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Abstract

Background—Metabolic shifts in disease are of great interest for the development of novel 

therapeutics. In cancer treatment, these therapies exploit the metabolic phenotype associated with 

oncogenesis and cancer progression. One recent strategy involves the depletion of the cofactors 

needed to maintain the high rate of glycolysis seen with the Warburg effect. Specifically, blocking 

nicotinamide adenine dinucleotide (NAD) biosynthesis via nicotinamide 

phosphoribosyltransferase (NAMPT) inhibition depletes cancer cells of the NAD needed for 

glycolysis. To characterize this metabolic phenotype in vivo and describe changes in flux with 

treatment, non-invasive biomarkers are necessary. One such biomarker is hyperpolarized (HP) 

[1-13C] pyruvate, a clinically translatable probe that allows real-time assessment of metabolism.

Methods—We therefore developed a cell perfusion system compatible with HP magnetic 

resonance (MR) and positron emission tomography (PET) to develop translatable biomarkers of 

response to NAMPT inhibition in reduced volume cell cultures.

Results—Using this platform, we observed a reduction in pyruvate flux through lactate 

dehydrogenase with NAMPT inhibition in prostate cancer cells, and showed that both HP lactate 

and 2-[18F] fluoro-2-deoxy-D-glucose (FDG) can be used as biomarkers for treatment response of 
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such targeted agents. Moreover, we observed dynamic flux changes whereby HP pyruvate was re-

routed to alanine, providing both positive and negative indicators of treatment response.

Conclusions—This study demonstrated the feasibility of a MR/PET compatible bioreactor 

approach to efficiently explore cell and tissue metabolism, the understanding of which is critical 

for developing clinically translatable biomarkers of disease states and responses to therapeutics.
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INTRODUCTION

There is mounting evidence that changes in the metabolism of a biological system are 

associated with progression to a given disease state (1) (2,3). Aberrations in the metabolism 

of substrates, such as glucose and glutamine, have been linked to not only cancer (4,5), but 

also a wide range of other diseases(6) and changes in microenvironments (7,8). Thus, there 

has been a renewed interest in the field of metabolism, both at steady state and in dynamic 

flux, and its effect on tumor growth and response to therapy. Small changes in the tumor 

microenvironment, such as pH, oxygenation and substrate concentrations can lead to 

instantaneous changes in metabolism. With this in mind, metabolism has been pursued for 

the development of both therapeutics and clinically relevant biomarkers for disease and 

response to therapy.

One recent therapeutic target is nicotinamide phosphoribosyltransferase (NAMPT), an 

enzyme needed for NAD biosynthesis. NAD has been shown to play an essential role in 

cellular metabolism, most importantly as a cofactor for the redox reactions of glycolysis 

including ATP production. Biosynthesis of NAD in mammalian tumor cells occurs 

predominantly via a salvage pathway, with phosphorylation of nicotinamide by NAMPT 

representing the rate-limiting step of NAD biosynthesis(9,10). NAMPT is a dimeric type II 

phosphoribosyltransferase whose physical structure, both in the presence and absence of 

small-molecule inhibitors has recently been elucidated (11–13). Cancers that exhibit the 

Warburg phenotype, namely increased aerobic glycolytic flux and decreased oxidative 

phosphorylation, demonstrate an increased rate of NAD+ turnover to meet ATP demand. 

Additionally, NAD-consuming enzymes such as poly-ADP-ribose polymerases (PARPs) 

have high activities in rapidly proliferating cells, necessitating a high demand for NAD. 

Inhibition of NAD biosynthesis thus represents an attractive treatment option. Several small-

molecule NAMPT inhibitors have been reported in the literature, including 3-

aminopyridine-derived amides that are close relatives of nicotinamide(14). The biosynthesis 

of NAD including the action of NAMPT inhibitors are summarized in Figure 1b, with two 

of these agents progressing to clinical trials (GMX-1778 and APO-866)(15–17).

Increasingly, the therapeutic efficacy of anticancer drugs may be monitored by non-invasive 

molecular imaging technologies, including hyperpolarized 13C magnetic resonance (HP 

MR) and positron emission tomography (PET). In the case of NAMPT inhibition, an 

intracellular metabolic imaging strategy is necessary to determine the efficacy of treatment. 

The recently developed inhibitor GNE-617 (Figure 1) derives from a highly potent amide-
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containing class of NAMPT inhibitors with great promise as anti-metabolite agents(11). 

With this in mind, a cellular system was designed to further interrogate the metabolic effects 

of GNE-617, to potentially characterize additional non-invasive imaging biomarkers. 

Ideally, this system would (1) ensure cell viability in a near-physiologic environment and (2) 

integrate with both NMR and PET for identification of clinically translatable molecular 

imaging probes. In this work, NAD cofactor depletion using GNE-617 is detected by 

observing diminished 13C pyruvate to lactate conversion, a NADH-dependent reduction 

catalyzed by lactate dehydrogenase (LDH).

Cellular perfusion systems, deemed bioreactors, provide an environment where cells and 

tissues can grow or change with control of the environment and intervention (18–22). 

Bioreactors geared toward metabolic investigation have typically been used on the bench top 

in conjunction with methods to measure distributions of metabolites and tracers, most of 

which are destructive. Commonly used analytical techniques such as high-performance 

liquid chromatography (HPLC), NMR and mass spectroscopy are usually performed on cell 

extracts (23–25). Several less invasive methods have been used to study the chemistry and 

biochemistry of perfused cellular systems, but these have significant limitations. Optical 

methods have been used to characterize living cells, but are not broadly translatable to 

clinical imaging(26). MRS at thermodynamic equilibrium has also been employed, but is 

generally limited to the study of a few metabolites at steady state (5,27–29).

Recently, bioreactor platforms have been interfaced with dynamic nuclear polarization 

(DNP) to study metabolite fluxes at high SNR. Over the last decade, advances in DNP 

technology(30) have led to dramatic signal enhancement of low γ nuclei, such as 13C 

and 15N (22,31,32). DNP polarized substrates can be injected into living systems and used to 

study real-time metabolic conversion, thus representing a new direction in the development 

of clinically translatable biomarkers (33–38). Hyperpolarized MR studies in traditional 

10mm or larger MR-compatible culture systems suffer from the need for cell densities on 

the order of 108 cells(22), impractical for the study of primary cells and tissue cultures. The 

adaptation of the technology to smaller cultures (5 × 106 cells) is non-trivial and requires the 

optimization of both engineering parameters (flow rate, MR-compatible mechanical 

structure) and biochemical variables (dissolved oxygen, real time concentration of glucose). 

The engineering of more compact systems allows study of primary cultures of cells and 

tissues, which may be more clinically relevant than other disease models. Such a system 

could also be extended to interface with other non-invasive techniques for metabolic 

investigation. As HP 13C MRI moves into the clinic, these systems will facilitate probe 

discovery and provide the mechanistic insights needed to render in vivo data useful.

In this study, we developed a 5mm MR-compatible bioreactor platform that can be 

interfaced with HP 13C MR and PET for metabolic investigation in small cultures of cells 

and tissues. This system was used to characterize metabolic re-routing following GNE-617 

treatment in human prostate cancer cells.
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MATERIALS AND METHODS

MR/PET compatible Bioreactor

Prostate cancer cells (PC-3) were cultured in T150 cm2 flasks with DMEM medium 

(supplemented with 10% FBS and Penicillin/Streptomycin) (39). Treated cells were 

incubated with DMEM media containing 50 μM GNE-617. For bioreactor studies, 10 

million PC-3 cells were suspended in 2% alginate and cross-linked in a 150mM CaCl2 

solution for encapsulation (22). Cells were cultured in a custom-designed 5mm MR-

compatible bioreactor system. The system utilized a completely enclosed perfusion system, 

providing a continuous flow of 37°C medium (analogous to the culture medium) 

dynamically oxygenated with 95% Air/5% CO2. The volumetric flow rate (Q) was 

0.5mL/min for all bioreactor studies. Oxygen measurements were made by interfacing a 

temperature calibrated fiber optic based O2 sensor (Ocean Optics) before and after the 

bioreactor chamber. Sensors were placed inside of temperature-controlled chambers to 

maintain stable measurements. These sensors were used to determine the oxygenation level 

the exchanger achieved.

NMR Studies

All NMR data were acquired on a narrow-bore 14.1T Varian INOVA (150MHz 13C) 

equipped with a 5mm broadband probe. Cell viability was assessed acquiring 31P spectra 

(242MHz 31P) with a 90° pulse and acquire sequence (nt=1024, at=1s, TR=3s) to assess 

βNTP resonance. [1-13C]pyruvate was hyperpolarized using the Hypersense™ (Oxford 

Instruments) as previously described (22). 0.5 mL of 7 mM pyruvate were injected over 30 

seconds into the bioreactor where 13C NMR spectra were acquired in intervals of 3 secs 

using 10° pulses for 300 secs. Peak integrals were calculated for each resonance and fluxes 

were calculated for label conversion to HP lactate.

microPET Studies

A small animal microPET/CT scanner (Inveon, Siemens Medical Solutions, USA) was used 

for PET imaging. Medium containing 5 μCi/mL of 18F FDG was perfused through the 

bioreactor system for 40 min and washed out for 40 min. For the purposes of higher 

throughput, 4 bioreactors were run concurrently in the PET detector, one containing empty 

alginate encapsulates as a control. Post-washout, the reactor region was defined as a region 

of interest and activity was calculated relative to control.

Histopathology

After perfusion in the 5mm bioreactor, encapsulated cells were fixed in formalin and 

sectioned. In addition to a standard hematoxylin & eosin stain, a dual-stain for KI-67 

(proliferation) and Caspase-3 (apoptosis) was performed using a prediluted multiplex 

cocktail (Biocare Medical).

mRNA expression

Total RNA was isolated from frozen PC-3 cells (n=6) using the TriPure Isolation Reagent 

(Roche) and reverse transcribed using Superscript III Reverse Transcriptase (Invitrogen) 
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according to the manufacturer’s instructions. PCR primers were obtained from Applied 

Biosciences (Life Technologies, CA, USA), and real-time PCR determination of cDNA 

amounts was performed. Relative expression to control gene Cyclophilin was determined 

using the ΔCt method. Primers were used for monocarboxylate transporters 1 and 4 

(MCT1,4), lactate dehydrogenase A and B (LDHA and B) as well as glucose like transporter 

1 (GLUT1) and hexokinase 2 (HK2).

Lactate Dehydrogenase Activity

Lactate dehydrogenase (LDH) activity was measured spectrophotometrically by quantifying 

the linear decrease in NADH absorbance at varying pyruvate (sodium salt) concentrations at 

339 nm for 10 minutes. Semi-confluent cells were harvested and 10 million cells were lysed 

(in buffer with 50 mM Tris pH 8.2, 2 mM DTT, 2 mM EDTA, 1% Triton x-100). LDH 

assays were then carried out using standard methods. LDH activity was plotted against the 

pyruvate concentration to arrive at the maximum velocity (Vmax) and the Michaelis-Menten 

constant (Km) using the Lineweaver- Burke plot. Total protein measurement was carried out 

by the calorimetric Bradford reagent method (Quick Start Bradford Protein Assay from 

BioRad Laboratories, Hercules, CA, USA).

Data Analysis and Statistics

All NMR data was processed using a combination of ACD Lab 1D and 2D NMR processor 

(version 9; ACD/Labs, Toronto, Canada). Peak areas or volumes were integrated and used to 

derive the necessary concentrations. All statistics were calculated using JMP software (SAS 

Corporation, Cary, NC). All PET data was processed using open source AMIDE software. 

Significance was reported using a two-sided Student’s t-test for all comparisons and a p-

value<0.05.

RESULTS AND DISCUSSION

5mm MR-compatible bioreactor design allows increased sensitivity for studying low 
volume cell cultures

In designing an appropriate system to support living cultures within a high-resolution NMR, 

a number of design constraints are present. These constraints include both adequate 

perfusion of cells, and appropriate geometry to yield useable data. Although numerous 

perfused cellular systems have been described, these are difficult to miniaturize and to use 

robustly for metabolic studies with injectable agents. We therefore designed a perfusion 

system to not only provide a constant supply of nutrients and remove waste but also to 

minimize the perfusion volume and to adapt the apparatus for the NMR. A 3 concentric tube 

exchanger was designed to create the appropriate cell medium temperature and gas 

equilibration before the fluid enters the bioreactor (Figure 2). The exchanger overall 

diameter was configured such that it was compatible with a standard NMR bore diameter 

(ID 50mm). On one side of the exchanger, manifolds were designed to interface this 

exchanger with both a peristaltic pump (to deliver cell medium) and water bath pump (to 

control the heat exchange). On the opposite side, the exchanger was designed for minimal 

volume connection to the top of the bioreactor construct. Additionally a custom cap was 

designed for medium delivery and recirculation from the bioreactor through the exchanger. 

Keshari et al. Page 5

Prostate. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Two bioreactor constructs were developed one for perfusion of suspended encapsulates 

where a fret was implemented with 300 μm diameter perfusion holes and a second spindle 

design for the perfusion of living primary tissues. Recirculation was achieved via return 

fluorinated ethylene propylene (FEP) tubing to the medium reservoir. This configuration 

created the optimal condition for both modulation of oxygen concentration in medium as 

well as temperature.

Of critical importance with high-resolution NMR is the ability to homogenize the B0 field 

surrounding the perfused cell/tissue constructs, since this facilitates a higher spectral 

resolution. Given the reduction in sample volume and distribution of the sample in the Z 

direction, relative to larger reactor constructs (e.g. ≥10mm), a line-width of less than 1Hz 

in 1H (at 500 MHz) was achieved for bioreactors containing perfusion medium using the 

constructs for both cell-encapsulate and tissue spindle, and a standard 24 element B0 shim 

set. This was achievable due to the material utilized in the construct having a similar 

magnetic susceptibility to that of water. When cell encapsulates or tissue were introduced 

into the system, an average line-width of 10.9 ± 0.4 Hz was achieved (Supp Figure 1). The 

combination of a high mass sensitivity (filling factor) with ideal B0 field homogeneity under 

perfusion conditions was critical for the acquisition of multinuclear NMR data from small 

living cell cultures.

Cell viability and steady-state bioenergetics of encapsulated PC-3 cells in the MR-
compatible bioreactor

To establish the viability of cells under continuous perfusion within the 5mm bioreactor 

design, electrostatically encapsulated PC-3 cells in alginate microspheres(22) were perfused 

for up to 24 hours. At multiple time points, encapsulates were histopathologically assayed 

for cell integrity (hematoxylin and eosin, H&E), changes in proliferation (Ki-67) and 

apoptosis (Caspase-3). Representative histologic sections demonstrated the preservation of 

cell architecture and viability over time (Supp Figure 2). Encapsulated PC-3 cells continued 

to proliferate at an analogous rate within the bioreactor as in 2D culture (24 hr) with no 

significant change in apoptosis as demonstrated by lack of Caspase-3 staining. These data 

support the preservation of cell homeostasis and growth within the bioreactor construct 

utilizing the flow conditions described in the Methods.

Encapsulated cells were then perfused within the 5mm MR-compatible bioreactor inside of a 

standard high-resolution NMR. Acquired 31P NMR spectra (Figure 3B) demonstrate both 

the high SNR data as well as the ability to resolve and quantify resonances of interest, 

including the nucleotide triphosphates (NTPs, predominantly ATP), the phosphomonoesters 

(PC – phosphocholine, PE – phosphoethanolamine) and phosphodiesters (GPC – 

glycerophosphocholine, GPE – glycerophosphoethanolmaine). These resonances were 

quantified using an electronic reference standard (ERETIC) (40) and scaled directly to 

encapsulated cell density (Figure 3C). The concentrations of these metabolites not 

significantly different from those observed in prior PC3 studies, but were demonstrated 

using nearly an order of magnitude fewer cells (39).
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Hyperpolarized 13C pyruvate metabolism to lactate and 18F FDG accumulation correlate 
with cell density in PC-3 cells

Given that the 5mm MR-compatible bioreactor provided robust 3D cell cultures, we then 

interfaced a small volume injection port for the rapid introduction of hyperpolarized (HP) 

substrates. HP pyruvate was injected into varying densities of PC-3 cells and high 

conversion to HP Lactate was observed in real time (Figure 3D), enzymatically facilitated 

by lactate dehydrogenase (LDH, EC 1.1.1.27). High SNR data (average max pyruvate SNR 

433 ± 30) was easily obtained, using a 10° pulse, within seconds of the introduced HP 

Pyruvate and lasted nearly 2 min, allowing for the capture of dynamics. The area under the 

curve of lactate, relative to the total carbon, was consistently less than 10% (0.068 ± 0.011) 

implying biochemical kinetics are in the first order regime. Normalizing to cell density, the 

generation of HP Lactate was proportional to the cell density and demonstrated a significant 

linear correlation (R2=0.942). The observed HP lactate was significantly higher than that 

reported for living human malignant prostate tissue slices in a much larger bioreactor (39), 

but on the order of those observed in immortal cell cultures (22,31,41).

While this bioreactor was designed for perfusion inside of a standard NMR spectrometer, 

the extension of its use to other imaging modalities was readily achievable. In order to 

compare metabolism of HP Pyruvate to glucose uptake in cells, the 5mm MR-compatible 

bioreactor was placed inside of the detector of a microPET and injected with 2-deoxy-2-

[18F] fluoroglucose (FDG). First, FDG was injected into both an empty bioreactor and a 

bioreactor filled with empty alginate encapsulates to assess delivery kinetics in the 

system(Supp Figure 3). Empty alginate encapsulates demonstrated a similar release of FDG 

to free flowing medium, with both regions completely devoid of FDG signal 25 min after 

initiating the washout. This confirmed that the alginate encapsulates do not trap FDG.

In cell experiments, the encapsulated PC-3 cells in the bioreactor were perfused for 40 

minutes in medium containing 5μCi/mL of FDG, and then washed out with FDG free 

medium. Figure 4 demonstrates the simultaneous imaging of 4 bioreactors with increasing 

densities of PC-3 encapsulated cells. After 40 minutes of washout, the difference in trapping 

of 18F is readily observed and is linearly correlated to cell density (R2=0.98, Figure 4B).

NAMPT inhibition results in marked decrease in HP 13C lactate production and 18F-FDG 
accumulation in PC-3 cells

One of the major strengths of this approach is the ability to evaluate response to therapy 

using multi-modality noninvasive and synergistic agents. This response is evaluated in a 

tightly controlled environment, obviating the need for complicated (and often less relevant) 

animal models, and using MR and PET probes that are directly translatable to humans. 

While FDG provides the ability to assess changes in upstream metabolism by targeting 

glucose uptake through glucose like transporters (predominantly GLUT1) and 

phosphorylation by hexokinase, HP Pyruvate can access downstream glycolysis at the level 

of conversion to lactate. Combining these probes can provide a better understanding of 

whether or not a drug hits its target and is effective.

Keshari et al. Page 7

Prostate. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



When PC-3 cells were incubated with NAMPT inhibitor GNE-617, a marked decrease in 

conversion of HP pyruvate to lactate was observed over time (Figure 5). This corresponded 

to a simultaneous decrease in 18F-FDG accumulation. These changes were similar to the % 

change in NAD determined spectophotometrically in PC3 cells following GNE-617 

treatment (Supp Figure 4). Decreased uptake of 18F-FDG is likely due to the inhibition of 

glycolysis, since NAD is required in downstream intermediate biochemical reactions. This 

decreased glycolytic flux may reflect product inhibition of hexokinase (by accumulated 

glucose-6-phoshpate) or lowered GLUT transporter expression and recruitment. During this 

same period of time, 31P bioenergetics, in the form of ATP levels, were not significantly 

different, implying preservation of cell viability (control relative to 6, 24 and 48 hr time 

points P>0.2 for all time points). This result implies that the decreased HP 13C pyruvate to 

lactate conversion, and reduced 18F-FDG uptake seen with NAMPT inhibition precede cell 

death.

ATP levels were also measured ex vivo demonstrating no significant change within 48 hours 

of treatment (Supp Table 1). mRNA expression of relevant monocarboxylate transporters 

(MCT1 and MCT4), which transport pyruvate and lactate across the cell membrane, as well 

as lactate dehydrogenase (ldha and ldhb) did not change significantly, as expected (Figure 

5C). Additionally, the enzyme activity of LDH did not significantly change with 48 hours of 

treatment (Supp Table 1). These experiments suggest that the decrease in HP lactate 

production and decreased accumulation of FDG in GNE-617 cannot be attributed to a 

change in other related enzymes or transporters and are likely due to the depletion of NAD 

required for LDH. In fact, at only 6hr post treatment a significant decrease in HP lactate 

(p=0.044) was observed. Additionally, with treatment, an analogous increase in HP alanine 

was seen. This indicates intracellular availability of HP pyruvate as a substrate, allowing 

alanine aminotransferase (ALT, EC 2.6.1.12) to dynamically compete with LDH. Therefore, 

HP pyruvate provides biomarkers for both a negative and positive response to drug targeting 

by NAMPT inhibition, and such a response is quantitatively demonstrated using this 

approach.

Decreased uptake of FDG in PC-3 cells following treatment with GNE-617 was not 

significant at 6 hours but was significant at 24 hours. No significant changes in the 

expression of the predominant FDG transporter and phosphorylating enzyme (glut1 and hk2, 

respectively) were observed. Therefore, the temporal changes in HP Lactate generation and 

FDG uptake are likely linked to the loss of NAD, accumulation of upstream glycolytic 

intermediates, and subsequent inhibition of glycolysis.

CONCLUSIONS

This study demonstrated the feasibility of using a novel 5mm MR/PET compatible 

bioreactor approach to robustly explore both cell and primary tissue metabolism at 

dramatically reduced cell and perfusate volumes. This is critical for studying small 

quantities of cells and tissues, for example stem cells, primary cell and tissue cultures. Here 

we applied this new bioreactor platform for metabolic investigation of immortal prostate 

cancer cells. A multimodality approach combining FDG PET and HP pyruvate MR 

demonstrated changes in prostate cancer metabolism with response to NAMPT inhibition, a 
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novel cancer therapy. Ongoing studies are focused on the application of this approach to the 

characterization of cancer aggressiveness in primary tissue cultures using novel 

combinations of probes. These studies are needed both to understand response to 

pharmacologic treatment, and validate the use of HP MR and PET molecular imaging in the 

clinic.
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Figure 1. 
(A) NAD (nicotinamide adenine dinucleotide) is synthesized via a number of pathways. 

Both Nicotinic acid and Nicotinamide can be converted to NAD. Additionally, when 

tryptophan (Trp) is degraded, quinolinic acid (QA) is enzymatically converted to nicotinic 

acid mononucleotide (NaMN) and subsequently nicotinic acid adenine dinucleotide (NaAD) 

and later NAD. Due to increased activity of PARPs, Sirtuins, etc…NAD+ is consumed with 

nicotinamide as a product. (B) NAMPT inhibitors. GMX-1776 (CHS-828) is a pyridly 

cyanoguanidine NAMPT inhibitor that also inhibits the NF-kB pathway(42). APO-866 

(Daporinad or FK866) is another NAMPT inhibitor, which also potentially inhibits 

VEGF(43). GNE-617 is a recently developed amide-containing inhibitor(11).

Abbreviations: NaMN – nicotinic acid mononucleotide, NMN – nicotinamide 

mononucleotide, NAPRT – nicotinate phosphoribosyltransferase (EC 2.4.2.11), QAPRT – 

quinolate phosphoribosyltransferase (EC 2.4.2.19), NMNAT – nicotinamide 

mononucleotide adenylyl-transferase (EC 2.7.7.1), NAMPT – nicotinamide 

phosphoribosyltransferase (EC 2.4.2.12), NADS – NAD+ synthetase (EC 6.3.1.5), PRPP – 

5-phospho-alpha-D-ribose 1-diphosphate dPi – diphosphate
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Figure 2. 
(Left) Design schematic of bioreactor approach interfaced with hyperpoloarized injection. 

(Middle) Bioreactor loop construction, including 3 concentric tube exchanger and 

continuous flow. (Right) 3D 1H T2-weighted spin-echo image (TE = 13.897ms, TR = 1s, 

FOV 1 × 1 × 1mm, voxel size of 0.0038mm3) acquired at 14.1T (Wide-bore micro-imaging 

system, using a 10mm broadband probe, Agilent) of the bioreactor under continuous flow. 

The flow pattern at the base of the inlet tube is shown and demonstrates the media flow into 

the bioreactor through an inlet tube in the center and outflow around the exterior of the inlet 

tube.
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Figure 3. 
(A) Biochemical Scheme of cellular metabolism when utilizing hyperpolarized [1-13C] 

pyruvate (HP Pyr) and 18F-deoxyglucose (FDG). (B) Representative 31P NMR spectra of 15 

× 106 living PC-3 cells within the 5mm bioreactor. (C) Average concentrations of observed 

metabolites (n = 6). (D) 13C NMR spectra acquired on PC-3 cells post injection of 7mM HP 

Pyr. Time resolved data is shown with 3 sec resolution, acquired with a 10°pulse and acquire 

scheme.

Abbreviations: G6P – glucose-6-phosphate, Pyr – pyruvate, Lac – lactate, Glut – glutamine, 

GLUTs – glucose transporters, MCT – monocarboxylate transporters, HK – hexokinase (EC 

2.7.1.1), LDH – lactate dehydrogenase (EC 1.1.1.27), TCA – tricarboxylic acid cycle, NTPs 

– nucleoside triphosphates, predominantly ATP, PC – phosphocholine, PE – 

phosphoethanolamine, GPC – glycerophosphocholine, PCr – phosphocreatine, Pi – 

inorganic phosphate, GPE – glycerophosphoethanolmaine.
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Figure 4. 
(A) Imaging of 4 bioreactors simultaneously with a wash-in of FDG of 40 min and 

analogous wash-out of 40 min. The number of cells in each case is depicted, demonstrating 

enhanced retention of tracer at higher cell-counts. (B) Plot of accumulated radioactivity after 

wash-out of the tracer, with a linear correlation (R2=0.98), as expected for increasing cell 

density.
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Figure 5. 
Demonstration of translatable biomarker response in PC-3 cells by NAMPT inhibition using 

GNE-617, which prevents the regeneration of NAD. (A) HP 13C NMR spectra demonstrate 

the marked decrease in HP Lactate with treatment and increase in HP Alanine. (B) 

Analogous decrease in FDG accumulation, indicative of changes in glycolysis due to 

NAMPT inhibition. (C) mRNA expression of cells with treatment, suggesting that the 

biomarker changes observed are due to a decrease in the cofactor NAD and not changes in 

expression of the relevant transporters and enzymes.
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