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Abstract

:

In this study, we describe new methods for studying cancer cell metabolism with hyperpolarized 13C magnetic resonance spectroscopy (HP 13C MRS) that will enable quantitative studies at low oxygen concentrations. Cultured hepatocellular carcinoma cells were grown on the surfaces of non-porous microcarriers inside an NMR spectrometer. They were perfused radially from a central distributer in a modified NMR tube (bioreactor). The oxygen level of the perfusate was continuously monitored and controlled externally. Hyperpolarized substrates were injected continuously into the perfusate stream with a newly designed system that prevented oxygen and temperature perturbations in the bioreactor. Computational and experimental results demonstrated that cell mass oxygen profiles with radial flow were much more uniform than with conventional axial flow. Further, the metabolism of HP [1-13C]pyruvate was markedly different between the two flow configurations, demonstrating the importance of avoiding large oxygen gradients in cell perfusion experiments.
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1. Introduction


Hepatocellular carcinoma (HCC) is a growing worldwide problem that lacks effective treatments [1]. Nearly 700,000 new cases are diagnosed each year [2] and the five-year survival rate is less than 15% [3]. The disease is expected to cause one million deaths per year by 2030 [4]. HCC tumors are known to be metabolically heterogeneous. Metabolic energy in HCC is derived from both glycolysis and oxidative phosphorylation (in conjunction with the TCA cycle) [5,6]. The relative importance of these two processes in HCC can vary significantly [5]. Oxygen consumption, which is required for oxidative phosphorylation, produces hypoxic regions that play an important role in metastasis [7,8]. Hypoxia is also known to interfere with the effectiveness of radiation therapy and chemotherapy [9,10]. Imaging-based methods to specifically identify hypoxic regions of tumors currently do not exist. Such methods could significantly improve patient care [11].



Hyperpolarized 13C magnetic resonance spectroscopy (HP 13C MRS) is a rapidly developing technology with unique capabilities well suited for the determination of metabolic flux in vivo [12,13,14]. It has already been tested in preliminary clinical trials of prostate cancer [15,16] and brain malignancies [17]. HP [1-13C] pyruvate has been widely used for studying metabolism because it can detect changes in key enzymes (Figure 1), including lactate dehydrogenase (LDH), alanine aminotransferase (ALT), and pyruvate dehydrogenase (PDH), as well as cytoplasmic levels of NADH [12,13]. It has a long spin lattice relaxation time (T1), which improves its detectability in 13C HP imaging [12]. Its value as a specific indicator of hypoxia has not been assessed. Many other hyperpolarized 13C compounds have been examined as metabolic tracers [18] but none have been shown to be oxygen-level sensitive. The primary goal of this work was to develop cell culture methods that allow the examination of HP 13C substrate metabolism at low controlled oxygen levels.



Several different methods have been used previously for HP cell culture studies. The simplest of these is the rapid injection and mixing of the HP agent with a suspension of cells in a capped NMR tube [19]; however, with this approach, the dissolved oxygen level in the medium cannot be controlled and it declines rapidly after the substrate is added. In addition, anchorage dependent cells cannot proliferate when examined as a suspension, which significantly limits the usefulness of this method.



A better approach is to inject hyperpolarized substrates into cultures that are immobilized on a stationary matrix. Fixed beds of microcarriers are commonly used for this purpose [20]. The direction of flow through the microcarriers is typically axial, i.e., parallel to the long axis of the NMR tube [21,22,23]; however, this approach has limitations for studies at low oxygen levels. Direct measurement of oxygen concentrations for cancer cells grown in 10-mm [24] or 20-mm [25] tubes have demonstrated that the extent of oxygen depletion in the axial direction is significant. Oxygen levels can drop from 0.20 mM (air saturation) at the inlet to less than 0.1 mM at the outlet when the cell concentration is high [25]. With a lower inlet oxygen level, as would be used to study hypoxia, the percent reduction in oxygen through the cell mass would be even greater. NMR measurements made under such conditions represent the average metabolic state for the entire range of oxygen concentrations and are of limited value. To evaluate 13C HP probes as detectors of hypoxia, the range of oxygen concentrations through the cell mass should be kept small. A simple approach to reducing oxygen gradients would be to increase the flow rate of the perfusate; however, increasing the flow rate would also increase the shear stress on the cells and potentially remove them from the microcarriers.



An alternative approach is to change the direction of flow from axial to radial so that the surface area available to perfuse the cell mass is increased. This scheme also has the advantage that it reduces the time needed to disperse hyperpolarized agents throughout the cell mass, which consequently reduces the loss of 13C polarization due to T1 relaxation.



In this study, the feasibility of this method was examined computationally and experimentally for cultured rat HCC cells, which possess a high oxygen consumption rate. The results demonstrate that oxygen gradients can be markedly reduced with radial flow.




2. Results


2.1. Calculated Oxygen Profiles for Axial and Radial Flow


To determine the potential advantages of using radial flow, oxygen concentration profiles were calculated for both axial and radial flow perfusion schemes at the same cell density. A schematic diagram of the radial flow bioreactor and perfusion apparatus is shown in the methods section below. The computational approach used to determine the oxygen profiles is presented in Appendix A. Profiles were calculated for inlet medium gas phase partial pressures of 160, 40, and 16 mmHg (Figure 2). For the cell culture medium, these partial pressures are associated with dissolved oxygen levels of 0.20, 0.050, and 0.020 mM, respectively. The last two values were chosen because the mean tissue oxygen level in human liver is typically 40 mmHg [26,27], while in hypoxic tumors it is much lower.



The calculated extent of oxygen depletion with axial flow is significant. At 160 mmHg, the concentration is reduced by 40%. At 40 mmHg, depletion of oxygen is more marked on a percentage basis and near the top of the microcarrier bed, oxygen is fully depleted. At 16 mmHg, the oxygen is completely depleted before the mid-point of the NMR tube. These results demonstrate that sizable oxygen gradients exist with axial flow. With radial flow, the perfusion rate can be increased 3-fold because the surface area for perfusion is 3-fold larger (see Appendix A). The calculated results shown in Figure 2 demonstrate that radial flow significantly reduces the magnitude of oxygen gradients. At both 40 and 16 mmHg of oxygen, radial flow prevents complete depletion of oxygen. These results indicate that radial flow is better suited for low-oxygen HP 13C NMR spectroscopy studies than axial flow.




2.2. Experimental Results with Axial Flow


HR-2 cells were grown with axial perfusion at an inlet dissolved oxygen concentration of approximately 0.18 mM for 27 h. The time courses for the inlet and outlet dissolved oxygen concentrations are shown in Figure 3. Over the 27-h period, the outlet concentration dropped as the oxygen consumption rate of the culture increased to 0.08 mmol/h (middle graph). The calculated oxygen profile in the cell mass indicates that for an inlet oxygen concentration of 0.18 mM (bottom left graph), oxygen should not limit growth.



To evaluate the limitations of axial flow, the inlet oxygen level was reduced to 0.04 mM. The reduction lowered the outlet oxygen concentration to an undetectable level and reduced the oxygen consumption rate to 0.04 mmol/h. The calculated oxygen profile (bottom right) shows that with this change, the cell mass would be very oxygen limited. A typical 31P spectrum acquired at the end of the 0.18 mM oxygen period is shown at the top of Figure 4. Prominent resonances include those for phosphomonoesters (PME), inorganic phosphate (Pi), glycerophosphocholine (GPC), phosphocreatine (PCr), the 3 phosphates of nucleoside triphosphates (NTP), and the two phosphates of diphosphodiesters (DPDE). The time course for NTP levels at the two different oxygen concentrations is shown at the bottom of the figure. NTP levels increased markedly over the 27-h high-oxygen period, which is consistent with the oxygen consumption data. When the medium inlet oxygen concentration was reduced to 0.04 mM, the NTP level stopped increasing. Analysis of the extracellular medium, as shown in the inserted histogram, indicated that the rate of glucose consumption and lactate formation both increased under oxygen limitation. The percentage increase in the rate of lactate formation was much larger than the percentage increase in the rate of glucose consumption, indicating that reducing the oxygen concentration resulted in significant anaerobic glycolysis. Little or no change occurred in the rate of glutamine consumption. These results demonstrate the limitations of using axial flow for studying metabolism at low oxygen concentrations.




2.3. Metabolism of Hyperpolarized [1-13C] Pyruvate with Axial Flow


Two continuous injections with [1-13C] pyruvate were conducted during the experiment described in Figure 4. The first was performed while the inlet oxygen concentration was maintained at 0.18 mM; the second was performed at the lower inlet oxygen level. The results are shown in Figure 5. The stacked plot shows the full time course for spectra acquired at 0.18 mM. Shortly after the injection, the [1-13C] pyruvate resonance grew rapidly and reached a signal-to-noise ratio in excess of 10,000:1. Both [1-13C]lactate and [1-13C] alanine were formed. The time to peak intensity for [1-13C]lactate was 27 s after the time to peak [1-13C]pyruvate (TTPLP = difference between the two peak times).



At 0.04 mM inlet oxygen, lactate formation was more rapid; the TTPLP was only 8 s. These results are consistent with the increased rate of lactate formation observed by analysis of the extracellular medium (Figure 4). The increased rate of lactate formation could be attributed to an increase in the levels of the enzymes directly involved in the conversion of pyruvate to lactate, specifically lactate dehydrogenase-A (LDHA), its active phosphorylated form (LDHA-P), or the monocarboxylic acid transporters MCT-1 and MCT-4. To examine these possibilities, HR-2 cells were cultured in 10-cm dishes at oxygen levels that would be present in the microcarrier bed with an inlet oxygen level of 0.04 mM. Western analyses for intracellular LDH-A, p-LDHA, MCT-1, and MCT-4 (Figure 5) demonstrated that these enzymes were present at higher levels with reduced oxygen. The increased expression of these enzymes could explain, at least in part, the increase in the rate of formation of lactate.




2.4. Radial Flow Improves Oxygen Delivery


Cells were grown on microcarriers in two separate experiments and perfused with either axial or radial flow. The inlet and outlet oxygen measurements for the two experiments are shown in Figure 6.



For the axial flow experiment, cells were grown with an inlet oxygen level of approximately 0.17 mM (top of Figure 6 and Table 1). As the cell density in the NMR tube increased over the course of the 38-h experiment, the outlet oxygen level decreased from 0.15 to 0.05 mM. The oxygen consumption rate reached a maximum of 0.085 mmol/h. Following a reduction to 0.061 mM oxygen in the inlet medium, the outlet concentration dropped to below the detectable limit and the oxygen consumption rate decreased to 0.044 mmol/h. For radial flow, a culture with a similar oxygen consumption rate, 0.086 mmol/h, was subjected to the same change. The outlet oxygen concentration remained well above the detectable limit and the consumption rate did not drop; it was essentially unchanged. With axial flow, the oxygen reduction also caused a marked reduction in NTP level (Table 1). Little change in NTP was observed for radial flow with the oxygen level reduction.




2.5. Radial Flow Improves Viability


Induction of apoptosis and necrosis was examined at the end of the experiment described in Figure 7. The cultures were sampled at specific points in the NMR tubes as described in the Methods section. With axial flow, the reduced oxygen level caused marked induction of apoptosis that increased in the direction of flow; that is, in the direction of reduced oxygen. With radial flow, apoptosis was limited throughout the cell mass. The results are consistent with the data shown in Table 1 and further demonstrate that radial flow markedly improves oxygen transport.




2.6. Metabolism of Hyperpolarized [1-13C] Pyruvate


Hyperpolarized [1-13C] pyruvate was injected into the culture perfused with radial flow (described in Figure 6) after the inlet oxygen level had been reduced to 0.06 mM. The results are shown on the right in Figure 8. The initial slope for the appearance of [1-13C] pyruvate was much higher than it was for axial flow injections, due to the more rapid dispersion of the substrate with radial flow. The TTPLP was 37 s, which was slightly longer than the time observed for the high oxygen level experiment shown in Figure 6.



For comparison, a culture grown with axial flow that was subjected to oxygen restriction was also examined with hyperpolarized [1-13C] pyruvate. The culture had an initial oxygen consumption rate of 0.064 mmol/h. When the oxygen level was lowered to 0.04 mM, the outlet oxygen level dropped to below the detectable limit and the oxygen consumption rate was halved. Under these conditions, the results for metabolism of hyperpolarized [1-13C] pyruvate were similar to those shown in Figure 5; that is, the TTPLP was very short (3 s) (Figure 8, left). These results demonstrate that with axial flow, a low inlet oxygen concentration results in metabolism that is consistent with anaerobic glycolysis. In contrast, with radial flow, comparable inlet oxygen levels do not cause a shift to anaerobic glycolysis because the transport of oxygen is greater.





3. Discussion


The results of this work demonstrate that radial flow significantly improves the transport of oxygen in perfused microcarrier beds. This statement is well supported by both the oxygen transfer calculations and the experimental observations. With radial flow, there is a 3-fold increase in the inlet flow cross-sectional surface area, thereby allowing a 3-fold increase in the perfusion rate. The increase in perfusion reduces oxygen gradients in the cell mass and allows NMR spectroscopy measurements to be made under more homogeneous conditions. In contrast, with axial flow, metabolic measurements represent an average over a range of oxygen levels. Such measurements are of lesser value for examining cellular metabolism. In addition, because radial flow allows a higher perfusion rate, both the rate of delivery of the hyperpolarized substrate to the NMR tube and its distribution in the microcarrier bed are enhanced. Both factors allow for more efficient use of the initial polarization.



Further gains in oxygen concentration homogeneity would be possible with a larger inner diameter of the microcarrier bed. For example, if the inner and outer diameter of the microcarrier bed were increased to 9 mm and 20 mm, respectively, the perfusate rate could be nearly doubled over the radial flow rate used in this study. Such a change would reduce the size of the oxygen gradients by nearly half. The larger microcarrier bed would require the use of a 25-mm NMR tube with a similarly sized liquids probe. The loss in sensitivity due to the larger NMR coil diameter (a linear function) would be more than offset by the increase in cell number (a quadratic function). The central distributer could be composed of polyetherimide (UltemTM) rather than polyethylene to reduce susceptibility contrast in the center of the bioreactor. Liquid probes for 25-mm NMR tubes are readily available from commercial manufacturers for spectrometers with 89-mm clear bores.



The cell line used for this study, HR-2, has an extremely high oxygen consumption rate, which is common for HCC cell lines [28,29]. Non-hepatic cancer cell lines that have been examined with cell perfusion NMR, including glioblastoma [30] and melanoma [31]), have oxygen consumption rates that are one-fifth to one-tenth that for HR-2 cells. With such cells, much more homogeneous oxygen profiles could be maintained. Radial flow could be greatly beneficial for studying such cell types under hypoxia.



Other means for perfusing cells inside NMR spectrometers have been examined with conventional NMR [20]. Any approach with axial flow in an NMR tube, such as porous microcarriers or entrapment in hydrogels, would have the same problems with axial gradients as described in this manuscript, with additional gradients due to diffusional limitations inside the immobilizing agent. For conventional hollow fiber bioreactors, axial gradients can be markedly reduced by using high luminal flow rates, since the cell mass is protected from shear stress by the fiber walls [32]; however, with hollow fibers, transport of the hyperpolarized substrate into the cell mass would be slowed by the fiber wall. If the cell density in the extraluminal space were high, transport across the wall would be predominantly diffusive [33]; that is, there would be little or no Starling flow. Given that the diffusivity of pyruvate in water is ~1 × 10−5 cm2/s [34], the diffusivity of pyruvate in a typical hollow fiber membrane (Dp) would be approximately 3 × 10−6 cm2/s [20]. For fibers with a wall thickness, w, of 100 µm, the characteristic time for pyruvate diffusion [35], τ = w/2Dp, would be 17 s; thus, diffusion of the hyperpolarized agent across the fiber membrane would be associated with a significant loss of polarization. Accordingly, hollow fiber bioreactors may not be well suited for work with hyperpolarized NMR.



An alternative to changing the perfusion geometry would be to change the way the NMR data are acquired. For example, with axial flow, HP 13C metabolic data could be spatially encoded in the axial direction with either frequency encoding or slice selection. With this approach, the range of oxygen concentrations for the acquired 13C data could be greatly reduced. Such an approach would compromise the signal to noise but would be simple to implement. It would also allow the simultaneous acquisition of 13C NMR spectra at multiple oxygen concentrations.



The number of previously published cell perfusion NMR studies with low oxygen concentrations is very limited [32,36,37]; however, in one recent study, the effects of low oxygen levels on the conversion of hyperpolarized [1-13C]pyruvate to [1-13C]lactate were examined quantitatively with and without inhibition of MCT-1 [38]. The kinetics of the conversion were analyzed with a high degree of analytical rigor. The authors reported that the conversion of pyruvate to lactate was not limited by LDH but rather by MCT-1 transport. They also observed that hypoxia increased the rate of conversion of pyruvate to lactate, which is consistent with the findings of the current study; however, unlike the current study, the authors injected the HP-13C pyruvate as a bolus without removing the oxygen before it reached the cell mass. Further, no oxygen-level monitoring or control was used, so from an oxygen point of view, the results can only be interpreted semi-quantitatively. Nevertheless, this study demonstrates the potential of HP-13C NMR to detect metabolic changes associated with hypoxia.




4. Materials and Methods


4.1. Cell Culture


All studies were conducted with rat HCC cells (HR-2) obtained from Dr. Istvàn Blaszsek of Hôpital Paul-Brousse, Villejuif, France [39]. Cells were routinely maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 17 mM glucose, 4 mM glutamine, and 20 mM HEPES. The medium was supplemented with 10% fetal bovine serum (FBS, Gemini, West Sacramento, CA, USA) and 1% penicillin–streptomycin (DMEM-S). DMEM-S was also used for cell perfusion unless otherwise stated. Ischemic medium (DMEM-I) was the same as DMEM-S, except it contained 1% FBS, 1 mM glucose, and 0.5 mM glutamine. Cultures were maintained in 10-cm tissue-culture-treated (TCT) dishes prior to use in experiments. For inoculation of microcarriers, cells were grown in 15-cm TCT dishes to less than 100% confluency.




4.2. Microcarrier Preparation


Collagen-coated non-porous polystyrene microcarriers were used for all studies (Sigma-Aldrich, St. Louis, MO, USA). The microcarriers were prepared as described by the vendor (Sigma). Cells were grown on the microcarriers inside flat-bottom (120 cm2) 1-L borosilicate glass bottles (Corning, Corning, NY, USA), which were pre-coated with Sigmacoat (Sigma-Aldrich). A total of 107 cells were used to inoculate each 1-L bottle containing 1.5 gm of microcarriers. Cells were grown on the surfaces of the microcarriers for 18 h. Subsequently, a combined total of 9 gm of microcarriers was transferred to a 2-L spinner flask that contained 1 L of DMEM-S. The microcarriers were used for NMR experiments when approximately 50% of their surfaces were covered with cells.




4.3. Cell Perfusion


Microcarriers were perfused inside sealed NMR tubes with temperature, oxygen, and pH control as described previously [25], with some modifications (Figure 9). The medium flowed through a continuous loop and was re-oxygenated through four parallel 5-m-long sections of silicone tubing (2.06 mm O.D. × 1.02 mm I.D.) inside a sealed glass cylinder. The relative amounts of air, helium, and CO2 flowing through the glass cylinder were adjusted with rotameters to control the dissolved oxygen level and the pH of the medium. Helium was used rather than nitrogen to avoid degassing of the medium and consequent bubble formation. Inline polarographic oxygen probes (Mettler-Toledo, Columbus, OH, USA) were used at the inlet and outlet of the NMR tube. An inline pH probe (Mettler-Toledo) was used to continuously monitor the pH of the medium. All three probes were housed in well-sealed polysulfone casings that were constructed at our institution.



The medium was continuously recirculated into a 100 cm3 glass bottle inside a small incubator (located 4 m from the magnet bore). The incubator also contained the oxygen and pH probes, which were found to be sensitive to temperature variations in the lab. The temperatures at both the inlet and outlet of the NMR tube were monitored with copper–constantan thermocouples that did not directly contact the sterile medium. The NMR temperature was controlled with a proportional–integral–derivative controller (Omega Engineering, Norwalk, CT, USA) at 36.5 +/− 0.5 C. The controller adjusted the current in a 4-m-long electrical resistance heater that traced the perfusion line between the incubator and the NMR magnet. The temperature, pH, and oxygen measurements were continuously acquired with analog-to-digital converters (USB-2008, National Instruments, Austin, TX, USA) interfaced to a computer running Labview 7.5 (National Instruments). A high-precision multi-channel Rainin Dynamax pump (Mettler-Toledo Rainin, Oakland, CA, USA) was used to supply fresh medium to, and remove spent medium from, the recirculation bottle at a rate of 0.014 cm3/s. Nearly all tubing in the perfusion system between the oxygen probes and the NMR tube was polyether ether ketone (PEEK, 3.2 mm O.D. × 2.4 mm I.D.), which has an extremely low oxygen permeability [40]. The only non-PEEK tubes were very short sections of flexible, thick-walled, Pharmed® tubing (2.0 mm I.D., Cole Parmer, Vernon Hills, IL, USA) that were used to make air-tight connections. The entire perfusion system was sterilized in a steam autoclave prior to each experiment.




4.4. NMR Spectroscopy


NMR spectra were acquired with an Oxford 9.4 Tesla 8.9-cm-bore magnet (Oxford Instruments, Abingdon, UK) interfaced to a 400 MHz Varian DirectDrive Console (Palo Alto, CA, USA). A 20-mm broadband liquids probe (Varian) was used to acquire 31P and 13C spectra at 162.1 and 100.7 MHz, respectively. 31P spectra were acquired with 60° pulses, a repetition time of 1 s, 4096 points, and a spectral width of 15,000 Hz. 13C spectra were acquired with a single 12° pulse, a repetition time of 3 s, 8192 points, and a spectral width of 25,000 Hz. WALTZ-16 decoupling was used during signal acquisition to eliminate 1H couplings.




4.5. NMR Flow Cell Designs


For axial flow perfusion, the microcarriers were held between two porous high-density polyethylene (HDPE) filters in a standard screwcap 20-mm NMR tube (Wilmad, Vineland, NJ, USA) [25]. Both were sealed against the NMR tubes with 15 mm I.D. by 1.6-mm-thick silicone o-rings. For radial flow, the microcarriers were held between two cylindrical HDPE filters (inner filter: 1.6 mm I.D. × 5 mm O.D.; outer filter: 16 mm I.D. × 17.4 mm O.D.). The NMR tube had an inner diameter of 18.4 mm and an outer diameter of 20.0 mm. The filters were held in place with custom-manufactured polyetherimide caps. Both had an outer diameter of 16 mm. The upper polyetherimide cap hung from a polyetherimide disc with a 17.5 mm O.D. The two polyetherimide pieces were joined (with glue) by a polyetherimide tube measuring 25 mm long, with a 1.6 mm I.D. and a 4.0 mm O.D. Medium flowed down through the inner polyetherimide tube, the inner HDPE cylinder, radially across the cell mass, and out of the NMR tube through the annular space between the outer cylinder and the NMR tube. It flowed past the upper polyetherimide disc through four 1.6-mm-diameter holes. Two additional holes measuring 2.0 mm in diameter were used for PEEK tubing. One was used to introduce the microcarriers into the NMR tube. The other was used to hold an external standard in the NMR-detectable volume.




4.6. Hyperpolarization and Deoxygenation of [1-13C] Pyruvic Acid


Metabolic studies were conducted with [1-13C]pyruvic acid (Cambridge Isotopes, Tewksbury, MA, USA) that was polarized with a HyperSense DNP Polarizer (Oxford Instruments). Typically, 112 mg of pyruvic acid (99% 13C enriched) was mixed with OX63 radical at a 160:1 molar ratio. Polarization at 94.07 GHz required approximately 1 h. After polarization, the frozen pyruvic acid glass was solubilized and purged from the HyperSense sample with 6.0 cm3 of aqueous buffer that contained 85 mM sodium hydroxide, 40 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and 0.42 mM EDTA (melt buffer).



Hyperpolarized substrates were injected as continuous streams rather than as boluses, since bolus injections perturb both the oxygen level and the temperature of the cell mass. After flowing out of the HyperSense system, the sodium pyruvate solution was de-oxygenated in a device constructed in our laboratory (Figure 10). In the first stage, the sodium pyruvate solution flowed into a vented 50-cm3 glass cylinder that was filled with gaseous helium and 2 cm3 of the aqueous buffer. The final concentration of [1-13C]sodium pyruvate was 85 mM. After the pressure from the HyperSense system was fully vented, helium was used to force the partially de-oxygenated solution through a sterile filter. The solution subsequently flowed down the side of an 18-cm-long glass column (15 mm I.D.), where counter-current helium flow was used to remove additional oxygen. The de-oxygenated solution was injected into the continuously flowing perfusate with a peristaltic pump (Cole-Parmer) at the inlet of the NMR tube (Figure 9). The injection line comprised thick-walled PEEK tubing with an inner diameter of 0.76 mm (Small Parts, Inc, Logansport, IN, USA). The peristaltic tubing was FDA-compliant Viton tubing (Cole-Parmer, 0.8 mm I.D.), which has extremely low oxygen permeability. The HP injection flow rate was 10% of the total perfusate rate for all experiments. The hold-up volume of the injection line was 1.5 cm3. The line was filled with sterile cell culture medium from the perfusion line before each injection. The medium was pre-warmed as it was injected with an electrical resistance heater that was wrapped around the injection line. To inject the hyperpolarized substrate, the main perfusion pump was switched off and the HP injection pump was simultaneously turned on at a rate of 0.2 cm3/s (identical to the perfusion rate). This step was used to purge the dead volume of the injection line. After 12 s, the HP injection rate was reduced to 0.02 cm3/s and the perfusion pump was immediately turned on at a rate of 0.18 cm3/s. The two solutions were mixed in a Y-fitting at the inlet to the NMR tube. This procedure did not perturb the inlet medium temperature.




4.7. Small Metabolite Analysis


Glucose, lactate, and glutamine concentrations were determined with an immobilized enzyme analyzer (YSI 2950, YSI Inc., Yellow Springs, OH, USA). Metabolic fluxes were estimated as described previously [41].




4.8. Flow Cytometry


Following the completion of each perfusion experiment, a small sample of microcarriers was removed from the microcarrier bed with a pipette. The microcarriers were centrifuged at 2000 rpm for 4 min. The supernatant was aspirated and the cells were dissociated from the microcarriers with 0.25% trypsin. The trypsin was quenched with DMEM-S and the microcarriers were removed from the cell suspension with a 40-μm cell strainer (Fisher Scientific, Hampton, NH, USA). The cell suspension was centrifuged at 2000 rpm. The resultant cell pellet was re-suspended in 100 μL of diluted binding buffer and stained with Annexin V-FITC and propidium iodide (PI) (BD Biosciences, San Jose, CA, USA). The cell suspension was analyzed with an Accuri Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) until a total of 125,000 counts were accumulated. Cellular viability was determined using FlowJo software (FlowJo LLC, Ashland, OR, USA). Cells that stained positive for Annexin V-FITC and negative for PI were counted as apoptotic.




4.9. Western Analysis


HR-2 cells were grown in DMEM-S in 10-cm dishes for 24 h with 0.20 mM oxygen before they were moved to lower oxygen concentrations (0.04, 0.02, and 0.005 mM) for 48 h before harvest. At the time of harvest, cells were scraped into radioimmunoprecipitation lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) and sonicated. Protein levels in the lysates were quantified by BCA (Thermo Fisher Scientific). Western blot analysis was conducted with an electrophoresis chamber and semi-dry turbo transfer system (BioRad, Hercules, CA, USA). The antibodies used were: LDHA: mAB #3582, P-LDHA pAB #8176, HSP90 (mAB #4877) (Cell Signaling Technology, Danvers, MA, USA); MCT-1 (pAB: T-19, sc-14917) and MCT-4 (pAB: H-90, sc-50329) (Santa Cruz Biotechnology, Dallas, TX, USA).




4.10. Spectral Analyses


Spectral data were quantified by numerical integration with MNova (Mestrelab Research, Santiago de Compostela, Spain). The time to peak concentration of [1-13C]lactate TTPLP was determined by fitting the time course of the [1-13C]pyruvate and [1-13C]lactate data to sixth-order polynomials.





5. Conclusions


The methods presented in this work will be useful to identify new HP 13C substrates that are sensitive identifiers of hypoxia in solid cancers. They allow perfused cells to be cultured at reduced oxygen levels under controlled conditions. They are an improvement over previous methods in that oxygen levels in the cell mass are more homogeneous and the injection of the hyperpolarized material is accomplished without significant perturbation of the perfusate oxygen level or temperature.
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Appendix A


To determine the potential advantages of using radial flow, oxygen concentration profiles were calculated for both axial and radial flow perfusion schemes at the same cell density. A critical parameter for the calculations is the medium perfusion rate, expressed here as the superficial velocity (volumetric flow rate/void area). Experimentally, we observed that with a superficial velocity of 0.2 cm/s in 20-mm NMR tubes, HCC cells grow well in the microcarrier bed; shear stresses do not remove cells from the microcarriers or inhibit their growth. For comparison, in a previous study with perfused cells, 0.13 cm/s was commonly used with 10-mm NMR tubes [20].



The Reynolds number for flow in the microcarrier bed can be calculated from:


  R e =   ρ  V s   d m    ε μ    



(A1)




where ρ is density of the medium at 37 °C (0.99 gm/cm3), Vs is the superficial velocity of the medium in microcarrier bed, dm is the mean microcarrier diameter (170 microns), μ is the viscosity of the medium at 37 °C (0.70 cp), and ε is the void fraction in the microcarrier bed (0.40). Substitution of these values results in a Reynolds number of 0.47, indicating that the flow is laminar. Reynolds numbers of less than 1.0 are also commonly used for perfusing hepatocytes in bioartificial livers [42].



In order to estimate the oxygen concentration profiles in the calculations below, a superficial velocity of 0.2 cm/s was used. The axial dispersion of oxygen due to parabolic flow was neglected, which is appropriate for low Reynolds number flow in fixed beds [43].



To estimate the oxygen concentration profile in the microcarrier bed, the equation of continuity for a binary mixture was used [44]:


  v ·  ∇   [   O 2   ]  =  D   O 2      ∇  2   [   O 2   ]  +  R   O 2     



(A2)







In this equation,  v  is the medium velocity vector, [O2] is the concentration of oxygen, DO2 is the diffusivity of oxygen in cell culture medium, and    R   O 2      is the consumption rate of oxygen. If the extent of growth on the microcarriers is limited to a monolayer, no significant diffusion limitation in the cell mass or the boundary layer of the perfusate flowing past the cells will exist. For the reaction term, the oxygen consumption rate can be assumed to follow Michaelis–Menten kinetics [45]. With these assumptions, and the use of cylindrical coordinates, Equation (A2) becomes:


   v r    ∂  [   O 2   ]    ∂ r   +  v θ   1 r    ∂  [   O 2   ]    ∂ θ   +  v z    ∂  [   O 2   ]    ∂ z   =   − X  q   O  2 , m a x      [   O 2   ]    (  k m  +  [   O 2   ]  )    



(A3)




where X is the average cell density in the NMR tube qO2, max is the maximum oxygen consumption rate per cell, and km is the Michaelis constant for oxygen consumption. The first two terms can be neglected because there is no net convective flux in the r or θ directions. The remaining two terms for Equation (A3) can be separated and integrated:


   ∫     v z   (   k m  +  [   O 2   ]   )    X  q   O  2 , m a x      [   O 2   ]    d  [   O 2   ]  = −  ∫  d z  



(A4)







The medium velocity in the z direction can be expressed in terms of the medium feed rate (F), the cross-sectional area of the NMR tube, and the void fraction of the microcarrier bed: vz = F/(επR2). Substituting this expression, integrating and applying the initial condition at z = 0, [O2] = [O2]o results in:


  z =   F (    [   O 2   ]   o  −  [   O 2   ]  +  k m  ln  (     [   O 2   ]   o  /  [   O 2   ]   )  )   ε π  R 2  X  q   O  2 , m a x        



(A5)







Although, this result is not an explicit function of the oxygen concentration, it allows the calculation of the axial oxygen concentration profile in the z direction. For experiments in our laboratory, standard parameters were: F = 0.2 cm3/s and R = 0.9 cm. Additionally, for HCC cells, we commonly observed X = 1.4 × 107 cells/cm3 and qO2, max = 2.7 × 10−13 mmol/s/cell. The km value for HCC cells was not readily available in the published literature; a km of 5 mmHg (0.00624 mM) has been reported for perfused hepatocytes [42] and was assumed for the results shown in Figure 2.



For radial flow, Equation (A3) simplifies into:


   v r    d  [   O 2   ]    dr   =  R   O 2     



(A6)







Given that the medium is distributed through the cell mass from a central distributer, vr = F/(ε2πrh), where h is the height of the central distributer. Substituting this expression and the Michalis expression for RO2 into Equation (A6) gives:


   (   F  ε 2 π rh    )    d  [   O 2   ]    dr   =   − X  q   O  2 , m a x      [   O 2   ]     k m  +  [   O 2   ]     



(A7)







Separation of the variables, integration and application of the initial condition (at   r =  r i   , [O2] = [O2]o) gives the following result:


  r =    (   r i    2  +   F (    [   O 2   ]   o  −  [   O 2   ]  +  k m  ln  (     [   O 2   ]   o  /  [   O 2   ]   )  )   ε π h X  q   O  2 , m a x        )     1 2     



(A8)







With radial flow, the surface area available to perfuse the microcarrier bed is increased approximately 3-fold relative to axial flow; hence, for the same shear stress at the microcarrier surface, the perfusion rate, F, can be increased 3-fold to 0.6 cm3/s. The radial oxygen concentrations were determined with h = 4.3 cm and    r i  =   0.25 cm for the same three inlet oxygen concentrations as for axial flow. The results are shown at the bottom of Figure 2.





References


	



McGlynn, K.A.; Petrick, J.L.; El-Serag, H.B. Epidemiology of Hepatocellular Carcinoma. Hepatology 2021, 73 (Suppl. 1), 4–13. [Google Scholar] [CrossRef] [PubMed]

	



Singal, A.G.; Lampertico, P.; Nahon, P. Epidemiology and Surveillance for Hepatocellular Carcinoma: New Trends. J. Hepatol. 2020, 72, 250–261. [Google Scholar] [CrossRef]

	



Sarveazad, A.; Agah, S.; Babahajian, A.; Amini, N.; Bahardoust, M. Predictors of 5 Year Survival Rate in Hepatocellular Carcinoma Patients. J. Res. Med. Sci. 2019, 24, 86. [Google Scholar] [PubMed]

	



Kim, E.; Viatour, P. Hepatocellular Carcinoma: Old Friends and New Tricks. Exp. Mol. Med. 2020, 52, 1898–1907. [Google Scholar] [CrossRef] [PubMed]

	



Feng, J.; Li, J.; Wu, L.; Yu, Q.; Ji, J.; Wu, J.; Dai, W. Emerging roles and the regulation of aerobic glycolysis in hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 2020, 39, 126. [Google Scholar] [CrossRef]

	



Tenen, D.G.; Chai, L.; Tan, J.L. Metabolic alterations and vulnerabilities in hepatocellular carcinoma. Gastroenterol. Rep. 2021, 9, 1–13. [Google Scholar] [CrossRef]

	



Liu, Z.; Tu, K.; Wang, Y.; Yao, B.; Li, Q.; Wang, L.; Dou, C.; Liu, Q.; Zheng, X. Hypoxia Accelerates Aggressiveness of Hepatocellular Carcinoma Cells Involving Oxidative Stress, Epithelial-Mesenchymal Transition and Non-Canonical Hedgehog Signaling. Cell. Physiol. Biochem. 2017, 44, 1856–1868. [Google Scholar] [CrossRef]

	



Lin, C.-A.; Chang, L.-L.; Zhu, H.; He, Q.-J.; Yang, B. Hypoxic Microenvironment and Hepatocellular Carcinoma Treatment. Hepatoma Res. 2018, 4, 26. [Google Scholar] [CrossRef]

	



Peng, H.-S.; Liao, M.-B.; Zhang, M.-Y.; Xie, Y.; Xu, L.; Zhang, Y.-J.; Zheng, X.F.S.; Wang, H.-Y.; Chen, Y.-F. Synergistic Inhibitory Effect of Hyperbaric Oxygen Combined with So-rafenib on Hepatoma Cells. PLoS ONE 2014, 9, e100814. [Google Scholar]

	



Juengpanich, S.; Topatana, W.; Lu, C.; Staiculescu, D.; Li, S.; Cao, J.; Lin, J.; Hu, J.; Chen, M.; Chen, J.; et al. Role of Cellular, Molecular and Tumor Microenvironment in Hepatocel-lular Carcinoma: Possible Targets and Future Directions in the Regorafenib Era. Int. J. Cancer 2020, 147, 1778–1792. [Google Scholar] [CrossRef]

	



Xiong, X.X.; Qiu, X.Y.; Hu, D.X.; Chen, X.Q. Advances in Hypoxia-Mediated Mechanisms in Hepatocellular Carcinoma. Mol. Pharmacol. 2017, 92, 246–255. [Google Scholar] [CrossRef] [PubMed]

	



Golman, K.; Zandt, R.I.; Lerche, M.; Pehrson, R.; Ardenkjaer-Larsen, J.H. Metabolic Imaging by Hyperpolarized 13C Magnetic Resonance Imaging for in Vivo Tumor Diagnosis. Cancer Res. 2006, 66, 10855–10860. [Google Scholar] [CrossRef] [PubMed]

	



Day, S.E.; Kettunen, M.I.; Gallagher, F.A.; Hu, D.-E.; Lerche, M.; Wolber, J.; Golman, K.; Ardenkjaer-Larsen, J.H.; Brindle, K.M. Detecting Tumor Response to Treatment Using Hyperpolarized 13C Magnetic Resonance Imaging and Spectroscopy. Nat. Med. 2007, 13, 1382–1387. [Google Scholar] [CrossRef]

	



Chaumeil, M.M.; Larson, P.E.Z.; Woods, S.M.; Cai, L.; Eriksson, P.; Robinson, A.E.; Lupo, J.M.; Vigneron, D.B.; Nelson, S.J.; Pieper, R.O.; et al. Hyperpolarized [1-13C] Glutamate: A Metabolic Imaging Biomarker of IDH1 Mutational Status in Glioma. Cancer Res. 2014, 74, 4247–4257. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, S.J.; Kurhanewicz, J.; Vigneron, D.B.; Larson, P.E.Z.; Harzstark, A.L.; Ferrone, M.; van Criekinge, M.; Chang, J.W.; Bok, R.; Park, I.; et al. Metabolic Imaging of Patients with Prostate Cancer Using Hyperpolarized [1-13C] Pyruvate. Sci. Transl. Med. 2013, 5, 198ra108. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.-Y.; Aggarwal, R.; Bok, R.A.; Ohliger, M.A.; Zhu, Z.; Lee, P.; Gordon, J.W.; van Criekinge, M.; Carvajal, L.; Slater, J.B.; et al. Hyperpolarized 13C-Pyruvate MRI Detects Real-Time Metabolic Flux in Prostate Cancer Metastases to Bone and Liver: A Clinical Feasibility Study. Prostate Cancer Prostatic Dis. 2020, 23, 269–276. [Google Scholar] [CrossRef]

	



Miloushev, V.Z.; Granlund, K.L.; Boltyanskiy, R.; Lyashchenko, S.K.; DeAngelis, L.M.; Mellinghoff, I.K.; Brennan, C.W.; Tabar, V.; Yang, T.J.; Holodny, A.I.; et al. Metabolic Imaging of the Human Brain with Hyperpolarized 13C Pyruvate Demonstrates 13C Lactate Pro-duction in Brain Tumor Patients. Cancer Res. 2018, 78, 3755–3760. [Google Scholar] [CrossRef]

	



Chaumeil, M.M.; Najac, C.; Ronen, S.M. Studies of Metabolism Using 13C MRS of Hyperpolarized Probes. Methods Enzymol. 2015, 561, 1–71. [Google Scholar] [PubMed]

	



Witney, T.H.; Kettunen, M.I.; Hu, D.; Gallagher, F.A.; Bohndiek, S.E.; Napolitano, R.; Brindle, K.M. Detecting Treatment Response in a Model of Human Breast Adenocarcinoma Using Hyperpolarised [1-13C] Pyruvate and [1,4-13C2] Fumarate. Br. J. Cancer 2010, 103, 1400–1406. [Google Scholar] [CrossRef]

	



Mancuso, A.; Glickson, J. Applications of NMR Spectroscopy and Imaging to the Study of Immobilised Cell Physiology. In Fundamentals of Cell Immobilisation Biotechnology; Nedovic, V., Willaert, R., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2004; pp. 439–467. [Google Scholar]

	



Ugurbil, K.; Guernsey, D.L.; Brown, T.R.; Glynn, P.; Tobkes, N.; Edelman, I.S. 31P NMR Studies of Intact Anchorage-Dependent Mouse Embryo Fibroblasts. Proc. Natl. Acad. Sci. USA 1981, 78, 4843–4847. [Google Scholar] [CrossRef]

	



Neeman, M.; Rushkin, E.; Kadouri, A.; Degani, H. Adaptation of Culture Methods for NMR Studies of Anchorage-Dependent Cells. Magn. Reson. Med. 1988, 7, 236–242. [Google Scholar] [CrossRef] [PubMed]

	



Pilatus, U.; Shim, H.; Artemov, D.; Davis, D.; van Zijl, P.C.; Glickson, J.D. Intracellular Volume and Apparent Diffusion Constants of Perfused Cancer Cell Cultures, as Measured by NMR. Magn. Reson. Med. 1997, 37, 825–832. [Google Scholar] [CrossRef]

	



Pilatus, U.; Aboagye, E.; Artemov, D.; Mori, N.; Ackerstaff, E.; Bhujwalla, Z.M. Real-Time Measurements of Cellular Oxygen Consumption, PH, and Energy Metabolism Using Nuclear Magnetic Resonance Spectroscopy. Magn. Reson. Med. 2001, 45, 749–755. [Google Scholar] [CrossRef]

	



Mancuso, A.; Beardsley, N.J.; Wehrli, S.; Pickup, S.; Matschinsky, F.M.; Glickson, J.D. Real-Time Detection of 13C NMR Labeling Kinetics in Perfused EMT6 Mouse Mammary Tumor Cells and BetaHC9 Mouse Insulinomas. Biotechnol. Bioeng. 2004, 87, 835–848. [Google Scholar] [CrossRef]

	



McKeown, S.R. Defining Normoxia, Physoxia and Hypoxia in Tumors-Implications for Treatment Response. Br. J. Radiol. 2014, 87, 20130676. [Google Scholar] [CrossRef]

	



Ortiz-Prado, E.; Dunn, J.F.; Vasconez, J.; Castillo, D.; Viscor, G. Partial Pressure of Oxygen in the Human Body: A General Review. Am. J. Blood Res. 2019, 9, 1–14. [Google Scholar]

	



Hsu, C.-C.; Wu, L.-C.; Hsia, C.-Y.; Yin, P.-H.; Chi, C.-W.; Yeh, T.-S.; Lee, H.-C. Energy Metabolism Determines the Sensitivity of Human Hepatocellular Carcinoma Cells to Miochondrial Inhibitors and Biguanide Drugs. Oncol. Rep. 2015, 34, 1620–1628. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Zuo, X.; Zhang, Y.; Han, G.; Zhang, L.; Wu, J.; Wang, X. MiR-3662 Suppresses Hepatocellular Carcinoma Growth through Inhibition of HIF-1α-Mediated Warburg Effect. Cell Death Dis. 2018, 9, 549. [Google Scholar] [CrossRef] [PubMed]

	



DeBerardinis, R.J.; Mancuso, A.; Daikhin, E.; Nissim, I.; Yudkoff, M.; Wehrli, S.; Thompson, C.B. Beyond Aerobic Glycolysis: Transformed Cells Can Engage in Glutamine Metabolism That Exceeds the Requirement for Protein and Nucleotide Synthesis. Proc. Natl. Acad. Sci. USA 2007, 104, 19345–19350. [Google Scholar] [CrossRef] [PubMed]

	



Shestov, A.A.; Mancuso, A.; Lee, S.-C.; Guo, L.; Nelson, D.S.; Roman, J.C.; Henry, P.-G.; Leeper, D.B.; Blair, I.A.; Glickson, J.D. Bonded Cumomer Analysis of Human Melanoma Metabolism Monitored by 13C NMR Spectroscopy of Perfused Tumor Cells. J. Biol. Chem. 2016, 291, 5157–5171. [Google Scholar] [CrossRef]

	



Mancuso, A.; Fernandez, E.J.; Blanch, H.W.; Clark, D.S. A Nuclear Magnetic Resonance Technique for Determining Hybridoma Cell Concentration in Hollow Fiber Bioreactors. Bio/Technology 1990, 8, 1282–1285. [Google Scholar]

	



Cima, L.G.; Blanch, H.W.; Wilke, C.R. A Theoretical and Experimental Evaluation of a Novel Radial-Flow Hollow Fiber Reactor for Mammalian Cell Culture. Bioprocess Eng. 1990, 5, 19–30. [Google Scholar] [CrossRef]

	



Søgaard, L.V.; Schilling, F.; Janich, M.A.; Menzel, M.I.; Ardenkjaer-Larsen, J.H. In Vi-vo Measurement of Apparent Diffusion Coefficients of Hyperpolarized 13C-Labeled Metab-olites. NMR Biomed. 2014, 27, 561–569. [Google Scholar] [CrossRef]

	



Carr, E.J. Characteristic Time Scales for Diffusion Processes through Layers and across Interfaces. Phys. Rev. E 2018, 97, 042115. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez, E.J.; Mancuso, A.; Murphy, M.K.; Blanch, H.W.; Clark, D.S. Nuclear Magnetic Resonance Methods for Observing the Intra-cellular Environment of Mammalian Cells. Ann. N. Y. Acad. Sci. 1990, 589, 458–475. [Google Scholar] [CrossRef] [PubMed]

	



Ackerstaff, E.; Artemov, D.; Gillies, R.J.; Bhujwalla, Z.M. Hypoxia and the Presence of Human Vascular Endothelial Cells Affect Prostate Cancer Cell Invasion and Metabolism. Neoplasia 2007, 9, 1138–1151. [Google Scholar] [CrossRef] [PubMed]

	



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, 18131–18136. [Google Scholar] [CrossRef] [PubMed]

	



Thièry, J.P.; Blazsek, I.; Legras, S.; Marion, S.; Reynes, M.; Anjo, A.; Adam, R.; Misset, J.L. Hepatocellular Carcinoma Cell Lines from Diethylnitrosamine Phenobarbital-Treated Rats. Characterization and Sensitivity to Endothall, a Protein Serine/Threonine Phospha-tase-2A Inhibitor. Hepatology 1999, 29, 1406–1417. [Google Scholar] [CrossRef] [PubMed]

	



Monson, L.; Moon, S.I.; Extrand, C.W. Permeation Resistance of Poly(Ether Ether Ketone) to Hydrogen, Nitrogen, and Oxygen Gases. J. Appl. Polym. Sci. 2013, 127, 1637–1642. [Google Scholar] [CrossRef]

	



Mancuso, A.; Sharfstein, S.T.; Tucker, S.N.; Clark, D.S.; Blanch, H.W. Examination of Primary Metabolic Pathways in a Murine Hybridoma with Carbon-13 Nuclear Magnetic Resonance Spectroscopy. Biotechnol. Bioeng. 1994, 44, 563–585. [Google Scholar] [CrossRef]

	



Ledezma, G.A.; Folch, A.; Bhatia, S.N.; Balis, U.J.; Yarmush, M.L.; Toner, M. Numerical Model of Fluid Flow and Oxygen Transport in a Radial-Flow Microchannel Containing Hepatocytes. J. Biomech. Eng. 1999, 121, 58–64. [Google Scholar] [CrossRef] [PubMed]

	



Delgado, J.M.P.Q. A Critical Review of Dispersion in Packed Beds. Heat Mass Transf. 2006, 42, 279–310. [Google Scholar] [CrossRef]

	



Bird, R.B.; Stewart, W.E.; Lightfoot, E.N. Transport Phenomena, 2nd ed.; John Wiley and Sons: Hoboken, NJ, USA, 2006. [Google Scholar]

	



Kirkpatrick, J.P.; Brizel, D.M.; Dewhirst, M.W. A Mathematical Model of Tumor Oxygen and Glucose Mass Transport and Metabolism with Complex Reaction Kinetics. Radiat. Res. 2003, 159, 336–344. [Google Scholar] [CrossRef]








[image: Metabolites 11 00576 g001 550] 





Figure 1. Overview of metabolism of [1-13C] pyruvate in cancer cells. MCT = monocarboxylic acid transporters; SLC-Naa = solute carrier protein for neutral amino acids. 
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Figure 2. Calculated oxygen profiles for axial and radial flow across the length of the respective cell masses. The flow orientations in the NMR tubes are shown in the small schematic inserts. For both flow configurations, the cell density was assumed to be 1.4 × 107 cells/cm3 and the oxygen consumption rate per cell was assumed to be 2.7 × 10−13 mmol/s/cell. With axial flow (left), the reduction in the oxygen level through the cell mass is much larger than it is with radial flow (right). At the lowest inlet level of 0.02 mM (gas phase 16 mmHg of oxygen), the oxygen is essentially depleted less than halfway to the top of the NMR tube with axial flow. In contrast, with radial flow, the oxygen level is more homogeneous and oxygen is available throughout the cell mass. 
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Figure 3. Measured perfusate oxygen levels during growth with axial flow perfusion. Cells were grown on microcarriers for 40 h (top). As the cell number increased over the first 27 h, the oxygen consumption rate (OCR) increased to 0.08 mmol/h and the oxygen concentration in the outlet medium declined to approximately 0.07 mM (middle). When the inlet oxygen concentration was reduced from approximately 0.18 mM to 0.04 mM, the cell mass became oxygen limited and the oxygen consumption rate dropped to 0.04 mmol/h. Calculated oxygen profiles for inlet oxygen levels of 0.18 mM and 0.04 mM confirm that oxygen is limiting at the lower oxygen concentration (bottom). 
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Figure 4. 31P NMR results for the axial flow experiment summarized in Figure 3. The spectrum at the top of the figure was obtained with 2400 scans at the end of the normoxic period. The time course for the nucleoside triphosphates is shown in the bottom of the figure. Reduction of the inlet medium oxygen level from 0.18 mm to 0.04 mM halted the increase in the NTP level. The glucose and lactate results indicate that reduction of the oxygen level resulted in a metabolic shift toward anaerobic glycolysis. 
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Figure 5. Conversion of hyperpolarized [1-13C]pyruvate to [1-13C]lactate is impacted by the oxygen level. At 0.18 mM oxygen, [1-13C]pyruvate is converted primarily to [1-13C]lactate; some is also converted to [1-13C]alanine (top stacked plot). The [1-13C]urea is a non-metabolic external standard. The blue spectrum below the stacked plot was acquired at the time of the highest level of lactate. Reducing the oxygen level to 0.04 mM produced a higher peak level of lactate (red spectrum). The normalized kinetic profiles for the two injections are shown below the spectra. The smoothed curves are least-square-fit sixth-order polynomials that were used to determine the TTPLP. At the bottom of the figure are Western blot results for cells grown at 4 different oxygen levels in 10 cm dishes (bottom). These demonstrate increases in LDHA, phosphorylated LDHA, MCT-1, and MCT-4 at reduced oxygen concentrations. 
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Figure 6. Comparison of axial and radial flow before and after oxygen limitation. Cultures perfused with medium near air saturation were grown to approximately identical levels of oxygen consumption. The difference between the inlet and outlet oxygen levels with axial flow was far greater than for radial flow (top and third graphs); the oxygen consumption rate profiles were similar (second and fourth graphs). When the inlet concentration was reduced to 0.06 mM, the outlet oxygen level with axial flow was below the detectable limit. However, it remained well above that value with radial flow. 
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Figure 7. Flow cytometry results for cell perfusion experiments. For the axial flow experiment, 24 h of perfusion at an inlet oxygen concentration of 0.061 mM resulted in significant induction of apoptosis, the extent of which increased with increasing depth in the cell mass (left). For radial flow, the extent of apoptosis was small with 0.065 mM inlet oxygen due to improved oxygen transport (right). 
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Figure 8. Kinetic profiles of [1-13C] pyruvate (red trace) and [1-13C] lactate (blue trace) for cells with axial (left) and radial (right) perfusion in DMEM-I. The smoothed curves are least-square-fit sixth-order polynomials that were used to determine the time-to-peak. 
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Figure 9. Radial flow perfusion system for microcarrier-immobilized cells. The perfusion system was similar to the one described previously for axial flow [25]. The medium was circulated through a continuous loop that included a peristaltic pump, a gas exchange module, two oxygen probes (one for the inlet medium and one for the outlet), a P/I/D-controlled heater, the NMR tube with microcarrier-immobilized cells, a secondary temperature probe, a computer for continuous calculation of the oxygen consumption rate, a pH probe, and a medium recirculation bottle. To prevent depletion of metabolites in the recirculating medium, a continuous feed of fresh medium was used in conjunction with continuous waste removal. 
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Figure 10. System used for injecting oxygen depleted solutions containing hyperpolarized substrates into the NMR tube. Two stages of helium sparging were used to ensure thorough oxygen removal. Sterile filters were used for both the helium and the hyperpolarized solutions before the second stage. 
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Table 1. Effects of oxygen limitation on oxygen consumption rate and total NTP levels for axial and radial flow. Cells were perfused with DMEM-S before the oxygen reduction and DMEM-I after the oxygen reduction.






Table 1. Effects of oxygen limitation on oxygen consumption rate and total NTP levels for axial and radial flow. Cells were perfused with DMEM-S before the oxygen reduction and DMEM-I after the oxygen reduction.





	
Axial

	
Radial




	

	
Initial

	
Post O2 Reduction

	

	
Initial

	
Post O2 Reduction






	
Inlet O2 (mM)

	
0.168 ± 0.012

	
0.061 ± 0.001

	
Inlet O2 (mM)

	
0.183 ± 0.001

	
0.065 ± 0.003




	
Outlet O2 (mM)

	
0.051 ± 0.000

	
<0.0002

	
Outlet O2 (mM)

	
0.139 ± 0.000

	
0.014 ± 0.000




	
OCR (mmol/h)

	
0.083 ± 0.000

	
0.044 ± 0.001

	
OCR (mmol/h)

	
0.086 ± 0.003

	
0.097 ± 0.001




	
NTP (normalized)

	
0.14 ± 0.01

	
0.05 ± 0.01

	
NTP (normalized)

	
0.09 ± 0.01

	
0.08 ± 0.01
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