


 
 

 

ABSTRACT  

 
Hyperpolarized [1-13C]Pyruvate-to-[1-13C]Lactate Conversion is 
Rate Limited by Monocarboxylate Transporter-1 in the Plasma 

Membrane 

by 

Yi Rao 

 

Hyperpolarized [1-13C]pyruvate magnetic resonance spectroscopic imaging 

(MRSI) is a non-invasive metabolic imaging modality intended to inform the state 

of metabolic reprograming and carbon flux in tumors. Elevated hyperpolarized [1-

13C]pyruvate-to-[1-13C]lactate conversion rates in aggressive tumors have been 

reported to be associated with enhanced glycolytic flux and lactate dehydrogenase 

A (LDHA) activity (Warburg effect). Herein, cross-sectional analysis using genetic 

and pharmacological tools in mechanistic studies applied to well-defined 

genetically-engineered cell lines and tumors demonstrated that initial 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates as well as global 

conversion were highly dependent on and critically rate-limited by the 

transmembrane influx of [1-13C]pyruvate mediated predominated by 

monocarboxylate transporter-1 (MCT1). Specifically, in a diffusion-unlimited cell-

encapsulated alginate bead model, induced siRNA knockdown or overexpression 

of MCT1 quantitatively inhibited or enhanced, respectively, unidirectional pyruvate 

influxes and [1-13C]pyruvate-to-[1-13C]lactate conversion rates, independent of 



 
 

LDHA activity. Similarly, in tumor models in vivo, hyperpolarized [1-13C]pyruvate-

to-[1-13C]lactate conversion was highly dependent on and critically rate-limited by 

the induced transmembrane influx of [1-13C]pyruvate mediated by MCT1. 

Furthermore, Kaplan Meier survival analysis for patients with pancreatic, renal, 

lung and cervical cancers showed that high-level expression of MCT1 correlated 

with poor overall survival, and in selected tumors, MCT1 expression correlated 

with LDHA expression; thus, hyperpolarized [1-13C]pyruvate MRSI may provide a 

non-invasive functional assessment of MCT1 as a prognostic marker in select 

patient populations. Overall, hyperpolarized [1-13C]pyruvate MRSI primarily 

measures MCT1-mediated [1-13C]pyruvate transmembrane influx in vivo, not 

glycolytic flux or LDHA activity, driving a re-interpretation of this maturing new 

technology during clinical translation. 
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Chapter 1  

 

Introduction: Cellular Metabolism 

 

1.1 Normal Cell Metabolism 

Glucose is one of the most essential nutrients that support cell survival and 

biosynthesis 1.  Cells harness energy through the process of glucose catabolism 

in the form of ATPs via serial steps of oxidation reactions. In normal mammalian 

cells under aerobic conditions, glucose undergoes full oxidative phosphorylation in 

mitochondria to produce CO2 with a maximal energy output of 37 ATPs. In 

contrast, under anaerobic conditions, glucose is fermented to produce lactate as 

the end product with 2 net ATP produced. In most cancers, even under aerobic 

conditions,  metabolic reprogramming can lead to lactate production, a state known 

as aerobic glycolysis 2,3. Based on the net ATP output per glucose, glucose 

fermentation is a less efficient way of energy extraction compared to oxidative 

phosphorylation. However, the rate of glucose fermentation is much faster than 

oxidative phosphorylation 4. In addition to energy extraction, glucose catabolism 

also helps to maintain a pool of carbon intermediates, which can serve as building 

blocks for biosynthesis of macromolecules required for cell proliferation. For 

instance, glycolytic substrates such as glucose 6-phosphate, fructose 6-
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phosphate, dihydroxyacetone, 3-phosphoglycerate, phosphoenolpyruvate as well 

as pyruvate all can serve as intermediate precursors supporting syntheses of 

amino acids, nucleotides, lipids, amino sugars, and glycoproteins (Figure 1.1). 

Citric acid (TCA) cycle substrates, primarily citrate, -ketoglutarate, succinyl CoA, 

and oxaloacetate are intermediate building blocks for cholesterol fatty acids, 

glutamate, amino acids, and nucleotides (Figure 1.1). Furthermore, the oxidation 

process of glucose also generates reducing equivalents, including NADH and 

FADH2. Glycolysis generates 2 NADH, whereas the TCA cycle generates 6 NADH 

and 2 FADH2, which are further oxidized through the electron transport chain for 

maximal ATP generation. Note that the generation of NADH and NADPH are also 

important for maintaining intracellular reactive oxygen species (ROS) balance, as 

well as coupling with other biosynthesis reactions.   

 

Figure 1.1 Major substrates for biosynthesis in glycolysis pathway and TCA cycle. 
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1.2 Cancer Cell Metabolism 

1.2.1 Early observation of the Warburg effect  

In the 1920s, a German physiologist, Otto Warburg, first described the 

observation that cancer cells consume considerably larger amounts of glucose 

compared to most non-proliferating normal cells 5. Furthermore, tumors exhibit 

enhanced lactate fermentation even in the presence of oxygen and functional 

mitochondria. This phenomenon is known as the Warburg effect 4. The early 

interpretation of the Warburg effect attributed the observed elevated aerobic 

glycolysis across various cancers to impaired mitochondria, which was 

hypothesized as the primary cause of carcinogenesis 6.  

1.2.2 Molecular basis of the Warburg effect  

Later on, many studies have discovered that enhanced aerobic glycolysis 

observed across tumors is regulated by growth factor signaling, which is further 

orchestrated by activation of oncogenes and loss of function of tumor suppressors 4. The 

activation of RAS or SRC oncogenes have been demonstrated to enhance glucose uptake 

by upregulating glucose transporter (GLUT1) mRNA expression 7. In addition, Fujinami 

sarcoma virus (FSV) transformation 8 as well as various growth factors have also been 

reported to induce GLUT1 expression 9. Alternatively, loss of function of PTEN as well as 

p53 deficiency lead to activation of the PI3K/AKT pathway, which promotes GLUT1 

expression and further activates various glycolytic enzymes, including 

phosphofructokinase 2 (PFK2), hexokinase 2 (HK2), fructose 2,6- bisphosphate (F2,6 

BP), and phosphofructokinase 1 (PFK1) 10. Furthermore, activation of the c-MYC 

oncogene also elevates expression of GLUT1, hexokinase (HK), phosphofructokinase 
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(PFK), and lactate dehydrogenase A (LDHA) 11. Importantly, induction of hypoxia-inducible 

factor 1 alpha (HIF-1 ) upregulates GLUT1 expression, enhances LDHA activity, and 

inhibits pyruvate dehydrogenase (PDH) preventing pyruvate flux into the TCA cycle, which 

further limits oxidative phosphorylation 12. Collectively, alterations of both oncogenes and 

tumor suppressors as well as their downstream signaling cascades contribute to metabolic 

phenotypes, which is simplified as the conventional Warburg effect.  

1.2.3 Controversy over the Warburg effect  

Contrary to the original explanation of the Warburg effect, Weinhouse 

challenged the consistency of the Warburg effect observing that differentiated 

hepatoma cells were more dependent on oxidative phosphorylation 13. 

Furthermore, it has been reported that the tumor proliferation rate appeared to 

correlate with the dependence of glycolysis, wherein fast-growing hepatoma 

(3924A) are highly glycolytic 14. Later, Efraim Racker suggested that respiratory 

capacity varied among different tumor types proposing that the observed Warburg 

effect could be due to imbalanced intracellular pH or impaired ATPase activity 15. 

With advanced techniques, quantitative interrogation of mitochondrial functionality 

now has allowed more detailed characterization of tumor respiratory capacity. 

Research has shown that the Warburg effect is inconsistent across all tumors, as 

gliomas, hepatomas, and breast cancers are capable of oxidative phosphorylation, 

and are more oxidative 16,17. Recent findings proposed a new concept of metabolic 

flexibility, a dynamic balance between glycolysis and oxidative phosphorylation, 

observed in many cancers, including cervical, breast, and pancreatic cancers 17-19. 

The percentage of ATP generated through glycolysis versus oxidative 
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phosphorylation is largely tumor type-dependent 19,20. Because aerobic glycolysis 

is a less efficient mechanism for ATP generation compared to mitochondrial 

oxidative phosphorylation, the potential roles and alternative contributions of the 

Warburg effect to homeostasis will be presented in Chapter 5. 

Although the interpretation of the Warburg effect has been controversial, 

enhanced glucose uptake has been considered a canonical cancer-associated 

metabolic phenotype. Indeed, increased glucose consumption was consistently 

observed across a wide range of tumors, which has been interpreted as a 

manifestation of an orchestrated oncogenic signaling cascade and metabolic 

reprogramming. Avid glucose consumption, as a cancer-associated metabolic 

signature, has created opportunities for mechanism-based oncologic metabolic 

imaging.  
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Chapter 2  

 

Background: Imaging Metabolism 

 

2.1 Positron Emission Tomography (PET)  

2.1.1 PET mechanism 21 

Positron emission tomography (PET) is a medical imaging modality that 

captures oppositely directed annihilation photons in coincidence and reconstructs 

the location of the positron-emitting radiopharmaceuticals that produce the 

annihilation photons. As a non-invasive imaging modality, PET uses injectable 

radioactive isotopes as the source of radiation imaging. After injection, a 

radionucli , wherein a proton inside the nucleus is converted 

into a neutron while releasing a positive electron  +, positron), resulting in a 

decrease of protons by 1 and transforming into a different element [Eq. 2.1]. The 

emitted positron then travels a small distance losing its kinetic energy via ionization 

and excitation in the absorber. Eventually, the positron annihilates with an electron 

and converts mass to energy, emitting a pair of 511 KeV annihilation photons that 

leave the annihilation point on trajectories that are approximately 180 degrees 

apart from each other. The characteristic of simultaneous emission of two nearly 

opposite annihilation photons enables the localization of the positron emitting 
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radionuclide via coincidence detection. During this process, scintillation detectors 

are placed in a ring around the positron emitting radionuclide. When a pair of 

annihilation photons are detected near-simultaneously, the annihilation event 

should localize along the coincidence line between two detected annihilation 

photons (Figure 2.1). With an increasing number of detector pairs surrounding the 

positron emitting source and intersections of many coincidence lines, the source 

of annihilation is then reconstructed 21.  

                 [Eq. 2.1] 

Where A is the mass number, Z represents proton number,  represents an 

electron neutrino. 

 

Figure 2.1. A schematic diagram of positron emission, annihilation, and detection.  

 

For PET imaging, a trace amount (10-6 - 10-9 g) of radioactive material is 

administered with minimal pharmacological effect, enabling the probing of the 

biological system with negligible effects on the innate metabolism and physiology 
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22. After the first whole-body PET images were published in 1976 23, various 

radioactive isotopes, including carbon-11 (11C), nitrogen-13 (13N), oxygen-15 (15O), 

and fluorine-18 (18F) were used in PET applications. Among them, 18F is one of the 

most commonly used PET isotopes due to its translationally feasible half-life 

(T1/2=110 min), low positron energy, and high imaging resolution. 

 

2.1.2 18F-FDG PET 

18F-FDG was first synthesized in 1978 24, and the first 18F-FDG PET was 

performed at the University of Pennsylvania in 1979 25-27. Essentially, 18F-FDG is 

a glucose analog that substitutes the hydroxyl group on C-2 with a positron emitting 

18F, enabling PET imaging. Due to the structural similarity between 18F-FDG and 

glucose, 18F-FDG is transported across the plasma membrane via glucose 

transporters. Intracellular 18F-FDG is then phosphorylated by hexokinase, the first 

step of glycolysis, to form 18F-deoxy glucose-6-phosphate (18F-FDG-6-phosphate) 

28. 18F-FDG-6-phosphate fails to continue onto the later steps of glycolysis due to 

the replacement of the hydroxyl group with the 18F at the C-2 position. Hence, 18F-

FDG-6-phosphate is trapped inside cells, and it can only slowly leave the cell via 

glucose-6-phosphatase activity 29. 18F-FDG PET can be quantified using the 

standardized uptake value (SUV), which is defined as the concentration of 

radioactivity in a region of interest from imaging voxels corrected for injected dose 

and body weight [Eq. 2.2]. Overall, 18F-FDG PET provides the combined metabolic 

information of 18F-FDG uptake, hexokinase activity, and 18F-FDG-6-phosphate 

trapping as a quantitative assessment of the glycolytic state of cells. 18F-FDG PET 
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suffers from limited spatial resolution and 18F-FDG PET fails to elucidate 

anatomical information. Herein, 18F-FDG PET in combination with CT has been 

widely used for cancer metabolic imaging, wherein 18F-FDG PET informs the 

glycolytic activity of cells while CT provides anatomical information. 

                                [Eq. 2.2] 

Where [18F-FDG] is the concentration of 18F-FDG.  ROI is the region of interest. 

 

2.1.3 18F-FDG PET Applications 

Glucose is one of the most essential nutrient sources to support 

bioenergetics and biosynthesis. To meet the high energy and synthesis demands 

required for growth and proliferation, cancer cells exhibit activated RAS and 

PI3K/AKT signaling, which upregulate the expression of glucose transporter 

(GLUT1) 7,10. As discussed previously, enhanced glucose uptake and utilization 

have been identified as cancer-associated metabolic hallmarks 30. Such cancer-

associated metabolic characteristics have created opportunities for oncologic 

metabolic imaging. In 2000, the Food and Drug Administration (FDA) approved 

18F-FDG PET as a non-invasive cancer metabolic imaging agent based on 

increased glucose consumption that assists the evaluation of tumor malignancy 

among cancer patients and suspected individuals  22. Since then, 18F-FDG PET 

has been commonly used in cancer diagnosis, staging, re-staging, surveillance, 

therapeutic response monitoring, and radiotherapy planning 31. With the compiled 

meta-analysis of published clinical studies, 18F-FDG PET has been recommended 
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for use as an imaging biomarker in breast, colorectal, esophageal, head and neck, 

lung, pancreatic, and thyroid cancers 22,31.  

One of the most well-characterized applications of 18F-FDG PET is its utility 

in head and neck cancers. Aside from the standard of care imaging protocol using 

MRI or CT, 18F-FDG PET/CT is potentially more efficient for the diagnosis of 

unknown primary tumors, detection of distant metastases, and staging and 

recurrence monitoring of head and neck cancers 22,31. The improved imaging 

sensitivity using 18F-FDG PET/CT can potentially benefit various clinical practices 

by selecting more effective treatment solutions, and also for early metastasis 

detection and tumor staging 32-36. Furthermore, high 18F-FDG uptake is correlated 

with poor survival but better response to radiotherapy in head and neck cancer 

37,38, which can assist therapeutic decisions.  

In esophageal cancer, 18F-FDG uptake is an indicator of pretreatment 

staging to detect distant metastases, lymph node disease, disease free survival 

and recurrence 22. In addition, based on the pooled clinical data analysis, Fletcher 

et al. proposed that 18F-FDG PET/CT can be used as a diagnostic tool for lung 

cancer patients with solitary pulmonary nodules, pancreatic cancer when CT 

imaging is inconclusive, and for patients with unknown primary tumors. 

Furthermore, 18F-FDG PET/CT can be used for staging in colorectal cancer, 

lymphoma, non-small cell lung cancer, and distant metastases of melanoma, and 

has also been found to be beneficial for monitoring cancer relapse in breast cancer 

and colorectal cancer 22.  
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2.1.4 Limitations 

Although 18F-FDG PET is indicative of glucose uptake, phosphorylation, 

and entrapment that effectively correlates with tumor metabolism, it has 

compromised specificity when competing signal arise from adjacent normal tissues 

with inherently high glycolytic activity. For instance, the normal brain has a high 

FDG uptake resulting in high background and a low signal to noise ratio (SNR), 

rendering brain tumor detection challenging 39. In addition, 18F-FDG entrapment is 

elevated in infectious tissues where granulocytes and neutrophils are glucose avid, 

making it difficult to distinguish infections from tumors 40-43. Furthermore, in 

pancreatic cancer, 18F-FDG uptake can be confounded by pancreatitis-induced 

local inflammation, because inflammation after radiation therapy can also lead to 

false-positive evaluation 44. Also, 18F-FDG uptake is high in inflammatory foci, 

sarcoidosis, and tuberculosis, rendering a higher false-positive rate in these cases 

43,45. Moreover, 18F-FDG signals from urine excretion can compete with 18F-FDG 

PET signals in bladder and prostate tumor applications 43. Enhanced 18F-FDG 

uptake is also observed in normal tissues such as ureters, bowel, lymphatic 

tissues, thymus, brown fat and muscle 22. Aside from compromised specificity, 18F-

FDG PET also has limited sensitivity that is affected by tumor size 46. 

Consequently, small tumors are more susceptible to false negative diagnosis due 

to lower 18F-FDG uptake of small tumors. Indeed, it is reported that 18F-FDG 

PET/CT is a less reliable imaging modality for screening and diagnosing breast 

tumors <10 mm in diameter due to its low sensitivity 47.  
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Most importantly, 18F-FDG PET measures glucose uptake and trapping via 

hexokinase 1, the first step of glucose metabolism. However, 18F-FDG PET fails to 

capture the downstream metabolism of the glycolysis pathway or the fate of 

glucose metabolism, which can be important for cancer diagnosis as well as 

prognosis, prediction of treatment effect before starting treatment, and evaluation 

of early response to treatment. Hence, efforts in developing agents that monitor 

metabolic alterations along with metabolite transformation in vivo have motivated 

the field of cancer metabolic imaging. Due to the inherent mechanistic limitations 

of 18F-FDG PET, an alternative characteristic of dysregulated cancer metabolism 

that has gained much focus is the enhanced conversion of pyruvate to lactate, 

which is also observed in the majority of tumors 4. 
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2.2 Magnetic Resonance Imaging (MRI) 

2.2.1 Magnetic Resonance Imaging (MRI) 21 

Magnetic resonance imaging is an imaging modality based on magnetic 

characteristics (magnetic moment) of unpaired spinning protons (spin) in the 

presence of an external magnetic field. At room temperature and thermal dynamic 

equilibrium, the magnetic moment of free or bounded protons are spinning at 

random orientations due to thermal energy. When an external static magnetic field 

is applied, magnetic forces lead the magnetic moment of spinning protons to align 

in either parallel (along the external field) or antiparallel (against the external field) 

energy states. Antiparallel spins possess slightly higher energy than parallel spins, 

and the energy separation between these two states is proportional to the external 

magnetic field (and temperature). The energy threshold required to align a nuclear 

spin against the magnetic field is low, and thus, at 25°C and 3T magnetic field, 

nuclear spins could easily flip back and forth between parallel and antiparallel 

states over time due to thermal fluctuation. Herein, at 25°C, 3T magnetic field, and 

thermodynamic equilibrium, the detectable magnetic moment produced by net 

excess protons in a  parallel state is ~10 per million protons. Although, the 

magnetic moment from a single proton is weak, the proton concentration in an 

imaging voxel is ~55 M, which makes proton MRI imaging translationally feasible.                         

Furthermore, a proton in an external magnetic field precesses at an angular 

0) proportional to the strength of the external magnetic field. Such 

angular frequency is described by the Larmor equation [Eq. 2.3]. The gyromagnetic 
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ratio unique to each element confers different elements with spectroscopic 

fingerprints.  

0 = B0                                                  [Eq. 2.3] 

= gyromagnetic ratio, a physical constant unique to each type of NMR-active 
nucleus in units of MHz/Tesla 

 = magnetic field strength in Tesla 
 

For imaging application, gradient fields along x, y, z dimensions are applied 

to generate location-dependent Larmor frequencies and phases of protons. 

Hence, the irradiation of a specific radiofrequency can only excite protons within a 

particular region of the gradient field allowing spatial mapping of signals with 

different frequencies and phases using Fourier transformation, which ultimately 

enables MRI.  

1H MRI is widely used for clinical anatomical imaging due to the high 

concentration of 1H presented in the human body. Metabolic imaging using 

isotopes such as 13C or 15N is less practical due to their low natural abundance as 

well as smaller gyromagnetic ratio. For spin ½ species including 1H and 13C, 

Boltzmann statistics [Eq. 2.4] govern spin polarization, which is the spin population 

difference between parallel and antiparallel states.  

                [Eq. 2.4]                                                                                                                          

n+ = the number of parallel spins 
n- = the number of antiparallel spins 
h  
T = temperature in Kelvin 

 = Boltzmann constant 
= gyromagnetic ratio, a physical constant unique to each type of NMR-active 

nucleus in units of MHz/Tesla 
 = magnetic field strength in Tesla 
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MRI is intrinsically a relatively insensitive imaging modality compared to 

PET. Based on the equation of Boltzmann statistics, one solution to improve MRI 

sensitivity is to increase the strength of a magnetic field. However, the cost 

associated with increasing the strength of a magnetic field is approximately one 

Tesla per one million dollars 48. Alternatively, decreasing temperature can also 

increase nuclear spin polarization. However, this would require a sample to be 

cooled close to absolute zero, to achieve ~ 2 orders of magnitude increase in 

nuclear spin polarization. Close to absolute zero cooling could potentially restrain 

the translational application of hyperpolarization.  

 

2.2.1 Dynamic Nuclear Polarization 

Spin polarization can vary drastically between different subatomic species 

as the polarization of an electron is approximately three orders of magnitude higher 

than the polarization of  13C  49. In 1953, Albert Overhauser proposed the concept 

of dynamic nuclear polarization (DNP) by transferring the polarization from highly 

polarized electron spins to poorly polarized nuclear spins 50. With the advancement 

in dissolution-dynamic nuclear polarization (d-DNP) technology spearheaded by 

Ardenkjaer-Larsen et al., a >10,000-fold enhancement in signal-to-noise ratio has 

been achieved in liquid-state NMR enabling the potential clinical translation of DNP 

51. During this process, a mixture of labeled isotopes (nuclear spins) with stable 

radicals (electron spins) is dissolved in a glass-forming solvent and placed in a 

high magnetic field (~3 T) at low temperature (~1  3 K). Under this condition, the 

sample mixture is frozen to form an amorphous glassing matrix allowing 
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microscopic contact between electron spins and nuclear spins 52,53. The 

polarization of electron spins is approximately unity polarization, whereas the 13C 

spin polarization is ~ 1000 times less 49. Microwave irradiation in the presence of 

a magnetic field induces the transfer of electron spin polarization to nuclear spins. 

The time it takes for nuclei polarization to build-up can range from several minutes 

( i.e. proton or fluorine) up to a few hours (i.e. carbon or silicone), to achieve 3 - 5 

orders of magnitude increase in nuclear spin polarization compared to their room 

temperature thermal equilibrium states 53. The theoretical signal enhancement is 

described as 53,  

 =                                                    [Eq. 2.5] 

-state DNP enhancement 
BDNP = the magnetic field of the DNP polarizer 
BNMR = the magnetic field of the NMR instrument 
TDNP = the temperature of the DNP polarization 
TNMR = the temperature of the NMR measurement 
 

After a hyperpolarized state is established, a frozen hyperpolarized sample 

is quickly dissolved in a >100°C superheated dissolution buffer, which is then 

injected into a subject inside an NMR instrument for data acquisition. During the 

dissolution process, the polarization of hyperpolarized nuclear spins decays 

exponentially as it returns to thermal dynamic equilibrium characterized by the T1 

relaxation time constant. Herein, compounds with longer T1 experience slower 

polarization loss. This includes compounds containing carbonyl groups or 

quaternary ammonium cations, which have limited dipole-dipole interactions due 

to their lack of exchangeable 1H 53. Furthermore, substituting 1H with 2H further 

decreases inter-molecular dipolar interactions because the gyromagnetic ratio of  
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2H is ~ 6-fold lower than that of  1H 53-55. Over time, a plethora of nuclear magnetic 

resonance active nuclei have been explored, including 129Xe 56, 15N 57 , 31P 58, 

107,109Ag 59, 6Li 60, 29Si 61, 19F 62, with T1s ranging from ~1 s for 31P to ~600 s for 

29Si 58,61. Importantly, the field of DNP hyperpolarization has been predominantly 

focused on polarizing 13C containing biomolecules, which further paves the road 

for its potential application of monitoring metabolic and biochemical processes 

both in cellulo and in vivo. 

Most translational hyperpolarized probes with 13C-enrichment are 

endogenous biomolecules with two essential characteristics. First and foremost, 

the 13C-labeled hyperpolarized probe must have a relatively long T1, because T1 

relaxation time constant dictates how long the hyperpolarization signal lasts before 

it decays back to thermal dynamic equilibrium. Table 2.1 summarizes a list of 13C-

labeled metabolites with T1 ranges from several seconds to a few minutes. Overall, 

the duration of T1 poise as a major constraint for translational applications of 

hyperpolarization probes. The other criteria for hyperpolarization probe selection 

is that the metabolic transformation of a polarized probe must be NMR detectable. 

In other words, there must be a measurable chemical shift between a 

hyperpolarized probe and its subsequent metabolite. In addition, most successful 

hyperpolarized probes also have fast uptake rates by biological systems followed 

by quick metabolism. Among them, various hyperpolarized biomolecules have 

been shown to be translationally feasible in various pre-clinical and clinical models, 

including [1-13C]pyruvate, [2-13C]pyruvate, [1-13C] acetate, [1-13C]alanine, [1-13C] 

urea/ [13C, 15N]urea, [U-13C6]glucose, [13C]bicarbonate, [1-13C]dehydroxyascorbic 
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acid, and [1,4-13C2]fumarate 63,64. In particular, [1-13C]pyruvate has been employed 

to monitor glucose fermentation, lactate dehydrogenase activity as well as 

expression of monocarboxylate transporters (MCTs) 63, while [2-13C]pyruvate has 

been used to probe the metabolism of the TCA cycle through its conversion to 

acetyl-CoA and CO2 65,66.  Furthermore, the transformation of [1-13C]acetate to 

acetyl-CoA renders [1-13C] acetate a potential probe for monitoring TCA flux and 

fatty acid oxidation in both cardiac and skeletal muscles 67,68. By evaluating 

intracellular redox status, [1-13C]dehydroxyascorbic acid can inform treatment 

responses via monitoring redox modulation 69-71. Moreover, [1-13C]alanine has 

been utilized to examine muscle and liver metabolism, while [U-13C6] glucose has 

been proposed as an alternative probe to monitor glycolytic flux, as well as aerobic 

glycolysis 72,73. [5-13C]glutamine has been used to interrogate glutamine 

metabolism due to increased glutaminase activity mediated by MYC activation 74; 

[13C]bicarbonate is a potential tool to access the extracellular acidification 65,66, 

whereas [2-13C, 1,2-2H4]choline chloride is associated with PI3K/AKT/rapamycin 

complex (mTORC1) and HIF1-  induced abnormal choline metabolism 63. In 

addition, increased fumarate permeability due to therapy-induced necrosis creates 

an opportunity for the application of the [1,4-13C2]fumarate probe 75-77. 

Furthermore, monitoring hyperpolarized [1-13 - -KG) to [1-13C]2-

hydroxyglutarate (2HG) conversion is potentially indicative of isocitrate 

dehydrogenase 1 (IDH1) mutation in glioma models.  Metabolically inert 

molecules, such as [1-13C]urea and [13C, 15N]urea, have also been used as 
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perfusion markers as well as normalization probes for kinetic studies of other 

metabolically active molecules 78. 

Table 2.1. A list of 13C spin-lattice T1 relaxation time at room temperature for various 13C-
labeled compounds 52. 

13C-labeled compounds T1 (s) 

[1-13C]pyruvate ~ 42- 71 74,79,80  

[1-13C]bicarbonate ~ 10 81 

[U-13C, U-2H]glucose 10 73 

[1,4-13C2]fumarate ~ 16  24 82,83 

[1-13C]glutamine 8  25 63,84 

[1-13C]ascorbic acid 16 69 

[1-13C]alanine 29 84 

 

2.2.2 Hyperpolarized [1-13C]pyruvate 

Among all hyperpolarized 13C-enriched probes that have been discussed 

earlier, hyperpolarized [1-13C]pyruvate remains one of the most extensively 

studied probes. With relatively high polarization (~50% polarization in clinical 

polarizers), relatively long T1 (~ 45 seconds at 3T), fast tumor uptake, and quick 

subsequent metabolism 52,85,86, hyperpolarized [1-13C] pyruvate magnetic 

resonance spectroscopy (MRS) or magnetic resonance spectroscopic imaging 

(MRSI) is feasible for clinical translation 64.  

Importantly, pyruvate is at the crossroad of many metabolic processes, 

including glucose fermentation, oxidative phosphorylation, and amino acid 
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biosynthesis. Hence monitoring the biochemical transformation of pyruvate is 

informative for glucose and pyruvate metabolism. The process of hyperpolarized 

[1-13C]pyruvate MRSI requires a bolus injection of exogenous hyperpolarized [1-

13C]pyruvate, which is  then transported from extracellular spaces into intracellular 

spaces via the monocarboxylate transporter (MCT) family members MCT1, 2 and 

4 87. There are three major pathways for intracellular [1-13C]pyruvate metabolism. 

Intracellular [1-13C]pyruvate can undergo transamination to form [1-13C]alanine. 

Alternatively, intracellular [1-13C]pyruvate can be transported into mitochondria via 

mitochondria pyruvate carriers (MPC), wherein it is further metabolized into 

[13C]CO2 and acetyl-CoA. Hyperpolarized [13C]CO2 production is indicative of PDH 

activity 74. Hyperpolarized [1-13C]pyruvate- to-[1-13C]lactate conversion remains 

the most well-studied pathway 64. The reduction of intracellular [1-13C]pyruvate is 

coupled with NADH to NAD+ conversion catalyzed by cytoplasmic LDHA, resulting 

in a chemical shift in [1-13C] detected by NMR. Monitoring the conversion of [1-

13C]pyruvate to [1-13C]lactate is especially important in the context of cancer 

metabolism. As mentioned previously, dysregulated glucose uptake, elevated 

aerobic glycolysis, and ultimately increased lactate production are observed 

among various cancers described by the Warburg 1,2. These unique cancer-

associated metabolic properties render the application of hyperpolarized [1-

13C]pyruvate MRSI as a promising cancer metabolic imaging modality 88. 

The molecular basis of the Warburg effect has been linked to activation of 

the MYC and RAS oncogenes, upregulation of the PI3K/mTOR pathway, loss of 

PTEN expression, as well as subsequent increase in aerobic glycolysis and LDHA 
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activity 2,89-91. Because increased pyruvate-to-lactate conversion is considered a 

manifestation of aerobic glycolysis, many pre-clinical studies have proposed the 

application of hyperpolarized [1-13C] pyruvate as a metabolic imaging probe to 

monitor the Warburg effect 92-94. Specifically, hyperpolarized [1-13C] pyruvate MRSI 

has been proposed as a non-invasive imaging modality for tumor diagnosis, as 

enhanced hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion was 

observed in P22 tumor models compared to normal tissues 93. Also, many studies 

demonstrated that hyperpolarized [1-13C]pyruvate MRSI could be used to assess 

therapeutic response 92,94-96. Scroggins et al. has reported that prostate cancers 

with elevated hyperpolarized [1-13C]pyruvate to [1-13C]lactate conversion is more 

susceptible to LDHA inhibition, suggesting that hyperpolarized [1-13C]pyruvate 

MRSI could be used to assess efficacy of targeting the Warburg effect 94. In 

addition, changes in hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

could predict treatment response to mTOR inhibitors in patient-derived renal cell 

carcinoma xenograft models 92. Furthermore, it has been demonstrated that 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion decreases in SCC and 

HT-29 tumor bearing mice treated with radiotherapy due to decreased LDHA 

activity, implicating that hyperpolarized [1-13C]pyruvate MRSI can potentially 

detect early response to radiotherapy 95. It is important to note that clinical studies 

of patients with brain tumors have reported that hyperpolarized [1-13C]pyruvate-to-

[1-13C]lactate conversion was found in patients with active tumors, supporting its 

potential application as a quantitative metabolic imaging biomarker for brain 

tumors 97. Currently, hyperpolarized [1-13C]pyruvate MRSI is in Phase II clinical 
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trials for monitoring prostate cancer patients, who are on active surveillance prior 

to any treatment 98.  

Collectively, numerous pre-clinical and clinical studies have identified that 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion is correlated with the 

Warburg effect, tumor aggressiveness, as well as therapeutic responses 92-96.  

Although most analyses attribute the observed elevated hyperpolarized [1-

13C]pyruvate-to-[1-13C]lactate conversion to increased LDHA activity and glycolytic 

flux 90,95,99-101, the quantitative impact of transmembrane pyruvate influx mediated 

primarily via monocarboxylate transporters (MCTs) 87 has not been fully 

elucidated. While many studies of hyperpolarized [1-13C]pyruvate MRSI 

emphasize various intracellular biochemical transformations of [1-13C]pyruvate, it 

is also important to thoroughly and rigorously examine the transport capacity of [1-

13C]pyruvate primarily mediated by MCTs.  
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2.3  The Monocarboxylate Transporter Family 

2.3.1 Monocarboxylate Transporter Family Members 87 

The monocarboxylate transporter (MCT) family, encoded by the SLC16A 

family of genes, is composed of 14 transmembrane proteins (i.e., MCT 1-14) 

sharing conserved sequence motifs  87,102.  The best characterized members of the 

MCT family include MCT1, 2, 3, and 4. These proton-linked passive transporters 

facilitate the transport of monocarboxylates across the plasma membrane, 

including pyruvate, lactate, and ketone bodies (i.e., acetate, acetoacetate and -

hydroxybutyrate) 103. MCT6 mediates bumetanide transport 104, while MCT7 is 

essential for the efflux of ketone bodies in hepatocytes 105. MCT8 facilitates the 

transport of thyroid hormones T3 and T4 106, and MCT9 mediates carnitine 

transport 107. MCT10 mediates aromatic amino acid transport 108, whereas, the 

function and substrate specificity of the rest of the MCT family members remain 

unclear. 

   

2.3.2 Transporter Structure 

All MCT family members are predicted to share a similar topology, thus a 

presentative MCT structure is used to elucidate structural characteristics 87,108. 

Using hydrophobicity plots, Halestrap et al. proposed that a typical MCT is 

comprised of 12 transmembrane (TM) helices, and its C- and N-termini are 

intracellular. There is a cytosolic loop between TM6 and TM7, and conserved 

sequence motifs at TM1 and TM5 (Figure 2.2) 87,102,108. The TM3 and TM6 regions 

are associated with accessory proteins, CD147 (basigin) and gp70 (embigin), 
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which are transmembrane proteins containing a highly N-glycosylated 

immunoglobin-like extracellular domain 87,102,108. Furthermore, evidence suggests 

that MCTs are in close contact with  these accessory proteins 87. With 

immunofluorescence imaging, fluorescence expressing MCT1 (TRITC) and 

CD147 (FITC) were found to co-localize 109. Also, fluorescence resonance energy 

transfer (FRET) between fluorescent protein-tagged MCT1 and CD147 was 

observed, suggesting the formation of a MCT1-CD147 dimer 110. Not only are 

MCTs tightly associated with accessory proteins, the pairing between MCTs and 

accessory proteins are also found to be specific 110. CD147 was found to co-

immunoprecipitate with MCT1 and MCT4, but not MCT2 109,110. Overall, MCT1, 3, 

and 4 preferentially associate with CD147, while gp70 appears to accompany 

MCT2 109,110. It is important to note that these accessory proteins are required to 

facilitate the membrane translocation of MCTs 111. In the absence of these 

accessory proteins, CD147 or gp70, MCT1 or MCT4 would fail to translocate to 

the plasma membrane and accumulate in the Golgi apparatus instead 109.  
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Figure 2.2. Hydrophobicity plot of the proposed representative structure of MCTs. Halestrap 
et al. depicted the representative structure of the monocarboxylate transporter family 
members, and the figure is reproduced from Halestrap and Meredith (2003) 108. MCT1 
contains 12 transmembrane helices with conserved region 1 and 5 (TM1 &TM5), and a large 
cytosolic loop between TM6 & 7. CD147 is an accessory protein with N-glycosylation 
facilitating the translocation of MCTs.  
 
 
2.3.3 Transport Mechanism 

The transport mechanism of MCTs was elucidated by modeling lactate 

transport mediated by rearrangement of MCT1 between open and close 

conformations 87,112-114. The transport proceeds with the binding of a proton to 

lysine38 (K38) in a hydrophobic pocket at one end of the substrate-binding channel 

of MCT1 113. The binding of a positively charged proton then creates a binding site 

for its coupled lactic acid, which further leads to the conformational change of 

MCT1 from closed to open state 114. After the proton and lactate are transferred 

across the plasma membrane via aspartic acid 302 (D302) and arginine 306 

(R306), deprotonated K38 induces the conformational change of MCT1 back to its 

closed state 114. The transport of monocarboxylates is mediated by gradients of 

substrates and protons across the plasma membrane 102. In addition to proton 

coupling, MCT1 can couple with an exchange of another monocarboxylate from 

the opposite direction 102.  

 

2.3.4 Proton-linked Monocarboxylate Transporters 

a.  MCT1 

MCT1 is known as the most ubiquitous MCT expressed in most tissue 

types, exc 87. The primary role of MCT1 

is to transport monocarboxylates and short-chain fatty acids across the plasma 
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membrane.  Among them, there are four major substrates, including pyruvate 

(Kmpyruvate = 0.7 - 1 mM), lactate (Kmlactate = 3.5 - 10 mM), acetoacetate 

(Kmacetoacetate -hydroxybutyrate (Km -hydroxybutyrate = 10.1 - 12.5 mM) 

(Table 2.2) 87,102,108,115. Km is a dissociation constant; therefore, a higher Km value 

indicates lower affinity. MCT1 has been shown to be stereoselective for L-lactate 

over D-lactate 102. Furthermore, MCT1 is bidirectional, wherein the directionality of 

substrate transport is dependent on substrate gradients and cellular metabolic 

states 87. For instance, in liver and kidney, MCT1-mediated L-lactate influx powers 

gluconeogenesis 111. In the heart and red skeletal muscles, MCT1 facilitates the 

import of L-lactate and ketone bodies to fuel cellular respiration 111,116-118. In 

contrast, in highly glycolytic cells such as red blood cells, T-lymphocytes, and 

tumor cells, MCT1 mediates the export of lactic acid with a proton to reduce 

intracellular pH 111. Maintaining a balanced pH via MCT1-mediated lactate export 

is found to be essential for T-lymphocyte activation 119.  

Table 2.2. List of Michaelis constants (Km)s of various monocarboxylates for MCTs 

87,102,108,115,120,121. 

Transporter Kmlactate  

(mM) 
Kmpyruvate 

(mM) 
Km -

hydroxybutyrate  

(mM) 

Kmacetoacetate 

(mM) 

MCT1 3.5 - 10 0.7 - 1.0 10.1 - 12.5 5.5 

MCT2 0.5 - 0.74 0.08 - 0.1 1.2 0.8 

MCT3 5 - 6 - - - 

MCT4 17 - 34 153 130 - 824 216 
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The gene expression of MCT1 is tightly regulated by various cellular 

mechanisms, wherein the regulatory signaling cascades are cell type-dependent 

87. Halestrap modeled skeletal muscles and proposed that exercise induced 

increases in Ca2+ and AMP levels could further lead to elevated MCT1 expression 

122. Mechanistically, the Ca2+ levels modulate the activity of calcineurin, a protein 

phosphatase that dephosphorylates and activates nuclear factor-activated T cells 

(NFAT). Activated NFAT recognizes the NFAT-binding consensus sequences on 

the MCT1 promoter, which further leads to enhanced MCT1 transcription 122,123. 

Alternatively, AMP levels affect AMP-activated kinase (AMPK) activity, which 

upregulates MCT1 

expression 122,124. In addition to signaling-modulated MCT1 transcription, MCT1 

expression is also regulated by methylation 87. In particular, the MCT1 promoter 

contains multiple CpG sequences, also known as CpG islands 125. Tissue-specific 

methylation occurs within CpG islands could prevent transcription factors from 

binding, hence downregulate MCT1 expression 125. For instance, MCT1 

expression was reported to be silenced in breast cancer cells (MDA-MB-231) due 

to hypermethylation of CpG islands in the promoter region of the MCT1 gene 126. 

Such absence 

is to prevent MCT1-mediated pyruvate or lactate intake, which can cause 

inappropriate stimulation of insulin release and result in hypoglycemia 127.  

b. MCT2 

MCT2 is the most efficient proton-linked MCT with higher affinities for both 

pyruvate (Kmpyruvate = 0.08 - 0.1 mM) and lactate (Kmlactate = 0.5 - 0.74 mM) than 
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the other three MCTs (Table 2.2) 87,102,108,121. However, MCT2 is strictly expressed 

among tissues that require substantial lactate uptake, including hepatocytes in the 

liver, neurons, and the collecting ducts of the kidney 108,128,129. In these cells, MCT2 

imports lactate and proton into the intracellular space, where lactate is then 

oxidized to pyruvate via lactate dehydrogenase B (LDHB). The converted pyruvate 

is further used to fuel the TCA cycle and ATP production by oxidative 

phosphorylation 130.  

c. MCT3 

MCT3 is exclusively expressed on the basal membrane of retinal pigment 

epithelial cells and choroid plexus epithelia 131,132. MCT3 facilitates the export of 

lactic acid out of the retina 132.  

d.  MCT4 

MCT4 is has been identified to overexpressed among highly glycolytic 

tissues, facilitating the export of lactic acid  primarily 108.  MCT4 has lower affinities 

to pyruvate (Kmpyruvate = 153 mM) and lactate (Kmlactate = 17 - 34 mM), which are 

10 - 100 times higher than those of MCT1 (Kmpyruvate = 0.7 - 1 mM and Kmlactate = 

3.5 - 10 mM) as Km is an inverse measure of substrate affinity (Table 2.2) 

87,102,108,120.  

Though MCT4 is less efficient in exporting lactates compared to MCT1, it 

has a high turnover rate, making it suitable for lactate export in highly glycolytic 

cells and maintaining a viable intracellular pH level 120,133. Furthermore, lower 

affinity toward lactate renders MCT4 with certain key physiological functions 108. 

For example, a high Km value of MCT4 for L-lactate causes lactic acid to 
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accumulate inside of exercising muscle cells. Accumulated intracellular proton 

results in fatigue, which in turn creates a negative feedback to prevent further 

exercise and acidosis 117.  

The transcriptional expression of MCT4 can be upregulated by HIF-  

through enhanced promoter activity via the binding of hypoxia-responsive 

elements (HRE) upstream of the MCT4 transcriptional start codon 111,134. As tumor 

hypoxia is observed in cancers, MCT4 is also found to be overexpressed in various 

cancer types, including breast, colon, bladder, and prostate cancers 135,136. 

Hypoxic tumors are also poised to be highly glycolytic, and herein, an elevated 

lactic acid production was observed (Warburg effect) 4. In this scenario, MCT4 

plays an important role in exporting accumulated intracellular lactic acids to 

cytosol, thus maintaining a viable pH 120.  

 

2.3.5 Proton-linked MCT Inhibition  

Most MCT inhibitors are non-specific, including quercetin, phloretin, -

dibenzamidostilbene- -disulfonate (DBDS), -cyano-4-hydroxycinnamate 

(CHC) 87,102. CHC, a bulky aromatic monocarboxylate competitive inhibitor, was 

also found to be a potent mitochondrial pyruvate carrier (MPC) inhibitor (Ki ~ 2 µM) 

87,137. Amphiphilic compounds (e.g., quercetin and phloretin) and DBDS are potent 

MCT inhibitors that also inhibit the chloride/bicarbonate exchanger AE1 108,118,138. 

An MCT1/2 inhibitor AZD3965 is currently undergoing phase I clinical trial as an 

anti-cancer therapeutic for diffuse large B cell lymphoma, adult solid tumor, and 

Burkitt lymphoma 139,140. Another compound AR-C155858 is a dual MCT1/2 
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inhibitor, but it  only inhibits MCT2 when it is bound to basigin but not to embigin 

141. Potent MCT1 inhibitor pioneered by AstraZeneca is used to inhibit MCT1-

mediated lactate export in T lymphocytes, which is required for their activation and 

proliferation. Thus, such an MCT1 inhibitor can function as an immuno-suppressor 

119. 

 

2.3.6 MCTs-Mediated Lactate Shuttling 

Different MCTs are expressed among closely-associated cells facilitating 

different cellular functions. Pérez-Escuredo et. al. has depicted the following major 

lactate shuttling models orchestrated by MCTs in the context of different 

microenvironments 87.  

a. MCTs and lactate shuttling between astrocytes and neurons 

A reciprocal nutrient cycle mediated by MCTs was identified between 

astrocytes and their nearby neurons 142-144. Specifically, the brain is known to have 

high glucose consumption; hence, the glucose uptake is enhanced in astrocytes. 

Furthermore, elevated glycolysis in astrocytes leads to an increase in lactate 

production, and the excessive lactate is then exported out of astrocytes via MCT4 

144. Conversely, lactate is identified as a neuronal fuel 142. Herein, lactate exported 

from astrocytes are then imported into neurons via MCT2 142. Intracellular lactate 

is further converted to pyruvate by LDHB to fuel the TCA cycle and ATP production 

144. Alternatively, cells can also perform gluconeogenesis to covert lactate to 

glucose, and then to glycogen for storage 102,111.  

b. MCTs and lactate shuttling between cancer cells 
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Similarly, the coupled lactate exchange between glycolytic and oxidative 

cancer cells is enabled by upregulated MCT1 and MCT4 expression in cancers 

with different metabolic states 135,145,146. In particular, as cancers exhibit enhanced 

glucose uptake and utilization, glycolytic flux and lactate production are also 

elevated in glycolytic cancer cells generating NAD+ to sustain glycolysis at a high 

rate 30. To establish cellular pH homeostasis, MCT4 exports intracellular lactate 

out to extracellular spaces. It is important to note that the extracellular lactate 

accumulation can reach 10 - 40 mM in the tumor compartment of highly glycolytic 

cancer cells 146,147 . This large pool of extracellular lactate can in turn fuel nearby 

oxidative cancer cells, wherein salvaged lactate is oxidized to pyruvate to support 

oxidative phosphorylation and ATP production in neighboring cells 146. 

Furthermore, this converted pyruvate can act as a competitive inhibitor against 

oxygen and 2-oxoglutarate for the binding of prolyl hydroxylases (PHDs), thus 

preventing hydroxylation and degradation of HIF-  146,148. In oxidative cancer 

cells, HIF- stabilization further initiates a series of signaling cascade events by 

upregulating endothelial growth factor (VEGF) transcription and its release 148,149. 

Consequently, VEGF would bind to endothelial cells initiating angiogenesis, which 

enables enhanced cancer cell proliferation 149.  

c. MCTs and lactate shuttling and cell signaling 

Similar to oxidative cancer cells, MCT1 facilitates extracellular lactate 

uptake in endothelial cells, which is then oxidized to pyruvate inhibiting HIF-  

PHDs and stabilizing HIF-1 150. In contrast to oxidative cancer cells, the 

expression of basic fibroblast growth factor (bFGF) and VEGF receptor (VEGFR2) 
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are increased in endothelial cells promoting angiogenesis 149. In parallel, PHD 

inhibition prevents degradation of NF-  inhibitor  ), which then 

inactivates the inhibitor of NF-  (I  151. Further, the byproduct of lactate 

oxidation, NADH is required for  NF-  151. The activation of NF-

signals IL-8 release, and further activates the IL-8 pathway 152.  

d. MCTs and lactate shuttling between cancer and immune cells 

MCTs are also involved in the interaction between cancer and immune cells 

153. T lymphocytes are glucose avid and rely on glycolysis to provide energy for 

their activation and proliferation 119. In this process, MCT1 facilitates lactate efflux 

in activated T lymphocytes. However, in the presence of tumors, glycolytic tumor 

cells with upregulated glucose transporters (GLUT1) compete with T lymphocytes 

for glucose uptake, and then export glycolysis products, lactic acid and protons via 

MCT4 153. Since MCT1 is a passive proton-coupled bidirectional monocarboxylate 

transporter, increased local extracellular protons and lactic acid together could 

then impede MCT1-mediated efflux of lactate accumulated inside of activated T 

lymphocytes resulting in T lymphocytes suppression 154.  

Overall, the transport of pyruvate and lactate across the plasma membrane 

is primarily mediated by MCT1, MCT2 and MCT4. Due to their relative Km values 

and tissue expression levels, MCT1 is likely the predominant mediator of pyruvate 

transport. In the context of hyperpolarized [1-13C]pyruvate magnetic resonance 

spectroscopy imaging (MRSI), extracellular hyperpolarized [1-13C]pyruvate 

carrying a negative charge cannot  freely diffuse across the plasma membrane. 

MCTs mediate hyperpolarized [1-13C]pyruvate influx is required for hyperpolarized 
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[1-13C]pyruvate to [1-13C]lactate conversion in intracellular spaces. Thus, a 

rigorous examination of hyperpolarized [1-13C]pyruvate influx mediated primarily 

by MCT1 is critical for interpreting hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 

conversion results.  
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Chapter 3  

 

Hyperpolarized [1-13C]Pyruvate-to-[1-13C] 
Lactate Conversion is Rate Limited by 
Monocarboxylate Transporter-1 in the 

Plasma Membrane * 
 

3.1 Normal Cell Metabolism 

Reprogramming energy metabolism during cancer progression has 

emerged as a hallmark of cancer, initiating an extensive characterization of cancer 

metabolism 1. Orthodoxy holds that cancers exhibit enhanced aerobic glycolysis, 

known as the Warburg effect 1, and enhanced glucose uptake and utilization have 

been identified as one of the cancer-associated metabolic signatures 3,30,155-157. 

The molecular basis of the Warburg effect has been linked to activation of the MYC 

and RAS oncogenes, upregulation of the PI3K/mTOR pathway, loss of PTEN 

expression, with a subsequent increase in aerobic glycolysis and LDHA activity 89-

91. These unique properties of enhanced glucose uptake and lactate production  

 

  

* The contents of this chapter have been published in the following conference proceedings: Rao, 
Y., Gammon, S., Zacharias, N. M., Liu, T., Salzillo, T., Xi, Y., Wang, J., Bhattacharya, P., Piwnica-
Worms, D. Hyperpolarized [1-(13)C]pyruvate-to-[1-(13)C]lactate conversion is rate-limited by 
monocarboxylate transporter-1 in the plasma membrane. Proc Natl Acad Sci U S A. 36; 22378-
22389 (2020). doi: 10.1073/pnas.2003537117.   
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due to aerobic glycolysis have created opportunities for cancer metabolic imaging 

88. [18F]fluorodexoyglucose positron emission tomography (FDG-PET) is the only 

FDA approved metabolic imaging modality that monitors local glucose uptake and 

phosphorylation 158. While [18F]FDG-PET is widely used in metabolic oncologic 

imaging, it lacks specificity, with competing signals arising from inflammatory foci 

and selected normal tissues with high glucose consumption 45. Furthermore, 

[18F]FDG-PET fails to capture the downstream metabolic fates of substrates of the 

glycolysis pathway, which can be important for cancer diagnosis and 

characterization as well as prognosis 159. Hyperpolarized magnetic resonance 

spectroscopic imaging (MRSI) with 13C-labeled substrates has gained traction as 

a non-invasive metabolic imaging modality that can potentially map the reaction of 

specific metabolic substrates in vivo with a >10,000-fold increase in sensitivity 

compared to standard MRS 51,73,97,160-165. Because pyruvate is at the crossroad of 

glucose fermentation and oxidative phosphorylation, the fate of [1-13C]pyruvate 

could, in principle, be informative for the state of metabolic reprograming and 

carbon flux in a range of tumors. Indeed, full characterization of [1-13C]pyruvate to 

[1-13C]lactate conversion via lactate dehydrogenase A (LDHA) 74 has been 

reported to correlate with cancer prognosis 90,157.  

The process of hyperpolarized [1-13C]pyruvate MRSI requires a bolus 

injection of exogenous [1-13C]pyruvate into the subject (animal or human). The 

injected pyruvate must traverse vascular and extracellular spaces into intracellular 

spaces, wherein intracellular [1-13C]pyruvate coupled with NADH are converted to 

[1-13C]lactate and NAD+ via cytoplasmic LDHA, resulting in a characteristic 
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chemical shift in [1-13C] detected by nuclear magnetic resonance (NMR) (Figure 

3.1). Since increased [1-13C]pyruvate to [1-13C]lactate conversion is considered to 

be a manifestation of enhanced aerobic glycolysis, many studies have proposed 

the application of hyperpolarized [1-13C]pyruvate as a metabolic imaging probe 

monitoring the Warburg effect downstream of glucose uptake and hexokinase 

activity (glucose phosphorylation) 92-94.  

 

Figure 3.1. The model for [1-13C]pyruvate-to-[1-13C]lactate conversion via LDHA. 
Extracellular pyruvate (pyruvate[0]) is transported into cells via MCTs. Glucose is 
transported into the cells via GLUT1 and then undergoes glycolysis. Intracellular pyruvate 
(pyruvate[i]) can be converted to alanine via alanine transaminase (ALT), or pyruvate can be 
further imported into mitochondria to undergo oxidation to CO2. Alternatively, pyruvate can 
be converted to lactate by lactate dehydrogenase (LDHA). Intracellular lactate (Lactate[i]) is 
exported out of cells via MCT1 and MCT4. PDH represents pyruvate dehydrogenase, and 
MPC represents mitochondria pyruvate carrier. 

 

Although most analyses attribute the observed elevated hyperpolarized [1-

13C]pyruvate to [1-13C]lactate conversion to increased LDHA activity and glycolytic 

flux 90,95,99-101, the quantitative impact of transmembrane pyruvate influx has not 

been fully elucidated. Mediated primarily via monocarboxylate transporter (MCT) 

family members encoded by the SLC16 gene family 87, fourteen MCT-related 
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genes and their protein products have been identified in mammals. Seven MCTs 

have been functionally characterized, with particular attention focused on the 

transport physiology of MCT1, MCT2, and MCT4 166. Although MCT1 (Kmpyruvate ~ 

1 mM), MCT2 (Kmpyruvate ~ 0.1 mM) and MCT4 (Kmpyruvate ~ 153 mM) are expressed 

in a tissue-distributed manner to mediate pyruvate influx, MCT1 is the most 

ubiquitously expressed among all cell types, while MCT2 is the most efficient 

pyruvate transporter (Figure 3.1) 87. Contradictory reports of whether 

hyperpolarized [1-13C]pyruvate transmembrane transport is rate-limiting when 

evaluating the [1-13C]pyruvate-to-[1-13C]lactate conversion rate have been 

published 167,168. While these various correlation studies are noteworthy, there 

remains a need for a rigorous mechanism-based examination of whether MCT1 is 

rate-limiting for hyperpolarized [1-13C]pyruvate influx or not.  

The existence of membrane-limited transport is a fundamental open 

question in the field that underpins interpretation of all pre-clinical studies, and 

importantly, as the technology begins to migrate to the clinic, also patient studies 

86,97,169-171. This unfilled need led us to rigorously evaluate the contribution of 

transmembrane barrier function to pyruvate influx and what the conversion to 

lactate implied, with a deliberate focus on human cancer cells. We hypothesized 

that pyruvate influx mediated by MCTs provides the first upstream cellular barrier 

to the conversion of [1-13C]pyruvate to [1-13C]lactate, and therefore, using 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates without taking 

into account the expression and transport function of MCTs renders an incomplete 

assessment of the metabolic signatures of tumors. Herein, using genetic and 
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pharmacologic tools in mechanistic studies on well-defined cell lines and tumors, 

we demonstrated that initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 

conversion rates were highly dependent on and rate-limited by the transmembrane 

influx of pyruvate, dominated by MCT1.  
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3.2 Methods 

3.2.1 Cell culture and cell lines 

Mia PaCa-2, MDA-MB-231, Panc03.27, and hTERT-HPNE cells were obtained 

from the American Type Culture Collection (ATCC, Manassas, VA). QGP1 was 

purchased from the Japanese Collection of Research Bioresources (JCRB, Japan) 

cell bank. All cells tested negative for mycoplasma infection. Mia PaCa-2 and 

MDA-MB-231 cells were grown in DMEM media with 2 mM glutamine and 10% 

fetal bovine serum (FBS). Panc 03.27 cells were maintained in RPMI-1640 media 

supplemented with 10 Units/mL human recombinant insulin and 15% FBS. QGP1 

cells were cultured in RPMI-1640 media with 10% FBS. HPNE cells were 

maintained in 75% DMEM without glucose and 25% Medium M3 Base (Incell 

Corporation, San Antonio, TX) supplemented with 2 mM L-glutamine, 1.5 g/L 

sodium bicarbonate, 5.5 mM D-glucose, 750 ng/mL puromycin, 10 ng/mL human 

recombinant EGF (Thermo Fisher Scientific, Carlsbad, CA) and 5% FBS. DMEM, 

DMEM without glucose, RPMI-1640, sodium bicarbonate, and D-glucose were 

purchased from Sigma Aldrich (Sigma-Aldrich, St. Louis, MO). Cell cultures were 

maintained at 37 ºC in a humidified 5% CO2 atmosphere. 

3.2.2 Stable knockdown and overexpression of MCT1 

For stable MCT1 knockdown, Mia PaCa-2 and Panc 03.27 cells were seeded at a 

density of 5.0×104 cells/well into 24-well plates and allowed to attach for 24 hr. 

Cells were transduced with SMARTvector inducible human SLC16A1 hEF1a-

TurboGFP shRNA lentiviral targeting MCT1 or SMARTvector Inducible Non-

targeting Control hEF1a/TurboGFP (Dharmacon, Lafayette, CO). The selection of 
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cells stably expressing Tet-inducible SLC16A1 hEF1a-TurboGFP shRNA and the 

Control- -transfection by replacing the growth medium with 

-containing medium was 

refreshed every 3 days for two weeks to obtain stable cells containing Tet-inducible 

SLC16A1-shRNA and Control-shRNA. For stable overexpression of MCT1 in 

QGP1 cells, similar transduction procedures were followed, except Precision 

LentiORF Human SLC16A1 GFP lentiviral particles and Precision LentiORF RFP 

Positive Control particles (Dharmacon, Lafayette, CO) were used.  

3.2.3 Western blotting 

For whole cell lysate, cells were lysed in Cell Lysis Buffer (Cell Signaling 

Technology, Danvers, MA), supplemented with protease inhibitor cocktail (Thermo 

Fisher Scientific, Carlsbad, CA). Membrane and cytoplasmic subcellular fractions 

were separated using a commercial Cell Fractionation Kit (Cell Signaling 

Technology, Danvers, MA), supplemented with protease inhibitor cocktail (Thermo 

Fisher Scientific, Carlsbad, CA) as per the manufacture protocol. Lysate loading 

was normalized to protein content quantified with the Coomassie Protein Assay 

(Thermo Fisher Scientific, Carlsbad, CA). Proteins were resolved on 4  20% SDS-

PAGE gels (BioRad, Hercules, CA) or NuPAGE 4  12% Bio-Tris Protein gels 

(Thermo Fisher Scientific, Carlsbad, CA), and transferred to Trans-blot Turbo 

nitrocellulose membranes (BioRad, Hercules, CA). Post-transferred nitrocellulose 

membranes were stained in Ponceau S staining solution to evaluate total protein 

loading. For primary antibody-protein hybridization, membranes were probed with 

the following antibodies at 4°C overnight: MCT1 (Thermo Fisher Scientific, 



41 
 

Carlsbad, CA; Lot # TH2617863; TH2585400), MCT2 (Novus Biologicals, 

Centennial, CO; Lot # C2E170918), MCT4 (Boster, Pleasanton, CA; Lot # 

11Q405094), LDHA (R&D System, Minneapolis, MN; Lot# CKJE011708A). 

Thereafter, secondary anti-mouse and anti-rabbit horseradish peroxidase-

conjugated IgG antibodies (BioRad, Hercules, CA) were incubated for 1 h at room 

temperature. Protein bands were developed with chemiluminescent reagents 

(BioRad, Hercules, CA) and imaged with an Azure c600 (Azure Biosystems, CA). 

Protein bands were quantified by total intensity using NIH ImageJ and normalized 

to Ponceau S staining (Figure 3.2) (Abcam, Cambridge, MA). 

 

Figure 3.2. Protein loading contents stained with Ponceau S across the cell panel for 
normalization of the content of membrane proteins. 

 

3.2.4 Real-Time quantitative PCR assays  

RNA was collected in 300 µL TRIzol reagent (Thermo Fisher Scientific, Carlsbad, 

CA) and extracted from Mia PaCa-2, Panc 03.27, and QGP1 cells, along with their 
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MCT1 knockdown and overexpression stable cell lines with the Direct-

Kit (Zymo Research, Irvine, CA). The amount of RNA from each sample was 

quantified using a Nanodrop 1000 (Thermo Fisher Scientific, Carlsbad, CA). cDNA 

was synthesized using Maxima First Strand cDNA Synthesis Kit for RT-

qPCR  (Thermo Fisher Scientific, Carlsbad, CA). Real-time quantitative PCR was 

performed with primers for MCT1 (forward: 5-AGGTCCAGTTGGATACACCCC-3 

and reverse: 5-GCATAAGAGAAGCCGATGGAAAT-3) and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (forward: 5- ATGGGGAAGGTGAAGGTCG-

3 and reverse: 5-TAAAAGCAGCCCTGGTGACC3) (Sigma-Aldrich, St. Louis, 

MO). DNA amplification was quantified with SYBR green (BioRad, Hercules, CA) 

on a CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, CA). 

Expression of target gene mRNA relative to reference gene mRNA (GAPDH) was 

calculated using the Bio-Rad CFX Manager (BioRad, Hercules, CA), and statistical 

analysis was done using the GraphPad Prism 7.01. Assays were performed in 

triplicate from three independent experiments.  

3.2.5 Pyruvate Influx Assay 

Cells were seeded at a density of 2.0 × 104 cells/well into 96-well black wall clear 

bottom plates and allowed to attach overnight. Next day, doxycycline-inducible cell 

lines were supplemented with 500 ng/ml doxycycline for 48 hr. On the day of the 

experiment, after a wash with 100 µL of PBS, cells were incubated in 100 µL of 

DMEM media with 0 or 10 mM sodium pyruvate for 6 seconds at 37°C. Thereafter, 

cells were quickly washed 3 times with ice-cold PBS, and lysed with 50 µL of 

Pyruvate Assay Buffer plus 50 µL of the Master Reaction Mix prepared from a 
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Pyruvate Assay Kit (Sigma-Aldrich, St. Louis, MO). After 30 min of incubation at 

room temperature, the absorbance at 570 nm (A570) was measured with a Synergy 

H4 microplate reader (BioTek, Winooski, VT). The measured A570 correlates with 

pyruvate content. 

3.2.6 LDHA Assay 

Cells were washed with ice-cold PBS and then lysed in ice-cold LDHA Assay Lysis 

Buffer (Sigma-Aldrich, St. Louis, MO). Protein contents were quantified with the 

Coomassie Protein Assay. For each well of a 96 well plate, 25 µL of cell extracted 

LDHA, 125 µL of Tris/NaCl/NADH buffer, and 25 µL of Tris/NaCl/pyruvate with 

various pyruvate concentrations were added. The reduced form (NADH) absorbs 

light at 340 nm, whereas the oxidized form NAD+ does not. Therefore, to quantify 

the enzymatic activity of LDHA, the change of absorbance at 340 nm due to NADH 

oxidation was measured using a Synergy H4 microplate reader (BioTek, Winooski, 

VT). The Synergy H4 microplate reader was programmed to shake the microplate 

for 30 s, and read the absorbance of NADH at the wavelength of 340 nm five times 

with 30 second intervals. Data were analyzed with GraphPad Prism 7.01. 

Experiments were performed in triplicate and repeated three independent times.  

3.2.7 Cell encapsulation 

Cells grown in T175 flasks were trypsinized, washed, and resuspended in 2.7% 

w/v alginate (Sigma-Aldrich, St. Louis, MO) in Hanks BSS solution (Sigma-Aldrich, 

St. Louis, MO). An alginate mixture containing 2.5 x 107 cells was then transferred 

into a 1 mL syringe. A 24G3/4 catheter (Braun, Kronbergim Taunus, Germany) 
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with a 23G3/4 needle inserted through the base was connected to the syringe 

(Figure 3.3). The syringe was clamped onto the syringe pump, and a flask with 100 

mL of 150 mM CaCl2 and 0.09% NaCl w/v solution was placed underneath the 

needle. A ground electrode was clipped to the needle piercing the catheter, and 

the other electrode was submerged in the CaCl2 solution. A 5 kV voltage was 

applied between the needle and the CaCl2 solution, and cell-encapsulated alginate 

beads were formed in response to the electromagnetic field, by crosslinking 

induced by the CaCl2 solution. Thereafter, beads were washed in growth medium 

and transferred into a petri dish containing cell-appropriate growth medium. Cell-

encapsulated alginate microbeads were maintained at 37°C in a humidified 5% 

CO2 incubator overnight for subsequent in vitro hyperpolarization experiments 

performed the next day. 

 

Figure 3.3. Schematic for fabrication of cell-encapsulated alginate beads. Alginate/cell 
mixture forms droplets due to electrostatic force. Alginate/cell droplets polymerize in CaCl2 
solution via cross-linking. 



45 
 

 

3.2.8 Diffusion-weighted MRI 

[1H] magnetic resonance imaging (MRI) was performed using a 7 T Bruker Biospec 

MR system, with BGA-12 gradients. A 1H volume coil with 35 mm inner diameter 

(Bruker, MA) was used for proton imaging. A 5 mL conical tube containing either 

water,  hyperpolarization medium alone, or 25% or 90% alginate beads by volume 

in hyperpolarization medium was placed in the center of the 1H volume coil, and 

its position confirmed using a 3-plane fast low-angle shot (FLASH) gradient-echo 

A standard diffusion measurement (spin-

echo) was run on all phantoms with a field of view 3 x 3 cm, 128 x 96 matrix, in-

plane spatial resolution 234 x 312.5 m, and 8 axial slices of 1 mm thickness, echo 

time (TE) 30.758 ms, repetition time (TR) 900 ms, bandwidth 50 kHz, 1 average. 

DW data were acquired with b = 233, 435, 636, 837, 1037, 2040, and 4272 

sec/mm2, d = 1, and processed using the Image Sequence Analysis Tool in 

Paravision 6.0.1. A non-linear regression model was used to curve-fit the 

correlation of MRI signal and various b values. The standard deviation of the fitting 

represent the deviation between measured values compared to the best-fit values. 

The extra sum-of-squares F-test was used to compare the non-linear curve-fit 

between various concentrations of medium with alginate beads, medium with cell-

encapsulated alginate beads, and  medium alone using GraphPad Prism 8.0.0.  

3.2.9 In vitro hyperpolarization experiments using a vertical bore NMR 

spectrometer 
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Cell-encapsulated alginate beads (1 mL) made the prior day were washed and 

resuspended in 2.5 mL of assay medium consisting of  phenol red-free DMEM 

medium supplemented with 2 mM glutamine, 5 mM glucose, 20% (v/v) deuterium 

oxide (D20) (Sigma-Aldrich, St. Louis, MO), and 15 mM HEPES buffer. Cell/beads 

suspensions were then transferred into a 10 mm screw-cap NMR tube (Wilmad-

LabGlass, Vineland, NJ) that was fitted with tubing and an injection port for quick 

delivery of hyperpolarized material. Experiments were conducted in a 7 T Bruker 

BioSpin NMR spectrometer (Billerica, MA) with a 10 mm broadband probe and 

running TopSpin 3.5 software. The NMR tube containing cell-encapsulated 

alginate beads was kept in the NMR spectrometer at 37°C prior to hyperpolarized 

[1-13C]pyruvate injection. An aliquot of 26.5 mg of a pyruvic acid mix containing [1-

13C]pyruvic acid (Isotec, Sigma-Aldrich, St. Louis, MO), with 15 mM Trityl OX063 

polarizing radicals (Oxford instrument, Abingdon, UK) and 1.5 mM Dotarem 

(Guerbet, France) was polarized in a HyperSense DNP system (Oxford 

Instruments, UK) with a 3.35 T magnetic field for ~30 minutes at 1.40 K with a 

microwave irradiation frequency of 96.136 GHz, similar to published procedures 

172. The frozen hyperpolarized [1-13C]pyruvic acid was then dissolved in 4 mL of 

the dissolution medium containing 40 mM Trizma Pre-Set Crystals at pH 7.6 

(Sigma-Aldrich, St. Louis, MO), 80 mM sodium hydroxide, 0.1 g/L disodium EDTA 

dihydrate, and 50 mM sodium chloride at 180°C. The hyperpolarized [1-13C]pyruvic 

acid dissolution was further diluted in a specialized hyperpolarization buffer 

medium using modified DMEM supplemented with 2 mM glutamine, 5 mM glucose, 

and 25 mM HEPES buffer, which was developed to ensure a physiologically 
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balanced osmolality and pH buffering capacity. With a 2/3 fold dilution, the final 

hyperpolarized [1-13C]pyruvic acid  was 37.7 mM. At time zero of acquisition, 500 

µl of 37.7 mM hyperpolarized [1-13C]pyruvic acid  was injected into the NMR tube 

containing 2.5 ml of buffering medium and 1 ml of alginate/cell beads. The final 

concentration of [1-13C]pyruvic acid in the experiment was ~ 4.7 mM. Single 

consecutive 13C scans were taken using Waltz decoupling (zgdc pulse) every 6 

seconds with 15° flip angle for 4 minutes. The acquired NMR spectra were phased 

and baseline corrected, referenced, and then hyperpolarized [1-13C]pyruvate 

(~173  1 ppm) and [1-13C]lactate (~185  1 ppm) spectra were integrated using 

MestReNova 10.0 software (MestreLab Research, CA). After NMR spectra 

acquisition, samples of cell-encapsulated alginate beads was then subjected to 

Alamar Blue Assay to confirm cell viability except for the digitonin-treated 

permeablized samples. (Thermo Fisher Scientific, Carlsbad, CA). The [1-

13C]pyruvate-to-[1-13C]lactate conversion in the first 6 - 18 s was used to estimate 

the initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rate [Eq. 

3.1]. 

Sum(lactate)init/Sum(pyruvate)init =            [Eq. 3.1] 

The [1-13C]pyruvate-to-[1-13C]lactate conversion in 0 - 198 s was used to estimate 

the total hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rate [Eq. 3.2]. 

Sum(lactate)tot/Sum(pyruvate)tot =            [Eq. 3.2] 

3.2.10 Xenograft tumor models 
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Animal experiments were performed in compliance with protocols approved by the 

Institutional Animal Care and Use Committee of the MD Anderson Cancer Center. 

To establish tumor xenografts, an aliquot of 50 µl DMEM and Matrigel (BD 

Bioscience, San Jose, CA) mix (1:1 ratio) containing 2 × 106 Mia PaCa-2 

doxycycline-inducible MCT1 knockdown cells or Mia PaCa-2 doxycycline-inducible 

NTC cells were injected subcutaneously into the right hind legs of 8  12 week-old 

female athymic C57BL/6-nu/nu mice (Charles River Laboratories, Wilmington, 

MA). Tumor volumes were measured every 7 days with a caliper, and calculated 

as width2 × length /2. When tumor volumes reached ~ 250 mm3, mice from paired 

groups were subjected to pre-doxycycline MRI/hyperpolarized [1-13C]pyruvic acid 

MRS. Immediately after the imaging session, paired groups of mice were 

supplemented with freshly dissolved doxycycline (1 mg/mL in 5% sucrose water) 

for ~7  14 days to induce MCT1 knockdown or NTC expression. Post-doxycycline, 

MRI/hyperpolarized [1-13C]pyruvic acid MRS experiments were performed on the 

same animal. Upon completion of imaging, mice were sacrificed, and tumors were 

harvested for immunohistochemical analysis.  

3.2.11 In vivo hyperpolarization experiments using MRSI 

[1H] magnetic resonance imaging (MRI) was performed using a 7 T Bruker Biospec 

small animal MR system, with BGA-12 gradients. A 1H volume coil with 72 mm 

inner diameter (Bruker, MA) was used for proton imaging. Concurrently, 

hyperpolarized [1-13C]pyruvic acid magnetic resonance spectra were measured 

using a 13C Doty Scientific (Columbia, South Carolina) transmit/receive surface coil 

placed over the established tumor. Before imaging, animals were anesthetized 
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with 1  2% isoflurane and placed on a water-heated imaging sled. Respiratory 

and heart rates of the animals were monitored during experiments. An 8 M 13C-

urea capillary phantom was placed above the surface coil for chemical shift 

referencing (Miller et al., 2018). Animal positioning was confirmed using a 3-plane 

fast low-angle shot (FLASH) gradient-echo sequence 

ms). The tumor location was observed in T2-weighted axial and coronal spin-echo 

FOV and 1 mm slice thickness). For 13C spectroscopy measurements, the 13C  

channel was tuned, shimmed, and set to acquire 13C signal every 2 s for 3 min 

using a slice-selective pulse-acquire sequence (TE 

excitation angle, 2048 points acquired over a 4.96 kHz bandwidth). Similar to in 

vitro hyperpolarization experiments, the [1-13C]pyruvate acid was dissolved in 4 ml 

of the dissolution medium containing 40 mM Trizma Pre-Set Crystals at pH 7.6 

(Sigma-Aldrich, St. Louis, MO), 80 mM sodium hydroxide, 0.1 g/L disodium EDTA 

dihydrate, and 50 mM sodium chloride at 180°C. The acquisition was initiated 

approximately 15 s prior to injection of 200 µl of ~60 mM hyperpolarized [1- 

13C]pyruvic acid solution via tail vein bolus injection. The majority of [1- 13C]pyruvic 

acid mixtures were polarized using a HyperSense DNP system (Oxford 

Instruments, UK), as described in In vitro hyperpolarization experiments using 

vertical bore NMR, while a few hyperpolarized [1- 13C]pyruvic acid mixtures were 

polarized in a SPINlab system (General Electric, Boston, MA). The acquired 

spectra were phased and baseline corrected, referenced, and integrated using 
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MestReNova 10.0 software (MestreLab Research, CA). The hyperpolarized [1-

13C]pyruvate-to-[1-13C]lactate conversion in vivo was estimated as [Eq. 3.3]. 

   [Eq.3.3] 

3.2.12 NAD+/NADH Assay 

Cells with/without doxycycline treatment were seeded at a density of 5.0×104 

cells/well into 96-well black wall clear bottom plates and allowed to attach 

overnight. On the next day, the cells were washed with PBS, and lysed in 100 µl 

of PBS + 1% DTAB base solution (1:1). Then, each 100 µl sample was equally 

split into two wells, one for the NAD+ measurement and one for the NADH 

measurement. The NAD/NADH-Glo Assay was then used to assess NAD+ and 

NADH levels per kit instruction (Promega, Madison, WI). After 60 min of incubation 

at room temperature, a bioluminescence signal was measured with a Synergy H4 

microplate reader (BioTek, Winooski, VT). The bioluminescence signal correlates 

with NAD+ or NADH content. 

3.2.13 Statistical Analysis 

The Pearson test was used to assess the correlation between LDHA protein 

contents, LDHA total activity, pyruvate influx, protein contents of MCTs with initial 

[1-13C]pyruvate to [1-13C]lactate conversion rates across a panel of cell lines, and 

the likelihood ratio test p-values were reported. A paired t-test was used to 

evaluate the difference between paired initial [1-13C]pyruvate to [1-13C]lactate 
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conversion rates both in cellulo and in vivo, and the likelihood ratio test p-values 

were reported.  

3.2.14 Survival Analysis 

Datasets from the Human Protein Atlas (HPA) were used to compare mRNA 

expression of MCTs between normal and cancer tissues. Furthermore, datasets 

from the HPA were also used for determining overall survival patients with 

pancreatic cancer, renal cancer, lung cancer, and cervical cancer. Gehan-

Breslow-Wilcoxon and Log-rank tests were used to estimate p-vales between high 

and low expression groups (using top and bottom 25% as the cutoff for grouping). 

Chi-square tests were used to test the association between two gene expression 

profiles with high (>75%), medium (< 75%  >25%) and low (< 25%) expression 

levels for the entire cohort of each cancer type. A two-tailed t-test with a p-value  < 

0.05 was considered significant. Analyses were performed using R 3.2.3. 
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3.3 Results 

3.3.1 Pyruvate influx and the role of MCTs in [1-13C]pyruvate-to-[1-

13C]lactate conversion rates. 

We sought to rigorously examine the relationships between the initial 

conversion rates of hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate, glycolysis, 

LDHA, and pyruvate influx to test the hypothesis that the apparent conversion of 

[1-13C]pyruvate-to-[1-13C]lactate catalyzed by LDHA would be restricted by cell 

surface-mediated [1-13C]pyruvate influx. We used a cross-sectional experimental 

study design with a multi-cell-line panel that consisted of four well-established 

cancer cell lines and one normal cell line, which included a K-RAS mutant human 

pancreatic cancer cell line (Mia Paca-2; K-RASG12C), a K-RAS wildtype 

pancreatic cancer cell line (Panc03.27; wt K-RAS), a human pancreatic 

neuroendocrine cancer cell line (QGP1), a human triple negative breast cancer cell 

line (MDA-MB-231), as well as a human immortalized normal pancreatic epithelial 

cell line (HPNE).  

Cells in suspension receive different extracellular matrix signals, often 

impacting metabolic profiles compared to adherent cells 173. Thus, we exploited 

cell-encapsulated alginate beads (Figure 3.4a), which in principle provided 

sufficient cell mass to enable real-time MRS with adherent cells. To confirm that 

the alginate matrix itself does not impose an extracellular diffusion barrier 174, 

diffusion-weighted imaging (DWI) was performed to estimate the apparent 

diffusion coefficient (ADC) of water, hyperpolarization medium alone, medium 

containing various concentrations of alginate beads, and cell-encapsulated 
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alginate beads from 25% to 90% per volume. The calculated bulk ADCs for water, 

medium alone, medium with 25% or 90% beads, and medium with 25% or 90% 

cell-encapsulated beads per volume are listed in Figure 3.4b. The calculated ADC 

values for water, medium alone, medium with 25% or 90% beads, and medium 

with 25% or 90% cell-encapsulated beads per volume were not significantly 

different from each other (p = 0.31). Thus, we concluded that the ADC of the 

alginate matrix was indistinguishable from bulk water and did not impose 

significant diffusion limitations for delivery of [1-13C]pyruvate into the extracellular 

spaces surrounding the embedded cells.  

 

Figure 3.4. Evaluating the ADC of various types of alginate beads. a) Microscopic images of 
Mia PaCa-2 cell-encapsulated alginate beads. Mia PaCa-2 cells express green fluorescent 
protein (GFP), and cell nuclei were stained with Hoechst dye. Epifluorescent image (left); 
mid-plane confocal image (right). The scale bar represents 100 µm.  b) Diffusion weighted 
imaging assessing ADCs of medium/bead mixtures. MRI signal intensity and calculated ADC 
of water, medium, beads (with/without cells) in medium at 25% and 90% by volume at various 
b values. 

 

Next, to determine the initial rate of hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion in these isolated live cells, we measured the spectra of 

hyperpolarized [1-13C]pyruvate and [1-13C]lactate over time (Figure 3.5 a & b). The 
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initial area under the curves of hyperpolarized [1-13C]lactate normalized to [1-

13C]pyruvate were integrated over the first 6  18 seconds. As examples, Mia 

PaCa-2 cells exhibited enhanced hyperpolarized [1-13C]lactate production (Figure 

3.5c) compared to MDA-MB-231 cells over the first 6  18 seconds (Figure 3.5d). 

A [1-13C]lactate to [1-13C]pyruvate ratio over the first 6  18 seconds (spanning the 

near linear range) was calculated to estimate the initial normalized hyperpolarized 

[1-13C]pyruvate-to-[1-13C]lactate conversion rate (Figure 3.5 c & d). Among the cell 

lines, MiaPaCa-2 cells had the highest conversion rate, enhanced ~2-fold 

compared with Panc03.27, and enhanced  >3-fold compared with QGP1, MDA-

MB-231 or HPNE cells (Figure 3.5e). We also calculated the total observed [1-

13C]lactate to total observed  [1-13C]pyruvate ratio over the entire time course of 

data collection (0  198 seconds time interval) to estimate total hyperpolarized [1-

13C]pyruvate-to-[1-13C]lactate conversion; the general trend of total hyperpolarized 

[1-13C]pyruvate-to-[1-13C]lactate conversion across the cell panel was similar to 

that of the initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates 

(Figure 3.5f). Hence, a [1-13C]lactate-to-[1-13C]pyruvate ratio over the first 6  18 

seconds was used to estimate a normalized initial hyperpolarized [1-13C]pyruvate-

to-[1-13C]lactate conversion rate throughout all hyperpolarized [1-13C]pyruvate 

MRS experiments unless stated otherwise. 
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Figure 3.5. Evaluating hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates in 
cellulo. a) Using Mia PaCa-2 cell-encapsulated alginate beads, NMR spectra of 
hyperpolarized [1-13C]pyruvate and hyperpolarized [1-13C]lactate interrogated over repetitive 
6-second time intervals. b) Superimposed hyperpolarized [1-13C]lactate and hyperpolarized 
[1-13C]pyruvate spectra. c-d) Signal intensities of hyperpolarized [1-13C]pyruvate and 
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hyperpolarized [1-13C]lactate over time. The light green band demarcates the time intervals 
(6  18 s; inset, expanded time scale) for the initial rate calculation of lactate production and 
pyruvate conversion; c) Mia PaCa-2 cells; d) MDA-MB-231 cells. e) Initial hyperpolarized [1-
13C]pyruvate-to-[1-13C]lactate conversion rates in cellulo. The sum of converted 
hyperpolarized [1-13C]lactate during the first 6 - 18 seconds normalized to the sum of 
hyperpolarized [1-13C]pyruvate during the first 6 - 18 seconds across the cell panel. f) Total 
hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates in cellulo. Sum of total 
converted hyperpolarized [1-13C]lactate over 0 - 198 seconds normalized to the sum of 
hyperpolarized [1-13C]pyruvate over 0 - 198 seconds across the cell panel. Error bars 
represent S.D.  

 

Hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion has been 

conventionally considered to correlate with cellular glycolysis 92-94,175. To independently 

measure glycolytic flux, the extracellular acidification rate (ECAR) was used to semi-

quantitatively evaluate cellular glycolysis across the panel of cells. Baseline ECAR was 

highest in Pan03.27 and Mia Paca-2 cells, followed by MDA-MB-231 and QGP1 cells, and 

lowest in non-transformed HPNE cells (Figure 3.6a). We found no significant correlation 

between initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates and 

baseline ECAR across the cell panel (r = - 0.02, p = 0.97, Figure 3.6b).  

 

Figure 3.6. Correlations between hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial 
conversion rates and cellular glycolysis across a panel of cell lines. a) Cellular glycolysis 
estimated by ECAR measurements across the cell panel. b) Pearson correlation analysis 
between hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial conversion rate and ECARs; 
r (ECAR) = -0.02; p = 0.97. Error bars represent S.D. 
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LDHA activity has been correlated with hyperpolarized [1-13C]pyruvate-to-

[1-13C]lactate conversion in many single-model pre-clinical studies 99-101. Herein, 

to evaluate rigorously the contribution of LDHA to hyperpolarized [1-13C]pyruvate-

to-[1-13C]lactate conversion rates across a broad cell panel, we first determined 

LDHA protein content in these cells by western blot. MDA-MB-231 cells had the 

highest LDHA protein content followed by HPNE cells, whereas Panc03.27, Mia 

PaCa-2, and QGP1 cells had low LDHA protein content (Figure 3.7a). Importantly, 

we found no significant correlation between hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rates and LDHA protein content across the cell panel (r = - 

0.65, p = 0.23) (Figure 3.7b). We also evaluated LDHA total enzymatic activity 

across the cell panel using enzyme extracts from these cells (Figure 3.7c), and 

found that hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates 

negatively correlated to LDHA total enzymatic activity (r = - 0.91; p = 0.03) (Figure 

3.7d). 
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Figure 3.7. Correlations between hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial 
conversion rates and LDHA protein content as well as LDHA total activities across a panel 
of cell lines. a) Western blot showing LDHA protein content across the cell panel. b) Pearson 
correlation analysis between hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial 
conversion rate and LDHA protein contents; r (LDHA protein) = -0.65; p = 0.23. c) LDHA total 
enzymatic activities across the cell panel. d) Pearson correlation analysis between 
hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial conversion rate and LDHA total 
enzymatic activities; r (LDHA total activity) = -0.91; p = 0.03. Error bars represent S.D. 

 

Because the conversion of hyperpolarized [1-13C]pyruvate to [1-13C]lactate 

is a dynamic process, we sought to evaluate the effect of intracellular pyruvate or 

lactate pool size on hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

rates. The cell content of intracellular pyruvate and lactate were estimated using 

biochemical coupled-fluorimetric assays (Figure 3.8a). We found no significant 

correlation between hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

rates and intracellular pyruvate content across the cell panel (r = 0.59, p = 0.29, 

Figure 3.8b), or intracellular lactate content across the cell panel (r = 0.85, p = 

0.07, Figure 3.8b). 
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Figure 3.8. Correlations between hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial 
conversion rates and intracellular pyruvate or lactate contents across a panel of cell lines. 
a) Intracellular pyruvate and lactate contents. b) Pearson correlation analysis between 
hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial conversion rate and intracellular 
pyruvate content; r (intracellular pyruvate) = 0.59; p = 0.29, or intracellular lactate content; r (intracellular 

lactate) = 0.85; p = 0.07. Error bars represent S.D. 
 

To independently estimate the initial unidirectional influx of pyruvate in the 

context of a hyperpolarized [1-13C]pyruvate experiment, we performed zero-trans 

experiments. Briefly, extracellular exogenous pyruvate (10 mM) concentration is 

considerably larger than that of intracellular pyruvate (~ 0.2  0.45 µM) during the 

initiation of a hyperpolarized [1-13C]pyruvate experiment where a bolus infusion of 

hyperpolarized [1-13C]pyruvate passes over the cells 176,177. To simulate this 

condition, cells are exposed to media with or without pyruvate for 6 seconds, and 

the change in intracellular pyruvate was measured using a biochemical coupled-

colorimetric assay to estimate unidirectional pyruvate influx. Mia PaCa-2 cells had 

the highest initial pyruvate influx, which was ~threefold higher than the second 

highest cell line, Panc03.27 cells, and ~six to ninefold higher than QGP1, MDA-

MB-231, and HPNE cells (Figure 3.9a). The initial pyruvate influx showed a strong 

correlation with the initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 

conversion rate (r = 0.96; p = 0.01) (Figure 3.9b). Taken together, these results 
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suggested that hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates 

positively correlated to pyruvate influx while negative correlated to LDHA total 

enzymatic activity across all tested cell lines.  

 

Figure 3.9. Correlations between hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial 
conversion rates and initial pyruvate influxes  across a panel of cell lines. a) Initial rates of 
pyruvate influx (6 seconds) in a panel of cells. b) Pearson correlation analysis between 
hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial conversion rate in cellulo, and initial 
pyruvate influx; r (pyruvate influx) = 0.96; p = 0.01. Error bars represent S.D. 
 

As the influx of pyruvate is primarily mediated by MCT1, -2 and -4, the 

contribution of each transporter protein to hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rates was further examined. Because only plasma 

membrane-bound transporters are involved in pyruvate influx 109, we performed 

protein fractionation to determine if membrane-bound MCTs correlated with [1-

13C]pyruvate-to-[1-13C]lactate conversion rates. Western blot analysis showed that 

membrane-localized MCT1 content, which co-localized with the plasma membrane 

marker, Na/K-ATPase, was the highest in Mia PaCa-2 cells, relatively lower in 

Panc03.27 cells, minimally detectable in QGP1 cells, and non-detectable in MDA-

MB-231 as well as HPNE cells (Figure 3.10a), directly correlating with the rank 
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order of initial [1-13C]pyruvate-to-[1-13C]lactate conversion rates for the cell line 

panel (r = 0.98; p = 0.005) (Figure 3.10b). Protein contents of MCT2 were primarily 

localized in cytosolic fractionations across the cell panel, with membrane-bound 

MCT2 minimally detectable (Figure 3.10a). There is no significant correlation 

between [1-13C]pyruvate-to-[1-13C]lactate conversion rates and membrane-

localized MCT2 ( r = 0.14; p = 0.83) (Figure 3.10c). The localization pattern of 

membrane-bound MCT4 was similar to that of MCT1 (Figure 3.10a), and thus, 

membrane-bound MCT4 protein localization also correlated with hyperpolarized 

[1-13C]pyruvate-to-[1-13C]lactate conversion rate (r = 0.89; p = 0.04) (Figure 3.10d). 

The protein content of each MCT in whole cell lysates across the cell panel were 

also evaluated by western blot. The overall total protein pattern was consistent 

with the sum of both cytosolic and membrane fractionations for MCT1 and MCT4, 

but less so for MCT2, implying a large perinuclear fraction for MCT2 (Figure 3.10e). 

Furthermore, when evaluating mRNA levels of MCTs, MCT1 mRNA expression 

demonstrated a similar expression pattern, matching the corresponding western 

blot analysis. In contrast, MCT2 mRNA expression was low across all tested cell 

lines, while MCT4 mRNA expression was the highest in MDA-MB-231 cells 

followed by HPNE and Panc03.27, was detectable in Mia PaCa-2 cells, but not 

detectable in QGP1 cells (Figure 3.10f), neither of which significantly correlated to 

their corresponding protein content patterns. Overall, only MCT1 mRNA 

expression correlated with the measured hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rate in cellulo (r = 0.98; p = 0.004 ) (Figure 3.10g).  
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Figure 3.10. Correlations between hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate initial 
conversion rates and MCT expressions across a panel of cell lines. a) Western blot showing 
membrane and cytosolic fractionations of MCT1, MCT2, and MCT4 protein across the cell 
line panel. Pearson correlation analysis between hyperpolarized [1-13C]pyruvate-to-[1-
13C]lactate initial conversion rate, and membrane-bound b) MCT1, c) MCT2, or d) MCT4 
protein; r (MCT1) = 0.98, p = 0.005; r (MCT2) = 0.14; p = 0.83; r (MCT4) = 0.89; p = 0.04. e) Western 
blot of MCTs in whole cell lysates across the cell panel. f) mRNA expression profile in FPKM 
across the cell panel. g) Pearson correlation analysis between initial hyperpolarized [1-
13C]pyruvate-to-[1-13C]lactate conversion rates and mRNA expression of MCT1, 2, or 4; r 
(MCT1) = 0.98, p = 0.004; r (MCT2) = -0.78, p = 0.12; r (MCT4) = -0.64, p = 0.24. Error bars represent 
S.D. 

 

Overall analyses demonstrated that hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rates were highly positively correlated to pyruvate influx, 

primarily mediated by MCTs. Considering the relatively high pyruvate affinity and 

abundance of MCT1 compared to MCT2 or MCT4, MCT1 was likely the primary 

upstream mediator of pyruvate influx enabling access to cytosolic LDHA. Thus, we 

sought to further determine the impact of MCT1 on hyperpolarized [1-13C]pyruvate-

to-[1-13C]lactate conversion rates. 

 

3.3.2 Observed hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

rates by MRS are dependent on and rate-limited by MCT1 in live cells. 
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Because hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates 

were strongly correlated to pyruvate influx, the dependence of conversion rates on 

the major pyruvate transporter, MCT1, was further evaluated in live cell-

encapsulated alginate beads enabling real-time MRS. In Mia PaCa-2 cell-

encapsulated alginate beads, when MCT1 was pharmacologically inhibited by 

AZD3965, a potent and selective MCT1 and MCT2 inhibitor, hyperpolarized [1-

13C]lactate production was decreased (Figure 3.11a & b). Initial rates of 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion were evaluated 

showing that treatment with AZD3965 led to an ~90% significant decrease in 

lactate production (Figure 3.11c). 

 

 



65 
 

Figure 3.11. The initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates in 
response to pharmacological MCT1 modulation. Hyperpolarized [1-13C]pyruvate and [1-
13C]lactate spectra over time in response to pharmacological inhibition of MCT1 with 0.5 µM 
AZD3965 in Mia PaCa-2 cells. Pyruvate (black), Lactate (red). a) Drug-free control. b) 0.5 µM 
AZD3965 pre-treated. c) Pharmacological inhibition of MCT1 using 0.5 µM AZD3965. The 
sum of initial converted [1-13C]lactate normalized to the sum of initial hyperpolarized [1-
13C]pyruvate during the first 6  18 seconds without (black) and with (red) 0.5 µM AZD3965 
pre-treatment in Mia PaCa-2 cells. Error bars represent S.D.; ** *  p < 0.001, paired t-test. 

 

A genetic knockdown of MCT1 was also used to interrogate the 

dependence of hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rate on 

MCT1 expression. Two MCT1 expressing cell lines, Mia PaCa-2 and Panc03.27, 

were stably transfected with a doxycycline-inducible lentiviral shRNA with either a 

MCT1 knockdown sequence (KDi) or a non-targeting control sequence (NTCi) 

(Figure 3.12a). Incubating MCT1 KDi cells with 500 ng/ml doxycycline for 48 hours 

induced near complete MCT1 knockdown in Mia PaCa-2 and Panc03.27 cells at 

both transcriptional and membrane-localized protein levels (Figure 3.12b-e). In 

contrast, cell lines containing the NTC i sequence demonstrated no significant 

change in MCT1 protein levels regardless of doxycycline induction (Figure 3.12b-

e). Upon doxycycline induction, the initial [1-13C]pyruvate-to-[1-13C]lactate 

conversion rates significantly decreased ~78% in Mia PaCa-2 MCT1 KDi cells 

upon doxycycline induction (Figure 3.12f), while there was no significant difference 

in [1-13C]pyruvate-to-[1-13C]lactate conversion in Mia PaCa-2 NTCi control cells 

(Figure 3.12f). Similarly, [1-13C]pyruvate-to-[1-13C]lactate conversion rates 

significantly decreased ~87% in Panc03.27 MCT1 KDi cells upon doxycycline 

induction compared to the doxycycline-free control (Figure 3.12g). By contrast, 

there was no statistically significant difference observed in Panc03.27 NTC i control 

cells upon doxycycline induction (Figure 3.12g). Overall, results from both 
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pharmacological inhibition and genetic knockdown of MCT1 suggested that 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates critically 

depended on transmembrane transport of pyruvate mediated by MCT1 in isolated 

live cells.  

 

 



67 
 

 

 

Figure 3.12. The initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates in 
response to genetic MCT1 modulation. Generating stable cell lines with doxycycline-
inducible MCT1 knockdown sequence (MCT1 KDi). a) Doxycycline-inducible lentiviral 
shRNA vector utilizing the Tet-on 3G bipartite system (image adapted from Dharmacon, 
Inc.). b-e) Doxycycline-inducible MCT1 knockdown or constitutive overexpression of MCT1 
in stable cell lines evaluated at either transcriptional or protein levels using RT-qPCR or 
western blot.  b) MCT1 mRNA expression and c) protein contents of Mia PaCa-2 MCT1 KDi 
stable cell line compared to its NTCi control. d) MCT1 mRNA expression and e) protein 
contents of Panc03.27 MCT1 KDi stable cell line compared to its NTCi control. Genetic 
knockdown of MCT1 in f) Mia PaCa-2 and g) Panc03.27 cells. The sum of initial 
hyperpolarized [1-13C]lactate conversion rates normalized to the sum of initial 
hyperpolarized [1-13C]pyruvate from 6-18 seconds in doxycycline-free control (black) or 
doxycycline-treated (red) stable cell lines transduced with NTCi or MCT1 KDi constructs. 
Error bars represent S.D.; * p < 0.05, ** p < 0.01, *** p < 0.001 paired t-test.  

 

Since MCT1 inhibition and knockdown studies demonstrated that [1-

13C]lactate production appeared dependent upon membrane-localized MCT1, this 

suggested that hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates 

would be primarily affected by the influx of exogenous [1-13C]pyruvate rather than 

the aerobic glycolytic characteristic of tumors. To further examine herein whether 

the influx of hyperpolarized [1-13C]pyruvate was rate-limiting for the production of 

[1-13C]lactate, MDA-MB-231 cells were permeabilized with digitonin to enable 

pyruvate penetration regardless of MCT protein contents. MDA-MB-231 cells had 

low hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates and low 

MCT1 expression, but high LDHA protein levels (Figure 3.5e, 3.7a & 3.10a). A >7-
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fold increase in [1-13C]pyruvate-to-[1-13C]lactate conversion rates in digitonin-

treated MDA-MB-231 cells was measured when compared to control cells (Figure 

3.13). This further demonstrated that the measured [1-13C]pyruvate-to-[1-

13C]lactate conversion rates were rate-limited by the influx of [1-13C]pyruvate at the 

level of the plasma membrane rather than aerobic glycolysis or LDHA activity as 

previously hypothesized. 

 

Figure 3.13. Permeablization of MDA-MB-231 cells with digitonin. The initial hyperpolarized 
[1-13C]pyruvate-to-[1-13C]lactate conversion rate in MDA-MB-231 cells without digitonin 
treatment as control (black) or with digitonin treatment for membrane permeabilization (red). 
Error bars represent S.D.; * p < 0.05, paired t-test. 

 

To determine whether MCT1-mediated pyruvate transport was the rate-

limiting step in the hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

process. To answer this question, using the MCT1-knockdown Mia PaCa-2 stable 

cell line (MCT1 KDi), doxycycline-inducible MCT1 knockdown was reversed by 

integrating a constitutively active promoter with a MCT1 open reading frame 

(MCT1 ORFc), resulting in the Mia PaCa-2 MCT1 KDi + MCT1 ORFc cell line 

(Figure 3.14a). A non-targeting control was also generated using a non-targeting 
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sequence (NTC ORFc), resulting in the Mia PaCa-2 MCT1 KDi + NTC ORFc cell 

line. At baseline, in the absence of doxycycline, stable cells with MCT1 KDi + MCT1 

ORFc demonstrated increased MCT1 mRNA (Figure 3.14b) and membrane-bound 

MCT1 protein (Figure 3.14c) compared to control MCT1 KDi + NTC ORFc cells. 

Consistently, doxycycline-free Mia PaCa-2 KDi + MCT1 ORFc cells constitutively 

overexpressing MCT1 showed ~130% significant increase in hyperpolarized [1-

13C]pyruvate-to-[1-13C]lactate conversion rate compared to their MCT1 KDi + NTC 

ORFc control cells (Figure 3.14d). In contrast, doxycycline-induced MCT1 

knockdown cells, Mia PaCa-2 MCT1 KDi + NTC ORFc, demonstrated ~ 60% 

significant decrease in hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

rates compared to their doxycycline-free control cells (Figure 3.14e). Furthermore, 

the doxycycline-induced MCT1 shRNA knockdown was rescued by cDNA in Mia 

PaCa-2 stable cells with MCT1 KDi + MCT1 ORFc, resulting in a ~4-fold significant 

increase in hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates 

(Figure 3.14e). Because the reaction of [1-13C]pyruvate-to-[1-13C]lactate 

conversion through LDHA is coupled with NADH to NAD+ oxidation, we examined 

NAD+/NADH ratios across Mia PaCa-2 NTCi, Mia PaCa-2 MCT1 KDi, Mia PaCa-2 

MCT1 KDi + NTC ORFc, and Mia PaCa-2 MCT1 KDi + MCT1 ORFc cells with and 

without doxycycline simulating MCT1 knockdown, overexpression, and rescue 

conditions. No differences were observed in the NAD+/NADH ratios across the 

tested stable cell lines (Figure 3.14 f & g). 
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Figure 3.14. Generating stable cell lines with doxycycline-inducible MCT1 knockdown 
sequence (MCT1 KDi) or constitutive overexpressing MCT1 ORFc sequences (MCT1 ORFc). 
a) Constitutive MCT1-overpexressing ORF system (image adapted from Dharmacon, Inc.). b 
& c) Mia PaCa-2 doxycycline-inducible stable cell line (Mia PaCa-2 MCT1 KDi) containing a 
NTC ORFc or MCT1 ORFc. b) qPCR and c) western blot. d) Changes of the initial 
hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates when MCT1 is 
overexpressed. The initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates 
of Mia PaCa-2 stable cell lines with two vectors, KD i + NTC ORFc (black) or KDi + MCT1 ORFc 
(green), without doxycycline induction. e) Changes of the initial hyperpolarized [1-
13C]pyruvate-to-[1-13C]lactate conversion rates when MCT1 knockdown is restored. The 
initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates of Mia PaCa-2 stable 
cell lines with two vectors, KDi + NTC ORFc or KDi + MCT1 ORFc, with and without 
doxycycline induction. KDi + NTCc without doxycycline serves as the control (black). KD i + 
NTCc with doxycycline (red) induces MCT1 knockdown compared to the control. KD i + MCT1 
ORFc with doxycycline (purple) demonstrates doxycycline-inducible knockdown of 
endogenous MCT1 rescued by the constitutively overexpressing MCT1 ORFc. f) NAD+/NADH 
ratios of Mia PaCa-2 NTCi and Mia PaCa-2 MCT1 KDi with/without doxycycline induction. g) 
NAD+/NADH ratios of Mia PaCa-2 KDi + NTC ORFc and Mia PaCa-2 KDi  + MCT1 ORFc 
with/without doxycycline induction. Error bars represent, S.D. *, p < 0.05, **, p < 0.01, ***, p 
< 0.001, paired t-test. 

 

To further validate the rate-limiting contribution of MCT1 to the apparent [1-

13C]pyruvate-to-[1-13C]lactate conversion rates, we stably overexpressed MCT1 in 

QGP1 cells, a cell line with low basal MCT1, and compared the [1-13C]pyruvate-

to-[1-13C]lactate conversion rates. QGP1 cells that stably overexpressed MCT1 

were generated by integrating a MCT1 ORFc (Figure 3.14a), and membrane-

bound MCT1 protein overexpression was confirmed at both transcriptional and 

protein levels (Figure 3.15a & b). Similar to Mia PaCa-2 MCT1 overexpression, 
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initial [1-13C]pyruvate-to-[1-13C]lactate conversion rates showed a significant 

increase of ~50% in QGP1 cells with MCT1 overexpression (MCT1 ORFc) 

compared to the non-targeting control (NTC ORFc) (Figure 3.15c).  

 

Figure 3.15. Generating stable cell lines with doxycycline-inducible MCT1 knockdown 
sequence (MCT1 KDi) or constitutive overexpressing MCT1 ORFc sequences (MCT1 ORFc). 
a & b) QGP1 MCT1 ORFc stable cells compared to its NTC ORFc control. c) Overexpression 
of MCT1 in QGP1 cells. The initial hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 
conversion rates of the QGP1 stable cell line with NTC ORFc (black) or MCT1 ORFc (green), 
which constitutively overexpresses MCT1 protein. Error bars represent S.D.; *, p < 0.05, *** 
p < 0.001, paired t-test. 
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These data demonstrated that the conversion of [1-13C]pyruvate-to-[1-

13C]lactate was dependent and rate-limited by MCT1 expression and not LDHA 

activity. Furthermore, the initial pyruvate influxes in Mia PaCa-2 MCT1 KDi + NTC 

ORFc, and Mia PaCa-2 MCT1 KDi + MCT1 ORFc cells stable cells were also 

evaluated (Figure 3.16 a & b), and we found that the pattern of pyruvate 

unidirectional influx was similar to the initial hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rates. Once again, the initial pyruvate influx mediated by 

MCT1 was tightly correlated to the observed hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rates. 

 

 

Figure 3.16. The initial pyruvate influx in response to MCT1 modulation a) Changes of initial 
pyruvate influx rates (6 seconds) in Mia PaCa-2 stable cell lines with two vectors, KDi + NTC 
ORFc (black) or KDi + MCT1 ORFc (green) without doxycycline induction. b) Changes of initial 
pyruvate influx rates (6 seconds) in Mia PaCa-2 MCT1 KDi cells with MCT1 overexpression 
ORFc or NTC ORFc were similar to the hyperpolarized conversion rates Figure 3.12e. Each 
experiment, n=3; error bars represent S.D.; *** p < 0.0001, paired t-test. 

 

3.3.3 Hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates are  

dependent on MCT1 expression in vivo. 
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With the observed dependence of hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rates on membrane-localized MCT1 in live cells, the 

contribution of MCT1 in vivo was examined using hyperpolarized [1-13C]pyruvate 

in live animal tumor models (Figure 3.17a). Subcutaneous tumor models of Mia 

PaCa-2 cells stably expressing either the doxycycline-inducible MCT1 KD i or a 

NTCi sequence were used. Once tumors reached 8 mm in diameter, an initial 

hyperpolarized [1-13C]pyruvate MRSI data point was acquired. All animals were 

then administered 1 mg/mL doxycycline + 5% fructose for ~ 7  14 days to induce 

either the targeted MCT1 KDi shRNA or NTCi shRNA. A post treatment MRSI 

image was then acquired in the same animals. The spectra of hyperpolarized [1-

13C]pyruvate and [1-13C]lactate was integrated over a ~3 min period for mice with 

either Mia PaCa-2 MCT1 KDi shRNA (Figure 3.17 b & c) or Mia PaCa-2 NTCi 

shRNA (Figure 3.17d & e) pre- and post-doxycycline induction. The sum of [1-

13C]lactate-to-[1-13C]pyruvate ratios above baseline were calculated instead of the 

previously used initial [1-13C]lactate-to-[1-13C]pyruvate ratios due to decreased 

signal-to-noise ratios (SNR) in vivo. Comparing the pre- and post-doxycycline 

MRSI data, hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion was 

significantly decreased by ~70% only in animals with tumors stably expressing 

MCT1 KDi (Figure 3.17f). In contrast, hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion was not found to be statistically significant in the non-

targeting control group (Figure 3.17g). In vivo doxycycline-inducible knockdown of 

MCT1 or NTC were confirmed by immunohistochemistry (IHC) staining of MCT1 

at the endpoint (Figure 3.17h-o). Overall, these data strongly supported the MCT1-
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dependency of the apparent hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 

conversion ratio in vivo.  
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Figure 3.17. Hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion in response to 
MCT1 expression in vivo. a) Timeline of the animal study schedule. Each animal served as 
its own control pre- and post- doxycycline. b & c) The kinetic profile of hyperpolarized [1-
13C]pyruvate and [1-13C]lactate spectra over time in a mouse bearing a Mia PaCa-2 KDi  tumor 
(b) pre- and (c) post-doxycycline treatment. Hyperpolarized [1-13C]pyruvate and [1-
13C]lactate spectra over time in a mouse bearing a Mia PaCa-2 MCT1 NTCi  tumor (d) pre- 
and (e) post-doxycycline treatment. f) The sum of hyperpolarized [1-13C]lactate normalized 
to the sum of hyperpolarized [1-13C]pyruvate of  all mice  bearing Mia PaCa-2 MCT1 KDi 
tumors pre- and post-doxycycline treatment (n = 4 animals per group). g) The sum of 
hyperpolarized [1-13C]lactate normalized to the sum of hyperpolarized [1-13C]pyruvate of all 
mice with Mia PaCa-2 MCT1 NTCi tumors pre- and post-doxycycline treatment (n = 4 animals 
per group). Representative immunohistochemistry (IHC) staining for MCT1 from Mia PaCa-
2 xenograft tumors. The Brown stain represents MCT1 expression, and the blue stain 
represents H7E.  All tumor sections were stained with H&E. h, j, l, n) Mia PaCa-2 MCT1 KDi 

tumors post-doxycycline treatment. i, k, m, o) Mia PaCa-2 MCT1 NTCi tumors post 
doxycycline treatment. Error bars represent S. D.; ** p < 0.01, paired t-test. 

 

3.3.4 Clinical Relevance of Pyruvate Transporters. 

Finally, to explore the clinical relevance of MCTs, we compared expression 

profiles of MCT family members, MCT1, -2, and -4 in datasets from the Human 

Protein Atlas (HPA) across various tissues between normal individuals and cancer 

patients (Figure 3.18a-c). Overall, MCT1 and MCT4 were in general found to be 

overexpressed among most examined tumors relative to normal tissues (Figure 

3.18a & c). This is consistent with the literature indicating that cancers tend to 

overexpress MCT1, to facilitate monocarboxylate transport, including pyruvate and 
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lactate influx and efflux 178, while MCT4 has been reported to support lactate 

export, facilitating tumor growth 179,180. 

 

 

Figure 3.18. Expression profiles of MCT family members, MCT1, 2, and 4 across various 
tissues between normal individuals and cancer patients. a c) Expression profiles of MCT1 
(a), MCT2 (b), and MCT4 (c) between cancer and normal tissues. 

 

Kaplan-Meier survival analysis showed that patients with high expression 

of MCT1 or LDHA correlated with poor overall survival, four of which showed that 

both MCT1 and LDHA correlated with poor overall survival, including pancreatic (n 
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= 176; Overall Survival; p < 0.05; p < 0.0001, respectively; Figure 3.19 a & b), renal 

(n = 877; Overall Survival; p < 0.0001; p < 0.0001, respectively; Figure 3.19 d & 

e), lung (n = 994; Overall Survival; p < 0.05; p < 0.0001, respectively; Figure 3.19 

g & h), and cervical (n = 291; Overall Survival; p < 0.0001; p < 0.001, respectively; 

Figure 3.19 j & k) cancer patients. Furthermore, overall MCT1 expression profiles 

significantly correlated with LDHA expression profiles for pancreatic (Figure 3.19c, 

r = 0.39; p < 0.0001), renal (Figure 3.19f, r = 0.62; p < 0.0001), lung (Figure 3.19i, 

r = 0.30; p < 0.0001), and cervical (Figure 3.19l, r = 0.44; p < 0.0001) cancer 

patients. Because both MCT1 and LDHA are necessary to visualize hyperpolarized 

[1-13C]pyruvate to [1-13C]lactate conversion, hyperpolarized [1-13C]pyruvate MRSI 

could potentially be used as a prognostic marker for patients with pancreatic, renal, 

lung and cervical cancers. 
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Figure 3.19. Elevated MCT1 or LDHA mRNA levels correlate with poorer patient survival in 
pancreatic and renal cancers. Grehan-Breslow-Wilcoxon tests were used to estimate the p-
values between high and low expression groups (using top and bottom 25% as the cutoff 
for grouping). Pearson Chi-square tests were used to estimate the p-values between MCT1 
and LDHA expression. a) Kaplan-Meier survival analysis in pancreatic cancer patients (n = 
176) indicates that high MCT1 expression correlates with poorer patient survival (p < 0.05). 
b) Kaplan-Meier survival analysis in pancreatic cancer patients indicates that high LDHA 
expression correlates with poorer patient survival (p < 0.0001). c) Mosaic plot in pancreatic 
cancer patients indicates that MCT1 expression correlates with LDHA expression (p < 
0.0001). d) Kaplan-Meier survival analysis in renal cancer patients (n = 877) indicates that 
high MCT1 expression correlates with poorer patient survival (p < 0.0001). e) Kaplan-Meier 
survival analysis in renal cancer patients indicates that high LDHA expression correlates 
with poorer patient survival (p < 0.0001). f) Mosaic plot in renal cancer patients indicates 
that MCT1 expression correlates with LDHA expression (p < 0.0001). g) Kaplan-Meier 
survival analysis in lung cancer patients (n = 994) indicates that high MCT1 expression 
correlates with poorer patient survival (p < 0.05). h) Kaplan-Meier survival analysis in lung 
cancer patients indicates that high LDHA expression correlates with poorer patient survival 
(p < 0.001). i) Mosaic plot in lung cancer patients indicates that MCT1 expression correlates 
with LDHA expression (p < 0.0001). j) Kaplan-Meier survival analysis in cervical cancer 
patients (n = 291) indicates that high MCT1 expression correlates with poorer patient 
survival (p < 0.0001). k) Kaplan-Meier survival analysis in cervical cancer patients indicates 
that high LDHA expression correlates with poorer patient survival (p < 0.0001). l) Mosaic plot 
in cervical cancer patients indicates that MCT1 expression correlates with LDHA expression 
(p < 0.0001). 
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3.4 Discussion 

Many preclinical and clinical studies utilizing hyperpolarized [1-13C]pyruvate 

MRSI have observed that advanced tumor tissues exhibit increased [1-

13C]pyruvate-to-[1-13C]lactate conversion rates 86,92,163. This elevated conversion 

has been attributed to the classic Warburg effect, which includes enhanced aerobic 

glycolysis, a characteristic of cancer metabolic reprogramming 90,97,175, and is 

mechanistically linked to increased expression and activity of LDHA 181,182. 

Clinically, tissues with low hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 

conversion rates are considered to be in a slower glycolytic flux state, aligning with 

non-aggressive or benign tumors, whereas tissues with high [1-13C]pyruvate-to-[1-

13C]lactate conversion rates are considered in a high glycolytic flux state, and more 

aggressive 183.  

However, when systematically re-examining the fate of administrated 

hyperpolarized [1-13C]pyruvate in vivo, the observed [1-13C]pyruvate-to-[1-

13C]lactate conversion rates can be deconvolved into multiple steps. Intravenous 

administration of hyperpolarized [1-13C]pyruvate first delivers the reagent to the 

vascular and extracellular spaces. As a charged molecule, hyperpolarized [1-

13C]pyruvate cannot freely diffuse across the plasma membrane of a cell. 

Consequently, for a hyperpolarized [1-13C]pyruvate molecule to be reduced to 

lactate via LDHA, a cytoplasmic enzyme, [1-13C]pyruvate first must be transported 

into cells. Proton-coupled MCTs located on plasma membranes are physiologically 

involved in pyruvate influx 111,  with the most ubiquitously expressed pyruvate 

transporter in the MCT family being MCT1, while MCT2 is the most efficient 
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pyruvate transporter 87. Contradictory preclinical reports of whether hyperpolarized 

[1-13C]pyruvate transmembrane transport is rate-limiting have been published. For 

example, using various concentrations of hyperpolarized [1-13C]pyruvate, Harris et 

al. modeled the kinetics of hyperpolarized [1-13C]pyruvate transport with a Km = 

2.14 mM, concluding that MCT1 is the rate-limiting step for a human breast cancer 

cell line 167. By contrast, Whitney et al. rebutted the previous findings with cell 

permeablization experiments using murine lymphoma (EL-4) cells suggesting that 

MCT1 is not the rate-limiting step for hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rates as observed by hyperpolarized MRSI 168. In addition, 

the contribution of MCT4 and lactate export was shown to correlate with [1-

13C]pyruvate-to-[1-13C]lactate conversion rates in a renal cell carcinoma cell line 

184. Regardless, most studies in preclinical models attribute the observed [1-

13C]pyruvate-to-[1-13C]lactate conversion rates (or ratios) to LDHA activity or report 

the correlation with LDHA 99,101,185, while most clinical studies conventionally 

correlate the [1-13C]pyruvate-to-[1-13C]lactate conversion with LDHA activity 86. 

However, in a recently published [1-13C]pyruvate MRSI clinical study in prostate 

cancer patients, Granlund et al. found that elevated hyperpolarized [1-13C]lactate 

immunohistochemical staining of patient samples suggested that enhanced 

hyperpolarized [1-13C]lactate correlated with MCT1 169. In addition, Gallagher et al. 

recently reported that [1-13C]pyruvate-to-[1-13C]lactate conversion correlated with 
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LDHA 171. While provocative, these clinical correlates lack the mechanistic rigor to 

establish causation. 

Herein, to rigorously address this fundamental question as to the signal 

source, we used genetically-engineered tumor cells with inducible vectors to 

knock-down or overexpress MCT1 in a panel of tumor cells that sampled the 

relevant metabolic space. Our data demonstrated that the observed 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates were not 

dependent nor rate-limited by LDHA protein levels, LDHA activities, intracellular 

pyruvate, or lactate, but rather, by pyruvate influx mediated by MCT protein levels 

localized to the plasma membrane. Contrary to standard models, we identified that 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates were negatively 

correlated to LDHA total protein and enzyme activities across a panel of cell lines. 

Note that at the level of RNA in clinical samples, MCT1 expression profiles 

significantly correlated with LDHA expression profiles among selected cancers, 

and therefore, the observed apparent correlation between [1-13C]pyruvate-to-[1-

13C]lactate conversion and LDHA activity could be accounted for by the co-

correlation between LDHA and MCT1 expression. In contrast, for cell lines and 

tumors where LDHA expression does not positively correlate with MCT1 

expression, [1-13C]pyruvate-to-[1-13C]lactate conversion rates would not reflect 

LDHA activities, which could explain the discrepancies between many previously 

reported results. 

Mechanistically, data indicated that the conversion of hyperpolarized [1-

13C]pyruvate-to-[1-13C]lactate was rate-limited by MCT1. Importantly, in this 
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context, hyperpolarized [1-13C]pyruvate MRSI is a dynamic assessment of overall 

net transport activity mediated by MCT1 in vivo, which is a function of the number 

of MCT1 transporter proteins properly inserted into the plasma membrane 

multiplied by their specific activity (turnover kinetics), the later dependent on the 

specific biochemical details of the protein and microenvironment (Km, Vmax, local 

substrate concentrations). For example, increases in conversion rates would not 

be expected to be directly proportional to increases of MCT1 protein levels in non-

saturating conditions. Furthermore, note that ancillary proteins including 

basigin/CD147 and embigin/gp70 are required for translocation of MCTs to the 

plasma membrane 87. When MCTs are overexpressed in the absence of these 

ancillary proteins, MCTs could fail to reach the plasma membrane due to saturation 

of the pool of ancillary proteins 109. Besides turnover kinetics, these ancillary 

proteins could also explain why increases in [1-13C]lactate production were 

directionally consistent, but less than the proportional increases in MCT1 content 

at higher expression levels as observed across the cell panel in our study.  

As shown in the schematic diagram (Figure 3.1), pyruvate bulk 

delivery/perfusion, pyruvate influx, LDHA activity, intracellular pyruvate 

concentration, intracellular lactate concentration, and NADH/NAD+ in principle 

could all affect the apparent kinetics of hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion. Assuming bulk perfusion and vascular delivery of the 

injected hyperpolarized [1-13C]pyruvate, we find that the influx of exogenous 

pyruvate mediated by MCT1 is the rate-limiting step of this entire conversion 

process. Only when MCT1 is massively overexpressed, then other downstream 



85 
 

factors, including LDHA activity, NADH levels, intracellular pyruvate and lactate 

could in theory rate-limit [1-13C]lactate production. We found no significant 

correlation between intracellular lactate content and hyperpolarized [1-

13C]pyruvate-to-[1-13C]lactate conversion across the cell panel, consistent with 

several previous metabolomics studies that demonstrated that lactate pools do not 

correlate with hyperpolarized [1-13C]lactate production 186,187. However, defining 

MCT1 as the rate-limiting step also provides an additional mechanism for some 

observations that a large pool of endogenous intracellular lactate can indeed drive 

the observed conversion of [1-13C]pyruvate-to-[1-13C]lactate 89, attributed in 

principle to the dilution of labeled [1-13C]lactate, thereby diminishing LDHA-

mediated back-reactions. In this regard, recent biophysical analysis has 

demonstrated that turnover kinetics of monocarboxylate transporters operating in 

pyruvate/lactate exchange mode are significantly faster than turnover kinetics 

when operating in unidirectional proton-coupled co-transport mode 102,117. Thus, 

the presence of high intracellular lactate will promote rapid MCT1-mediated 

exchange with extracellular [1-13C]pyruvate during a hyperpolarized [1-

13C]pyruvate MRSI experiment, driving influx of [1-13C]pyruvate and enhancing 

substrate presentation to LDHA for [1-13C]pyruvate to [1-13C]lactate conversion. 

MDA-MB-231 tumors, high in LDHA, but low in MCT1 expression, are 

important to highlight and portend the risk of clinical false negative interrogation of 

tumors with hyperpolarized [1-13C]pyruvate. If hyperpolarized [1-13C]pyruvate-to-

[1-13C]lactate conversion rates always correlated with tumor aggressiveness and 

high LDHA, then MDA-MB-231, a known aggressive triple-negative breast tumor, 
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should have demonstrated high [1-13C]pyruvate-to-[1-13C]lactate conversion rates. 

Similarly for QGP1, a pancreatic neuroendocrine tumor. However, the 

hyperpolarized [1-13C]pyruvate MRS signals for these two remarkably MCT1-low 

tumors showed low [1-13C]pyruvate-to-[1-13C]lactate conversion rates, 

indistinguishable from control HPNE cells, which would be potentially problematic 

clinically.  

The expression of MCT1 and LDHA vary due to tumor heterogeneity, and 

thus, the baseline hyperpolarized [1-13C]lactate conversion rate could fluctuate 

within the tumor cell population. Consequently, it will be challenging to use 

baseline measurements of hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 

conversion rates to differentiate tumor from normal tissues. However, changes 

between pre- and post-hyperpolarized [1-13C]pyruvate MRSI in the same patient 

in response to therapy could be informative in principle, especially given an 

expectation that MCT1 is a potential prognostic marker 92,188. Consistent with the 

genomic profiling results, Dong et al. reported that hyperpolarized [1-13C]pyruvate 

could predict treatment response to mTOR inhibitors in patient-derived renal cell 

carcinoma xenograft models 92. In addition, it has been reported that 

hyperpolarized [1-13C]pyruvate MRSI can detect and monitor progression of 

advanced pancreatic preneoplasia 188. Also, when MCT1 is known to be 

overexpressed and not rate-limiting in a particular cancer, [1-13C]pyruvate may 

have potential as a biomarker for LDHA in such special cases as well. In addition, 

hyperpolarized [1-13C]pyruvate MRSI could be used to monitor therapeutic 

responses to LDHA or glycolysis inhibitors by comparing pre- and post-treatment 
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[1-13C]pyruvate-to-[1-13C]lactate conversion rates assuming that the therapy does 

not directly target pyruvate transporters nor induce compensatory changes in MCT 

expression or membrane localization. Pre-clinical studies have reported that 

decreased hyperpolarized [1-13C]lactate production post-therapy correlated with 

enhanced responses 94,189. Furthermore, MCT1 inhibitors demonstrated anti-

cancer therapeutic effects in pre-clinical breast cancer models 178. An MCT1/2 

inhibitor, AZD3965, is currently undergoing phase I/II clinical trials as an anti-

cancer therapeutic for prostate cancer, gastric cancer, and diffuse large B cell 

lymphoma 139,190. In this context, hyperpolarized [1-13C]pyruvate would be a 

potential pharmacodynamic biomarker to study the efficacy of MCT inhibitors. 

Moreover, due to metabolic heterogeneity, melanoma cells with high MCT1 have 

been reported to have high metastatic potential compared to their low MCT1 

counterparts. Having identified that the hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rate primarily measures MCT1-mediated [1-13C]pyruvate, 

hyperpolarized [1-13C]pyruvate MRSI can be a potential imaging biomarker for 

evaluating melanoma metastatic potential 191. 

MCT1 expression has been identified as a prognostic biomarker for lung 

and endometrial cancers 179,192. Moreover, MCT1 overexpression is associated 

with poor prognosis for several cancers, including glioma, renal, pancreatic, and 

cervical cancers 193-196. Cancers tend to overexpress MCT1 to facilitate 

monocarboxylate transport, including pyruvate and lactate influx and efflux 178, 

while MCT4 has been reported to support lactate export, facilitating tumor growth, 

and renal carcinoma metastasis 179,180,184. For the clinical translation of 
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hyperpolarized [1-13C]pyruvate MRSI, the appearance of hyperpolarized [1-

13C]lactate signal requires, at the minimum, the expression of both MCT1 and 

LDHA. Hyperpolarized [1-13C]pyruvate MRSI could therefore be used as a non-

invasive metabolic imaging modality for functional assessment of MCT1 as a 

prognostic marker in these patient populations. Furthermore, preclinical studies 

have shown that hyperpolarized [1-13C]pyruvate MRSI could further be linked to 

therapeutic response 197. Since hyperpolarized [1-13C]lactate detection requires 

both [1-13C]pyruvate influx mediated by MCTs, primarily MCT1, as well as LDHA-

catalyzed hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion, in theory, 

hyperpolarized [1-13C]pyruvate MRSI has the potential to be used as a prognostic 

imaging biomarker that predicts cancer prognosis, for which both high MCT1 and 

LDHA activity correlate with poor overall patient survival. 

Overall, our data indicate that hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion is not a direct measure of LDHA activity nor non-oxidative 

glycolysis. In effect, LDHA activity enables the intracellular pool of [1-13C]pyruvate 

to be distinguished from extracellular [1-13C]pyruvate by the appearance of the 

product [1-13C]lactate, an obligatory intracellular metabolite in this context. When 

interpreting hyperpolarized [1-13C]pyruvate MRSI results, our data indicate that the 

capacity to observe hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

rates are primarily dependent on and rate-limited by MCT activity, especially 

MCT1. To the degree that MCT1 function is linked to poor survival in selected 

cancers, hyperpolarized MRSI may still fill an unmet need for a non-invasive 
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marker of prognosis and functional monitoring of therapeutic response through 

imaging. 

  



90 
 

Chapter 4  

 

Excess [1-13C]Pyruvate Modulates 
Lactate Dehydrogenase-A Activity 

During Magnetic Resonance 
Spectroscopic Imaging* 

 

4.1 Introduction 

Understanding metabolism, one of the most fundamental aspects of cellular 

activity, drives the development of various techniques to interrogate cellular 

metabolic flux under physiological conditions in vivo. Among them, isotope-labeled 

substrates are widely used to evaluate the metabolism and flux of specific 

biological substrates 198-201. Small endogenous substrates, such as glucose, 

glutamine, lactate and pyruvate, form the carbon building blocks of 

macromolecules and energy sources for cell growth and therefore are commonly 

used in isotope-labeled tracing experiments due to their relatively high 

endogenous abundance and well-known natural pathway profiles 202-204. 

 

  

* The contents of this chapter are in the process of submission: Rao, Y., Gammon, S., Zacharias, 
N., Bhattacharya, P., Piwnica-Worms, D. Excess [1-13C]Pyruvate Modulates Lactate 
Dehydrogenase-A Activity During Magnetic Resonance Spectroscopic Imaging. 
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One translational application of isotope-labeled substrates is 

hyperpolarized magnetic resonance spectroscopic imaging (MRSI), which has 

emerged as a non-invasive metabolic imaging modality. Compared to standard 

MRSI, hyperpolarized MRSI offers >10,000-fold signal enhancement, enabling 

potential applications of monitoring in real time the metabolism of appropriate 

isotope-labeled substrates in vivo 51,73,97,160-165. Although various isotope labeling 

strategies have been applied to a wide range of metabolic substrates 61,64,205, [1-

13C]pyruvate remains the most well-characterized exogenous hyperpolarization 

probe for clinical translation, wherein intracellular [1-13C]pyruvate is converted to 

[1-13C]lactate via cytoplasmic lactate dehydrogenase-A (LDHA). 64. Because [1-

13C]pyruvic acid carries a physiologic negative charge, the transmembrane influx 

of systemically administered [1-13C]pyruvate from extracellular spaces into 

intracellular spaces is primarily mediated by monocarboxylate transporter-1 

(MCT1) 206, a member of the SLC16 family87. The conversion of [1-13C]pyruvate to 

[1-13C]lactate has been used conventionally to inform the state of glycolytic flux of 

various tumors as well as to assess LDHA activity either qualitatively or 

quantitatively. However, recent data point to a re-interpretation of MRSI signals in 

terms of MCT1 signatures as the rate-limiting reaction, pointing to new uses of the 

technology as a cancer prognostic marker in vivo 206. Technical constraints of 

hyperpolarized [1-13C]pyruvate MRSI studies require an injection into animals and 

patients of high concentration solutions, typically 80 mM to 230 mM, of 

hyperpolarized [1-13C]pyruvic acid in vivo 86,161 . Studies have reported that bolus 

injection of pyruvate is not metabolically inert and imposes potential biochemical 



92 
 

and physiological effects on biologic systems, including increased cellular oxygen 

consumption rates and hypoxia, and transient decreases in pO2 207-209. Hence, it is 

important to account for the potential for metabolic perturbations of bolus infusions 

of hyperpolarized [1-13C]pyruvate during hyperpolarized [1-13C]pyruvate MRS 

studies. However, the mechanism(s) of the observed phenotypes are not entirely 

elucidated. 

With this in mind, by evaluating LDHA enzyme kinetics quantitatively in vitro 

and characterizing the effect of concentrated pyruvate on lactate production semi-

quantitatively in cellulo using genetic and pharmacologic tools across well-defined 

cell lines, we found that clinically-achievable millimolar concentrations of pyruvate 

used during MRSI induced decreased lactate production in live cells, 

mechanistically related to substrate inhibition of LDHA. Furthermore, because 

intracellular pyruvate accumulation is dependent on pyruvate influx 206, [1-

13C]pyruvate-induced LDHA substrate inhibition was found to be highly dependent 

on pyruvate import mediated by MCT1. 

.  
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4.2 Methods 

4.2.1 In vitro analysis of extracellular acidification rate (ECAR) 

The Seahorse XF glycolysis stress assay was used to measure the extracellular 

acidification rate (ECAR), the rate of extracellular pH change. The product of 

glycolysis, pyruvate, was converted into lactate, resulting in a net production and 

extrusion of protons in the extracellular environment. Produced lactates were 

exported to the extracellular environment in the form of lactic acid, which resulted 

in a change of extracellular pH. Five different pancreatic cell lines were seeded on 

XF96 Cell Culture Microplates (Seahorse Bioscience, Billerica, MA) in their original 

growth media 48 h before the experiment at the following cell densities: 1.2 × 104 

Mia PaCa-2, 1.5 × 104 Panc 03.27, 2.0 × 104 QGP1 and 1.5× 104 HPNE. When 

pre-treated with the MCT1 inhibitor AZD3965 (Selleckchem, Houston, TX)

of AZD3965 were added to the corresponding group 4 hours before the assay 

started. For the Seahorse assay, cells were washed and maintained with DMEM 

lacking NaHCO3, supplemented with 2 mM glutamine with/without 5 mM glucose, 

and adjusted to pH 7.4. Concentrations of pyruvate ranging from 0  10 mM, 10 

and 50 mM of 2-deoxyglucose were then 

sequentially injected. The fold change of glucose-induced ECAR for each cell line 

 [Eq. 4.1]. 

Normalized glycolysis ECAR =               [Eq. 4.1] 
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Where the baseline ECAR is the ECAR measurements of cells before any drug 

injection (Figure 4.1).  Experiments were performed with an XF96 analyzer, and 

raw ECARs were normalized to cell counts using Hoechst 33342 (Thermo Fisher 

Scientific, Carlsbad, CA) by an Operetta High-Content Imaging System 

(PerkinElmer, 2470 Wizard). Data were analyzed with GraphPad Prism 7.01. 

Experiments were performed in triplicate for three independent experiments.  

 

Figure 4.1. The definition of normalized glycolysis ECARSeahorse glycolysis stress assays 
were performed with the addition of substrates in the exact order indicated. Normalized 

glycolytic ECAR was calculated as:  / 

. The average of three green-boxed ECAR data points were used 

to calculate baseline ECAR, and the single green-boxed data point (green-boxed) was used 
as pyruvate treated ECAR. The injection of glucose was used to induce glycolysis. 
Oligomycin (OL) eliminated mitochondrial oxidative phosphorylation by inhibiting Complex 
I, and 2-deoxyglcuose (2 DG) was used to inhibit glycolysis. For ECAR assays using 
glucose-free base medium, pyruvate effect was monitored using the first ECAR 
measurement after glucose injection, which simulated normal level of glycolysis. For ECAR 
assays using glucose-supplemented base medium, pyruvate effect was monitored using 
the first ECAR measurement after pyruvate injection, since cells were already under normal 
glycolysis.  
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4.3 Results: 

4.3.1 Excess pyruvate impacts LDHA enzymatic activity in vitro 

Rather longstanding and perhaps forgotten metabolism literature has 

suggested that high concentrations of pyruvate can induce substrate inhibition of 

LDHA extracted from various cells, including cardiac cells, erythrocytes and 

muscle cells 210,211. Therefore, highly concentrated isotope-labeled pyruvate 

substrate, well above physiological pyruvate levels, could potentially impact 

cellular metabolism, such as anaerobic glycolysis. To first re-validate previous 

observations and extend these to tumor cells with cell-extracted enzymes 210-212, a 

classic enzymatic assay was used to examine LDHA activity in various tumor cell 

lines in response to a broad range of concentrations of pyruvate. 

First, we extracted total LDHA protein from each cell line in a multi-cell-line 

panel. We used four well-established cancer cell lines and one normal cell line, 

specifically, a K-RAS wildtype pancreatic cancer cell line (Panc03.27; wt K-RAS), 

a K-RAS mutant human pancreatic cancer cell line (Mia PaCa-2; K-RASG12C), a 

human pancreatic neuroendocrine cancer cell line (QGP1), a human triple 

negative breast cancer cell line (MDA-MB-231), and a human immortalized normal 

pancreatic epithelial cell line (HPNE). We then characterized LDHA enzyme 

kinetics. Cellular LDHA in total protein extracts, regardless of whether the proteins 

were extracted from cancer or normal cells, demonstrated highly similar biphasic 

pyruvate substrate activation kinetics and substrate inhibition patterns. The peak 

LDHA activity across all tested cell lines occurred at a pyruvate concentration of 

0.4  0.7 mM pyruvate with the highest peak LDHA activity in MDA-MB-231 cells, 
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then HPNE cells, followed by QGP1 and Panc03.27 cells, and lowest in Mia PaCa-

2 cells (Figure 4.2). Both Km and Ki were the highest in Mia PaCa-2 cells, slightly 

lower in MDA-MB-231 cells, intermediate in HPNE and QGP1 cells, and the lowest 

in Panc03.27 cells (Table 4.1). The peak LDHA activities, the pyruvate 

concentration at peak LDHA activity, the pyruvate concentration at the maximum 

LDHA velocity, Km as well as Ki were summarized (Table 4.1). Across the panel, 

peak inhibition of LDHA activity occurred when pyruvate concentration was higher 

than 0.7 mM. These results confirmed that cell extracted LDHA activity in vitro was 

substrate inhibited uniformly by high concentrations of pyruvate regardless of cell 

source of enzyme. 

 

Figure 4.2. The effect of pyruvate on LDHA enzyme activity in cell extract. a) The initial 
velocity of pyruvate-to-lactate conversion of various LDHA cell extracts in response to 
varying concentrations of pyruvate (0 - 30 mM). Error bars represent S.E.M. All 
experiments were done in triplicate, n=3. 
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Table 4.1 Effect of pyruvate on LDHA enzyme kinetics. Summary of maximal initial velocities, 
pyruvate concentrations at maximal initial velocities, Km, and Ki of LDHA cell extracts. All 
experiments were done in triplicate; mean values; n = 3, independent experiments. 

 

 Vpeak [mM] Kpeak [mM] Km [mM] Ki [mM] 

Panc03.27 1.41 0.35 0.06 2.31 

Mia PaCa-2 0.60 0.70 0.12 4.18 

QGP1 1.42 0.52 0.08 3.44 

MDA-MB-231 2.20 0.59 0.11 3.51 

HPNE 1.98 0.49 0.09 2.66 
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4.3.2 Excess pyruvate impacts lactate production in cellulo 

Contrary to kinetics of LDHA enzyme extracts where substrates are freely 

accessible in the reaction mixture, in intact cells, only intracellular pyruvate is 

accessible to cytosolic LDHA. Because accumulation of intracellular pyruvate is 

dependent on transmembrane influx of pyruvate, which is primarily mediated by MCT1 206, 

the protein expression profiles of MCTs were examined across the cell panel. Because 

only plasma membrane-bound transporters are involved in pyruvate influx 109, we 

performed protein fractionation to evaluate plasma membrane-bound transporters. 

Western blot analysis showed that membrane-localized MCT1 content, which co-

localized with the plasma membrane marker, Na/K-ATPase, was the highest in 

Mia PaCa-2 cells, relatively lower in Panc03.27 cells, minimally detectable in 

QGP1 cells, and non-detectable in MDA-MB-231 as well as HPNE cells. Protein 

contents of MCT2 were primarily localized in cytosolic fractionations across the cell 

panel, with membrane-bound MCT2 minimally detectable in Panc03.27 (Figure 

4.3). The membrane-bound MCT4 protein content was primarily identified in 

Panc03.27, Mia PaCa-2 and QGP1 cells, and non-detectable in MDA-MB-231 and 

QGP1 cells (Figure 4.3).  
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Figure 4.3. Western blot showing membrane and cytosolic fractionations of MCT1, MCT2, 
and MCT4 protein across the cell line panel. NaKAPase indicates membrane fractionation, 
while GAPDH indicate cytosolic fractionation. 

 

Pyruvate-to-lactate conversion rates in live cells were then semi-

quantitatively monitored in real-time using the Seahorse glycolysis stress assay 

using extracellular acidification rate (ECAR) as a measure of lactate production 

(Figure 4.1). Herein, the panel of cells (maintained with DMEM lacking NaHCO3 

and glucose; supplemented with 2 mM glutamine) was pre-treated with various 

extracellular pyruvate concentrations for 20 minutes. In representative Panc03.27 

cells, we observed that with increasing pre-treatment pyruvate concentrations, 

subsequent glucose-stimulated ECAR decreased, indicating a decrease in lactate 

production (Figure 4.4a). Consistent with our results using the classic enzymatic 

assay, all tested cell lines demonstrated a decrease in ECAR (at varying degrees) 

with increasing pyruvate concentration (Figure 4.4b - f). In contrast to the LDHA 

enzymatic assay, wherein pyruvate concentrations > 0.7 mM uniformly produced 
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LDHA inhibition in all cell enzyme extracts, in live cells, significant inhibition of 

glycolysis was observed in Mia PaCa-2 (IC50 = 2.94 mM), Panc03.27 (IC50 = 0.43 

mM), and QPG1 (IC50 = 0.39 mM) cells. By contrast, the triple negative breast 

cancer cell line, MDA-MB-231 was less sensitive (IC50 = 7.25 mM), and no 

inhibition was identified in the normal pancreatic epithelial cell line, HPNE (IC50 = 

NA), which were both MCT1 negative. (Table 4.2). These data demonstrated that 

in live cells, high concentrations of exogenous pyruvate inhibited ECAR, consistent 

with the model of LDHA substrate inhibition by excess pyruvate, but only in 3 of 

the 5 tested cell lines. Furthermore, the differences in substrate inhibition of LDHA 

evaluated in live cells versus enzyme extracts correlated with differential MCT1 

expression, which would impact transport-mediated pyruvate influx.  
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Figure 4.4. The effect of pyruvate on lactate production on cells with different plasma-
membrane localized MCT proteins. a) Representative ECAR plot of Panc03.27 cells treated 
with various concentrations of pyruvate (0 - 10 mM), during which glycolytic flux was 
measured by the Seahorse assay using live cells. Dotted lines represent injections of a 
series of drugs at different time points during the experiment. The changes in ECAR were 
measured in response to various concentrations of pyruvate treatments. This was a 
representation of one experiment done in quintuplicate. Normalized glycolysis ECAR in 
response to incubation with various concentrations of pyruvate for b) Panc 03.27, c) Mia 
PaCa-2, d) QGP1, e) MDA-MB-231, and f) HPNE. Error bars represent S.E.M. All experiments 
were done in triplicate, n=3. 
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Table. 4.2 IC50s of pyruvate-induced ECAR inhibition for various cell lines as determined 
by a non-linear regression log (inhibitor) VS response model using four-parameter variable 
slope with the constraint that the bottom of the curve fit equals to 0.5. 

Cell Type IC50 (mM) 

Panc03.27 0.43 

Mia PaCa-2 2.94 

QGP1 0.39 

MDA-MB-231 7.25 

HPNE NA 
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4.3.3 The buffering effect of sodium pyruvate 

Because the Seahorse ECAR measures the change in extracellular pH, a 

control study was performed to determine the potential buffering effect of sodium 

pyruvate, which could act as a weak base at a high concentration. Lactobionic acid 

(Sigma-Aldrich, St. Louis, MO), a commonly used cell impermeable antioxidant 

and osmotic stabilizer with a pKa of 3.6 - 3.8, similar to sodium pyruvate (pKa = 

2.93), was used as a pre-treatment technical control. Mia Paca-2 and QGP1 cells 

were treated with various concentrations (0  10 mM) of lactobionic acid or sodium 

pyruvate (Figure 4.5a & b). We found that lactate production (measured as 

glucose-induced ECAR values) was significantly inhibited when cells were pre-

treated with sodium pyruvate compared to their lactobionic acid pre-treated 

counterparts (Figure 4.5 c & d). Thus, the observed glucose-induced ECAR 

inhibition was the result of sodium pyruvate pretreatment of the cells rather than a 

buffering effect of sodium pyruvate in the reaction medium ruling out pyruvate-

mediated extracellular buffering artifacts as the mechanism of ECAR reduction. 
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Figure 4.5. Changes in ECAR in response to sodium pyruvate or lactobionic acid treatments 
(0 - 10 mM) on Mia PaCa-2 and QGO1 cells. ECAR values are normalized to 0 mM of sodium 
pyruvate or lactobionic acid for a) Mia PaCa-2 and b) QGP1. c & d) Percent changes in 
normalized ECAR values [%(treated  untreated)] for Mia Paca-2 (c) and QGP1 cells (d). Error 
bars represent S.E.M. All experiments were done in quintuplicate, n=3. ***, p = 0.0001; **** p 
< 0.0001, two-way ANOVA test followed by multiple comparison analyses.  

 

 

4.3.4 Pyruvate influx impacts enzyme substrate inhibition 

To test if limiting pyruvate influx affects the observed inhibition of lactate 

production, we used the Seahorse glycolysis assay to measure glycolytic lactate 

production again via monitoring extracellular pH changes (ECAR). Seahorse 

medium supplemented with 5 mM of glucose was used to ensure cells underwent 

normal glycolytic activity to simulate a physiologically relevant state. The ECAR 

were decreased by ~ 30% in Panc03.27, Mia PaCa-2, QGP1, and MDA-MB-231 

cells (p (Mia Paca-2) < 0.0001, p (Panc03.27) < 0.0001, p (QGP1) < 0.0001, p (MDA-MB-231) < 

0.0001), while no significant difference in MCT1 non-detectable HPNE cells (p 

(HPNE) = 0.11) at 2 mM of sodium pyruvate (Figure 4.6a). By contrast, when cells 

were pre-treated with the MCT1/2 inhibitor AZD3965, limiting MCT1/2 mediated 
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pyruvate influx into cells, previously observed 2 mM pyruvate induced ECAR 

inhibition were reduced in Panc03.27, Mia PaCa-2, and QGP1 cells, while once 

again, no significant difference in MDA-MB-231 was observed, and a reduction 

was non-detectable in HPNE cells (Figure 4.6b) compared to their corresponding 

DMSO-treated control groups (Figure 4.6c). These data suggested that when 

MCT1/2-mediated pyruvate influx was inhibited pharmacologically, the 

exogenously-delivered high concentrations of pyruvate failed to accumulate 

intracellularly, and thus pyruvate-induced substrate inhibition was relieved. 

However, it is important to note that 2 mM pyruvate inhibited lactate production in 

MCT1-non-detectable MDA-MB-231 cells regardless of MCT1/2 inhibition, 

implying potential pyruvate influx via alternative pyruvate transporters other than 

MCT1/2.  
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Figure 4.6. The dependence of pyruvate-induced lactate production inhibition on MCT1 
mediated pyruvate influx in cellulo. a) Under 5 mM glucose, normalized glycolysis ECAR at 
0 and 2 mM pyruvate when pre-treated with 1 µM DMSO.  b) Under 5 mM glucose, normalized 
glycolysis ECAR at 0 and 2 mM pyruvate when pre-treated with 0.5 µM AZD3965. c) Percent 
changes in ECAR values [%(pyruvate induced  control)] in response to AZD3965-mediated 
MCT1 inhibition across the cell panel. Error bars represent S.E.M. All experiments were done 
in quintuplicate, n=3. **, p = 0.001; **** p < 0.0001, two-way ANOVA test followed by multiple 
comparison analyses. 

 
 

To further examine that MCT1-mediated pyruvate influx affects the 

intracellular pyruvate concentration, which, in turn affects LDHA activity, MCT1 

expressing Panc03.27 cells with doxycycline-inducible MCT1 knockdown 

sequence (KDi) or a non-targeting control sequence (NTCi) were used to test if the 

observed inhibition of lactate production was specifically due to MCT-mediated 

pyruvate influx. Panc03.27 KDi and NTCi cells were previously generated and 

validated 206. For control Panc03.27 NTCi cells, pyruvate-induced ECAR inhibition 

was observed regardless of doxycycline induction (Figure 4.7a). By contrast, for 

Pan03.27 MCT1 KDi cells vector, the pyruvate-induced ECAR inhibition was 

mitigated upon doxycycline induction of MCT1 knockdown (Figure 4.7b & c; p 

<0.0001). AZD3965 alone and AZD3965 with doxycycline-induced MCT1 
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knockdown were used as positive controls to compare the efficiency between 

pharmacological and genetic inhibition of MCT1 (Figure 4.7c). Overall, in MCT1-

expressing Panc03.27 cells, pyruvate-induced substrate inhibition of LDHA was 

dependent on pyruvate influx mediated by MCT1 transport of exogenous pyruvate 

into the cells. 

 

 

 

Figure 4.7. The dependence of pyruvate-induced lactate production inhibition on MCT1 
mediated pyruvate influx in cellulo. a) Tet-inducible stable cell line Panc03.27 with NTCi 
shRNA in response to pyruvate treatment. b) Tet-inducible MCT1 knockdown Panc03.27 
stable cell line in response to pyruvate treatment. c) Percent changes in ECAR values 
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[%(pyruvate induced  control)] in response to MCT1 knockdown or AZD3965 treatment in 
dox-inducible Panc03.27 cells. ECAR values are normalized to 0 mM pyruvate. Error bars 
represent S.E.M. All experiments were done in quintuplicate, n=3. **** p < 0.0001, two-way 
ANOVA test followed by multiple comparison analyses. 

 

4.3.5 Hyperpolarized [1-13C]pyruvic acid substrate inhibition in cellulo 

Because in vivo hyperpolarized pyruvate MRSI studies require a highly 

concentrated bolus injection that is well above physiological pyruvate levels 213, 

the effects of excess pyruvate on the pyruvate-to-lactate conversion rate were 

therefore further evaluated. We then sought to evaluate the effect of excess 

pyruvate on the initial hyperpolarized [1-13C]pyruvate to [1-13C]lactate conversion 

rate where influx of excess hyperpolarized [1-13C]pyruvate could be rate-limited by 

pyruvate transporters. A previously established cell-encapsulated alginate bead 

system was utilized to evaluate the initial rate of hyperpolarized [1-13C]pyruvate-

to-[1-13C]lactate conversion in these isolated live cells 206. 

First, we measured the spectra of hyperpolarized [1-13C]pyruvate and [1-

13C]lactate over time (Figure 4.8a). As previously validated 206, the initial area under 

the curves of hyperpolarized [1-13C]lactate and [1-13C]pyruvate were integrated 

over the first 6  18 seconds. For instance, the MCT1 expressing Mia PaCa-2 cells 

exhibited the decay of hyperpolarized [1-13C]pyruvate signal, and the production 

and decay of converted hyperpolarized [1-13C]lactate signal (Figure 4.8a). A [1-

13C]lactate to [1-13C]pyruvate ratio over the first 6  18 seconds was used to assess 

the initial normalized hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

rate in Mia Paca-2 cells upon addition of ~ 0.57 mM and ~ 5.7 mM hyperpolarized 

[1-13C]pyruvate. We found that the initial hyperpolarized [1-13C]pyruvate-to-[1-



109 
 

13C]lactate conversion rate with ~ 5.7 mM hyperpolarized [1-13C]pyruvate was 

significantly lower than that with ~ 0.57 mM hyperpolarized [1-13C]pyruvate (p(initial) 

= 0.04; p(full time-course) = 0.03) (Figure 4.8b). Conventional analysis of the entire 

hyperpolarization curves over the 3 min experiment yielded highly similar results 

(Figure 4.8b). These data suggested that in high MCT1-expressing cells ~ 5.7 mM 

hyperpolarized [1-13C]pyruvate induced substrate inhibition of LDHA within 6 - 18 

s.  

 

Figure 4.8. The effect of high and low concentrations of pyruvate on the initial 
hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates in cellulo. Using Mia Paca-
2 cell-encapsulated alginate beads, NMR spectra of hyperpolarized [1-13C]pyruvate and [1-
13C]lactate were measured over repetitive 6-second time intervals. a) Signal intensities of 
hyperpolarized [1-13C]pyruvate and [1-13C]lactate over time. The light green band 
demarcates the time intervals for the initial rate calculations (6  18 s; inset, expanded time 
scale) of intracellular lactate production and pyruvate conversion. b) Initial or total 
hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates in cellulo. Initial 
hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion in cellulo was calculated by the 
sum of converted hyperpolarized [1-13C]lactate during the first 6 - 18 s normalized to the 
sum of hyperpolarized [1-13C]pyruvate during the first 6 - 18 s in the presence of 0.57 mM or 
5.7 mM [1-13C]pyruvate (left). Total hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 
conversion in cellulo was calculated by the sum of converted hyperpolarized [1-13C]lactate 
over the 3 min experiment normalized to the sum of hyperpolarized [1-13C]pyruvate in the 
presence of 0.57 mM or 5.7 mM [1-13C]pyruvate (right). Error bars represent S.E.M. All data 
represent n = 4 independent experiments; * p < 0.05; one-tailed t-test. 

  



110 
 

4.4 Discussion 
 

For MRSI analysis, boluses of highly concentrated pyruvate ([1-

13C]pyruvate) have been administered in both clinical and pre-clinical settings (230 

mM and 80 mM, respectively). Although both patients and small animals appear 

to generally tolerate such high bolus doses of pyruvate, the physiological impact 

of the injected pyruvate remains to be further evaluated on a tissue-by-tissue basis 

for general safety and clinical translation applications.  

We validated that pyruvate itself, at millimolar concentrations, could cause 

substrate inhibition of cell-extracted LDHA. In addition, in intact cells, pyruvate-

induced inhibition of lactate production was also observed among MCT1-

expressing cells using the Seahorse glycolytic stress assays, indicating that 

substrate inhibition of LDHA was the underlying mechanism. Because the degree 

of pyruvate-induced inhibition of lactate production varied with MCT protein content 

of cells, and only intracellular pyruvate is accessible to cytoplasmic LDHA, the 

potential to induce LDHA substrate inhibition would be predicted to be a function 

of MCT1 transporters localized to the plasma membrane of various tissues. By 

further exploring the role of pyruvate influx, we found that pyruvate-induced 

inhibition of lactate production was observed in MCT1-expressing Panc03.27, Mia 

Paca-2, and QGP1 cells, but not in HPNE cells that are devoid of MCT1. 

Furthermore, such pyruvate-induced inhibition of lactate production was reduced 

when MCT1-mediated pyruvate influx was inhibited pharmacologically or 

genetically in MCT1-expressing Panc03.27, Mia Paca-2, and QGP1 cells, but not 

in MCT1-non-detectable HPNE cells. We also noticed pyruvate-induced inhibition 
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of lactate production in MCT1-non-detectable MDA-MB-231 cells regardless of 

MCT1/2 inhibition, which indicated the potential for pyruvate influx via alternative 

pyruvate transporters other than MCT1/2, such as sodium-coupled 

monocarboxylate transporters 214. Overall, these data suggested that the observed 

pyruvate-induced substrate inhibition of LDHA was dependent on transporter-

mediated pyruvate influx in a cell-dependent, or by implication, tissue-dependent 

manner.  

It is important to note that the earliest time point for ECAR measurements 

in response to pyruvate treatment was 6 minutes after pyruvate addition. In 

contrast, for the measurement of the hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion, the apparent rate of the conversion was typically calculated 

in the first 6-18 seconds of the experiment, and the overall hyperpolarization signal 

normally lasts less than 5 minutes. Since the Seahorse glycolytic stress assay and 

in cellulo hyperpolarized [1-13C]pyruvate MRS experiments assessed the lactate 

conversion at somewhat different time frames, and the accumulation of pyruvate 

into intracellular spaces was dependent on the rate of pyruvate influx and the 

duration of exposure, we could not directly and quantitatively compare pyruvate-

induced substrate inhibition times between these two assays. The practical net 

result was nonetheless resolved when we evaluated the effect of different 

concentrations of [1-13C]pyruvate on initial hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion rates in the hyperpolarized MRS setting in live cells. We 

found that the hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rate at 

~ 0.57 mM hyperpolarized [1-13C]pyruvate was significantly higher than that at ~ 
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5.7 mM hyperpolarized [1-13C]pyruvate, suggesting that ~ 5.7 mM hyperpolarized 

[1-13C]pyruvate induced substrate inhibition of LDHA as early as  6 - 18 s. In 

addition, millimolar doses of pyruvate have been reported to increase cellular 

oxygen consumption rates in oxidative phosphorylation-reliant melanoma cells 207. 

It is also reported that infusion of hyperpolarized [1-13C]pyruvate could induce 

increased tumor hypoxia in pancreatic ductal carcinoma and squamous cell 

carcinoma (SCC) cells 208,209. Our findings point to additional mechanisms that 

explain these previously observed pyruvate-induced phenotypes. First, bolus 

injections of pyruvate (millimolar concentration) induce substrate inhibition of 

LDHA, which manifests as decreased aerobic glycolysis. Furthermore, cells could 

compensate for such inhibition by ramping up oxidative phosphorylation, which 

would result in decreased pO2  and increased hypoxia. Hence, it may be important 

to account for the potential for transient metabolic perturbations of bolus infusions 

of hyperpolarized [1-13C]pyruvate during hyperpolarized [1-13C]pyruvate MRS 

studies. Technical constraints herein rendered sub-millimolar hyperpolarized [1-

13C]pyruvate MRS experiments difficult to perform, which suffered from poor 

signal-to-noise ratios in cellulo, and thus, it was challenging to directly examine the 

potential effect of substrate inhibition on LDHA using a lower range of pyruvate 

concentrations. Nonetheless, future advancements in detector sensitivity and 

further enhancement of hyperpolarization technology could potentially reduce the 

amount of hyperpolarized [1-13C]pyruvate required for MRSI, thus minimizing 

perturbations induced by isotope-labeled probes on biological systems and 

physiological processes. 
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Overall, using quantitative and semi-quantitative orthogonal methods, we 

demonstrated that millimolar concentrations of pyruvate/[1-13C]pyruvate could 

induce substrate inhibition of LDHA activity at both enzymatic and cellular levels, 

which explains previously observed pyruvate-induced metabolically alterations 207-

209. Furthermore, in intact cells, such pyruvate-induced LDHA inhibition was highly 

dependent on the influx of pyruvate, which in turn was dependent on the 

expression of MCT1 and related pyruvate transporters. Interrogating time domains 

from seconds to minutes and systems from non-diffusion-limited enzymatic assays 

to transporter-mediated cell observations, orthogonal experiments were used to 

clarify links between rates of [1-13C]pyruvate-to-[1-13C]lactate conversion and 

pyruvate influx as well as the quantitative kinetics of perturbations on a biological 

system. These data suggested that maintaining pyruvate at submillimolar 

concentrations could be a potential solution to minimize transient metabolic 

perturbations and improve quantification of metabolic studies, including 

hyperpolarized [1-13C]pyruvate MRSI as well as stable isotope tracer experiments.  
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Chapter 5 

 

Characterization of Metabolic 
Reprograming  

 

5.1 Background 

In addition to previously described dysregulated glucose uptake and 

utilization, tumors also undergo various metabolic alterations to accommodate 

their demand for proliferation 215. Many tumorigenesis-associated metabolic 

reprogramming schemes have been described 156,215, and Pavlova and Thompson 

proposed hallmarks of cancer metabolism, which fundamentally includes 

enhanced nutrient uptake and utilizing glycolysis/TCA intermediates for 

biosynthesis 30.   

5.1.1 Enhanced nutrient uptake 

To meet energetic and synthetic demands for rapid growth and 

tumorigenesis, tumor cells are reprogrammed for enhanced uptake of nutrients, 

primarily glucose and glutamine. The metabolism of these nutrients provides 

carbon and nitrogen building blocks for various biosynthetic pathways, generates 

reducing equivalents, and harnesses energy in the form of ATP. Besides 

previously discussed upregulated glucose uptake, glutamine is the other principle 

nutrient. In the 1950s, scientist first observed that many tumor cells consume 
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considerably large amount of  glutamine compared to other amino acids 216,217. 

This excess glutamine is then utilized to support the syntheses of nucleotides, 

hexosamines, nonessential amino acids, and respiratory substrates 218-220. In 

addition to glutamine powered biosynthesis, the non-canonical pathway of 

glutamine metabolism generates reducing equivalent in the form of NADPH and 

couples with glutathione (GSH) synthesis 221.   Furthermore, the efflux of glutamine 

mediated by the L-type amino acid transporter (LAT1) has been reported to couple 

with imports of leucine, isoleucine, valine, methionine, tyrosine, tryptophan and 

phenylalanine 222,223.  

Although it is essential for both normal and tumor cells to obtain nutrients 

from the surrounding environment for their survival and proliferations, the nutrient 

uptake process is found to be strictly regulated by growth factor signaling and 

adhesion-associated extracellular stimuli 30,224. In the absence of growth factors, 

normal cells, including neuronal, hematopoietic, and epithelial cells are unable to 

uptake glucose for their survival even in a nutrient-abundant environment 222,225,226. 

Furthermore, upon the loss of adhesion to the extracellular matrix, the uptake of 

glucose and ATP generation are attenuated in cultured mammary epithelial cells, 

suggesting that the process of nutrient uptake is regulated by adhesion-associated 

extracellular stimuli rather than directly driven by the energy demand for growth 

30,227,228.  

Contrary to normal cells, wherein growth factors and cellular adhesion pose 

limits to their growth, tumor cells adapt with oncogenic mutations conferring them 

with metabolic advantages to overcome such limitations 1,229. Together, loss of 



116 
 

PTEN function, activation of PI-3 kinase (PI3K)/ATK signaling, and upregulation of  

c-MYC  pathway in tumor cells promote the expression of GLUT1 and its protein 

translocation to plasma membrane facilitating glucose uptake 230-232. Furthermore, 

the signaling cascade of AKT enhances the activities of hexokinase2 (HK2) and 

phosphofructokinase (PFK) promoting glycolysis 232. The combined upregulation 

of plasma membrane-bound GLUT1,  HK2  and PFK in most tumor cells has been 

demonstrated to enable glucose uptake despite growth factor deprivation 225,233. 

Moreover, the constitutive activation of AKT allows tumor cells to  further overcome 

cellular adhesion-dependent ATP generation 234. In addition to the PI3K/AKT 

signaling, HIF-  and other oncogenes, including KRAS and SRC,  also enhance 

GLUT1,  HK2, PFK, and LDHA activities driving glucose uptake and utilization 7,235-

237. Such metabolic redundancy renders tumors with diverse access to nutrients 

and resistant to monotherapies.  

Many tumors are identified with c-MYC oncogenes overexpression, driving 

glutamine uptake and utilization to fulfill biosynthesis demands of  nucleic acids, 

proteins, and lipids required for cellular proliferation 238,239. In particular, the 

overexpression of c-MYC upregulates the expression of SLC1A5 and facilitates 

the translocation of glutamine transporter, ASCT2 240. In addition, c-MYC 

expression enhances the activity of glutaminase (GLS1), an enzyme converts 

glutamine to glutamate, driving glutamine dependence of tumor cells 241-243. 

Furthermore, the accumulation of intracellular glutamate then supports the 

anaplerosis of TCA intermediates 244,245. Previously discussed LAT1-mediated 
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glutamine efflux drives the import of a wide range of essential amino acids, which 

can further activate mTOR for tumor proliferation 222. 

Overall, contrary to normal cells where their growth and proliferation are 

strictly limited by internal and external stimuli 222-226, tumors cells have 

accumulated oncogenic mutations to avoid such constraints enabling constitutive 

nutrient uptake and uncontrolled proliferation 232. Such metabolic alterations 

unique to tumor cells give arise to opportunities for cancer specific diagnostic, 

therapeutic, and prognostic monitoring. 

5.1.2 Resistance to nutrient deprivation 

In addition to enabling constitutive uptake and use of basic nutrients from 

extracellular spaces, tumor cells also deploy other metabolic adaptations when 

extracellular nutrients are scarce 30. With RAS or SRC oncogenic mutations, 

tumors cells have been reported to engulf extracellular fluids and nutrients through 

macropinocytosis, extracting amino acids from extracellular proteins through 

lysosomal degradation 246-248. This metabolic reprogramming process enables 

tumor cells to survive and proliferate even in the absence of essential amino acids. 

It is important to note that lysosomal protein degradation obtained from 

micropinocytosis is regulated by mTORC1 249. Palm et al. reported that lysosomal 

degradation of extracellular proteins could induce mTORC1 activation, which then 

could limit micropinocytosis-associated lysosomal protein degradation in tumor 

cells with KRAS mutation 249. This metabolic reprograming potentiates mutant-

KRAS tumor cells resistant to mTORC1 inhibition, wherein the inhibition of 

mTORC1 promotes micropinocytosis, harvesting amino acids and nutrients via 
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enhanced lysosomal degradation 249. In addition to macropinocytosis of proteins, 

tumor cells can scavenge and recover nutrients from extracellular spaces through 

various capturing processes. For example, tumor cells have been reported to 

harness free amino acids by invading living cells via entosis 250. In addition, it has 

been reported that tumors exhibit phagocytosis to extract amino acids from 

surrounding apoptotic bodies 250,251.  

Furthermore, cancers have been shown to be resistant to long periods of 

nutrient-deprived 30,252,253. Cancer cells can initiate a self- catabolic 

process known as autophagy. During this process, regions of cytosol and 

organelles are fused with the vacuole to recover building blocks and resynthesize 

macromolecules that are vital for basic cellular functions under nutrient-deprived 

circumstances 250,253. Taken together, cancer cells accumulate various metabolic 

adaptations enabling them to scavenge and utilize a wide range of nutrients from 

extracellular spaces, as well as to self-catabolize to maintain viability during 

nutrient-deprived scenarios.  

5.1.3 Metabolic anaplerosis and the generation of reducing equivalents 

To fulfill the biosynthetic demands of proliferating tumor cells, consumed 

nutrients are catabolized to carbon skeletons or nitrogen to build intermediates 

including acetyl-CoA, one-carbon-carrying folate cycle unites, S-

adenosylmethionine (SAM), various glycolytic and the TCA cycle intermediates 30. 

These harnessed intermediate subtrates are then used for biosyntheses of fatty 

acids, cholesterol, hexosamine, glycerol, nucleotides, and non-essential amino 

acids needed for proliferation 30,219.  
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In the process of glucose catabolism, many metabolic processes branch off 

the glycolysis pathway, thereby generating diverse metabolic intermediates for 

biosynthesis. One of the many branches is the pentose phosphate pathway (PPP), 

wherein series of glucose-6-phosphate oxidation result in the production of two 

reducing equivalents, NADPH. Furthermore, the following non-oxidative phase of 

the PPP synthesizes nucleotide building block, ribose-5-phosphate. As both 

intermediates are crucial for the biosynthesis required for cell proliferation, many 

tumors have been reported with accumulated genetic alterations to elevate the flux 

of the PPP by upregulating major the PPP enzymes 254-257 . In tumor cells, the loss 

of p53 function prevents p53 from binding to glucose-6-phosphate dehydrogenase 

(G6PDH), which is the first and rate-limiting step converting glucose-6-phostate to 

6-phosphofluconate (G6P) initiating the PPP pathway 254. Consequently, the flux 

of the PPP is increased and the negative feedback loop controlling the activity of 

PPP is disabled 254. Furthermore, transketolase-like 1 (TKTL1) and transaldolase 

(TALDO) are overexpressed in many cancers, which promotes the end product of 

the PPP to remerge with the glycolysis pathway 30,255,256. Alternatively, RAS 

mutation drives enhanced biosynthesis of ribose-5-phosphate through elevated 

the PPP flux 30,257. 

In addition, fructose-6-phosphate, the second metabolic intermediate 

generated along the glycolytic pathway, can be diverted as a substrate for the 

synthesis of hexosamine mediated by glutamine fructose-6-phosphate 

aminotransferase 1 (GRPT1).  Through the production of N-acetylglucosamine 

(GlcNAc), the hexosamine pathway provides substrates for uridine diphosphate N-
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acetylglucosamine (UDP-GlcNAc), which can be used for protein and lipid N- and 

O-linked glycosylation. These glycosylation processes are important for oncogenic 

protein functions 30, 258-261.  

Another major glycolytic intermediate is 3-phosphoglycerate, which can be 

diverted into the biosynthesis of serine and glycine 262. Furthermore, synthesized 

serine can then participate in the one-carbon cycle, coupling with the conversion 

of  tetrahydrofolate (THF) to N5, N10-methylene-THF, which can later be used to 

facilitate DNA synthesis. In addition, N5-methyl THF, a downstream metabolite of 

N5, N10-methylene-THF can be used to recover THF and facilitate the synthesis 

of purine, thymidine, methylation substrate directly or indirectly 263. MTHFD2, a 

gene encodes methylene tetrahydrofolate dehydrogenase 2 (MTHFD2) mediating 

the conversion between N5, N10-methylene-THF and N5-methyl THF,  has been 

also identified to be overexpressed in cancers 30,264,265. In addition, serine 

hydroxymethyltransferase-2 (SHMT2) as well as aldehyde dehydrogenase 1 

family member L2 (ALDH1L2) are also overexpressed in cancers correlating with 

poor survival 264.  

Most biosynthesis reactions are reductive and requiring reducing 

equivalents. Two of the most important reducing equivalents are NADH and 

NADPH. One hypothesis of the metabolic reprogramming for biosynthesis in tumor 

cells is the Warburg effect. A wide range of tumor cells have been observed to 

consume an excessive amount of glucose and further convert harnessed pyruvate 

into lactate rather than undergoing full mitochondrial oxidation to CO2 for maximal 

ATP output. Research has found that proliferating cells require a modest increase 
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in ATP compared to their non-proliferating counterparts, thus ATP does not pose 

as a rate-limiting factor for the proliferation of tumor cells 3,156,266. Rather, the high 

throughput of glycolysis and pyruvate fermentation provide precursor molecules 

and reducing equivalents, including NADH and NADPH, which are critical for  other 

biosynthetic processes. It is noteworthy that the generation of excess NADH and 

ATP via oxidative phosphorylation signals a negative feedback to suppress 

glycolysis, whereas pyruvate fermentation results in less NADH and ATP 

production avoiding the negative feedback signaling to inhibit glycolysis and 

allowing enhanced glucose metabolism and elevated lactate production. 

Overall, cancer cells accumulate various oncogenic mutations 232. 

Orchestrated oncogenic signaling confers cancers with a wide range of 

downstream metabolic reprogramming to sustain their increasing demand for 

tumor proliferation, outcompete normal cells for survival, and become resistant to 

nutrient deprivation 30,232,267,268. Thus, it is essential to seek the therapeutic window 

that tackles tumor specific metabolic characteristics while sparing normal tissues. 
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5.2 Introduction 

Pancreatic cancer is the 11th most common cancer in the United States 269. 

There were 432,242 pancreatic cancer-related deaths in 2018, which represents 

~4.5% of all cancer deaths 270. Despite advancements in cancer treatment in the 

past decade, the 5-year survival rate of pancreatic cancer remains at a dismal 9% 

269. More than 90% of pancreatic cancers carry KRAS mutations 271. KRAS is a 

proto-oncogene encoding a ~21 kDa GTPase, which is switchable between the 

active GTP-bound state and the inactive GDP-bound state. The transition from 

inactive to active state is mediated by guanine nucleotide exchange factors 

(RasGEFs). RasGEFs activate the GDP-bound Ras to GTP-bound Ras by 

coupling with the hydrolysis of GTP to GDP. On the other hand, GTPase-activating 

proteins (RasGAPs) inactivate GTP-bound Ras via GTP hydrolysis. KRAS 

mutations are commonly identified as point mutations at either G12 or G13 that 

can lead to constitutive activation of KRAS 272. Persistent KRAS activation drives 

a serial of metabolic alterations and reprogramming, which facilitate cell 

proliferation, traverse immune surveillance, evade growth suppressors, deregulate 

cellular energetics, and reprogram metabolic pathways 273. 

Metabolic reprogramming in pancreatic cancer with KRAS mutations is 

characterized by elevated aerobic glycolysis and increased glutamine 

consumption 221,273,274 (Figure 5.1). In normal cells, glucose undergoes glycolysis 

to produce pyruvate that enters the tricarboxylic acid cycle (TCA) to produce 

NADH. This process further produces maximal ATP production via oxidative 

phosphorylation. In contrast, cancer cells preferentially undergo aerobic glycolysis 
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by converting glucose to lactate instead of entering the TCA cycle. Though aerobic 

glycolysis produces less ATP, it supplies glycolytic intermediates that can be used 

as biosynthetic building blocks required for cell proliferation 273. Furthermore, even 

when glucose is limited, cancer cells can initiate compensatory glutaminolysis 

pathways. In particular, glutamine-derived glutamate is deaminated by glutamate 

dehydrogenase (GDH) -ketoglutarate, and its downstream metabolite 

malate can further be converted to pyruvate via malic enzyme to harness acetyl-

CoA 275. In addition, many cancer cell lines use excessive glutamine to replenish 

the TCA cycle and extract nitrogen for the synthesis of non-essential amino acids, 

hexosamines and nucleotides 239. Son et al. reported that glutamine can be 

metabolized via either canonical or non-canonical pathways 221. In the canonical 

pathway, glutamine is deaminated by glutaminase (GLS1) to form glutamate, 

which can further enter the TCA cycle or facilitate the synthesis of non-essential 

amino acids. In contrast, in the non-canonical pathway, the glutamine-derived 

glutamate is coupled with the transamination of oxaloacetate (OAA) to form 

aspartate 221. Aspartate is then transferred to cytosol to produce a downstream 

metabolite, malate 221. Furthermore, the malate to pyruvate conversion is coupled 

with the production of NADPH, providing the antioxidant potential to support 

cellular redox balance 221. In addition, the inhibition of mitochondria pyruvate 

carrier (MPC) via deletion or downregulation of the MPC1 and MPC2 can lead to 

decreased mitochondrial pyruvate 276. Yang et al. demonstrated that mitochondrial 

pyruvate inhibits GDH and the formation of glutamine-derived acetyl-CoA. Hence, 

inhibition of MPCs activates GDH and drives metabolic reprogramming to increase 
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cellular dependence on glutaminolysis, a series of deaminations from glutamine to 

-ketoglutarate 277.  

 

Figure 5.1 Major pathways of metabolic reprogramming in PDACs. Glucose can either 
undergo fermentation to produce lactate or be imported into mitochondria via mitochondria 
pyruvate carrier (MPC) entering the TCA cycle. PDAC cancers with KRAS mutation leads to 
increased glutamine uptake via ASCT2 or SN1 and utilization via glutaminase (GLS1). 

 

Many pancreatic cancers consume excessive glutamine as a preferable 

source for anaplerosis, maintenance of balanced redox state, and synthesis of 

metabolic intermediates and lipid for cancer cell growth and proliferation 278-280.  

Herein, abrogating glutamine metabolism can be a potential strategy to inhibit the 

proliferation/growth of glutamine-addicted cancers. In this regard, Zaprinast, a 

known phosphodiesterase type 5 (PDE5) approved as the precursor for sildenafil 

by FDA, has recently been reported having an off-target effect on glutaminase 
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inhibition 281. The glutaminase inhibition in pancreatic cell lines Mia Paca-2 and 

Panc1 was shown to be independent from PDE5 inhibition 281. Also, Zaprinast is 

reported as a mitochondrial pyruvate carrier inhibitor 282. Therefore, we evaluated 

the potential dual-inhibition effect of Zaprinast across a panel of pancreatic cancer 

and normal cells.  
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5.3 Methods 

5.3.1 Cell Culture 

Pancreatic carcinoma cell lines Panc03.27, Panc1, and Mia PaCa-2, and human 

pancreatic normal epithelial (HPNE), were obtained from the American Type 

Culture Collection (ATCC). Pancreatic neuroendocrine cell line QGP1 was 

purchased from JCRB Cell Bank. All cells tested negative for mycoplasma 

infection. Panc1 and Mia PaCa-2 cells were maintained with complete DMEM 

containing 2 mM glutamine and 10% fetal bovine serum (FBS). Panc 03.27 cells 

were maintained in RPMI containing 15% FBS and supplemented with 10 units/ml 

human recombinant insulin (Sigma-Aldrich). QGP1 was maintained in RPMI with 

10% FBS. HPNE was maintained in 75% MEM with additional 2 mM L-glutamine, 

1.5 g/L sodium bicarbonate (Sigma-Aldrich), and 25% Medium M3 Base (Incell 

Corp). The HPNE medium was supplemented with 5% fetal bovine serum, 10 

ng/ml human recombinant EGF, 5.5 mM D-glucose and 750 ng/ml puromycin. 

2,000 Mia PaCa-2 and Panc1 cells, 4,000 Panc03.27 cells, 6,000 HPNE cells,  and 

7,000 QGP1 cells were seeded in 96-well clear bottom black wall plates. Forty-

eight hours after cell seeding, cells were treated with the following drugs: 0.3% 

DMSO as vehicle   

dissolved in DMSO. To mimic glutamine deprivation, glutamine was omitted from 

the growth medium 48 h after seeding. After 5 days of drug treatments, the number 

of cells was determined een nucleic acid stain and 5 M of 

Hoechst 33342. Sytox Green nucleic acid stain marked dead cells as it is only 

permeable to dead cells, while Hoechst stained all cell nuclei regardless of whether 
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the cells were live or dead. After 10 min of incubation with the dyes at 37°C, cells 

were imaged using a High-Content Imaging System (PerkinElmer). A 20x objective 

was used to collect 12 fluorescence images per well. The final cell count was 

calculated by subtracting the number of Sytox positive cells from the number of 

Hoechst positive cells. 

5.3.2 RNA Sequencing 

Mia PaCa-2, QGP1, Panc 03.27, and HPNE, each with 1 million cells, were seeded 

in a 5 cm diameter cell culture dish. After 24 h, each cell line was treated with 

DMSO and Zaprinast for 24 hours. RNAs of all cell lines were then extracted with 

a RNeasy Plus Mini Kit (Qiagen). Extracted RNA samples were sent to the MD 

Anderson Cancer Center Sequencing and Microarray Facility for Illumina Next 

Generation Sequencing. FASQ files were sent to the MD Anderson Cancer Center 

Bioinformatics Core for mapping and mRNA raw expression counts. The raw 

mRNA counts were analyzed with R Bioconductor DESeq for normalization and 

Ingenuity Pathway Analysis.  

5.3.3 HPLC Mass Spectrometry 

One and half million Mia PaCa-2 or Panc1 cells were seeded in a 10 cm diameter 

cell culture dish. After 48 h, cells were treated with 0.3% DMSO as control or 300 

 h, cells were washed with ice cold PBS followed with 80% 

methanol. Precipitates were incubated at -80°C for 20 minutes, sonicated at 4°C, 

and centrifuged at 20,000 g for 20 minutes at 4°C. Supernatant samples were dried 

at room temperature in a SpeedVac and the remaining proteins were quantified 
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with the BCA Assay (Thermo Fisher Scientific). The dried metabolites were sent 

to the Metabolomics Core at MD Anderson Cancer Center for HPLC Mass 

Spectrometry analysis.  

5.3.4 Oxygen Consumption Rate Assay  

To test five pancreatic cell lines, 12,000 Mia PaCa-2 and Panc1 cells, 15,000 

Panc03.27 cells, 20,000 QGP1 cells and 20,000 HPNE cells were seeded on XF96 

Cell Culture Microplates (Seahorse Bioscience) in their original growth media 48 h 

before the experiment. Cells were then washed and maintained with DMEM 

lacking NaHCO3 and supplemented with 5 mM pyruvate (Sigma), 2 mM glutamine 

and 5 mM glucose, and adjusted to pH 7.4. Oligomycin, FCCP, antimycin and 

rotenone (XF Cell Mito Stress Test Kit, Seahorse Bioscience) were sequentially 

injected at a final concentration of 2 

Experiments were performed with a XF96 analyzer and raw oxygen consumption 

rates (OCR)s were normalized to live cell counts using Hoechst 33342 

positive/propidium iodide negative, by an Operetta High-Content Imaging System 

(PerkinElmer) 30 minutes after each experiment. 

5.3.5 99mTc-Sestamibi Assay 

The mitochondrial membrane potential under steady-state condition was 

determined with the transport of 99mTc-Sestamibi. Two million cells were seeded 

on a 100 mm cell culture dish containing 8 coverslips in their growth media. At 70% 

confluency, cells were treated with  300 M Zaprinast, 50 M UK5009 and 20 M 

BPTES for 48 h. Following drug treatment, each coverslip was placed in a 60 mm 
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diameter glass petri dish in the medium containing drug and 6-7 Ci of 99mTc-

Sestamibi with/without the P-glycoprotein (Pgp) inhibitor LY335979 (1 µmol/l). 

Cells were incubated under normal growth conditions (37°C, 5% CO2 ) for 60 min 

and then washed 3 times  with ice-cold growth media containing 1% FBS. Cells 

were then extracted in 1% SDS with 10 mM sodium borate. Aliquots of the  99mTc-

Sestamibi containing incubation media, stock solutions, and cell-associated 

extraction for each sample were collected for radioactivity measurement using a 

gamma counter (PerkinElmer). Protein concentrations of cell extracts were 

measured with a Pierce BCA protein assay kit (Thermo Fisher Scientific). Data 

were presented in the units of fmol 99mTc-Sestamibi/( mg protein * nM0 ), wherein 

nM0 represents the total concentration of 99mTc-Sestamibi in the extracellular 

buffer. 

5.3.6 ROS Assay 

Levels of reactive oxygen species in all pancreatic cell lines were quantified using 

2,7- dichlorofluorescein diacetate (DCFDA). Two thousand of Mia PaCa-2 and 

Panc1, 7,000 of QGP1, 6,000 of Panc 03.27, and 4,000 of HPNE were seeded in 

a 96 well plate. Forty-eight hours after cell seeding, they were treated with the 

 

BPTES. 

and 5 M of DRAQ 5, which stains cell nuclei, for  and imaged 

using an Operetta High-Content Imaging System (PerkinElmer). A 10x objective 

was used to collect 12 fluorescence images per well. All stained cells were 

subjected to green fluorescence (DCFDA) thresholding, and the count of green 
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fluorescence threshold positive cells was normalized by the total cell count 

determined by Hoechst stain by staining cellular DNA. 
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5.5 Results 

5.5.1 Cell proliferation in response to drug treatments 

A panel of five pancreatic cell lines representing various pancreatic cancers 

and normal cells were used in our study. We used three cell lines with KRAS 

mutations, which represented more than 80% of pancreatic cancers 272. We used 

two pancreatic ductal carcinoma cell lines, Mia PaCa-2 and Panc1, and one 

pancreatic neuroendocrine cancer cell line, QGP1. In addition, we used a KRAS 

wildtype pancreatic cell lines, Panc03.27, and an immortalized normal pancreatic 

epithelial cell line HPNE. 

KRAS mutations drive pancreatic adenocarcinoma cells (PDACs) to be 

more dependent on glutamine for their growth and proliferation. Thus, we first 

tested the glutamine dependency of various KRAS wildtype and KRAS mutant 

pancreatic cancer cell lines. Under glutamine deprivation, pancreatic cancer cells 

with KRAS mutations (Mia PaCa-2 and Panc1) were shown to be highly glutamine-

dependent with more than 90% growth reduction (Figure 5.2). By comparison, the 

pancreatic neuroendocrine QGP1 cell line and the KRAS wildtype pancreatic 

cancer cell Panc03.27 both demonstrated ~70% growth inhibition. Importantly, 

growth of the normal pancreatic epithelial cell HPNE was unaffected when 

glutamine was removed from the growth medium. These results demonstrated that 

pancreatic cancer cells at least partially rely on glutamine for their growth and 

proliferation whereas the growth of normal pancreatic epithelial cells were 

independent from glutamine. This suggested that pancreatic cancer cells might 

use different primary energy sources for their growth and proliferation compared 
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to normal pancreatic epithelial cells. Since some PDAC cell lines were glutamine 

dependent, we hypothesized that the use of Zaprinast as a target for glutamine 

metabolism would have greater effect on glutamine-dependent cells.  

 

Figure 5.2. Cell growths for various pancreatic cells in response to glutamine withdraw. 
Cells were cultured in either complete DMEM medium with 2 mM glutamine or 0 mM 
glutamine. Error bars represents S.D. All experiments were done in quintuplicate; n = 3, 
independent experiments. 

First, we used Zaprinast, a recently reported glutaminase inhibitor, and 

BPTES, a known specific glutaminase inhibitor to study growth inhibition on 

various pancreatic cells. In KRAS mutant pancreatic cancer cell lines, Mia PaCa-

2 and Panc1, ~80% cell growth reduction was observed with Zaprinast treatment 

(Figure 5.3). Zaprinast-induced growth inhibition was less effective (~20%) on 

pancreatic neuroendocrine cancer with KRAS mutations (QGP1). In contrast, 

Zaprinast treatment in KRAS wildtype pancreatic cancer cell line Panc03.27 led to 

~ 90% reduction in cell growth. Zaprinast also inhibited ~75% of growth in HPNE. 

However, BPTES, a targeted glutaminase inhibitor, only showed ~40% inhibition 

in Mia PaCa-2 and Panc1 cells, and ~30% reduction on QGP1. BPTES only 
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showed ~15% growth reduction in Panc03.27 and HPNE. Though BPTES was not 

as effective as Zaprinast with regard to its growth inhibition effect on PDAC cells, 

it showed selectivity between PDAC and normal pancreatic cells. Zaprinast, 

though more effective, did not demonstrate selectivity between PDAC and normal 

pancreatic cells. 

 

Figure 5.3. Cell growths for various pancreatic cells in response to DMSO, 300 µM Zaprinast 
and 20 µM BPTES treatments. Error bars represents S.D. All experiments were done in 
triplicate; n = 3, independent experiments. 

Zaprinast also has recently been reported as an inhibitor of mitochondria 

pyruvate carrier (MPC1). Therefore, we tested if the enhanced potency of 

Zaprinast compared to BPTES was due to its effect on MPC1 inhibition. We treated 

all pancreatic cell lines with UK5099, a specific MPC1 inhibitor, and the 

combination of BPTES and UK5099 for comparison (Figure 5.4). The treatment of 

UK5099 showed less than 20% growth inhibition on Mia PaCa-2 and Panc1, and 

~35% on Panc03.27. UK5099 treatment showed no inhibition on Panc03.27 and 

~35% inhibition on HPNE. In addition, treatment of the combination of both 
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UK5099 and BPTES phenocopied the effect of Zaprinast-induced growth inhibition 

on all tested cell lines. This indicated that the observed Zaprinast-induced growth 

inhibition on pancreatic cancer cells may due to the potential inhibition of both 

glutaminase and MPC1. Further, the most significant Zaprinast-induced growth 

inhibition was observed on pancreatic KRAS wildtype cancer cells, which was even 

more effective than the glutamine-deprived condition. This may suggest that 

pancreatic KRAS wildtype cancer cells are more vulnerable to the dual inhibition 

of both glutaminase and MPC1.  

 

Figure 5.4. Cell growths for various pancreatic cells in response to 300 µM  DMSO,  300 µM 
Zaprinast, 50 µM UK5099, and 50 µM UK5099 + 20 µM BPTES combination. Error bars 
represents S.D. All experiments were done in triplicate; n = 3, independent experiments. 

Compared to growth inhibition on HPNE, Zaprinast did not show significant 

selective toxicity toward pancreatic cancer versus normal cells at these 

concentrations. Approximately 75% of growth inhibition was observed in HPNE 

cells. This indicated that Zaprinast might potentially target pathways other than 

glutaminase that affect the growth of normal pancreatic cells rendering Zaprinast 
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a less ideal drug for cancer therapeutics. Note that the Zaprinast concentration 

used in the five-day cell growth assay was at a saturating dose (300 

both glutaminase and MPC inhibitions are in excess off-target pharmacological 

effects of Zaprinast. Nevertheless, the KRAS wildtype PDAC cell line Panc03.27 

showed very limited metabolic flexibility upon the inhibition of both glutaminase 

and MPC1, while QGP1 remained moderately viable (~50%)  under the various 

treatments in cellulo. Thus, it will be important to characterize metabolic 

adaptations of different types of pancreatic cells. However, eliminating glutamine 

in vivo is not practical; in this case, the dual-inhibition effect of Zaprinast is poised 

to be a unique tool compound to discover potential metabolic signatures that are 

predictive of response. Understanding how different pancreatic cancer cells and 

normal cells metabolically reprogram in response to the inhibition of both 

glutaminase and MPC1 could potentially reveal their metabolic vulnerabilities. 

Therefore, metabolomic analysis will be necessary to shed light on these questions.  

5.5.2 Metabolic changes in response to Zaprinast treatment 

Previous cell proliferation results suggest that the effect of Zaprinast 

appears to phenocopy the combined effects of glutaminase inhibition and 

mitochondrial carrier inhibition. Here, we used the HPLC Mass spectrometry to 

further examine the role of Zaprinast as a potential glutaminase inhibitor in 

pancreatic cancer cells. Based on HPLC tandem MS data (Figure 5.5) from KRAS 

mutated cell lines (Mia PaCa-2 and Panc1), the intracellular levels of glutamine, 

- -KG), and 2-hydroxyglutarate were measured. 

Compared to DMSO-treated vehicle groups, Zaprinast-treated groups showed an 
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increased glutamine level and decreased levels of its downstream metabolites, 

-KG, and 2-hydroxyglutarate, again indicating Zaprinast-

mediated inhibition at the level of glutaminase activity. 

Figure 5.5. Mass spectrometry data on Mia PaCa-2 and Panc1. a) Mia PaCa-2 and b) Panc1 
cells were treated with DMSO (Vehicle) and 300 M Zaprinast (Treatment) for 48 hours.  
Levels of Glutamine, Glut -KG, and 2HG were analyzed with HPLC tandem MS. 
Zaprinast treatment results in decreased glutamine to glutamate conversion, suggesting the 
potential inhibition of glutaminase (GLS1). Error bars represents S.D. The experiment was 
done in quadruplicate. 

 

5.5.3 Mitochondrial membrane potential changes in response to drug 

treatments 

Since the previous cell proliferation results implied the potential for 

Zaprinast-mediated inhibition of mitochondrial pyruvate influx via MPC1, we used 

Technetium-99m 2-methoxy-isobutyle-isonitrole (99mTc-Sestamibi), a validated 

lipophilic cationic metal complex that enables determination of mitochondrial 

membrane potential by radiometric methods 283,284. To study changes of 

mitochondrial membrane potential with high sensitivity in response to drugs, 99mTc-

Sestamibi uptake experiments were done for each pancreatic cell line with different 
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drug treatments. 

99mTc-Sestamibi concentrates in cells and mitochondria based on the 

plasma and mitochondrial membrane potentials that are governed by the Nernst 

equation 283,284. While permeable to hydrophobic membranes, 99mTc-Sestamibi 

also has a delocalized cationic charge that allows equilibration across membranes 

in proportion to its transmembrane potential 285. Increases in 99mTc-Sestamibi 

uptake by cells indicate an increase in the electromotive force across the 

membrane (sum of both proton gradient and electrochemical gradient), known as 

hyperpolarization. An increase in the proton gradient leads to an increase in the 

resistance for protons to be pumped across the mitochondrial membrane. 

Therefore, fewer electrons are harnessed and the oxygen consumption rate 

decreases. In contrast, a decrease in 99mTc-Sestamibi uptake (increased by 

addition of the uncoupler 2-[2-[4-(trifluoromethoxy)phenyl]hydrazinylidene]-

propanedinitrile (FCCP)) suggests membrane potential depolarization. Protons 

can then be pumped across the mitochondrial membrane with minimal resistance 

and electron flow is high. Thus, an increase in oxygen consumption rate is 

observed with the Seahorse experiment under uncoupled conditions when 99mTc-

Sestamibi uptake is low. 

Assuming no change in plasma membrane potential, the uptake of 99mTc-

Sestamibi was used to monitor changes of mitochondria membrane potential. 

Oligomycin inhibited ATP synthase resulting in mitochondria hyperpolarization. 

After treatment with various drugs, FCCP depleted the proton-motive force via 

decoupling and led to mitochondrial depolarization resulting in a decrease in 99mTc-
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Sestamibi uptake. Therefore, both drugs were used as controls for all tested 

pancreatic cell lines. Under basal conditions, ATP synthesis of Mia PaCa-2 was 

only at 20% of its maximum compared to ~50% maximum in QGP1 and 

Panc03.27. The ATP synthesis of HPNE was about 30% of its maximum. Based 

on the result from 99mTc-Sestamibi uptake assay (Figure 5.6), both Zaprinast and 

UK5099 led to roughly 2-fold increase in 99mTc-Sestamibi uptake indicating 

increases in mitochondrial membrane potentials. In contrast, BPTES showed 

modest increases in 99mTc-Sestamibi uptake on HPNE and Panc03.27 cell lines. 

Again, these data suggest that Zaprinast-induced perturbation, similar to UK5099, 

resulted in mitochondrial hyperpolarization/ or increased mitochondrial membrane 

potential compared to BPTES. 
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Figure 5.6. 99mTc-Sestamibi of pancreatic cells upon different treatments. 99mTc-Sestamibi 
was used as an indicator to monitor changes of mitochondrial membrane potentials in a) 
Mia PaCa-2, b) Panc1, c) Panc03.27, d) QGP1, e) HPNE cell lines. The calculated 99mTc-
Sestamibi uptake was normalized by the amount of protein. Zaprinast and UK5099 showed 
increased 99mTc-Sestamibi uptake indicating mitochondrial hyperpolarization. Error bars 
represents S.D. All experiments were done in quadruplicate. 

 

5.5.4 ROS changes in response to drug treatments 

Since previous data indicated that drug-mediated MPC1 inhibition could 

lead to potential mitochondrial damage, we used the measurement of reactive 

oxygen species to assess cellular stress and redox balance. Based on the level of 
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ROS measured with a DCFDA assay, both Zaprinast and UK5099 resulted in at 

least 8- to 20-fold increases in ROS level (Figure 5.7). In contrast to Zaprinast and 

UK5099, BPTES showed a relatively small increase in ROS level, with 

approximately a 2- to 4-fold increase of ROS level in Mia PaCa-2, Panc1, and 8-

fold increase of ROS level in Panc03.27, QGP1, and HPNE cells. It has been 

reported that pyruvate is protective against oxidative stress by acting as a ROS 

scavenger 286. Pyruvate reacts with hydrogen peroxide to form water, acetic acid 

and carbon dioxide 287. Therefore, we expected that the treatment of UK5099 could 

result in increased ROS level. Further, the data demonstrated that Zaprinast, 

similar to UK5099, led to a comparable increase of ROS level across all treated 

cell lines.  This was consistent with Zaprinast as an MPC inhibitor. Though mutant 

KRAS is known to be associated with increased ROS levels for signaling cell 

proliferation, and mutant KRAS cells have overall higher ROS levels compared to 

normal cells, the high ROS levels are balanced with higher levels of reducing 

equivalents, including NADPH. A large increase of ROS levels in cancer cells that 

is beyond the capacity of cellular reducing equivalents can lead to cell death. Thus, 

high levels of ROS induced by Zaprinast and UK5099 appear destructive to 

pancreatic cells 288. 
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Figure 5.7. Measured ROS levels upon drug treatments. Five pancreatic cell lines were 
treated with different drug combinations over 5 days in 96 well black wall clear bottom 
plates. The left axis was plotted as the ratio of the number of positive DCFDA cells 
normalized by total cell counts and then normalized by the DMSO control. The right axis 
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represents the cell count normalized by DMSO treated group. Zaprinast and UK5099 could 
potentially impair the mitochondrial electron transport chain. a) Mia PaCa-2, b) Panc1, c) 
Panc03.27, d) QGP1, e) HPNE, f) Fluorescent images of drug treated Mia PaCa-2 cells stained 
with DCFDA (green), where green fluorescence indicated high ROS levels. Error bars 
represents S.D. All experiments were done in triplicate; n = 3, independent experiments. 

 

5.5.5 Mitochondrial functions changes in response to various drug 

treatments 

Because Zaprinast could potentially be a target for both glutaminase and 

MPC, and their downstream metabolites are both eventually entering the 

mitochondria, we sought to evaluate mitochondrial functions from a different 

perspective. We measured mitochondrial oxygen consumption rates (OCRs) upon 

different drug treatments, the production of reactive oxygen species (ROS), and 

changes in mitochondrial membrane potentials. The results from all three assays 

suggested that Zaprinast, similar to UK5099, impaired mitochondria function, 

rendering mitochondria more vulnerable to pharmacological inhibitors that target 

the electron transport chain. Thus, the combination of Zaprinast and Complex I 

inhibition may be synthetic lethal to PDAC cells.  

ATP-linked OCR is defined as the difference in OCRs between basal and 

oligomycin-treated OCR (Figure 5.8). Oligomycin inhibits ATPase synthase 

resulting in an increase in the proton gradient and membrane potential 

(hyperpolarization) (Figure 5.9). The build-up of the proton gradient adds 

resistance against pumping protons out of the mitochondrial inner membrane, 

which is upstream of ATPase synthase.  Since proton pumping is coupled to 

electron transport, the efficiency of oxygen reduction is decreased (decreased 
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oxygen consumption rate).  A large change in OCR upon the addition of oligomycin 

indicates a high demand for ATP production to support cellular functionality. In Mia 

PaCa-2 and Panc1 (Figure 5.10), ATP-linked OCRs of the UK5099-treated groups 

decreased less compared to control, Zaprinast and BPTES groups. This result 

could be due to a model wherein ATP production in KRAS mutant cells was less 

sensitive to a MPC1 inhibitor.  

 

Figure 5.8. Oxygen consumption rate (OCR) was measured using the Seahorse XF96 
analyzer. ORC was measured repetitively every 6 minutes over 17 time points. The entire 
experiment could be divided into 5 stages, and the OCR at each stage was calculated as the 
average OCR of all measured time points during that stage. The first 4 time points 
represented stage1 (S1), where the basal oxygen consumption rate was measured before 
any drug addition. During stage 2, drugs of interest were added to each treatment group, 
and OCRs were measured at another 4 consecutive time points. The average OCR at this 
stage represented the OCR associated with the drug perturbation. During stage 3, 
oligomycin, an inhibitor of adenosine- -triphosphate (ATP) respiration, was added and 
OCRs were measured 
subtracted from the total cellular oxygen consumption to determine ATP-linked respiration 
and non-mitochondrial respiration could be subtracted from this quantity to obtain proton-
leak respiration. The average OCR measured at this stage was decreased due to 
mitochondrial hyperpolarization. Next, at stage 4, carbonyl cyanide-p-
trifluoromethoxyphenyl-hydrazon (FCCP), a protonophore, was added and FCCP induced 
OCRs were measured  The protonophore collapses the inner 
membrane gradient by making the inner membrane permeable to protons. This drove the 
electron transport chain to function at its maximum rate. Subtracting non-mitochondrial 
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respiration from this quantity produced a measure of the maximum respiratory capacity. 
Finally during stage 5, antimycin A, a complex III inhibitor, and rotenone, a complex I 
inhibitor, were added to shut down the electron transport chain function. The resulting 

ented the non-mitochondrial respiration, a 
measurement that could be used with the other measurements to calculate respiratory 
parameters. Finally, mitochondrial reserve respiratory capacity was calculated by 
subtracting basal respiration from maximum respiratory capacity.  
 

 

Figure 5.9.  A series of inhibitors that target different components of electron transport chain. 
I -IV represent mitochondrial complex I-IV. Oligomycin inhibits ATP synthase preventing 
ATP production; FCCP depletes the proton gradient; Antimycin A inhibits Complex III, and 
Rotenone inhibits Complex I.  
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Figure 5.10.  Normalized changes in OCR at different stages. The ATP-linked OCR is defined 
as the average of three OCR measurements after oligomycin injection substrates the 
average of three OCR measurements at baseline. Error bars represents S.D. All experiments 
were done in quintuplicate. 

Maximum OCR is defined as the difference in OCRs between FCCP-treated 

OCR and non-mitochondrial OCR. FCCP is an uncoupler, which depletes the 

proton gradient cross the inner membrane by rendering the mitochondria inner 

membrane permeable (depolarization). The collapse of the proton gradient largely 

reduces the resistance of pumping protons cross the inner membrane, and renders 

more electrons available for the reduction of oxygen. Thus, the oxygen 

consumption rate increases. The maximum OCR indicates the highest ATP 

production cells are able to execute. However, pyruvate addition can lead to an 

increase of maximum OCR after the addition of FCCP 289. For all tested pancreatic 

cell lines, maximal OCRs of Zaprinast- and UK5099-treated groups decreased 

more than BPTES treated groups (Figure 5.11). This was likely due to the fact that 

Zaprinast and UK5099 decreased inner-mitochondrial pyruvate levels, whose 

byproduct, FADH2 was a substrate for the electron transport chain to reduce 

oxygen 290. In QGP1, the maximal OCR was less severely affected by MPC1 

inhibition compared to other pancreatic cell lines. This suggested that QGP1 was 

less dependent on pyruvate for energy generation compared to other pancreatic 

cells.  
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Figure 5.11.  Normalized changes in OCR at different stages. The maximal OCR is defined 
as the average of three OCR measurements after FCCP injection substrates the average of 
three OCR measurements at baseline. Error bars represents S.D. All experiments were done 
in quintuplicate, n=3, independent experiements. 

 

Reserve respiratory capacity is defined as the difference in OCRs between 

FCCP-treated OCR and basal OCR, in essence, the amount of extra ATP (or the 

potential ATP producing reservoir) that can be produced by oxidative 

phosphorylation upon energetic catastrophe or environmental stress. Cells with 

low reserve respiratory capacity are more susceptible to oxidative metabolic 

stress. Further, an irreversible loss of reserve respiratory capacity can cause cell 

death in endothelial cells 291. Cells with largely depleted reserve respiratory 

capacity are also more vulnerable to pharmacological inhibitors that target the 

electron transport chain 292. In all pancreatic cell lines, Zaprinast- and UK5099-

treated groups showed significant reduction of mitochondrial reserve respiratory 

capacity compared to their control and BPTES-treatment (Figure 5.12). 

Furthermore, a complete depletion of mitochondrial reserve respiratory capacity 
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(negative mitochondrial reserve respiratory capacity) was observed in Mia PaCa-

2, Panc1 and Panc03.27 cell lines when treated with Zaprinast or UK5099. 

Zaprinast and UK5099 had different effects on mitochondrial OCR compared to 

BPTES indicating that Zaprinast, similar to UK5099, restricted mitochondrial 

pyruvate availability. The severe depletion of mitochondrial reserve respiratory 

capacity suggested that Zaprinast and UK5099 could impair mitochondria 

functions. Further, these drugs could render PDAC cells more susceptible to 

oxidative metabolic stress, and more vulnerable to pharmacological inhibitors that 

target the electron transport chain. Therefore, the combination of Zaprinast and 

IACS10759, a complex I specific inhibitor, may have potential synergistic effects 

on PDAC growth inhibition.  

 

Figure 5.12.  Normalized changes in OCR at different stages. The mitochondria reserve 
capacity is defined as the average of three OCR measurements after FCCP injection 
substrates the average of three OCR measurements after drug injection. Error bars 
represents S.D. All experiments were done in quintuplicate. 
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5.5.6 Cell proliferation in response to drug combination 

Since we previously demonstrated that Zaprinast could induce increased 

ROS production, we then sought to combine Zaprinast with IACS10759, a complex 

I inhibitor, which in principle should exacerbate ROS imbalance and further cause 

cell death. We evaluated cell proliferation of a panel of pancreatic cells in response 

to IACS10759 treatment (Figure 5.13a). Based on a cell proliferation assay across 

a panel of pancreatic cells, we found that IACS10759 treatment resulted in ~50% 

growth inhibition uniformly across cancer and normal cells. This suggested that all 

tested pancreatic cells were able to adapt certain metabolic reprograming to 

bypass Complex I inhibition. Furthermore, similar to Zaprinast, IACS10759 failed 

to demonstrate tumor specific growth inhibition. We also treated cells with the 

combination of Zaprinast and IACS10759, and found no significant synergistic 

effect of the combination treatment (Figure 5.13b-f). Nevertheless, at ~300 M 

Zaprinast, the Zaprinast + IACS10759 combination treatment showed a potential 

additive effect of growth inhibition in QGP1 and HPNE cells (Figure 5.13e&f). 

Overall, these data showed that inhibition of glutaminolysis and oxidative 

phosphorylation failed to effectively inhibit PDAC cell proliferation, implying 

potential alternative metabolic reprogramming that supports cell survival. 
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Figure 5.13 Cell proliferations in response to various drug treatments. a) Cell growth in 
response to IACS1075 titration across a panel of cells. b-f) Cell growth in response to 
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Zaprinast + IACS10759 treatments, for b) Mia PaCa-2, c) Panc1, d) Panc03.27, e) QGP1, f) 
HPNE.  Error bars represents S.D. All experiments were done in triplicate. 

 

5.5.7 Potential metabolic changes in response to Zaprinast treatment 

To understand the global metabolic adaptations in response to Zaprinast 

treatment, a panel of pancreatic cells treated with DMSO or Zaprinast were 

subjected to mRNA sequencing. Mia PaCa-2 and HPNE cells showed differential 

gene expression between the DMSO and Zaprinast treated cells (Figure 5.14). In 

Mia PaCa-2 cells, mitochondrial cytochrome c oxidase (MT-CO1), a subunit of 

mitochondria complex IV, was upregulated. It has been reported that dormant 

PDAC cells resistant to mutant KRAS ablation rely more on mitochondrial oxidative 

phosphorylation for energy generation 292. This suggests that Mia PaCa-2 cells 

could increase their dependency on mitochondrial oxidative phosphorylation when 

treated with Zaprinast. In addition, asparagine synthetase (ASNS) was also 

upregulated. This agreed with the result reported by Zhang et al. that asparagine 

was able to rescue glutamine depletion-induced apoptosis in childhood leukemia 

293. Conversely, ASNS was down regulated in the normal pancreatic cell line HPNE. 

Further, in HPNE cells,  genes involved in the mevalonate pathway appears to be 

upregulated and cholesterol metabolism was increased suggesting that normal 

pancreatic cells rely more on isoprenoids synthesis pathway upon Zaprinast 

perturbation. Gene Set Enrichment Analysis (GSEA) and Gene Ontology (GO) 

Enrichment Analysis were performed to further shed light on potential metabolic 

reprogramming in response to Zaprinast treatment. We found that fatty acid, and 

cholesterol metabolism were upregulated, along with increased biosynthesis of 
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steroids and carboxylic acid syntheses to support nutrient demand in QGP1, HPNE, 

and Mia PaCa-2,cells (Figure 5.15, Figure 5.16, and Figure 5.17). In Pan03.27 

cells, MYC, mTOR, as well as hypoxia pathways were upregulated in response to 

Zaprinast treatment (Figure 5.18). 

 

Figure 5.14. Heatmaps for mRNA sequencing differential gene expression profiles. mRNA 
expression counts were transformed to z scores (a) Mia PaCa-2 and (b) HPNE. Red indicates 
downregulation of genes, whereas green indicates upregulation of genes. Experiments 
done in duplicate. 
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Figure 5.15. Upregulated metabolic process in response to Zaprinast treatment in QGP1 
cells using GO Enrichment Analysis. Based on calculated GeneRatio values, the regulation 
of lipid metabolic process, cellular ketone metabolic process, as well as lipid biosynthesis 
process were enhanced. Experiment done in duplicate. 
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Figure 5.16. Upregulated metabolic process in response to Zaprinast treatment in HPNE 
cells using GO Enrichment Analysis. Based on calculated GeneRatio values, the regulation 
of lipid metabolic process, carboxylic acid biosynthesis process, as well as organic acid 
biosynthetic process were primarily enhanced. Experiment done in duplicate. 
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Figure 5.17. Changes of metabolic process in response to Zaprinast treatment in Mia PaCa-
2 cells using GSEA. Based on calculated normalized enrichment scores, hallmarks of 

KRAS signaling, and cholesterol homeostasis were primarily 
enriched. Experiment done in duplicate. 
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Figure 5.18. Changes of metabolic process in response to Zaprinast treatment in Panc03.27 
cells using GSEA. Based on calculated normalized enrichment scores, hallmarks of MYC 
targets, mTOR signaling and hypoxia were primarily enriched. 
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5.6 Discussion 

It is known that some pancreatic cancers, especially those that are KRAS-

mutant driven, depend on glutamine for their growth and proliferation 274,288. Thus, 

we tested the glutamine dependency of various KRAS wildtype and KRAS mutant 

pancreatic cell lines. We found that tested cell lines had different degrees of 

glutamine dependency (Figure 5.2). We evaluated the growth inhibition of these 

pancreatic cells in response to BPTES, UK5099, and Zaprinast. Based on results 

from the cell proliferation assay, Zaprinast phenocopied the effect of the combined 

treatment of BPTES and UK5099 but lacks selectivity against normal pancreatic 

cells at the treated concentrations (Figures 5.3, 5.4). Although Zaprinast is not a 

potent inhibitor for glutaminase or MPC, it could potentially be used as a tool 

compound to interrogate metabolic reprograming in response to the inhibition of 

glutaminase and MPC. 

 We further characterized mitochondrial functionality by evaluating the 

mitochondrial membrane potential, ROS accumulation, and mitochondrial 

respiration. All three assays tested the cellular mitochondrial functionality from 

different angles, but all of the assays pointed to the same conclusion. In sum, 

similar to UK5099, Zaprinast impaired ETC functionality and induced high levels 

of ROS production as well as depleted mitochondria reserve capacity in PDAC 

cells. When cells were treated with Zaprinast, the drug rendered mitochondria 

more vulnerable to oxidative stress and pharmacological inhibitors that targeted 

the electron transport chain. We then sought to examine the potential synergistic 

effects on PDAC growth inhibition using the combination of Zaprinast and 
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IACS10759 treatment. Although marginal cell growth differences were observed 

at 300 M Zaprinast and IACS10759 combination treatment in QGP1 and HPNE 

cells (Figure 5.13e, f), we failed to identify any significant synergistic effect of the 

combination treatment (Figure 5.13b-f). In sum, we found that the inhibition of 

glutaminolysis and oxidative phosphorylation failed to effectively inhibit PDAC cell 

proliferation, implying alternative metabolic reprogramming supporting cell 

survival. Based on mRNA sequencing followed by GO pathway analyses, we 

observed that increased fatty acid and cholesterol metabolism were upregulated 

in Zaprinast-treated cells.  Increased biosynthesis of steroids and carboxylic acid 

syntheses support nutrient demand in pancreatic cells.  
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Chapter 6 

 

Conclusion and Future Direction 

 

Hyperpolarized [1-13C]pyruvate MRSI to measure [1-13C]pyruvate-to-[1-

13C]lactate conversion has been widely explored as a metabolic oncological 

imaging modality indicative of LDHA activity, the Warburg effect, and glycolytic 

flux. In this document, we demonstrated that hyperpolarized [1-13C]pyruvate-to-[1-

13C]lactate conversion is not a direct measure of LDHA activity nor non-oxidative 

glycolysis. Instead, hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion 

rates determined by either MRS or MRSI actually measure pyruvate influx 

mediated by MCT1. LDHA activity enables the intracellular pool of pyruvate to be 

distinguished from extracellular pyruvate by the appearance of the product lactate, 

an obligatory intracellular metabolite in this context. When interpreting 

hyperpolarized [1-13C]pyruvate MRSI results, our data indicate that the capacity to 

observe hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion rates are 

primarily dependent on and rate-limited by MCT activity, especially MCT1. Thus, 

hyperpolarized MRSI is not a direct measurement of LDHA activity, but rather, 

primarily measures MCT activity levels. The previous observed correlation 

between LDHA activity and hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 

conversion rates is likely due to the co-upregulation of both MCT1 and LDHA 
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identified through mRNA profiling among various cancers. To the degree that MCT 

function is linked to poor survival in selected cancers, hyperpolarized MRSI may 

still fill an unmet need for a non-invasive marker of prognosis and functional 

monitoring of therapeutic response through imaging. However, we show 

definitively that hyperpolarized [1-13C]pyruvate MRSI measures primarily MCT1-

mediated [1-13C]pyruvate transmembrane influx, a rigorous re-interpretation 

enabling accurate clinical translation. Overall, it is important to understand the 

uptake and delivery of any imaging probe, and membrane transport kinetics should 

be carefully included and evaluated in computational modeling, which is crucial for 

accurate data interpretation.  

By further evaluating the clinical translation of hyperpolarized [1-

13C]pyruvate MRSI, we noticed that the required injection dose for both pre-clinical 

and clinical studies are in the millimolar concentration range. Since pyruvate-

induced substrate inhibition has been well documented at the enzymatic level, we 

evaluated the potential effects of millimolar concentrations of pyruvate on LDHA 

activity in living cells.  With quantitative and semi-quantitative evaluation of LDHA 

activity in response to pyruvate, we demonstrated that millimolar concentrations of 

pyruvate could indeed induce substrate inhibition of LDHA activity at both 

enzymatic and live cellular levels. Note that, in intact cells, pyruvate-induced LDHA 

inhibition was highly dependent on the influx of pyruvate, which in turn is 

dependent on the status of pyruvate transporters. Potential solutions to overcome 

this challenge can be either to further push the advancement in detector sensitivity 

or to enhance the overall probe hyperpolarization. Either improvement can 
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increase the signal to noise ratio and reduce the amount of hyperpolarized [1-

13C]pyruvate required for MRSI, thus minimizing the perturbation of isotope-

labeled probes themselves on biological systems and physiological processes. 

Overall, it is important to evaluate the impact of an imaging agent imposes onto a 

biological system, which provides a comprehensive understanding of the strength 

and limitation of an imaging probe for its translational application.  

Aside from characterizing probes for metabolic imaging, we also sought to 

evaluate metabolic reprograming in pancreatic cells. Many pancreatic cancers 

consume excessive glutamine as a preferable source for anaplerosis, 

maintenance of proper redox state, and synthesis of intermediates for cancer cell 

growth and proliferation. Abrogating glutamine metabolism may be a potential 

approach to inhibit the proliferation/ growth of glutamine-addicted cancers. In 

addition, inhibition of the mitochondrial pyruvate carrier (MPC1) can potentially 

reprogram cancer cells to become more dependent on glutaminolysis. In this 

regard, Zaprinast, originally developed as a phosphodiesterase 5 (PDE5) inhibitor, 

has recently been identified as an inhibitor of glutaminase as well as MPC1. We 

compared the growth inhibition effect of Zaprinast against BPTES and UK5099, as 

well as the combination of BPTES and UK5099. We found that Zaprinast 

phenocopied the effect of combined BPTES and UK5099 treatment. Thus, we 

have used Zaprinast as a tool compound to characterize mitochondrial changes in 

response to glutaminase and MPC inhibition. Further, Zaprinast effectively 

depleted mitochondrial reserve respiratory capacity similar to UK5099, rendering 

mitochondria more vulnerable to oxidative stress or pharmacological inhibitors 
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targeting the electron transport chain. However, we failed to identify any effective 

total inhibition of PDAC cell proliferation in response to Zaprinast and IACS10759 

combined treatment implying alternative metabolic reprogramming supporting cell 

survival. With global scale mRNA analyses, we found increased fatty acid and 

cholesterol metabolism were upregulated in response to Zaprinast treatment, 

suggesting that increased biosynthesis of steroids and carboxylic acids syntheses 

support nutrient demand in pancreatic cells. 

With a broad interest in cancer metabolism and an in-depth interrogation of 

the clinical translation of hyperpolarized [1-13C]pyruvate MRSI, we explore and 

rigorously characterize the metabolic parameters that dictate the appearance of 

hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate conversion. Contrary to the 

prevailing notion wherein hyperpolarized [1-13C]pyruvate-to-[1-13C]lactate 

conversion is largely dictated by LDHA activity or the Warburg effect, we show 

definitely that hyperpolarized [1-13C]pyruvate MRSI measures primarily MCT1-

mediated hyperpolarized [1-13C]pyruvate influx, a rigorous re-interpretation 

enabling accurate clinical translation, especially trials using this imaging method 

are underway in human cancer and other diseases. 

 

  



162 
 

References 

1. Hanahan, D. & Weinberg, R.A. Hallmarks of cancer: the next generation. Cell 
144, 646-674 (2011). 

2. Locasale, J.W. & Cantley, L.C. Metabolic flux and the regulation of mammalian 
cell growth. Cell Metab 14, 443-451 (2011). 

3. Vander Heiden, M.G., Cantley, L.C. & Thompson, C.B. Understanding the 
Warburg effect: the metabolic requirements of cell proliferation. Science 324, 
1029-1033 (2009). 

4. Liberti, M.V. & Locasale, J.W. The Warburg effect: how does it benefit cancer 
cells? Trends Biochem Sci 41, 211-218 (2016). 

5. Koppenol, W.H., Bounds, P.L. & Dang, C.V. Otto Warburg's contributions to 
current concepts of cancer metabolism. Nat Rev Cancer 11, 325-337 (2011). 

6. Senyilmaz, D. & Teleman, A.A. Chicken or the egg: Warburg effect and 
mitochondrial dysfunction. F1000Prime Rep 7, 41 (2015). 

7. Flier, J.S., Mueckler, M.M., Usher, P. & Lodish, H.F. Elevated levels of glucose 
transport and transporter messenger RNA are induced by ras or src oncogenes. 
Science 235, 1492-1495 (1987). 

8. Birnbaum, M.J., Haspel, H.C. & Rosen, O.M. Transformation of rat fibroblasts by 
FSV rapidly increases glucose transporter gene transcription. Science 235, 1495-
1498 (1987). 

9. Hiraki, Y., Rosen, O.M. & Birnbaum, M.J. Growth factors rapidly induce 
expression of the glucose transporter gene. J Biol Chem 263, 13655-13662 
(1988). 

10. Zhou, X., et al. Effect of PTEN loss on metabolic reprogramming in prostate 
cancer cells. Oncol Lett 17, 2856-2866 (2019). 

11. Wu, S., et al. c-MYC responds to glucose deprivation in a cell-type-dependent 
manner. Cell Death Discov 1, 15057 (2015). 

12. Seth, P., et al. On-target inhibition of tumor fermentative glycolysis as visualized 
by hyperpolarized pyruvate. Neoplasia 13, 60-71 (2011). 

13. Weinhouse, S. Hepatomas. Science 158, 542-543 (1967). 
14. Pedersen, P.L., Greenawalt, J.W., Chan, T.L. & Morris, H.P. A comparison of 

some ultrastructural and biochemical properties of mitochondria from Morris 
hepatomas 9618A, 7800, and 3924A. Cancer Res 30, 2620-2626 (1970). 

15. Racker, E. Bioenergetics and the problem of tumor growth. Am Sci 60, 56-63 
(1972). 

16. Diaz-Ruiz, R., Rigoulet, M. & Devin, A. The Warburg and crabtree effects: on the 
origin of cancer cell energy metabolism and of yeast glucose repression. Biochim 
Biophys Acta 1807, 568-576 (2011). 

17. Jose, C., Bellance, N. & Rossignol, R. Choosing between glycolysis and 
oxidative phosphorylation: a tumor's dilemma? Biochim Biophys Acta 1807, 552-
561 (2011). 

18. Obre, E. & Rossignol, R. Emerging concepts in bioenergetics and cancer 
research: metabolic flexibility, coupling, symbiosis, switch, oxidative tumors, 
metabolic remodeling, signaling and bioenergetic therapy. Int J Biochem Cell Biol 
59, 167-181 (2015). 

19. Potter, M., Newport, E. & Morten, K.J. The Warburg effect: 80 years on. Biochem 
Soc Trans 44, 1499-1505 (2016). 



163 
 

20. Zu, X.L. & Guppy, M. Cancer metabolism: facts, fantasy, and fiction. Biochem 
Biophys Res Commun 313, 459-465 (2004). 

21. Bushberg, J.T. The essential physics of medical imaging, (Wolters Kluwer / 
Lippincott Williams & Wilkins, Philadelphia, PA, 2012). 

22. Fletcher, J.W., et al. Recommendations on the use of 18F-FDG PET in oncology. 
J Nucl Med 49, 480-508 (2008). 

23. Hoffmann, E.J., Phelps, M.E., Mullani, N.A., Higgins, C.S. & Ter-Pogossian, M.M. 
Design and performance characteristics of a whole-body positron transaxial 
tomograph. J Nucl Med 17, 493-502 (1976). 

24. Ido, T., et al. Labeled 2-Deoxy-D-Glucose Analogs - F-18-Labeled 2-Deoxy-2-
Fluoro-D-Glucose, 2-Deoxy-2-Fluoro-D-Mannose and C-14-2-Deoxy-2-Fluoro-D-
Glucose. J Labelled Compd Rad 14, 175-183 (1978). 

25. Alavi, A. & Reivich, M. Guest editorial: the conception of FDG-PET imaging. 
Semin Nucl Med 32, 2-5 (2002). 

26. Fowler, J.S. & Ido, T. Initial and subsequent approach for the synthesis of 
18FDG. Semin Nucl Med 32, 6-12 (2002). 

27. Phelps, M.E., et al. Tomographic measurement of local cerebral glucose 
metabolic rate in humans with (F-18)2-fluoro-2-deoxy-D-glucose: validation of 
method. Ann Neurol 6, 371-388 (1979). 

28. Smith, T.A. The rate-limiting step for tumor [18F]fluoro-2-deoxy-D-glucose (FDG) 
incorporation. Nucl Med Biol 28, 1-4 (2001). 

29. Miele, E., et al. Positron Emission Tomography (PET) radiotracers in oncology--
utility of 18F-Fluoro-deoxy-glucose (FDG)-PET in the management of patients 
with non-small-cell lung cancer (NSCLC). J Exp Clin Cancer Res 27, 52 (2008). 

30. Pavlova, N.N. & Thompson, C.B. The emerging hallmarks of cancer metabolism. 
Cell Metab 23, 27-47 (2016). 

31. Agrawal, A. & Rangarajan, V. Appropriateness criteria of FDG PET/CT in 
oncology. Indian J Radiol Imaging 25, 88-101 (2015). 

32. Gupta, T., et al. Diagnostic performance of post-treatment FDG PET or FDG 
PET/CT imaging in head and neck cancer: a systematic review and meta-
analysis. Eur J Nucl Med Mol Imaging 38, 2083-2095 (2011). 

33. Johnson, J.T. & Branstetter, B.F.t. PET/CT in head and neck oncology: State-of-
the-art 2013. Laryngoscope 124, 913-915 (2014). 

34. McDermott, M., et al. Negative predictive value of surveillance PET/CT in head 
and neck squamous cell cancer. AJNR Am J Neuroradiol 34, 1632-1636 (2013). 

35. Nakamura, S., et al. Optimal timing of post-treatment [18F]fluorodeoxyglucose-
PET/CT for patients with head and neck malignancy. Nucl Med Commun 34, 
162-167 (2013). 

36. O'Neill, J.P., Moynagh, M., Kavanagh, E. & O'Dwyer, T. Prospective, blinded trial 
of whole-body magnetic resonance imaging versus computed tomography 
positron emission tomography in staging primary and recurrent cancer of the 
head and neck. J Laryngol Otol 124, 1274-1277 (2010). 

37. Minn, H., et al. Prediction of survival with fluorine-18-fluoro-deoxyglucose and 
PET in head and neck cancer. J Nucl Med 38, 1907-1911 (1997). 

38. Rege, S., et al. Positron emission tomography: an independent indicator of 
radiocurability in head and neck carcinomas. Am J Clin Oncol 23, 164-169 
(2000). 

39. Wong, T.Z., van der Westhuizen, G.J. & Coleman, R.E. Positron emission 
tomography imaging of brain tumors. Neuroimaging Clin N Am 12, 615-626 
(2002). 



164 
 

40. Jones, H.A., et al. Use of 18FDG-pet to discriminate between infection and 
rejection in lung transplant recipients. Transplantation 77, 1462-1464 (2004). 

41. Weisdorf, D.J., Craddock, P.R. & Jacob, H.S. Glycogenolysis versus glucose 
transport in human granulocytes: differential activation in phagocytosis and 
chemotaxis. Blood 60, 888-893 (1982). 

42. Rahman, W.T., et al. The impact of infection and inflammation in oncologic (18)F-
FDG PET/CT imaging. Biomed Pharmacother 117, 109168 (2019). 

43. Shreve, P.D., Anzai, Y. & Wahl, R.L. Pitfalls in oncologic diagnosis with FDG 
PET imaging: physiologic and benign variants. Radiographics 19, 61-77; quiz 
150-151 (1999). 

44. Sahani, D.V., Bonaffini, P.A., Catalano, O.A., Guimaraes, A.R. & Blake, M.A. 
State-of-the-art PET/CT of the pancreas: current role and emerging indications. 
Radiographics 32, 1133-1158; discussion 1158-1160 (2012). 

45. Pantel, A.R., Ackerman, D., Lee, S.C., Mankoff, D.A. & Gade, T.P. Imaging 
cancer metabolism: underlying biology and emerging strategies. J Nucl Med 59, 
1340-1349 (2018). 

46. Sanli, Y., et al. Increased FDG uptake in breast cancer is associated with 
prognostic factors. Ann Nucl Med 26, 345-350 (2012). 

47. Warning, K., Hildebrandt, M.G., Kristensen, B. & Ewertz, M. Utility of 18FDG-
PET/CT in breast cancer diagnostics--a systematic review. Dan Med Bull 58, 
A4289 (2011). 

48. Sarracanie, M., et al. Low-Cost High-Performance MRI. Sci Rep 5, 15177 (2015). 
49. Lilly Thankamony, A.S., Wittmann, J.J., Kaushik, M. & Corzilius, B. Dynamic 

nuclear polarization for sensitivity enhancement in modern solid-state NMR. Prog 
Nucl Magn Reson Spectrosc 102-103, 120-195 (2017). 

50. Overhauser, A.W. Polarization of Nuclei in Metals. Phys Rev 91, 476-476 (1953). 
51. Ardenkjaer-Larsen, J.H., et al. Increase in signal-to-noise ratio of > 10,000 times 

in liquid-state NMR. Proc Natl Acad Sci U S A 100, 10158-10163 (2003). 
52. Lumata, L., et al. Hyperpolarized (13)C magnetic resonance and its use in 

metabolic assessment of cultured cells and perfused organs. Methods Enzymol 
561, 73-106 (2015). 

53. Zhang, G. & Hilty, C. Applications of dissolution dynamic nuclear polarization in 
chemistry and biochemistry. Magn Reson Chem 56, 566-582 (2018). 

54. Grzesiek, S., Anglister, J., Ren, H. & Bax, A. C-13 Line Narrowing by H-2 
Decoupling in H-2/C-13/N-15-Enriched Proteins - Application to Triple-
Resonance 4d J-Connectivity of Sequential Amides. Journal of the American 
Chemical Society 115, 4369-4370 (1993). 

55. Verardi, R., Traaseth, N.J., Masterson, L.R., Vostrikov, V.V. & Veglia, G. Isotope 
Labeling for Solution and Solid-State NMR Spectroscopy of Membrane Proteins. 
Adv Exp Med Biol 992, 35-62 (2012). 

56. Mugler, J.P., 3rd, et al. Simultaneous magnetic resonance imaging of ventilation 
distribution and gas uptake in the human lung using hyperpolarized xenon-129. 
Proc Natl Acad Sci U S A 107, 21707-21712 (2010). 

57. Gabellieri, C., et al. Therapeutic target metabolism observed using 
hyperpolarized 15N choline. J Am Chem Soc 130, 4598-4599 (2008). 

58. Nardi-Schreiber, A., et al. Biochemical phosphates observed using 
hyperpolarized (31)P in physiological aqueous solutions. Nat Commun 8, 341 
(2017). 

59. Lumata, L., Merritt, M.E., Hashami, Z., Ratnakar, S.J. & Kovacs, Z. Production 
and NMR characterization of hyperpolarized (107,109)Ag complexes. Angew 
Chem Int Ed Engl 51, 525-527 (2012). 



165 
 

60. van Heeswijk, R.B., et al. Hyperpolarized lithium-6 as a sensor of nanomolar 
contrast agents. Magn Reson Med 61, 1489-1493 (2009). 

61. Atkins, T.M., et al. Synthesis of long T(1) silicon nanoparticles for hyperpolarized 
(2)(9)Si magnetic resonance imaging. ACS Nano 7, 1609-1617 (2013). 

62. Lee, Y., Zeng, H., Ruedisser, S., Gossert, A.D. & Hilty, C. Nuclear magnetic 
resonance of hyperpolarized fluorine for characterization of protein-ligand 
interactions. J Am Chem Soc 134, 17448-17451 (2012). 

63. Najac, C. & Ronen, S.M. MR molecular imaging of brain cancer metabolism 
using hyperpolarized 13C magnetic resonance spectroscopy. Top Magn Reson 
Imaging 25, 187-196 (2016). 

64. Kurhanewicz, J., et al. Hyperpolarized (13)C MRI: path to clinical translation in 
oncology. Neoplasia 21, 1-16 (2019). 

65. Josan, S., et al. Dynamic metabolic imaging of hyperpolarized [2-(13) C]pyruvate 
using spiral chemical shift imaging with alternating spectral band excitation. 
Magn Reson Med 71, 2051-2058 (2014). 

66. Park, J.M., et al. Measuring mitochondrial metabolism in rat brain in vivo using 
MR Spectroscopy of hyperpolarized [2-(1)(3)C]pyruvate. NMR Biomed 26, 1197-
1203 (2013). 

67. Bastiaansen, J.A., et al. In vivo enzymatic activity of acetylCoA synthetase in 
skeletal muscle revealed by (13)C turnover from hyperpolarized [1-(13)C]acetate 
to [1-(13)C]acetylcarnitine. Biochim Biophys Acta 1830, 4171-4178 (2013). 

68. Flori, A., et al. Real-time cardiac metabolism assessed with hyperpolarized [1-
(13) C]acetate in a large-animal model. Contrast Media Mol Imaging 10, 194-202 
(2015). 

69. Bohndiek, S.E., et al. Hyperpolarized [1-13C]-ascorbic and dehydroascorbic acid: 
vitamin C as a probe for imaging redox status in vivo. J Am Chem Soc 133, 
11795-11801 (2011). 

70. Keshari, K.R., et al. Hyperpolarized 13C dehydroascorbate as an endogenous 
redox sensor for in vivo metabolic imaging. Proc Natl Acad Sci U S A 108, 
18606-18611 (2011). 

71. Timm, K.N., et al. Assessing Oxidative Stress in Tumors by Measuring the Rate 
of Hyperpolarized [1-13C]Dehydroascorbic Acid Reduction Using 13C Magnetic 
Resonance Spectroscopy. J Biol Chem 292, 1737-1748 (2017). 

72. Harris, T., Degani, H. & Frydman, L. Hyperpolarized 13C NMR studies of glucose 
metabolism in living breast cancer cell cultures. NMR Biomed 26, 1831-1843 
(2013). 

73. Rodrigues, T.B., et al. Magnetic resonance imaging of tumor glycolysis using 
hyperpolarized 13C-labeled glucose. Nat Med 20, 93-97 (2014). 

74. Wang, Z.J., et al. Hyperpolarized (13)C MRI: state of the art and future 
directions. Radiology 291, 273-284 (2019). 

75. Bohndiek, S.E., Kettunen, M.I., Hu, D.E. & Brindle, K.M. Hyperpolarized (13)C 
spectroscopy detects early changes in tumor vasculature and metabolism after 
VEGF neutralization. Cancer Res 72, 854-864 (2012). 

76. Duwel, S., et al. Multiparametric human hepatocellular carcinoma 
characterization and therapy response evaluation by hyperpolarized (13) C 
MRSI. NMR Biomed 29, 952-960 (2016). 

77. Mignion, L., et al. Monitoring chemotherapeutic response by hyperpolarized 13C-
fumarate MRS and diffusion MRI. Cancer Res 74, 686-694 (2014). 

78. von Morze, C., et al. Simultaneous multiagent hyperpolarized (13)C perfusion 
imaging. Magn Reson Med 72, 1599-1609 (2014). 



166 
 

79. Jeong, S., et al. Real-time quantitative analysis of metabolic flux in live cells 
using a hyperpolarized micromagnetic resonance spectrometer. Sci Adv 3, 
e1700341 (2017). 

80. Lumata, L., et al. BDPA: an efficient polarizing agent for fast dissolution dynamic 
nuclear polarization NMR spectroscopy. Chemistry 17, 10825-10827 (2011). 

81. Gallagher, F.A., et al. Magnetic resonance imaging of pH in vivo using 
hyperpolarized 13C-labelled bicarbonate. Nature 453, 940-943 (2008). 

82. Gallagher, F.A., et al. Production of hyperpolarized [1,4-13C2]malate from [1,4-
13C2]fumarate is a marker of cell necrosis and treatment response in tumors. 
Proc Natl Acad Sci U S A 106, 19801-19806 (2009). 

83. Laustsen, C., et al. Hyperpolarized [1,4-(13)C]fumarate imaging detects 
microvascular complications and hypoxia mediated cell death in diabetic 
nephropathy. Sci Rep 10, 9650 (2020). 

84. Jensen, P.R., Karlsson, M., Meier, S., Duus, J.O. & Lerche, M.H. Hyperpolarized 
amino acids for in vivo assays of transaminase activity. Chemistry 15, 10010-
10012 (2009). 

85. Shin, P.J., et al. Cancer recurrence monitoring using hyperpolarized [1-
(13)C]pyruvate metabolic imaging in murine breast cancer model. Magn Reson 
Imaging 43, 105-109 (2017). 

86. Nelson, S.J., et al. Metabolic imaging of patients with prostate cancer using 
hyperpolarized [1-(1)(3)C]pyruvate. Sci Transl Med 5, 198ra108 (2013). 

87. Perez-Escuredo, J., et al. Monocarboxylate transporters in the brain and in 
cancer. Biochim Biophys Acta 1863, 2481-2497 (2016). 

88. Di Gialleonardo, V., Wilson, D.M. & Keshari, K.R. The Potential of Metabolic 
Imaging. Semin Nucl Med 46, 28-39 (2016). 

89. Day, S.E., et al. Detecting tumor response to treatment using hyperpolarized 13C 
magnetic resonance imaging and spectroscopy. Nat Med 13, 1382-1387 (2007). 

90. Hu, S., et al. 13C-pyruvate imaging reveals alterations in glycolysis that precede 
c-Myc-induced tumor formation and regression. Cell Metab 14, 131-142 (2011). 

91. Ward, C.S., et al. Noninvasive detection of target modulation following 
phosphatidylinositol 3-kinase inhibition using hyperpolarized 13C magnetic 
resonance spectroscopy. Cancer Res 70, 1296-1305 (2010). 

92. Dong, Y., et al. Hyperpolarized MRI visualizes Warburg effects and predicts 
treatment response to mTOR inhibitors in patient-derived ccRCC xenograft 
models. Cancer Res 79, 242-250 (2019). 

93. 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 66, 10855-10860 (2006). 

94. Scroggins, B.T., et al. Hyperpolarized [1-(13)C]-pyruvate magnetic resonance 
spectroscopic imaging of prostate cancer in vivo predicts efficacy of targeting the 
Warburg effect. Clin Cancer Res 24, 3137-3148 (2018). 

95. Saito, K., et al. 13C-MR spectroscopic imaging with hyperpolarized [1-
13C]pyruvate detects early response to radiotherapy in SCC tumors and HT-29 
tumors. Clin Cancer Res 21, 5073-5081 (2015). 

96. Ros, S., et al. Metabolic imaging detects resistance to PI3Kalpha inhibition 
mediated by persistent FOXM1 expression in ER(+) breast cancer. Cancer Cell 
38, 516-533 e519 (2020). 

97. Miloushev, V.Z., et al. Metabolic imaging of the human brain with hyperpolarized 
(13)C pyruvate demonstrates (13)C lactate production in brain tumor patients. 
Cancer Res 78, 3755-3760 (2018). 



167 
 

98. Aggarwal, R. Hyperpolarized pyruvate (13C) MR imaging in monitoring patients 
with prostate cancer on active surveillance. Vol. 2020 
(https://ClinicalTrials.gov/show/NCT03933670, 2019). 

99. Adler-Levy, Y., et al. In-cell determination of lactate dehydrogenase activity in a 
luminal breast cancer model (-) ex vivo investigation of excised xenograft tumor 
slices using dDNP hyperpolarized [1-(13)C]pyruvate. Sensors (Basel) 19(2019). 

100. Hill, D.K., et al. (1)H NMR and hyperpolarized (1)(3)C NMR assays of pyruvate-
lactate: a comparative study. NMR Biomed 26, 1321-1325 (2013). 

101. Lev-Cohain, N., et al. Real-time ALT and LDH activities determined in viable 
precision-cut mouse liver slices using hyperpolarized [1-(13) C]pyruvate-
Implications for studies on biopsied liver tissues. NMR Biomed 32, e4043 (2019). 

102. Halestrap, A.P. The monocarboxylate transporter family--structure and functional 
characterization. IUBMB Life 64, 1-9 (2012). 

103. Halestrap, A.P. & Price, N.T. The proton-linked monocarboxylate transporter 
(MCT) family: structure, function and regulation. Biochem J 343 Pt 2, 281-299 
(1999). 

104. Murakami, Y., et al. Functional characterization of human monocarboxylate 
transporter 6 (SLC16A5). Drug Metab Dispos 33, 1845-1851 (2005). 

105. Hugo, S.E., et al. A monocarboxylate transporter required for hepatocyte 
secretion of ketone bodies during fasting. Genes Dev 26, 282-293 (2012). 

106. Visser, W.E., Friesema, E.C. & Visser, T.J. Minireview: thyroid hormone 
transporters: the knowns and the unknowns. Mol Endocrinol 25, 1-14 (2011). 

107. Suhre, K., et al. Human metabolic individuality in biomedical and pharmaceutical 
research. Nature 477, 54-60 (2011). 

108. Halestrap, A.P. & Meredith, D. The SLC16 gene family-from monocarboxylate 
transporters (MCTs) to aromatic amino acid transporters and beyond. Pflugers 
Arch 447, 619-628 (2004). 

109. Kirk, P., et al. CD147 is tightly associated with lactate transporters MCT1 and 
MCT4 and facilitates their cell surface expression. EMBO J 19, 3896-3904 
(2000). 

110. Wilson, M.C., Meredith, D. & Halestrap, A.P. Fluorescence resonance energy 
transfer studies on the interaction between the lactate transporter MCT1 and 
CD147 provide information on the topology and stoichiometry of the complex in 
situ. J Biol Chem 277, 3666-3672 (2002). 

111. Halestrap, A.P. & Wilson, M.C. The monocarboxylate transporter family--role and 
regulation. IUBMB Life 64, 109-119 (2012). 

112. Galic, S., Schneider, H.P., Broer, A., Deitmer, J.W. & Broer, S. The loop between 
helix 4 and helix 5 in the monocarboxylate transporter MCT1 is important for 
substrate selection and protein stability. Biochem J 376, 413-422 (2003). 

113. Manoharan, C., Wilson, M.C., Sessions, R.B. & Halestrap, A.P. The role of 
charged residues in the transmembrane helices of monocarboxylate transporter 
1 and its ancillary protein basigin in determining plasma membrane expression 
and catalytic activity. Mol Membr Biol 23, 486-498 (2006). 

114. Wilson, M.C., Meredith, D., Bunnun, C., Sessions, R.B. & Halestrap, A.P. Studies 
on the DIDS-binding site of monocarboxylate transporter 1 suggest a homology 
model of the open conformation and a plausible translocation cycle. J Biol Chem 
284, 20011-20021 (2009). 

115. Broer, S., et al. Characterization of the monocarboxylate transporter 1 expressed 
in Xenopus laevis oocytes by changes in cytosolic pH. Biochem J 333 ( Pt 1), 
167-174 (1998). 



168 
 

116. Bonen, A. The expression of lactate transporters (MCT1 and MCT4) in heart and 
muscle. Eur J Appl Physiol 86, 6-11 (2001). 

117. Juel, C. & Halestrap, A.P. Lactate transport in skeletal muscle - role and 
regulation of the monocarboxylate transporter. J Physiol 517 ( Pt 3), 633-642 
(1999). 

118. Halestrap, A.P., Wang, X., Poole, R.C., Jackson, V.N. & Price, N.T. Lactate 
transport in heart in relation to myocardial ischemia. Am J Cardiol 80, 17A-25A 
(1997). 

119. Murray, C.M., et al. Monocarboxylate transporter MCT1 is a target for 
immunosuppression. Nat Chem Biol 1, 371-376 (2005). 

120. Dimmer, K.S., Friedrich, B., Lang, F., Deitmer, J.W. & Broer, S. The low-affinity 
monocarboxylate transporter MCT4 is adapted to the export of lactate in highly 
glycolytic cells. Biochem J 350 Pt 1, 219-227 (2000). 

121. Broer, S., et al. Characterization of the high-affinity monocarboxylate transporter 
MCT2 in Xenopus laevis oocytes. Biochem J 341 ( Pt 3), 529-535 (1999). 

122. Halestrap, A.P. Monocarboxylate transporter 1. UCSD Nature Molecule Pages 
(2009). 

123. Olson, E.N. & Williams, R.S. Calcineurin signaling and muscle remodeling. Cell 
101, 689-692 (2000). 

124. Lee, W.J., et al. AMPK activation increases fatty acid oxidation in skeletal muscle 
by activating PPARalpha and PGC-1. Biochem Biophys Res Commun 340, 291-
295 (2006). 

125. Cross, S.H. & Bird, A.P. CpG islands and genes. Curr Opin Genet Dev 5, 309-
314 (1995). 

126. Asada, K., et al. Reduced expression of GNA11 and silencing of MCT1 in human 
breast cancers. Oncology 64, 380-388 (2003). 

127. Prentki, M., Matschinsky, F.M. & Madiraju, S.R. Metabolic signaling in fuel-
induced insulin secretion. Cell Metab 18, 162-185 (2013). 

128. Garcia, C.K., Brown, M.S., Pathak, R.K. & Goldstein, J.L. cDNA cloning of MCT2, 
a second monocarboxylate transporter expressed in different cells than MCT1. J 
Biol Chem 270, 1843-1849 (1995). 

129. Jackson, V.N., Price, N.T., Carpenter, L. & Halestrap, A.P. Cloning of the 
monocarboxylate transporter isoform MCT2 from rat testis provides evidence that 
expression in tissues is species-specific and may involve post-transcriptional 
regulation. Biochem J 324 ( Pt 2), 447-453 (1997). 

130. Pierre, K., Debernardi, R., Magistretti, P.J. & Pellerin, L. Noradrenaline enhances 
monocarboxylate transporter 2 expression in cultured mouse cortical neurons via 
a translational regulation. J Neurochem 86, 1468-1476 (2003). 

131. Philp, N.J., Yoon, H. & Grollman, E.F. Monocarboxylate transporter MCT1 is 
located in the apical membrane and MCT3 in the basal membrane of rat RPE. 
Am J Physiol 274, R1824-1828 (1998). 

132. Yoon, H., Fanelli, A., Grollman, E.F. & Philp, N.J. Identification of a unique 
monocarboxylate transporter (MCT3) in retinal pigment epithelium. Biochem 
Biophys Res Commun 234, 90-94 (1997). 

133. Chiche, J., et al. In vivo pH in metabolic-defective Ras-transformed fibroblast 
tumors: key role of the monocarboxylate transporter, MCT4, for inducing an 
alkaline intracellular pH. Int J Cancer 130, 1511-1520 (2012). 

134. Ullah, M.S., Davies, A.J. & Halestrap, A.P. The plasma membrane lactate 
transporter MCT4, but not MCT1, is up-regulated by hypoxia through a HIF-
1alpha-dependent mechanism. J Biol Chem 281, 9030-9037 (2006). 



169 
 

135. Pinheiro, C., et al. Role of monocarboxylate transporters in human cancers: state 
of the art. J Bioenerg Biomembr 44, 127-139 (2012). 

136. Pinheiro, C., et al. Expression of monocarboxylate transporters 1, 2, and 4 in 
human tumours and their association with CD147 and CD44. J Biomed 
Biotechnol 2010, 427694 (2010). 

137. Halestrap, A.P. Monocarboxylic acid transport. Compr Physiol 3, 1611-1643 
(2013). 

138. Deuticke, B. Monocarboxylate transport in erythrocytes. J Membr Biol 70, 89-103 
(1982). 

139. Curtis, N.J., et al. Pre-clinical pharmacology of AZD3965, a selective inhibitor of 
MCT1: DLBCL, NHL and Burkitt's lymphoma anti-tumor activity. Oncotarget 8, 
69219-69236 (2017). 

140. Plummer, E. A Phase I Trial of AZD3965 in Patients With Advanced Cancer.  
(https://ClinicalTrials.gov/show/NCT01791595, 2013). 

141. Ovens, M.J., Manoharan, C., Wilson, M.C., Murray, C.M. & Halestrap, A.P. The 
inhibition of monocarboxylate transporter 2 (MCT2) by AR-C155858 is modulated 
by the associated ancillary protein. Biochem J 431, 217-225 (2010). 

142. Pellerin, L. Brain energetics (thought needs food). Curr Opin Clin Nutr Metab 
Care 11, 701-705 (2008). 

143. Pellerin, L., et al. Activity-dependent regulation of energy metabolism by 
astrocytes: an update. Glia 55, 1251-1262 (2007). 

144. Pellerin, L., et al. Evidence supporting the existence of an activity-dependent 
astrocyte-neuron lactate shuttle. Dev Neurosci 20, 291-299 (1998). 

145. Sonveaux, P., et al. Targeting lactate-fueled respiration selectively kills hypoxic 
tumor cells in mice. J Clin Invest 118, 3930-3942 (2008). 

146. Spugnini, E.P., et al. Proton channels and exchangers in cancer. Biochim 
Biophys Acta 1848, 2715-2726 (2015). 

147. Walenta, S. & Mueller-Klieser, W.F. Lactate: mirror and motor of tumor 
malignancy. Semin Radiat Oncol 14, 267-274 (2004). 

148. Payen, V.L., Brisson, L., Dewhirst, M.W. & Sonveaux, P. Common responses of 
tumors and wounds to hypoxia. Cancer J 21, 75-87 (2015). 

149. De Saedeleer, C.J., et al. Lactate activates HIF-1 in oxidative but not in Warburg-
phenotype human tumor cells. PLoS One 7, e46571 (2012). 

150. Sonveaux, P., et al. Targeting the lactate transporter MCT1 in endothelial cells 
inhibits lactate-induced HIF-1 activation and tumor angiogenesis. PLoS One 7, 
e33418 (2012). 

151. Vegran, F., Seront, E., Sonveaux, P. & Feron, O. Lactate-Induced IL-8 Pathway 
in Endothelial Cells-Response. Cancer Research 72, 1903-1904 (2012). 

152. Vegran, F., Boidot, R., Michiels, C., Sonveaux, P. & Feron, O. Lactate influx 
through the endothelial cell monocarboxylate transporter MCT1 supports an NF-
kappaB/IL-8 pathway that drives tumor angiogenesis. Cancer Res 71, 2550-2560 
(2011). 

153. Hirt, C., et al. "In vitro" 3D models of tumor-immune system interaction. Adv Drug 
Deliv Rev 79-80, 145-154 (2014). 

154. Fischer, K., et al. Inhibitory effect of tumor cell-derived lactic acid on human T 
cells. Blood 109, 3812-3819 (2007). 

155. DeBerardinis, R.J. & Chandel, N.S. Fundamentals of cancer metabolism. Sci Adv 
2, e1600200 (2016). 

156. DeBerardinis, R.J., Lum, J.J., Hatzivassiliou, G. & Thompson, C.B. The biology 
of cancer: metabolic reprogramming fuels cell growth and proliferation. Cell 
Metab 7, 11-20 (2008). 



170 
 

157. Shim, H., et al. c-Myc transactivation of LDH-A: implications for tumor 
metabolism and growth. Proc Natl Acad Sci U S A 94, 6658-6663 (1997). 

158. Zhu, A., Lee, D. & Shim, H. Metabolic positron emission tomography imaging in 
cancer detection and therapy response. Semin Oncol 38, 55-69 (2011). 

159. Almuhaideb, A., Papathanasiou, N. & Bomanji, J. 18F-FDG PET/CT imaging in 
oncology. Ann Saudi Med 31, 3-13 (2011). 

160. Brindle, K.M., Bohndiek, S.E., Gallagher, F.A. & Kettunen, M.I. Tumor imaging 
using hyperpolarized 13C magnetic resonance spectroscopy. Magn Reson Med 
66, 505-519 (2011). 

161. Guglielmetti, C., et al. Hyperpolarized (13)C MR metabolic imaging can detect 
neuroinflammation in vivo in a multiple sclerosis murine model. Proc Natl Acad 
Sci U S A 114, E6982-E6991 (2017). 

162. Miloushev, V.Z., et al. Hyperpolarized (13)C pyruvate mouse brain metabolism 
with absorptive-mode EPSI at 1T. J Magn Reson 275, 120-126 (2017). 

163. Serrao, E.M. & Brindle, K.M. Potential Clinical Roles for Metabolic Imaging with 
Hyperpolarized [1-(13)C]Pyruvate. Front Oncol 6, 59 (2016). 

164. Bhattacharya, P., Ross, B.D. & Bunger, R. Cardiovascular applications of 
hyperpolarized contrast media and metabolic tracers. Exp Biol Med (Maywood) 
234, 1395-1416 (2009). 

165. Dutta, P., et al. Assessing Therapeutic Efficacy in Real-time by Hyperpolarized 
Magnetic Resonance Metabolic Imaging. Cells 8(2019). 

166. Morris, M.E. & Felmlee, M.A. Overview of the proton-coupled MCT (SLC16A) 
family of transporters: characterization, function and role in the transport of the 
drug of abuse gamma-hydroxybutyric acid. AAPS J 10, 311-321 (2008). 

167. 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 U S A 106, 18131-18136 (2009). 

168. Witney, T.H., Kettunen, M.I. & Brindle, K.M. Kinetic modeling of hyperpolarized 
13C label exchange between pyruvate and lactate in tumor cells. J Biol Chem 
286, 24572-24580 (2011). 

169. Granlund, K.L., et al. Hyperpolarized MRI of Human Prostate Cancer Reveals 
Increased Lactate with Tumor Grade Driven by Monocarboxylate Transporter 1. 
Cell Metab (2019). 

170. Delgado-Goni, T., et al. The BRAF inhibitor vemurafenib activates mitochondrial 
metabolism and inhibits hyperpolarized pyruvate-lactate exchange in BRAF-
mutant human melanoma cells. Mol Cancer Ther 15, 2987-2999 (2016). 

171. Gallagher, F.A., et al. Imaging breast cancer using hyperpolarized carbon-13 
MRI. Proc Natl Acad Sci U S A 117, 2092-2098 (2020). 

172. Zacharias, N.M., et al. Assessing metabolic intervention with a glutaminase 
inhibitor in real-time by hyperpolarized magnetic resonance in acute myeloid 
leukemia. Mol Cancer Ther 18, 1937-1946 (2019). 

173. Park, J.Y., et al. Development of suspension cell culture model to mimic 
circulating tumor cells. Oncotarget 9, 622-640 (2018). 

174. Andersen, T., Auk-Emblem, P. & Dornish, M. 3D Cell Culture in Alginate 
Hydrogels. Microarrays (Basel) 4, 133-161 (2015). 

175. Hansen, A.E., et al. Combined hyperpolarized (13)C-pyruvate MRS and (18)F-
FDG PET (hyperPET) estimates of glycolysis in canine cancer patients. Eur J 
Radiol 103, 6-12 (2018). 

176. Berman, B.G. & Halperin, M.L. Effect of insulin on pyruvate metabolism in 
epididymal adipose tissue of the rat. Correlation of intracellular pyruvate contents 
and pyruvate dehydrogenase activity. Biochem J 134, 885-889 (1973). 



171 
 

177. Compan, V., et al. Monitoring mitochondrial pyruvate carrier activity in real time 
using a BRET-based biosensor: investigation of the Warburg effect. Mol Cell 59, 
491-501 (2015). 

178. Hong, C.S., et al. MCT1 Modulates Cancer Cell Pyruvate Export and Growth of 
Tumors that Co-express MCT1 and MCT4. Cell Rep 14, 1590-1601 (2016). 

179. Latif, A., et al. Monocarboxylate Transporter 1 (MCT1) is an independent 
prognostic biomarker in endometrial cancer. BMC Clin Pathol 17, 27 (2017). 

180. Le Floch, R., et al. CD147 subunit of lactate/H+ symporters MCT1 and hypoxia-
inducible MCT4 is critical for energetics and growth of glycolytic tumors. Proc 
Natl Acad Sci U S A 108, 16663-16668 (2011). 

181. Kennedy, B.W., Kettunen, M.I., Hu, D.E. & Brindle, K.M. Probing lactate 
dehydrogenase activity in tumors by measuring hydrogen/deuterium exchange in 
hyperpolarized l-[1-(13)C,U-(2)H]lactate. J Am Chem Soc 134, 4969-4977 
(2012). 

182. Xu, H.N., et al. Differentiating inflamed and normal lungs by the apparent 
reaction rate constants of lactate dehydrogenase probed by hyperpolarized (13)C 
labeled pyruvate. Quant Imaging Med Surg 6, 57-66 (2016). 

183. Larson, P.E.Z., et al. Investigation of analysis methods for hyperpolarized 13C-
pyruvate metabolic MRI in prostate cancer patients. NMR Biomed 31, e3997 
(2018). 

184. Keshari, K.R., et al. Hyperpolarized 13C-pyruvate magnetic resonance reveals 
rapid lactate export in metastatic renal cell carcinomas. Cancer Res 73, 529-538 
(2013). 

185. Takado, Y., et al. Hyperpolarized (13)C Magnetic Resonance Spectroscopy 
Reveals the Rate-Limiting Role of the Blood-Brain Barrier in the Cerebral Uptake 
and Metabolism of l-Lactate in Vivo. ACS Chem Neurosci 9, 2554-2562 (2018). 

186. Simpson, R.J., Brindle, K.M., Brown, F.F., Campbell, I.D. & Foxall, D.L. A p.m.r. 
isotope-exchange method for studying the kinetic properties of dehydrogenases 
in intact cells. Biochem J 202, 573-579 (1982). 

187. Brindle, K.M., Campbell, I.D. & Simpson, R.J. A 1H-NMR study of the activity 
expressed by lactate dehydrogenase in the human erythrocyte. Eur J Biochem 
158, 299-305 (1986). 

188. Serrao, E.M., et al. MRI with hyperpolarised [1-13C]pyruvate detects advanced 
pancreatic preneoplasia prior to invasive disease in a mouse model. Gut 65, 465-
475 (2016). 

189. Sandulache, V.C., et al. Evaluation of hyperpolarized [1-(1)(3)C]-pyruvate by 
magnetic resonance to detect ionizing radiation effects in real time. PLoS One 9, 
e87031 (2014). 

190. A Phase I Trial of AZD3965 in Patients With Advanced Cancer. 
191. Tasdogan, A., et al. Metabolic heterogeneity confers differences in melanoma 

metastatic potential. Nature 577, 115-120 (2020). 
192. Eilertsen, M., et al. Monocarboxylate transporters 1-4 in NSCLC: MCT1 is an 

independent prognostic marker for survival. PLoS One 9, e105038 (2014). 
193. Chen, X., et al. Monocarboxylate transporter 1 is an independent prognostic 

factor in esophageal squamous cell carcinoma. Oncol Rep 41, 2529-2539 
(2019). 

194. Park, S.J., et al. An overview of MCT1 and MCT4 in GBM: small molecule 
transporters with large implications. Am J Cancer Res 8, 1967-1976 (2018). 

195. Pinheiro, C., et al. Monocarboxylate transporters 1 and 4 are associated with 
CD147 in cervical carcinoma. Dis Markers 26, 97-103 (2009). 



172 
 

196. Sukeda, A., et al. Expression of Monocarboxylate Transporter 1 Is Associated 
With Better Prognosis and Reduced Nodal Metastasis in Pancreatic Ductal 
Adenocarcinoma. Pancreas 48, 1102-1110 (2019). 

197. Dutta, P., et al. Evaluation of LDH-A and glutaminase inhibition in vivo by 
hyperpolarized 13C-pyruvate magnetic resonance spectroscopy of tumors. 
Cancer Res 73, 4190-4195 (2013). 

198. Chokkathukalam, A., Kim, D.H., Barrett, M.P., Breitling, R. & Creek, D.J. Stable 
isotope-labeling studies in metabolomics: new insights into structure and 
dynamics of metabolic networks. Bioanalysis 6, 511-524 (2014). 

199. Fernandez-Garcia, J., Altea-Manzano, P., Pranzini, E. & Fendt, S.M. Stable 
Isotopes for Tracing Mammalian-Cell Metabolism In Vivo. Trends Biochem Sci 
45, 185-201 (2020). 

200. Jang, C., Chen, L. & Rabinowitz, J.D. Metabolomics and Isotope Tracing. Cell 
173, 822-837 (2018). 

201. Ma, E.H., et al. Metabolic profiling using stable isotope tracing reveals distinct 
patterns of glucose utilization by physiologically activated CD8(+) T cells. 
Immunity 51, 856-870 e855 (2019). 

202. Bruntz, R.C., Lane, A.N., Higashi, R.M. & Fan, T.W. Exploring cancer 
metabolism using stable isotope-resolved metabolomics (SIRM). J Biol Chem 
292, 11601-11609 (2017). 

203. Buescher, J.M., et al. A roadmap for interpreting (13)C metabolite labeling 
patterns from cells. Curr Opin Biotechnol 34, 189-201 (2015). 

204. Reisz, J.A. & D'Alessandro, A. Measurement of metabolic fluxes using stable 
isotope tracers in whole animals and human patients. Curr Opin Clin Nutr Metab 
Care 20, 366-374 (2017). 

205. Jiang, W., et al. Hyperpolarized 15N-pyridine derivatives as pH-sensitive MRI 
agents. Sci Rep 5, 9104 (2015). 

206. Rao, Y., et al. Hyperpolarized [1-(13)C]pyruvate-to-[1-(13)C]lactate conversion is 
rate-limited by monocarboxylate transporter-1 in the plasma membrane. Proc 
Natl Acad Sci U S A 117, 22378-22389 (2020). 

207. Gammon, S.T., et al. Mechanism-Specific Pharmacodynamics of a Novel 
Complex-I Inhibitor Quantified by Imaging Reversal of Consumptive Hypoxia with 
[(18)F]FAZA PET In Vivo. Cells 8(2019). 

208. Saito, K., et al. Transient decrease in tumor oxygenation after intravenous 
administration of pyruvate. Magn Reson Med 67, 801-807 (2012). 

209. Wojtkowiak, J.W., et al. Pyruvate sensitizes pancreatic tumors to hypoxia-
activated prodrug TH-302. Cancer Metab 3, 2 (2015). 

210. Gutfreund, H., Cantwell, R., McMurray, C.H., Criddle, R.S. & Hathaway, G. The 
kinetics of the reversible inhibition of heart lactate dehydrogenase through the 
formation of the enzyme-oxidized nicotinamide-adenine dinucleotide-pyruvate 
compounds. Biochem J 106, 683-687 (1968). 

211. Stambaugh, R. & Post, D. Substrate and product inhibition of rabbit muscle lactic 
dehydrogenase heart (H4) and muscle (M4) isozymes. J Biol Chem 241, 1462-
1467 (1966). 

212. Wang, C.S. Inhibition of human erythrocyte lactate dehydrogenase by high 
concentrations of pyruvate. Evidence for the competitive substrate inhibition. Eur 
J Biochem 78, 569-574 (1977). 

213. Moreno, K.X., Sabelhaus, S.M., Merritt, M.E., Sherry, A.D. & Malloy, C.R. 
Competition of pyruvate with physiological substrates for oxidation by the heart: 
implications for studies with hyperpolarized [1-13C]pyruvate. Am J Physiol Heart 
Circ Physiol 298, H1556-1564 (2010). 



173 
 

214. Ganapathy, V., et al. Sodium-coupled monocarboxylate transporters in normal 
tissues and in cancer. AAPS J 10, 193-199 (2008). 

215. Ward, P.S. & Thompson, C.B. Metabolic reprogramming: a cancer hallmark even 
warburg did not anticipate. Cancer Cell 21, 297-308 (2012). 

216. Eagle, H. Nutrition needs of mammalian cells in tissue culture. Science 122, 501-
514 (1955). 

217. Kvamme, E. & Svenneby, G. Effect of anaerobiosis and addition of keto acids on 
glutamine utilization by Ehrlich ascites-tumor cells. Biochim Biophys Acta 42, 
187-188 (1960). 

218. Eagle, H. The minimum vitamin requirements of the L and HeLa cells in tissue 
culture, the production of specific vitamin deficiencies, and their cure. J Exp Med 
102, 595-600 (1955). 

219. DeBerardinis, R.J. & Cheng, T. Q's next: the diverse functions of glutamine in 
metabolism, cell biology and cancer. Oncogene 29, 313-324 (2010). 

220. Gaglio, D., Soldati, C., Vanoni, M., Alberghina, L. & Chiaradonna, F. Glutamine 
deprivation induces abortive s-phase rescued by deoxyribonucleotides in k-ras 
transformed fibroblasts. PLoS One 4, e4715 (2009). 

221. Son, J., et al. Glutamine supports pancreatic cancer growth through a KRAS-
regulated metabolic pathway. Nature 496, 101-105 (2013). 

222. Nicklin, P., et al. Bidirectional transport of amino acids regulates mTOR and 
autophagy. Cell 136, 521-534 (2009). 

223. Yanagida, O., et al. Human L-type amino acid transporter 1 (LAT1): 
characterization of function and expression in tumor cell lines. Biochim Biophys 
Acta 1514, 291-302 (2001). 

224. Thompson, C.B. Rethinking the regulation of cellular metabolism. Cold Spring 
Harb Symp Quant Biol 76, 23-29 (2011). 

225. Lindsten, T., et al. The proapoptotic activities of Bax and Bak limit the size of the 
neural stem cell pool. J Neurosci 23, 11112-11119 (2003). 

226. Rathmell, J.C., Vander Heiden, M.G., Harris, M.H., Frauwirth, K.A. & Thompson, 
C.B. In the absence of extrinsic signals, nutrient utilization by lymphocytes is 
insufficient to maintain either cell size or viability. Mol Cell 6, 683-692 (2000). 

227. Muranen, T., et al. Starved epithelial cells uptake extracellular matrix for survival. 
Nat Commun 8, 13989 (2017). 

228. Grassian, A.R., Coloff, J.L. & Brugge, J.S. Extracellular matrix regulation of 
metabolism and implications for tumorigenesis. Cold Spring Harb Symp Quant 
Biol 76, 313-324 (2011). 

229. Vogelstein, B. & Kinzler, K.W. Cancer genes and the pathways they control. Nat 
Med 10, 789-799 (2004). 

230. Barthel, A., et al. Regulation of GLUT1 gene transcription by the serine/threonine 
kinase Akt1. J Biol Chem 274, 20281-20286 (1999). 

231. Wieman, H.L., Wofford, J.A. & Rathmell, J.C. Cytokine stimulation promotes 
glucose uptake via phosphatidylinositol-3 kinase/Akt regulation of Glut1 activity 
and trafficking. Mol Biol Cell 18, 1437-1446 (2007). 

232. Jones, R.G. & Thompson, C.B. Tumor suppressors and cell metabolism: a recipe 
for cancer growth. Genes Dev 23, 537-548 (2009). 

233. Rathmell, J.C., et al. Akt-directed glucose metabolism can prevent Bax 
conformation change and promote growth factor-independent survival. Mol Cell 
Biol 23, 7315-7328 (2003). 

234. Schafer, Z.T., et al. Antioxidant and oncogene rescue of metabolic defects 
caused by loss of matrix attachment. Nature 461, 109-113 (2009). 



174 
 

235. Murakami, T., et al. Identification of two enhancer elements in the gene encoding 
the type 1 glucose transporter from the mouse which are responsive to serum, 
growth factor, and oncogenes. J Biol Chem 267, 9300-9306 (1992). 

236. Gaglio, D., et al. Oncogenic K-Ras decouples glucose and glutamine metabolism 
to support cancer cell growth. Mol Syst Biol 7, 523 (2011). 

237. Yun, J., et al. Glucose deprivation contributes to the development of KRAS 
pathway mutations in tumor cells. Science 325, 1555-1559 (2009). 

238. Miller, D.M., Thomas, S.D., Islam, A., Muench, D. & Sedoris, K. c-Myc and 
cancer metabolism. Clin Cancer Res 18, 5546-5553 (2012). 

239. Hensley, C.T., Wasti, A.T. & DeBerardinis, R.J. Glutamine and cancer: cell 
biology, physiology, and clinical opportunities. J Clin Invest 123, 3678-3684 
(2013). 

240. Wise, D.R., et al. Myc regulates a transcriptional program that stimulates 
mitochondrial glutaminolysis and leads to glutamine addiction. Proc Natl Acad 
Sci U S A 105, 18782-18787 (2008). 

241. Eberhardy, S.R. & Farnham, P.J. c-Myc mediates activation of the cad promoter 
via a post-RNA polymerase II recruitment mechanism. J Biol Chem 276, 48562-
48571 (2001). 

242. Gao, P., et al. c-Myc suppression of miR-23a/b enhances mitochondrial 
glutaminase expression and glutamine metabolism. Nature 458, 762-765 (2009). 

243. Mannava, S., et al. Direct role of nucleotide metabolism in C-MYC-dependent 
proliferation of melanoma cells. Cell Cycle 7, 2392-2400 (2008). 

244. Conrad, M. & Sato, H. The oxidative stress-inducible cystine/glutamate 
antiporter, system x (c) (-) : cystine supplier and beyond. Amino Acids 42, 231-
246 (2012). 

245. Chen, Q., et al. Rewiring of glutamine metabolism is a bioenergetic adaptation of 
human cells with mitochondrial DNA mutations. Cell Metab 27, 1007-1025 e1005 
(2018). 

246. Commisso, C., et al. Macropinocytosis of protein is an amino acid supply route in 
Ras-transformed cells. Nature 497, 633-637 (2013). 

247. Kerr, M.C. & Teasdale, R.D. Defining macropinocytosis. Traffic 10, 364-371 
(2009). 

248. Recouvreux, M.V. & Commisso, C. Macropinocytosis: a metabolic adaptation to 
nutrient stress in cancer. Front Endocrinol (Lausanne) 8, 261 (2017). 

249. Palm, W., et al. The utilization of extracellular proteins as nutrients is suppressed 
by mTORC1. Cell 162, 259-270 (2015). 

250. Krajcovic, M., Krishna, S., Akkari, L., Joyce, J.A. & Overholtzer, M. mTOR 
regulates phagosome and entotic vacuole fission. Mol Biol Cell 24, 3736-3745 
(2013). 

251. Stolzing, A. & Grune, T. Neuronal apoptotic bodies: phagocytosis and 
degradation by primary microglial cells. FASEB J 18, 743-745 (2004). 

252. Boya, P., Reggiori, F. & Codogno, P. Emerging regulation and functions of 
autophagy. Nat Cell Biol 15, 713-720 (2013). 

253. Lum, J.J., et al. Growth factor regulation of autophagy and cell survival in the 
absence of apoptosis. Cell 120, 237-248 (2005). 

254. Jiang, P., et al. p53 regulates biosynthesis through direct inactivation of glucose-
6-phosphate dehydrogenase. Nat Cell Biol 13, 310-316 (2011). 

255. Wang, C., et al. Identification of transaldolase as a novel serum biomarker for 
hepatocellular carcinoma metastasis using xenografted mouse model and clinic 
samples. Cancer Lett 313, 154-166 (2011). 



175 
 

256. Xu, X., Zur Hausen, A., Coy, J.F. & Lochelt, M. Transketolase-like protein 1 
(TKTL1) is required for rapid cell growth and full viability of human tumor cells. Int 
J Cancer 124, 1330-1337 (2009). 

257. Ying, H., et al. Oncogenic Kras maintains pancreatic tumors through regulation of 
anabolic glucose metabolism. Cell 149, 656-670 (2012). 

258. Wellen, K.E., et al. The hexosamine biosynthetic pathway couples growth factor-
induced glutamine uptake to glucose metabolism. Genes Dev 24, 2784-2799 
(2010). 

259. Spiro, R.G. Protein glycosylation: nature, distribution, enzymatic formation, and 
disease implications of glycopeptide bonds. Glycobiology 12, 43R-56R (2002). 

260. Itkonen, H.M., et al. O-GlcNAc transferase integrates metabolic pathways to 
regulate the stability of c-MYC in human prostate cancer cells. Cancer Res 73, 
5277-5287 (2013). 

261. Hart, G.W., Slawson, C., Ramirez-Correa, G. & Lagerlof, O. Cross talk between 
O-GlcNAcylation and phosphorylation: roles in signaling, transcription, and 
chronic disease. Annu Rev Biochem 80, 825-858 (2011). 

262. Locasale, J.W., et al. Phosphoglycerate dehydrogenase diverts glycolytic flux 
and contributes to oncogenesis. Nat Genet 43, 869-874 (2011). 

263. Ducker, G.S. & Rabinowitz, J.D. One-carbon metabolism in health and disease. 
Cell Metab 25, 27-42 (2017). 

264. Koseki, J., et al. Enzymes of the one-carbon folate metabolism as anticancer 
targets predicted by survival rate analysis. Sci Rep 8, 303 (2018). 

265. Nilsson, R., et al. Metabolic enzyme expression highlights a key role for MTHFD2 
and the mitochondrial folate pathway in cancer. Nat Commun 5, 3128 (2014). 

266. Christofk, H.R., et al. The M2 splice isoform of pyruvate kinase is important for 
cancer metabolism and tumour growth. Nature 452, 230-233 (2008). 

267. Vitale, I., Manic, G., Coussens, L.M., Kroemer, G. & Galluzzi, L. Macrophages 
and metabolism in the tumor microenvironment. Cell Metab 30, 36-50 (2019). 

268. Lien, E.C., Lyssiotis, C.A. & Cantley, L.C. Metabolic reprogramming by the PI3K-
Akt-mTOR pathway in cancer. Recent Results Cancer Res 207, 39-72 (2016). 

269. Rawla, P., Sunkara, T. & Gaduputi, V. Epidemiology of pancreatic cancer: global 
trends, etiology and risk factors. World J Oncol 10, 10-27 (2019). 

270. Bray, F., et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence 
and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin 68, 
394-424 (2018). 

271. Lennerz, J.K. & Stenzinger, A. Allelic ratio of KRAS mutations in pancreatic 
cancer. Oncologist 20, e8-9 (2015). 

272. Waters, A.M. & Der, C.J. KRAS: the critical driver and therapeutic target for 
pancreatic cancer. Cold Spring Harb Perspect Med 8(2018). 

273. Bryant, K.L., Mancias, J.D., Kimmelman, A.C. & Der, C.J. KRAS: feeding 
pancreatic cancer proliferation. Trends Biochem Sci 39, 91-100 (2014). 

274. Toda, K., et al. Metabolic alterations caused by KRAS mutations in colorectal 
cancer contribute to cell adaptation to glutamine depletion by upregulation of 
asparagine synthetase. Neoplasia 18, 654-665 (2016). 

275. Yang, C., et al. Glutamine oxidation maintains the TCA cycle and cell survival 
during impaired mitochondrial pyruvate transport. Mol Cell 56, 414-424 (2014). 

276. Schell, J.C., et al. A Role for the Mitochondrial Pyruvate Carrier as a Repressor 
of the Warburg Effect and Colon Cancer Cell Growth. Molecular Cell 56, 400-413 
(2014). 

277. Duran, R.V. & Hall, M.N. Glutaminolysis feeds mTORC1. Cell Cycle 11, 4107-
4108 (2012). 



176 
 

278. Bernfeld, E. & Foster, D.A. Glutamine as an essential amino acid for KRas-driven 
cancer cells. Trends Endocrinol Metab 30, 357-368 (2019). 

279. Choi, Y.K. & Park, K.G. Targeting glutamine metabolism for cancer treatment. 
Biomol Ther (Seoul) 26, 19-28 (2018). 

280. Foster, D.A. Metabolic vulnerability of KRAS-driven cancer cells. Mol Cell Oncol 
1(2014). 

281. Elhammali, A., et al. A high-throughput fluorimetric assay for 2-hydroxyglutarate 
identifies Zaprinast as a glutaminase inhibitor. Cancer Discov 4, 828-839 (2014). 

282. Du, J.H., et al. Inhibition of Mitochondrial Pyruvate Transport by Zaprinast 
Causes Massive Accumulation of Aspartate at the Expense of Glutamate in the 
Retina. J Biol Chem 288, 36129-36140 (2013). 

283. Luker, G.D., Fracasso, P.M., Dobkin, J. & Piwnica-Worms, D. Modulation of the 
multidrug resistance P-glycoprotein: detection with technetium-99m-sestamibi in 
vivo. J Nucl Med 38, 369-372 (1997). 

284. Piwnica-Worms, D., et al. Functional imaging of multidrug-resistant P-
glycoprotein with an organotechnetium complex. Cancer Res 53, 977-984 
(1993). 

285. Backus, M., et al. Microprobe Analysis of Tc-Mibi in Heart-Cells - Calculation of 
Mitochondrial-Membrane Potential. Am J Physiol 265, C178-C187 (1993). 

286. Wang, X., et al. Pyruvate protects mitochondria from oxidative stress in human 
neuroblastoma SK-N-SH cells. Brain Res 1132, 1-9 (2007). 

287. Hinoi, E., et al. A molecular mechanism of pyruvate protection against 
cytotoxicity of reactive oxygen species in osteoblasts. Molecular Pharmacology 
70, 925-935 (2006). 

288. Weinberg, F., et al. Mitochondrial metabolism and ROS generation are essential 
for Kras-mediated tumorigenicity. Proceedings of the National Academy of 
Sciences of the United States of America 107, 8788-8793 (2010). 

289. Diers, A.R., Broniowska, K.A., Chang, C.F. & Hogg, N. Pyruvate fuels 
mitochondrial respiration and proliferation of breast cancer cells: effect of 
monocarboxylate transporter inhibition. Biochemical Journal 444, 561-571 
(2012). 

290. Brand, M.D. & Nicholls, D.G. Assessing mitochondrial dysfunction in cells. 
Biochemical Journal 435, 297-312 (2011). 

291. Dranka, B.P., Hill, B.G. & Darley-Usmar, V.M. Mitochondrial reserve capacity in 
endothelial cells: The impact of nitric oxide and reactive oxygen species. Free 
Radical Bio Med 48, 905-914 (2010). 

292. Viale, A., et al. Oncogene ablation-resistant pancreatic cancer cells depend on 
mitochondrial function. Nature 514, 628-632 (2014). 

293. Zhang, J., et al. Asparagine Plays a Critical Role in Regulating Cellular 
Adaptation to Glutamine Depletion. Molecular Cell 56, 205-218 (2014). 

 


	Title Page
	Yi Rao dissertation 3 title removed

