloy CR.

Hyperpolarized 13C allows a direct measure of flux through a single enzyme-
catalyzed step by NMR. Proc Natl Acad Sci USA. (2007) 104:19773-77.
doi: 10.1073/pnas.0706235104

. Serrao EM, Brindle KM. Potential clinical roles for metabolic imaging

with  hyperpolarized [1-(13)C]pyruvate. Front Oncol. (2016) 6:59.

doi: 10.3389/fonc.2016.00059

. Bastiaansen JA, Cheng T, Lei H, Gruetter R, Comment A. Direct noninvasive

estimation of myocardial tricarboxylic acid cycle flux in vivo using
hyperpolarized 13C magnetic resonance. ] Mol Cell Cardiol. (2015) 87:129-37.
doi: 10.1016/j.yjmcc.2015.08.012

Lerche M, Pehrson R, Ardenkjaer-Larsen
JH. Metabolic imaging by hyperpolarized 13C magnetic resonance
imaging for in vivo tumor diagnosis. Cancer Res. (2006) 66:10855-60.
doi: 10.1158/0008-5472.CAN-06-2564

. Gallagher FA, Kettunen MI, Brindle KM. Biomedical applications of

hyperpolarized 13c magnetic resonance imaging. Prog Nucl Magn Reson
Spectrosc. (2009) 55:285-95. doi: 10.1016/j.pnmrs.2009.06.001

. Xu Y, Ringgaard S, Mariager C, Bertelsen LB, Schroeder M, Qi H, et

al. Hyperpolarized 13 C magnetic resonance imaging can detect metabolic
changes characteristic of penumbra in ischemic stroke. Tomography. (2017)
3:67-73. doi: 10.18383/j.tom.2017.00106

. Kettunen MI, Hu DE, Witney TH, McLaughlin R, Gallagher FA, Bohndiek

SE, et al. Magnetization transfer measurements of exchange between
hyperpolarized [ 1- 13C ] pyruvate and [ 1- 13C | lactate in a murine
lymphoma. Magn Reson Med. (2010) 63:872-80. doi: 10.1002/mrm.22276
Kurhanewicz J, Vigneron DB, Brindle KM, Chekmenev EY, Deberardinis R],
Green GG, et al. Analysis of cancer metabolism by imaging hyperpolarized
nuclei : prospects for translation to clinical research. Neoplasia. (2011) 13:81-
97. doi: 10.1593/ne0.101102

Hovener JB, Pravdivtsev AN, Kidd B, Bowers CR, Gloggler S, Kovtunov KV, et
al. Parahydrogen-based hyperpolarization for biomedicine. Angew Chem Int
Ed. (2018) 57:11140-62. doi: 10.1002/anie.201711842

Chekmenev EY, Hovener J-B, Norton V, Harris K, Batchelder L, Bhattacharya
P, et al. PASADENA hyperpolarization of succinic acid for MRI and NMR
spectroscopy. ] Am Chem Soc. (2008) 130:4212-3. doi: 10.1021/ja7101218
Shchepin R, Coffey AM, Waddell KW, Chekmenev EY. PASADENA
hyperpolarized 13C phospholactate. ] Am Chem Soc. (2012) 134:3957-60.
doi: 10.1021/ja210639¢

Ripka B, Eills J, Kourilovd H, Leutzsch, M, Levitt MH, Miinnemann K.
Hyperpolarized fumarate via parahydrogen. Chem Comm. (2018) 54:12246-9.
doi: 10.1039/C8CCO06636A

Reineri F Boi T, Aime S. ParaHydrogen induced polarization of 13C
carboxylate resonance in acetate and pyruvate. Nat Commun. (2015) 6:5858.
doi: 10.1038/ncomms6858

Cavallari E, Carrera C, Aime S, Reineri F. 1>C-MR hyperpolarization of lactate
using parahydrogen and metabolic transformation in vitro. Chemistry. (2017)
23:1200-4. doi: 10.1002/chem.201605329

Cavallari E, Carrera C, Sorge M, Bonne G, Muchir A, Aime S, et al. The !?
C hyperpolarized pyruvate generated by parahydrogen detects the response
of the heart to altered metabolism in real time. Sci. Rep. (2018) 8:8366.
doi: 10.1038/541598-018-26583-2

Cavallari E, Carrera C, Aime S, Reineri
tumor cells using [ 1- 13C | pyruvate hyperpolarized by means of
PHIP-Side arm hydrogenation. Chem Phys Chem. (2019) 20:318-25.
doi: 10.1002/cphc.201800652

Kostidis S, Addie RD, Morreau H, Mayboroda OA, Giera M. Quantitative
NMR analysis of intra- and extracellular metabolism of mammalian cells : a
tutorial. Anal Chim Acta. (2017) 980:1-24. doi: 10.1016/j.aca.2017.05.011

F. metabolic studies of

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Higgins LH, Withers HG, Garbens A, Love HD, Magnoni L, Hayward
SW, et al. Biochimica et biophysica acta hypoxia and the metabolic
phenotype of prostate cancer cells. Biochim Biophys Acta. (2009) 1787:1433—
43. doi: 10.1016/j.bbabio.2009.06.003

Breukels V, Jansen KC, van Heijster FH, Capozzi A, van Bentum PJ, Schalken
JA, et al. Direct dynamic measurement of intracellular and extracellular
lactate in small-volume cell suspensions with 13 C hyperpolarised NMR. NMR
Biomed. (2015) 28:1040-48. doi: 10.1002/nbm.3341

Reineri F, Daniele V, Cavallari E, Aime S. Assessing the transport rate of
hyperpolarized pyruvate and lactate from the intra- to the extracellular space.
NMR Biomed. (2016) 29:1022-7. doi: 10.1002/nbm.3562

Balzan R, Fernandes L, Pidial L, Comment A, Tavitian B, Vasos PR. Pyruvate
cellular uptake and enzymatic conversion probed by dissolution DNP-NMR :
the impact of overexpressed membrane transporters. Mag Reson Chem. (2017)
55:579-83. doi: 10.1002/mrc.4553

Brindle KM. NMR methods for measuring
in vivo. Prog Nucl Mag Reson Spectroscopy.
doi: 10.1016/0079-6565(88)80003-7

Harris T, Eliyahu G, Frydman L, Degani H. Kinetics of hyperpolarized 13C1-
pyruvate transport and metabolism in living human breast cancer cells. Proc
Natl Acad Sci USA. (2009) 106:18131-6. doi: 10.1073/pnas.0909049106

Zeng H, Lee Y, Hilty C. Quantitative rate determination by dynamic nuclear
polarization enhanced NMR of a diels - alder reaction. Anal Chem. (2010)
82:8897-902. doi: 10.1021/ac101670n

Day SE, Kettunen M, Gallagher FA, Hu DE, Lerche M, Wolber J, et
al. Detecting tumor response to treatment using hyperpolarized 13C
magnetic resonance imaging and spectroscopy. Nat Med. (2007) 13:1382-7.
doi: 10.1038/nm1650

Brisson L, Banski P, Sboarina M, Dethier C, Danhier P, Fontenille M]J, et al.
Lactate dehydrogenase B controls lysosome activity and autophagy in cancer
article lactate dehydrogenase B controls lysosome activity and autophagy in
cancer. Cancer Cell. (2016) 30:418-31. doi: 10.1016/j.ccell.2016.08.005
Schilling F, Diiwel S, Koéllisch U, Durst M, Schulte RE Glaser SJ, et al. Diffusion
of hyperpolarized 13 C-metabolites in tumor cell spheroids using real-time
NMR spectroscopy. NMR Biomed. (2013) 26:557-68. doi: 10.1002/nbm.2892
Witney T, Kettunen MI, Brindle KM. Kinetic modeling of hyperpolarized 13C
label exchange between pyruvate and lactate in tumor cells. ] Biol Chem. (2011)
286:24572-80. doi: 10.1074/jbc.M111.237727

Durst M, Koellisch U, Daniele V, Steiger K, Schwaiger M, Haase A, et al.
Probing lactate secretion in tumours with hyperpolarised NMR. NMR Biomed.
(2016) 29:1079-87. doi: 10.1002/nbm.3574

Pinheiro C, Longatto-Filho A, Azevedo-Silva ], Casal M, Schmitt FC,
Baltazar F. Role of monocarboxylate transporters in human cancers : state
of the art. J Bioenerg Biomembr. (2012) 44:127-39. doi: 10.1007/s10863-012-
9428-1

Pertega-Gomes N, Felisbino S, Massie CE, Vizcaino JR, Coelho R, Sandi
C, et al. A glycolytic phenotype is associated with prostate cancer
progression and aggressiveness : a role for monocarboxylate transporters as
metabolic targets for therapy. J Pathol. (2015) 236:517-30. doi: 10.1002/path.
4547

Contreras-Baeza Y, Sandoval PY, Alarcon R, Galaz A, Cortés-Molina F
Alegria K, et al. Monocarboxylate transporter 4 (MCT4) is a high affinity
transporter capable of exporting lactate in high-lactate microenvironments.
J  Biol Chem. (2019) 294:20135-47. doi:  10.1074/jbc.RA119.
009093

kinetics
20:257-93.

enzyme
(1988)

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Cavallari, Carrera, Di Matteo, Bondar, Aime and Reineri. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | www.frontiersin.org

April 2020 | Volume 10 | Article 497


https://doi.org/10.1073/pnas.1733835100
https://doi.org/10.1073/pnas.0601319103
https://doi.org/10.1073/pnas.0706235104
https://doi.org/10.3389/fonc.2016.00059
https://doi.org/10.1016/j.yjmcc.2015.08.012
https://doi.org/10.1158/0008-5472.CAN-06-2564
https://doi.org/10.1016/j.pnmrs.2009.06.001
https://doi.org/10.18383/j.tom.2017.00106
https://doi.org/10.1002/mrm.22276
https://doi.org/10.1593/neo.101102
https://doi.org/10.1002/anie.201711842
https://doi.org/10.1021/ja7101218
https://doi.org/10.1021/ja210639c
https://doi.org/10.1039/C8CC06636A
https://doi.org/10.1038/ncomms6858
https://doi.org/10.1002/chem.201605329
https://doi.org/10.1038/s41598-018-26583-2
https://doi.org/10.1002/cphc.201800652
https://doi.org/10.1016/j.aca.2017.05.011
https://doi.org/10.1016/j.bbabio.2009.06.003
https://doi.org/10.1002/nbm.3341
https://doi.org/10.1002/nbm.3562
https://doi.org/10.1002/mrc.4553
https://doi.org/10.1016/0079-6565(88)80003-7
https://doi.org/10.1073/pnas.0909049106
https://doi.org/10.1021/ac101670n
https://doi.org/10.1038/nm1650
https://doi.org/10.1016/j.ccell.2016.08.005
https://doi.org/10.1002/nbm.2892
https://doi.org/10.1074/jbc.M111.237727
https://doi.org/10.1002/nbm.3574
https://doi.org/10.1007/s10863-012-9428-1
https://doi.org/10.1002/path.4547
https://doi.org/10.1074/jbc.RA119.009093
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	In-vitro NMR Studies of Prostate Tumor Cell Metabolism by Means of Hyperpolarized [1-13C]Pyruvate Obtained Using the PHIP-SAH Method
	Introduction
	Materials and Methods
	[1-13C]pyruvate Hyperpolarization
	13C-NMR Experiment Set-Up
	13C-NMR Experiments: Cells Preparations
	Cells Cultures
	In-vitro Cytotoxicity
	Lactate Dehydrogenase Assay
	Extracellular Lactate Assessment
	Intracellular Lactate Concentration

	Results
	Biochemical Assays
	Cytotoxicity
	LDH Activity
	1H-NMR Metabolomic Measurements

	13C-Hyperpolarization Experiments

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


