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ABSTRACT 

Cancer tumors have been shown to be metabolically heterogeneous in their means for 

acquiring bioenergetics, biosynthetic components for generating biomass, and controlling redox 

equilibrium. Differences in oxygen and nutrient availability, along with rapid proliferation, 

drives spatial metabolic phenotypes within a tumor. Having an adaptable metabolism allows for 

sustained growth in differing microenvironments. Metabolic adaptability of malignant tissues has 

posed a challenge for current therapies, as treatment of one metabolic pathway has been 

overcome by a compensatory upregulation of another pathway. Hence, targeting the ability of 

tumors to adapt their metabolism shows promise as a novel effective therapeutic strategy. In this 

regard, we have taken up two projects to inhibit metabolic heterogeneity in cancers. One project 

involves the design and synthesis of a novel small molecule inhibitor of mitochondrial pyruvate 

carrier (MPC), called D7. We have shown that D7 is specifically potent in highly energetic 

oxidative cancer cells, inhibits mitochondrial pyruvate import at nanomolar concentrations, and 

causes a monocarboxylate transporter 1 (MCT1) dependent intracellular accumulation of lactate. 

In addition, D7 has been shown to be well tolerated when administered in vivo, providing up to 

~71% tumor mass reduction in a 67NR syngraft model and ~41% tumor mass reduction in a 

highly aggressive isogenic 4T1 syngraft model. The second project involves the repurposing of 

FDA approved metabolically targeting agents as anticancer agents. An extensive literature search 

in identifying FDA approved drugs or drug candidates with either glycolysis or oxidative 

phosphorylation (OxPhos) inhibition properties resulted in the selections of ~30 drugs for further 

evaluation. After preliminary evaluation in our lab, we further narrowed down our original list of 

~30 drugs to 4 drug candidates: BAY-876 (glycolysis inhibitor), niclosamide (OxPhos inhibitor), 

and pyrvinium pamoate (OxPhos inhibitor) and IMD-0354 (OxPhos inhibitor). As single agents 

these candidate compounds were shown to induce compensatory metabolic pathways that were 

found to be suppressed when administered as combination therapies, highlighting the capacity 

for these candidates to be repurposed as anticancer agents targeting cancers metabolic 

adaptability. In addition, these candidate compounds were shown to be well tolerated in vivo in 

our lab, with single agent administration showing 61-68% tumor reduction in a 67NR syngraft 

model. 
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Chapter 1.0 Synthesis and biological evaluation of a novel small molecule inhibitor of 

mitochondrial pyruvate carrier 

1.1 Nutrient sensing and cancer perturbations 

Normal cells undergo catabolic and anabolic metabolisms based on their specific needs 

whether it be to accumulate energy or begin replication. These processes occur typically in a 

homeostatic manner, regulated through signaling or via feedback loops. A resting cell uptakes 

carbon-based nutrients from their environment fated for oxidative catabolism in which electrons 

will get transferred to NAD+ or FAD, generating NADH and FADH2 respectively. The electrons 

will pass through the electron transport chain (ETC) to reduce O2 to water to generate ATP in 

pursuit of energy. A replicating cell will not only undergo the acquisition of energy from carbon 

catabolism, but due to various pro-proliferation signaling, will redirect nutrients towards anabolic 

reactions to generate biomass required to produce a daughter cell.  

Broadly, cancer cells have arisen from these normal cells due to some genetic or epigenetic 

transformation allowing them to continuously be in a pro-proliferative state allowing a tumor to 

form and expand. This continuously active anabolic state will eventually pull all the available local 

nutrients required for this anabolic state. Normal cells will sense the depletion of local nutrients 

and turn off proliferative signaling through metabolic feedback loops such as mammalian target of 

rapamycin complex 1 (mTORC1), AMP-activated protein kinase (AMPK). As a master sensor of 

nutrients and growth factors, mTORC1 plays roles in different cellular anabolic and catabolic 

processes. In response to nutrient-rich conditions, mTORC1 signaling will be activated and lead 

to downstream anabolic processes such as increased glycolysis, lipid, nucleotide, and protein 

synthesis alongside with downregulation of catabolic autophagy.1ï4 Low nutrient availability will 

conversely decrease mTORC1 anabolic signaling and increase catabolic signaling pathways.1ï4 
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AMPK signaling regulates energy homeostasis by sensing low ATP levels. In low nutrient 

conditions, AMPK signaling is activated where downstream effects will decrease processes such 

as lipid synthesis, protein synthesis, and aerobic glycolysis.5ï7 In addition, AMPK will signal 

energy producing pathways through the breakdown of glycogen, mobilization of lipid stores, 

increase macromolecule turnover via autophagy, mitochondrial turnover and quality control.5ï7 

However, cancer cells undergo metabolic reprogramming that allow them to maintain a 

proliferative state and bypass metabolic feedback loops or hyperactivate proliferative signaling.  

In pursuit of developing more efficacious treatment options and to develop a deeper 

understanding of cancer biology, Hanahan and Weinberg came out with three reviews over the past 

20 years highlighting the critical hallmarks of cancer.8ï10 These hallmarks were determined after 

evaluating overlaps between various cancers allowing the biomedical community to have focused 

areas for potential anticancer therapies. Some of these hallmarks of cancer include genome 

instability and mutation, sustaining proliferative signaling, tumor-promoting inflammation, and 

reprogramming cellular metabolism.8ï10 In order to maintain a highly proliferative signal, cancer 

cells require large amounts of nutrients to fuel not only their basic energy requirements but also to 

generate new biomass for expansion. In this regard, the various fuel sources utilized by cancers 

will be discussed on how they offer biosynthetic intermediates and act as sources of bioenergetics.  

1.2 The Warburg effect 

One of the first major discovery where cancer was observed to have reprogrammed cellular 

metabolism was from Warburg. In this altered metabolism, there was an increase in glucose uptake 

followed by large decreases in extracellular pH, indicating that cancer was preferentially oxidizing 

glucose into lactate in both aerobic and anaerobic environments.11ï13 This result was unique in that 

rapidly proliferating cancer would have been thought to rely on mitochondria for ATP generation 
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than glycolysis due to the higher ATP pay off. Glycolytic oxidation of glucose yields 2 ATP, 

whereas the electrons generated from oxidation in the tricarboxylic acid cycle (TCA) can pass 

through the electron transport chain (ETC) to ATP synthase leading to the generation of ~30-32 

ATP from one glucose.14 However seemingly a less efficient process of fermentation compared to 

respiration,  glycolytic oxidation of glucose and fermentation to lactate is kinetically faster when 

compared to the full oxidation of glucose in the mitochondria (~10-100 times) with the amount of 

ATP produced from each being comparable.15 The preference of cancer cells to prefer the less 

efficient aerobic glycolysis over oxidative phosphorylation was coined the ñWarburg effectò. This 

observation became a major assumption of cancer metabolism in the biomedical research 

community that has led to the development of agents targeting glucose metabolism and diagnostic 

tools. While this observation is almost 100 years old, there is much debate on why cancer 

undergoes aerobic glycolysis with bioenergetics, accumulation of intermediates for biosynthesis, 

redox balance, and mitochondrial overload being proposed as rationale for the Warburg effectôs 

ontology. 

 Many cancers do indeed utilize aerobic glycolysis and due to this, glycolysis has been 

leveraged as a therapeutic target.16ï19 However, Warburg postulated that aerobic glycolysis is due 

to mitochondrial respiratory dysfunction. Recent literature has found that mitochondria remain 

functional even in cases where aerobic glycolysis is occurring by offering biosynthetic 

intermediates and serving as sources of bioenergetics in oxygenated environments.20ï22 This poses 

the question of why cancer cells would undergo aerobic glycolysis over mitochondrial respiration 

as glycolysis is less efficient. An attempt to answer this question is that preference for aerobic 

glycolysis allows for a build-up of carbon intermediates that can be utilized for biosynthesis. 

Rapidly proliferating cells require the synthesis of lipids, nucleotides, amino acids, and redox 
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balance in terms of NAD(P)+ and NAD(P)H. Glycolysis is connected to other metabolic pathways 

and can offer intermediates for the pentose phosphate pathway (PPP) to generate nucleotide ribose 

precursors and NADPH reducing equivalents, or can undergo further oxidation in the mitochondria 

through the TCA cycle to provide NADH/FADH2 to be utilized in OxPhos for respiration. 

Bioenergetic and biosynthesis in rapidly proliferating cancer cells cannot be fully supported 

through glycolysis alone, in the following sections metabolic pathways will be described on how 

they offer biosynthetic intermediates and fuel bioenergetics.  

1.3 Glycolysis 

 Glycolysis occurs in two phases, the preparatory phase and the payoff or energy conserving 

stage (Figure 1.1). The preparatory phase of glycolysis is initiated by import into the cytosol by 

glucose transports (GLUT1), where it is subsequently phosphorylated to glucose-6-phosphate 

(G6P) at the expense of ATP by hexokinase II (HKII) (Figure 1.1). The resulting G6P can then be 

shunted to be utilized in the pentose phosphate pathway or continue through glycolysis were G6P 

is a substrate for glucose phosphate isomerase (GPI). The newly isomerized fructose-6-phosphate 

(F6P) can be shunted into the pentose phosphate pathway or further phosphorylated in the 

glycolysis pathway. F6P is further phosphorylated by phosphofructokinase (PFK) at the expense 

of another ATP. The bisphosphate product fructose-1,6-bisphosphate then gets converted to two 

products mediated by aldolase: dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-

phosphaste (G3P). These two products are intermediates able to enter other metabolic pathways, 

DHAP can be incorporate into the lipid synthesis pathway and G3P can enter the pentose phosphate 

pathway. Depending on feedback signaling, DHAP can be converted to G3P by triose phosphate 

isomerase (TPI), resulting in the generation of two G3P for one glucose. Although there is an 

energetic cost during the preparative phase of glycolysis, 3 potential pentose phosphate 
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intermediates and a lipid synthesis intermediate were generated. Thus, it would make sense that a 

highly proliferating cancer cell would upregulate glycolysis. 

 The preparatory phase of glycolysis results in the generation of two molecules of G3P, 

therefore in the payoff or energy conserving phase of glycolysis, the stoichiometry of it is doubled. 

The payoff phase begins with oxidation of G3P using NAD+ cofactor to generate 1,3-

bisphosphoglycerate and NADH mediated by glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). This step of glycolysis helps maintain the cellular NAD+/NADH ratio which has an 

impact on anabolic or catabolic states. A phosphate group is then removed from 1,3-

bisphosphoglycerate to ADP to yield ATP and 3-phosphoglycerate (3PG) catalyzed by 

phosphoglycerate kinase (PGK). The resulting 3PG can then serve as an intermediate for the 

synthesis of serine which can serve as a precursor to produce redox homeostasis enzyme 

glutathione, and one-carbon metabolic pathways involved in the synthesis of proteins, lipids, 

nucleic acids, and cofactors such as NADPH.23ï25 In the context of glycolysis, 3PG is then 

converted to 2-phosphoglycerate by phosphoglycerate mutase followed by conversion to 

phosphoenolpyruvate (PEP) mediated by enolase. The final step of glycolysis is mediated by 

pyruvate kinase where a phosphate is transferred from PEP to ADP, resulting in pyruvate and ATP 

(Figure 1.1). Pyruvate then has 2 major fates: 1) entering the mitochondria for utilization by the 

TCA cycle; or 2) reduction to lactate by lactate dehydrogenase (LDH) at the expense of NADH to 

NAD+. Pyruvates fate is dictated on environmental cues but its reduction to lactate and subsequent 

generation of NAD+ could be viewed as another point of NAD+/NADH regulation of catabolic and 

anabolic states.  

 In summary, glycolysis opened pathways for intermediates to enter the pentose phosphate 

pathway, DHAP to be involved in lipid synthesis, serine to generate glutathione or enter the one-
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carbon metabolic pathway. In addition to the evidence that glycolysis allows for the redirection of 

metabolic intermediates, two molecules of ATP are generated, and glycolysis plays a role in 

NAD+/NADH redox balance. In the following section, the pentose phosphate pathway will be 

highlighted in its role of redirection of biosynthetic metabolites. 

 

Figure 1.1: Glycolysis metabolic pathway. 

1.4 Pentose Phosphate Pathway 

 As discussed above, glycolysis provides three points of access to the pentose phosphate 

pathway: glucose-6-phosphate, fructose-6-phosphate, and glyceraldehyde-3-phosphate. The PPP 

is responsible for the generation of ribose-5-phosphate required for biosynthesis of nucleotides, 

and for the generation of NADPH for lipid synthesis and redox homeostasis.26 In a rapidly 

proliferating cancer cell, nucleotide synthesis is critical for the generation of DNA and RNA for 

new daughter cells. Cancers often experience oxidative stress due to increased metabolic rates 

which in addition to oxidative stress, lead to excess generation of ROS.27,28 In this regard, NADPH 

produced from the PPP can be utilized in the regeneration of glutathione, which is an antioxidant 
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non-protein thiol involved in scavenging ROS and maintaining redox homeostasis.28,29  The 

pentose phosphate pathway occurs in two phases: 1) the oxidative phase where NADPH is 

generated; 2) the non-oxidative phase where 5-carbon sugar synthesis occurs such as ribose-5-

phosphate (Figure 1.2). The oxidative phase occurs first after glucose is imported into the cytosol 

and phosphorylated by HKII to G6P. Glucose-6-phosphate then undergoes a dehydrogenation to 

6-phosphogluconolactone by glucose-6-phosphate dehydrogenase (G6PDH) generating a NADPH 

reducing equivalent. The resulting 6-phosphogluconolactone is hydrolyzed to 6-phosphogluconate 

by 6-phosphogluconolactone (PGL). Oxidative decarboxylation of 6-phosphogluconate by 6-

phosphogluconate dehydrogenase (PGDH) yields ribulose-5-phosphate and NADPH. This 

completes the oxidative branch of the PPP, resulting in the generation of two net NADPH reducing 

equivalents per one glucose-6-phosphate. The rate limiting enzyme for the PPP is G6PDH, where 

it is allosterically stimulated by NADP+ and strongly inhibited by NADPH. This highlights the 

sensitivity of the PPP to respond to NADP+/NADPH ratio to manage redox homeostasis and 

diverge glycolytic intermediates accordingly. In fact, G6PDH has been found to be overexpressed 

in many cancers, where G6PDH deficiency or pharmacological inhibition has been shown to slow 

cancer growth, prevent metastasis, increase ROS production, and overcome drug resistance.30ï33  

 The oxidative phase meets the non-oxidative phase with either epimerization of ribulose 5-

phosphate to xyulose-5-phosphate by ribulose-5-phosphate-3-epimerase (RPE) or isomerization 

by ribose-5-phosphate isomerase (RPI) to yield nucleotide precursor ribose-5-phosphate. As 

indicated in Figure 1.2, remaining PPP transformations involve transketolase or transaldolase 

reactions ultimately leading to the production of more ribose-5-phosphate or glycolytic 

intermediates fructose-6-phosphate and glyceraldehyde-3-phosphate which can reenter glycolysis 

depending on environmental ques. The ability for glycolytic intermediates to enter either phase of 



 

 8 

the PPP shows how highly proliferative cells can redirect metabolites based varying needs for and 

offers support for a highly glycolytic cell displaying a Warburg metabolism.  

 

Figure 1.2: Pentose phosphate metabolic pathway. 

1.5 Glutamine 

 Glutamine is a quintessential component to most in vitro cell culture media, where removal 

of it typically leads to perturbation in growth rate, highlighting its importance for cell proliferation. 

In healthy noncancerous cells, glutamine is a nonessential amino acid that can be produced de 

novo. While a nonessential amino acid, it has recently been found that cancers utilize exogenous 

glutamine to fuel heightened cell proliferation. The main role of glutamine is to feed the TCA cycle 

for respiration, but it also plays roles in the synthesis of nucleotides, proteins, and hexosamines 



 

 9 

(Figure 1.3). Import of exogenous glutamine into the cytosol is mediated by SLC1A5, a neutral 

amino acid transporter found upregulated in many different cancer types.34ï36 As a nitrogen source, 

cytosolic glutamine has many fates. Cytosolic glutamine can serve as a nitrogen source to initiate 

purine and pyrimidine synthesis pathways. Cytosolic glutamine can also be utilized as a nitrogen 

donor in the synthesis of asparagine (Asn), a nonessential amino acid used for protein synthesis. 

Additionally, cytosolic glutamine can donate an amine to F6P mediated by glutamine-fructose-6-

phosphate (GFPT) as the rate limiting step for the hexosamine pathway. The hexosamine pathway 

related enzymes have been shown to be overexpressed in cancer due to its role in orchestrating 

glycosylation events important for signaling, metabolism, and gene regulation.37,38 Cytosolic 

glutamine can be imported into the mitochondrial through a mitochondrial variant of SLC1A5. 

Once in the mitochondrial matrix, glutaminase (GLS) catalyzes the conversion of glutamine to 

glutamate. Glutamate can then be oxidized to aKG by glutamate dehydrogenase (GDH) and 

directly enter the TCA cycle. This step results in the generation of NADH for utilization of complex 

1 for electron transport in OxPhos mediated respiration. The conversion of glutamine to aKG in 

two steps allows for generation of NADH and directly feeds into the TCA cycle for energy 

generation (Figure 1.3).  

 Mitochondrial glutamate can also serve to feed the TCA cycle via transaminase activity 

generating amino acids (Figure 1.3).  Pyruvate and glutamate can undergo transamination 

catalyzed by alanine transaminase (ALT) to produce aKG and alanine. Additionally, oxaloacetate 

and glutamate can undergo transamination catalyzed through aspartate transaminase (AST) to 

generate aKG and aspartate. Glutamate can also exit the mitochondria through SLC25A18 and 

SLC25A22 transporters where it can be utilized for the biosynthesis of glutathione.39,40 Glutamine 
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and indirectly glutamate play roles the production hexosamines, purine/pyrimidines, amino acids, 

glutathione, NADH and aKG for use in OxPhos and the TCA cycle (Figure 1.3). This 

demonstrates glutamineôs strong role in metabolism and its multifaceted role supports its 

dysregulated uptake and use in supporting bioenergetics and biosynthesis in rapidly proliferating 

cancer cells. 

 

Figure 1.3: Glutamine metabolism. 

1.6 Tricarboxylic acid cycle (TCA) and electron transport chain (ETC) 

 As discussed previously, the Warburg effect of undergoing aerobic glycolysis was an 

informative finding but failed to consider the mitochondrial contribution to cancer biosynthesis 
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and bioenergetics. While it is true that some cancer cells do persist on a predominantly glycolytic 

phenotype, there are other cancers cells that have a reliance on OxPhos for their bioenergetic needs. 

In fact, a 2004 meta-analysis of 16 normal cell types were compared to 31 cancer cell lines of their 

relative contribution of glycolysis and OxPhos on ATP production.41 The results of this analysis 

showed that normal cells have ~80% contribution of OxPhos for ATP production while the cancer 

cell lines were ~83%.41 Due to the heterogeneous nature of cancer cells and their ability to undergo 

metabolic plasticity under cell culture growth conditions providing ample nutrients and oxygen 

may differ than in vivo metabolism that spatially restricts oxygen and nutrient availability giving 

rise to an apparent glycolytic phenotype. Aside from bioenergetic contributions of ATP synthesis, 

mitochondria have biosynthetic roles for rapidly proliferating cells which include: 1) contributing 

to NAD+/NADH homeostasis being the major source of NADH production, 2) providing 

metabolites for the synthesis of new lipids, and 3) providing metabolites for nucleotide production. 

 Pyruvate not destined for fermentation to lactate will cross the mitochondrial outer 

membrane through porins, followed by transport across the inner mitochondrial membrane through 

mitochondrial pyruvate carrier complex (MPC1/MPC2, discussed in more detail later) (Figure 

1.4). Once inside the mitochondria, pyruvate is combined with coenzyme A (CoA-SH) catalyzed 

by pyruvate dehydrogenase (PDH) using NAD+ to yield acetyl-CoA and NADH. The acetyl-CoA 

then undergoes a condensation reaction with oxaloacetate mediated by citrate synthase (CS) 

resulting in the production of citrate. Citrate can then move forward in the TCA cycle, or it can be 

exported to the cytosol via the citrate shuttle where it can be converted to acetyl-CoA by ATP 

citrate lyase as a precursor for lipid synthesis. Within the TCA cycle, citrate gets isomerized twice 

by aconitase, first to cis-aconitate followed by the resulting D-isocitrate. The D-isocitrate will get 

oxidized and decarboxylated by isocitrate dehydrogenase (IDH) using NAD+, resulting in the 
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product of a-ketoglutarate and NADH. The a-ketoglutarate will be combined with CoA-SH 

through a-ketoglutarate dehydrogenase (aKGDH) using NAD+ cofactor, producing NADH and 

succinyl-CoA. Succinyl-CoA will then be converted to succinate through succinyl-CoA synthetase 

(SCS), generating GTP in the process. Succinate will then be further oxidized by succinate 

dehydrogenase (SDH, Complex II), transferring electrons to FAD to generate fumarate and 

FADH2. Fumarase will then oxidize fumarate to malate, and subsequently oxidized to oxaloacetate 

through malate dehydrogenase (MDH) transferring electrons to NAD+ and completing the cycle. 

Oxaloacetate can then re-enter the TCA cycle to generate more reducing equivalents of NADH 

and FADH2 for the electron transport chain or it can be converted to aspartate for utilization in 

amino acid synthesis or nucleotides. The production of NADH and FADH2 reducing equivalents 

allows electrons from metabolic transformation in the TCA cycle intermediates to be converted 

into ATP through the electron transport chain (Figure 1.4). NADH produced in the mitochondrial 

matrix will transfer through Complex I, whereas FADH2 reducing equivalents will transfer 

electrons through Complex II. Electrons from both Complex I and II will move into the quinine 

pool (Q), followed by Complex III. The electron transfer will then move through cytochrome C 

(cyt c) and finally into complex IV where O2 acts as the terminal electron acceptor and gets reduced 

into H2O. The movement of electrons from Complex I-IV leads to the generation of an electrical 

and chemical gradient to generate the proton motive force. Complex V, also known as ATP 

synthase, will utilize the proton motive force to phosphorylate ADP into ATP (Figure 1.4). The 

TCA cycle and ETC play a critical role in generating and maintaining redox homeostasis by 

generation of NADH/FADH2 and production of ATP in oxygenated environments. Additionally, 

the TCA cycle ties into other biosynthetic pathways to assist in lipid, amino acid, and nucleotide 
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synthesis for use in generating biomass in replicating cells such as rapidly proliferating cancer 

cells. 

 

Figure 1.4: Tricarboxylic acid cycle and electron transport chain metabolic pathways. 

1.7 Metabolic heterogeneity in cancer 

 Classical cell culture studies of cancer provide valuable insights into metabolic alterations 

and are without a doubt a valuable tool for biomedical research. However, typical cell culture 

conditions often involve the use of nutrient rich media containing high levels of glucose, 
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glutamine, and essential amino acids to ensure rapid proliferation. A growing tumor has both 

spatial and temporal heterogeneity due to differences in blood perfusion causing gradients of 

nutrient and oxygen availability. This heterogeneity can lead to different metabolic phenotypes 

within a tumor. Broadly, the cells farthest from oxygen and nutrients can take on a catabolic 

phenotype characterized by hypoxia, upregulated glycolysis (enzymes and glucose transporters), 

autophagy, and lactate efflux. Cells with more available oxygen and nutrients can take on a more 

anabolic phenotype and are typically found in the tumor periphery. These anabolic cells can be 

characterized as being aerobic, ability to utilize oxidative phosphorylation in addition to 

glycolysis, proliferative, and import lactate. A unique feature of cancer is its ability to have 

metabolic plasticity. This ability provides cancer cells to adjust their metabolic phenotype in a 

context dependent fashion; a previously catabolic cell can become anabolic if exposed to sufficient 

nutrients and oxygen such as after an angiogenic event, or an anabolic cell may become catabolic 

if tumor progression leads to this cell to be further isolated from nutrients or oxygen. In addition 

to variation in oxygen and nutrient availability due to spatial and temporal availability, the tumor 

microenvironment contains non-cancerous cells that cancer cells can utilize for energy acquisition 

or to promote tumorigenesis. These cells can include adipocytes and fibroblasts; the following 

sections will serve to illustrate on how cancer utilizes these cells for energy acquisition and how 

availability of oxygen and nutrients alters and supports cancers metabolic phenotype. 

 1.7.1 Oncogenic modulation of spatial and temporal metabolic heterogeneity  

 As a master transcriptional regulator, the MYC oncogene has been found to induce 

transcriptional programs in oxygen environments involved in the increased expression of 

metabolic enzymes, increased ribosome biogenesis, cell cycle, and mitochondrial biogenesis. In 

this regard, accumulating evidence suggests that MYC has an essential role in the metabolic 
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reprogramming of cancer, allowing rapid generation of substrates for bioenergetics and synthesis.42 

To observe how MYC expression regulated coordination between metabolic and cell cycle events 

for cell cycle entry a fibroblast model with myc+/+ or myc-/- cells were used. It was found that 

myc+/+ cells upon cell cycle entry had elevated glycolysis and oxidative phosphorylation, 

evidenced by increases in lactate and pyruvate production and oxygen consumption. Treatment 

with oxidative phosphorylation inhibitors in myc+/+ fibroblasts decreased metabolic activity and 

blocked cell cycle entry like that observed in myc-/- fibroblasts.42 The increase in mitochondrial 

activity associated with MYC expression can be attributed to its ability to regulate mitochondrial 

biogenesis. Mitochondrial biogenesis has been shown to drive cancer cell proliferation.43 

Conceptually this makes sense, as cells enriched with mitochondria would be able to divert 

metabolites for biosynthesis as mitochondrial metabolic pathways tie into many biosynthesis 

pathways. In this regard, MYC transcriptional programs have been found to elevate mitochondrial 

mass through direct activation of mitochondrial genes involved in biogenesis.  One of significant 

genes in this regard include the peroxisome proliferator-activated receptor-gamma coactivator-1 

family (PGC-1). Increased expression of the PGC-1 family is associated with increased 

mitochondrial mass, mitochondrial function, whereas knock-out studies indicate a reduction of 

mitochondrial mass and lower oxygen consumption; found in both in vitro and in vivo systems.44ï

48  The downstream metabolic effects of MYC are not limited to mitochondrial pathways but has 

a role in the regulation of glycolytic pathways. MYC can activate transcriptional pathways of 

glycolysis associated enzymes and can also increase GLUT1 expression.49,50   

 In low oxygen conditions, cancer cells will activate survival pathways to allow them to 

proliferate, with hypoxia-inducible factor-1 (HIF-1) pathway being a common pathway for a wide 

variety of cancers. HIF-1 has been found to stimulate glycolytic metabolism and is correlated with 
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angiogenesis, metastasis, and poor patient prognosis.51 HIF-1 has been found to perturb MYC 

stimulated biogenesis and increases in oxygen consumption. Zhang et al. highlighted the molecular 

mechanism of HIF-1 mediated regulation of mitochondrial bioenergetics and oxygen consumption 

in renal cell carcinoma. It was found that HIF-1 downregulates MYC pathways in two ways: 1) 

HIF-1 activates MXI1 transcription which is a repressor of MYC transcriptional activity and 2) 

HIF-1 activity leads to proteosome degradation of MYC.52 Another group found that HIF-1 

activates FOXO3A transcription which has MYC antagonist activity, downregulating 

mitochondrial energetics in cervical cancer cell lines.53 It was also found that FOXO3A was highly 

expressed in hypoxic human tumor tissue. In a FOXO3A shRNA HeLa cell xenograft, tumors were 

found to be decreased in size, displaying lower glucose uptake as evidenced by 18F labeled glucose 

uptake analysis.53  HIF-1 signaling allows for a metabolic shift to aerobic glycolysis by 

upregulating the levels of glycolytic enzymes, GLUT1, LDHA, and increases pyruvate 

dehydrogenase kinase 1 (PDK1).51 GLUT1 increases the amount of glucose entering the cell where 

increased glycolytic enzymes combined with NAD+ regenerating LDHA allow for a sustained 

increase in aerobic glycolysis. Upregulation of PDK1 increases the phosphorylation/deactivation 

of pyruvate dehydrogenase, decreasing the amount of pyruvate shuttled into the TCA cycle. Thus, 

the MYC antagonist effect of FOXO3A mediated by HIF-1 activity would decrease OxPhos while 

subsequently increasing glycolytic activity, allowing cancer to maintain different metabolic 

pathways based on nutrient and oxygen availability.  

 Previously discussed was the idea that within a tumor, cells that have more availability to 

oxygen and nutrients would take on a more anabolic phenotype, characterized by ability to 

proliferate utilizing both oxidative and glycolytic metabolisms. This was exemplified through 

MYC driven transcriptional changes driving mitochondrial activity and biogenesis for cell cycle 
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entry in oxygen rich environments. Conversely, these MYC changes can be negated in low oxygen 

environments due to the activation of HIF-1 transcriptional pathways, where more catabolic cells 

are no longer stimulated for growth through MYC signaling and increase glycolysis and shunt 

metabolites away from mitochondrial oxidation.  

1.7.2 Tumor microenvironment and metabolic heterogeneity 

 As discussed above, within the tumor microenvironment, different subpopulations of 

cancer cells take on different metabolic phenotypes depending on the availability of nutrients and 

oxygen which can lead to transcriptional programs further driving these phenotypes. In addition 

to the spatial and temporal availability of nutrient, non-cancerous cells also play a role in fueling 

cancer growth and driving tumorigenesis. Some of the cancer associated cells include fibroblasts 

and adipocytes.  

Adipocytes are high energy lipid-droplet containing cells which can be influenced by 

cancer cells to provide free fatty acids (FFAs) to stimulate invasion and growth.54,55 It was found 

that mature adipocytes co-cultured with SUM-159PT breast cancer cells caused a time dependent 

decrease in lipid droplets as evidenced from microscopy experiments. In addition, there was a time 

dependent increase in GLUT1 expression with a concomitant decrease in adipose expression 

markers which in combination with morphological observations suggests that a cell conversion 

had occurred from adipocyte to more fibroblast-like.56 A reduced lipid-droplet content and 

conversion to a fibroblast-like morphology was additionally validated in an in vivo co-culture 

syngraft model, indicating that the in vitro results translate to a tumor system.56 The sharing of 

FFAs was also similarly observed in prostate and ovarian cancers.57,58  It has been found that cancer 

cells upregulate cell surface fatty acid translocase (CD36) to allow for increased uptake of FFAs59, 
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however, the exact molecular mechanism for metabolic reprograming of adipocytes has not been 

elucidated. 

 Cancer associated fibroblasts (CAFs) have been shown to undergo ñReverse Warburgò 

metabolism with cancer cells. In this regard, CAF lactate efflux has been evidenced in many 

cancers including breast, colon, prostate, and melanoma cancers.60ï63 Following a 13C-lactate flux 

analysis in a rat breast cancer syngraft demonstrated that lactate uptake consisted of primarily well 

oxygenated or mitochondrial active tumor cell populations.64 Fibroblasts donôt typically elicit an 

upregulated glycolytic metabolism and have been metabolically reprogrammed by cancer cells. 

Cancer cell extrusion of ROS puts CAFs under oxidative stress which can stimulate metabolic 

reprogramming of CAFs, giving rise to activation of HIF-1 pathways even in the presence of 

oxygen.62 Activation of HIF-1, as discussed previously regarding cancer cell expression, leads to 

increased glycolytic enzyme production, increases in GLUT1 expression, and decreased 

mitochondrial metabolism. The efflux of lactate is accommodated through increased expression of 

MCT4 in CAFs and conversely MCT1 expression is increased in cancer cells. In 2011, Whitaker-

Menezes et al sought to better understand how CAFs were providing growth advantage to cancer 

cells by co-culturing MCF7 human breast cancer cells with hTERT human fibroblast cells. Using 

fluorescent microscopy, it was found that the MCF7 and fibroblast cells alone did not express 

significant MCT4 or MCT1 but in co-culture conditions the fibroblasts began expressing MCT4 

and cancer cells increased MCT1. As fibroblast metabolic reprogramming occurs through an 

oxidative stress induced pathway, this group treated co-cultures with antioxidant N-acetyl cysteine 

(NAC) to observe the effects on fibroblast reprogramming. It was found that NAC treatment 

effectively reversed MCT4 expression.65  
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While not as commonly observed, CAFs are not exclusively utilized by cancer cells for 

lactate production, but conversely, CAFs can also increase MCT1 expression for lactate uptake 

from glycolytic cancer cells. In 2023, Kitamura et al sought to explore how LDHA expression 

modulates the metabolic relationship between CAFs and pancreatic ductal adenocarcinoma 

(PDAC) cells using co-culture experiments.66 Two PANC cell lines were utilized, PANC-1 and 

PK8. Using a 18F labeled glucose uptake experiment, it was found that CAFs co-cultured with 

PDAC cells were in a state of glucose starvation, with almost no glucose entering CAFs as opposed 

to either PANC cell line. GLUT1 expression was found to be upregulated in CAF co-cultured 

PDAC cell lines. Lactate efflux was found to increase in both PDAC cell lines in the presence of 

CAFs, with CAF expression of MCT1 positively correlated to the extent of lactate efflux. LDHA 

expression is correlated with upregulated glycolysis as it primarily catalyzes the conversion of 

pyruvate to lactate but not the reverse. The PDAC cell lines displayed increased LDHA expression 

when cultured with CAFs, knockdown of LDHA resulted in decreased MCT1 expression in CAFs.  

 These experiments have demonstrated that cancer cell actively shuttle metabolites with 

non-cancer cell within the tumor microenvironment to sustain proliferation. This further highlights 

the ability of cancer cells to undergo metabolic plasticity and modify their metabolism due to 

availability of oxygen/nutrients or through association with neighboring non-cancerous cells. The 

shift of metabolism from glycolytic to oxidative pivots around the utilization of pyruvate/lactate 

metabolism, indicating a potential therapeutic target.  

1.8 Lactate and monocarboxylate transporters (MCTs) 

As we discussed in previous section that cancer cells maintain a high metabolic rate, with 

glycolysis being a heavily upregulated pathway due to its ability to feed into other pathways for 

the synthesis of lipids, nucleotides, or amino acids. This increase in glycolysis ultimately leads to 
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a buildup of cytosolic lactate, as cells will convert the glycolytic end-product pyruvate into lactate 

to maintain NAD+/NADH ratios. Classically, lactate was thought of as simply a metabolic waste 

product of increased glycolysis. However, more recently lactate has been found to be involved in 

tumor growth, invasion and expansion, metastasis, immune system evasion, and tumor 

microenvironment.67ï71 Lactate dehydrogenases (LDHs) are an NAD+ dependent class of enzymes 

that catalyze the reversible conversion of pyruvate to lactate. There are 5 isoenzymes of LDH that 

have variable expression depending on their tissue. Of particular importance in cancer biology is 

LDH-5 or LDHA, this isoenzyme of LDH tends to catalyze the conversion pyruvate to lactate but 

not the reverse. In fact, LDHA is found highly overexpressed in a wide variety of cancers such as 

breast cancer, pancreatic cancer, gastric cancer, hepatocellular and oral squamous cell carcinomas; 

to such an extent that LDHA levels correlate with malignant progression and can serve as a 

diagnostic tool.72ï76 LDHA is directly activated by c-Myc, a regulatory oncogene found in ~70% 

of all cancers,77 and activated by HIF-1a in hypoxic tumor regions.78,79 Increase in LDHA levels 

allow for cells to persist while utilizing a Warburg metabolism. The increased levels in cytosolic 

lactate will lead to cytosolic acidification which can be cytotoxic at low enough pH and can have 

deleterious effects on a wide range of enzymatic activity. Additionally, high levels of lactate have 

been shown to decrease hexokinase and phosphofructokinase activity, both of which are rate 

limiting enzymes in glycolysis.80,81   

 Lactate is a hydrophilic weak acid having a pKa of 3.8, meaning that under physiological 

conditions lactic acidôs H+ will immediately dissociate liberating lactate which is unable to cross 

plasma membranes. Monocarboxylate transporters (MCTs) are the primary transport system 

responsible for the flux of lactate in and out of cells. MCTs are part of the solute carrier transporter 

family (SLC), with SLC16A encoding for 14 different isoforms of MCTs responsible for transport 
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of various monocarboxylates in differing tissues and differing substrate specificity. Of the 14 

isoforms of MCT, only MCT1-4 have been identified to be proton-linked carriers of 

monocarboxylates able to transport pyruvate and lactate.82 Of particular significance in cancer are 

ubiquitously expressed MCT1 and MCT4 expressed in white muscle tissue, brain, and heart. These 

transporters have been found to be upregulated during the progression of human cancer 

irrespective of tissue type or cancer phenotype: adrenocortical cancer83, brain cancer84ï86, breast 

cancer87ï89, cervical cancer90, colorectal cancer91ï93, esophageal adenocarcinoma94, gastric 

cancer95,96, melanoma97, and prostate cancer98,99; with high MCT1 or MCT4 expression generally 

leading to a poor patient prognosis.100   

A commonly utilized model for studying transporter systems is the utilization of Xenopus 

oocytes to express transporter systems due to their relatively poor natural membrane and ion 

channel content and large size.101 Using this model system, the Km of lactate was generated in 

multiple studies for human MCT1 and MCT4 of 3.5-6 mM102,103 and 28-40 mM104ï106 respectively. 

Regarding cancerôs flow of lactate, due to the differences in Km values, MCT1 is predominantly 

utilized for the import of lactate whereas MCT4 is found to predominantly export lactate. The 

import of lactate via MCT1 is usually carried out in populations of cells carrying out more 

oxidative phosphorylation-based metabolism and the export of lactate mediated by MCT4 is found 

in cell populations undergoing a glycolytic (Warburg) metabolism. Upregulated glycolysis and 

export of lactate via MCT4 leads to the acidification of the extracellular space and an accumulation 

of lactate. The concentration of lactate in healthy blood and normal tissue are ~1.5-3 mM107; the 

export of lactate in cancers can increase concentrations over ten-fold with extracellular 

concentrations found as high as 40 mM.108 Tumor environments are typically dense and poorly 

perfused, causing the export lactate to acidify the extracellular space. The acidification of the tumor 
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microenvironment from lactate export has implication in risk of metastasis, invasion and 

expansion, and immune evasion.109ï111 Due to MCT1/4ôs role in the flux of lactate, which has been 

shown to play a larger role than simply being a glycolytic waste product and can serve as a 

bioenergetic intermediate, selective inhibitors have been developed to target MCT1 or MCT4 

(Figure 1.5).   

 

 

Figure 1.5: Inhibitors of monocarboxylate transporters. 

1.8.1 AR-C155858 
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 In 1995, AstraZeneca developed a series of thienopyridimidine dione class compounds 

found to have mM potency towards nuclear factor of activated T mediated transcription of beta-

galactosidase in vitro.112 This structure activity study was in search of small molecules that could 

be utilized as potential immunosuppressive and anti-inflammatory agents. In 2005, this class of 

compounds was further explored by AstraZeneca as immunomodulatory agents, where they were 

found to inhibit proliferation of human and rat T lymphocytes in vitro and in vivo. Using a 

photoaffinity and proteomic approach to characterize the molecular targets of the 

thienopyridimidine dione class of compounds, monocarboxylate transporter 1 was identified as the 

target. It was found that MCT1 modulation by these compounds inhibited the rapid phase of T cell 

division of activation but did not influence on cytokine production.113 From the thienopyridimidine 

dione class of compounds, AR-C155858 (Figure 1.5) was identified as an isoxazolidine containing 

thienopyridimidine dione derivative of significant potency and was characterized for its MCT 

activity in rat erythrocytes. It was found that AR-C155858 elicited Ki values of ~2 nM for both 

MCT1 and MCT2, with no effect on MCT4 mediated lactate transport.114 This characterizes AR-

C155858 as a potent nonspecific inhibitor of MCT1/2. AR-C155858 has been utilized as an 

experimental tool for MCT1 inhibition in differing cancer cell line models but remains in pre-

clinical development. 

1.8.2 AZD3965 

Additionally developed by AstraZeneca based on the same class as AR-C155858, 

AZD3965 (Figure 1.5) is also an isoxazolidine containing thienopyridimidine dione. AZD3965 

has been found to be a potent inhibitor of MCT1 and MCT2 with Ki of ~1.6 and 20 nM respectively, 

with no activity towards MCT3 or MCT4.100 AZD3965 has found success as a therapeutic agent 
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targeting MCT1 both in preclinical settings and phase I clinical trials. Some of the studies 

involving AZD3965 will be described below. 

 In one study, AZD3965 was screened against 174 solid and hematological cell lines were 

screened using colorimetric cell proliferation assay based on MTS tetrazolium salt. Of these cell 

lines, Raji cells (human B lymphoma cells) experienced a potent and cytostatic effect after 

treatment with AZD3965 at 100 nM.115 Raji cells are found to express MCT1 but lack MCT4, 

which was thought to be responsible for the sensitivity to AZD3965. Raji cells have a glycolytic 

metabolism and thus due to lack of MCT4 expression, would rely on MCT1 for the export of 

lactate. In this regard, the lactate exporting inhibition properties of AZD3965 were determined by 

measuring extracellular lactate in the media via LC-MS. AZD3965 at 100 nM was able to prevent 

the export of lactate at 4 hours and the inhibitory effect remained after 24 hours. A dose response 

curve of lactate found that AZD3965 had an inhibitory concentration where 50% of lactate was 

exported compared to control of 5.12 nM.115 Encourage by the potential of AZD3965, a Raji 

xenograft was carried out with 100 mg/kg twice daily oral administration of AZD3965. It was 

found that there was an 85% reduction in tumor volume with AZD3965 treated groups, with 

immunohistological staining of resected tumors showing that Raji only expressed MCT1.115 This 

study demonstrated the efficacy potential of AZD3965 in a MCT1 expressing cell line. 

 In hopes of realizing the clinical potential of AZD3965 for treatment of solid cancers, 

Polanski et al. evaluated AZD3965 on patient derived small cell lung carcinoma (SCLC) cell lines 

due to their generally glycolytic metabolic phenotype.116 A series of SCLC cell lines were screened 

with 8 nM of AZD3965 to determine their effect on cell proliferation under normoxic or hypoxic 

conditions using SRB assay. All cell lines in the series had more cells affected under hypoxic 

conditions when compared to normoxic, however, based on the extent of affected cells under 
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hypoxia they classified the cell lines as being resistant or sensitive to AZD3965. One of the cell 

lines sensitive under hypoxia was COR-L103, and a resistant cell line was DMS79. These two cell 

lines were assessed for their expression of MCT1 and MCT4 under normoxic and hypoxic 

conditions with or without AZD3965 treatment. In the sensitive cell line COR-L103, it was found 

that MCT1 remained present under all conditions and there was no increase in MCT4 expression 

under hypoxia or with AZD3965 treatment.116 In the resistant DMS79 cell line, it was found that 

MCT1 expression decreased under hypoxia conditions. MCT4 was found present under normoxia, 

with a significant increase observed under hypoxia. The increase in MCT4 expression would 

explain the observed resistance to AZD3965, as MCT4 expression would allow for built up lactate 

to be excreted, which highlights the importance of MCT expression profile in the effectiveness of 

MCT inhibitor AZD3965. Encouraged by these results, a tumor xenograft was carried out with 

COR-L103 cells. After 100 mg/kg twice daily oral administration of AZD3965 for 21 days there 

was a significant tumor reduction in treated mice compared to vehicle. After tumor resection and 

lactate concentration analysis it was found that AZD3965 treated tumors had an increase in lactate 

concentrations.116 The lack of tumor regression but reduction in tumor volume supports the in vitro 

result of AZD3965 being more sensitive on hypoxic cells. Overall, AZD3965 showed efficacy 

against SCLC and is a good candidate for further clinical development for SCLC treatment.  

AZD3965 underwent a phase I clinical trial (NCT01791595) for patients with diffuse large 

B-cell lymphoma (DLBCL) and Burkittôs lymphoma (BL) that completed November of 2020.117 

The goal for this trial was to determine the recommended phase II dose and/or the maximum 

tolerated dose (MTD). In this regard, 40 patients with advanced solid tumors or lymphoma were 

administered AZD3965 5-30 mg once daily or 10 or 15 mg twice daily for up to 28 days. The 

results of this study determined that AZD3965 was relatively well tolerated with nausea and fatigue 
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being the main reported side effects. It was found that 20 mg once daily started to elicit dose-

limiting toxicities and 10 mg twice daily was determined to be the phase II dose.117 The results of 

the phase II study are still underway and unpublished. 

 1.8.3 CHC 

CHC or Ŭ-cyano-p-hydroxy cinnamic acid (Figure 1.5) is nonspecific inhibitor of MCT1, MCT2, 

and MCT4 with Ki values of 166, 24, and 991 mM for each respectively. CHC was one of the first 

discovered inhibitors of lactate transport when it was found that CHC inhibited the transport of 

lactate in human red blood cells in 1974, before the molecular identification of MCTs.118 

Historically, CHC was used as a biological tool to study metabolism through its ability to inhibit 

MCT activity nonspecifically and disrupt lactate shuttling between normoxic and hypoxic tumor 

regions.119,120 However, over the past couple of decades CHC has been leveraged as a potential 

anticancer agent after MCTs role in cancer progression was more well understood. One study 

explored the use of CHC in human cervix squamous carcinoma cell line (SiHa).121 This group 

found that SiHa cells were not acidifying their media in vitro compared to other cultured cell lines 

indicating a variation in their in vitro metabolism. After supplementing with exogenous lactate, 

SiHa cells were indeed found to be undergoing an oxidative metabolism of lactate import and 

minimally undergoing glycolysis. The oxidative phenotype of SiHa cells was attributed to their 

high expression levels MCT1, this CHC was postulated as a candidate for pharmacological 

intervention. It was found that treatment with CHC, switched SiHa metabolism to glycolysis in 

glucose containing media and induced cell death in exogenous lactate media. Encouraged by these 

results a tumor xenograft was carried out in Lewis lung carcinoma (LLc) syngraft due to exclusive 

MCT1 expression of this model. Treatment with CHC produced significant tumor growth 

inhibition and eliminated the hypoxic region of the tumor, inducing necrotic core formation.121 To 
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validate their results were attributed to MCT1 inhibition, a hepatocarcinoma xenograft was carried 

out lacking MCT1 expression where it was found to be entirely unresponsive to CHC treatment. 

 Another group explored how metabolic reprograming occurs between prostate cancer 

(PCa) and cancer-associated fibroblasts.122 It was found that intercellular contact of CAF with PCa 

activates a metabolic reprogramming where the CAF will upregulate glycolysis from increased 

GLUT1 expression, and export lactate by upregulating MCT4. Conversely, PCa will then switch 

to an aerobic metabolism by decreased GLUT1 expression and upregulation of MCT1. Co-culture 

of PC3 prostate cancer cell line with CAF saw an increase in proliferative rate of PC3 by 30%, 

supporting an active role of CAF in proliferation.122 It was found that CHC treatment of co-cultures 

selectively decreased PC3 cell growth leaving the CAF relatively unaffected. This was attributed 

to the slight potency of CHC towards MCT1 when compared to MCT4. A similar result was 

observed after silencing MCT1 through RNA interference in PC3, supporting that lactate import 

via MCT1 is responsible for the increase in proliferation of PC3 with CAF. To validate the 

metabolic reprogramming between PCa and CAF in vivo, three groups were inoculated in mice: 

1) PCa cells only, 2) PCa and CAF, and 3) MCT1 silenced PCa and CAF. It was found that PCa 

grew very slowly and generated small tumors of ~100 mm3, whereas PCa and CAF tumors reached 

volumes of ~800 mm3 and silencing of MCT1 decreased tumor volume by 50%.122 The ability to 

simulate metabolic reprogramming in vivo combined with the in vitro activity of CHC show a 

promise for pharmacological modulation of metabolic interplay in tumors with their noncancerous 

neighbors. 

1.8.4 BAY-8002 

BAY-8002 (Figure 1.5) is a phenylsulfonyl benzamido-benzoic acid-based derivative developed 

by Bayer AG with nanomolar Ki concentrations for MCT1 and MCT2, but no MCT4 activity.123 
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BAY-8002 was identified initially as an inhibitor of MCT1 through a proprietary cell-based high-

throughput screening assay by measuring intracellular acidification using a fluorescent pH 

indicator. BAY-8002 was screened against 246 cancer cell lines utilized to determine the sensitivity 

or resistance to MCT1 inhibition. An associated marker indicating sensitivity included lack of 

MCT4 expression, which increase MCT4 expression is a known resistance mechanism to MCT1 

inhibition.124,125 An in vivo anticancer efficacy study was carried out using a MCT1 inhibitor 

sensitive cell line Raji (B cell leukemia cell line) xenograft, and a resistant colorectal cell line 

(COLO320DM) xenograft. Treatment with BAY-8002 in the Raji model saw a significant decrease 

in tumor volume compared to control with an increase in intratumor lactate concentrations but did 

not stop tumor growth.123 The COLO320DM xenograft expectedly were unaffected by treatment 

with BAY-8002 and did not have an intratumor increase in lactate concentrations.123 It was though 

that the lack of ability for BAY-8002 to prevent tumor growth in vivo in an MCT1 inhibitor 

sensitive cell line could be due to changes in metabolism after prolonged MCT1 inhibition. 

Therefore, resistant COLO320DM and Raji cell lines were generated in vitro to BAY-8002 to 

explore the changes in metabolism that gain insight into MCT1 inhibitor resistance mechanism 

after prolonged treatment. It was found that COLO320DM resistant cells markedly increase their 

MCT4 expression and levels of oxidative phosphorylation after treatment with BAY-8002. Raji 

resistant cells did not show an increase in MCT4 expression but showed an increase in oxidative 

phosphorylation.123 This study with BAY-8002 offered some insight into resistance mechanisms 

to MCT1 inhibitor treatment which could include increasing MCT4 expression or a shift to 

oxidative phosphorylation. Therefore, careful monitoring of patients receiving treatment with an 

MCT1 inhibitor should be monitored to ensure efficacy.  

1.8.5 DIDS 
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DIDS (Figure 1.5) is a stillbenedisulfonate, a class of compounds found to be the most potent 

inhibitors of inorganic anion exchange in erythrocytes.126 Anion transport has been found to be 

reversible with DIDS. However, due to the reactive isothiocyanate functional group, irreversible 

inhibition can be achieved after reaction with lysine amino groups. Due to this ability to 

irreversibly inhibit anion exchangers, DIDS was investigated as an inhibitor of MCT lactate 

transport. It was found that DIDS irreversibly inhibits lactate flux in rabbit erythrocytes, 

hepatocytes, and heart cells. While the work with erythrocytes saw inhibition of lactate flux from 

60-80%, specific binding parameters were not calculated. Future investigation of DIDS as an MCT 

inhibitor found DIDS to be a selective MCT1 inhibitor with a Ki of 434 mM in Ehrlich-Lettre 

ascites carcinoma cells.127 

 The irreversible inhibition of DIDS led to radiolabeled DIDS experiments where inhibition 

of lactate flux was associated with radiolabeled DIDS on the surface of erythrocytes.126 This 

suggested that DIDS underwent exofacial substrate binding to MCTs and promoted research into 

the mechanism of MCT1 function in regard to DIDS binding. At the time, no crystal structure of 

MCT1 had been acquired. Using site directed mutagenesis of exofacial lysine residues determined 

that Lys38 is predominantly responsible for the irreversible nature of DIDS. In addition to the 

discovery of the inhibition mechanism of DIDS, a model of MCT1 function was determined. It 

was thought that MCT1 swung between two different states, one with an open conformation 

towards the cytosol with binding or release of a lactate/H+, and another with an open face towards 

the extracellular space with subsequent binding of lactate/H+. The extracellular open face was 

found to be required for DIDS mediated irreversible inhibition.128 Studies with DIDS have 

provided valuable insight into the mode of MCT1 mediated lactate transport but there are no 

reports of DIDS being purposed as an anticancer agent. 
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1.8.6 7ACC2 (7-aminocarboxycoumarins) 

Our group was the first to determine that 7 position dialkyl amino substitutions are 

important for potent MCT1 inhibition by utilizing a CHC template.129 Due to metabolic liability 

of the first generation CHCôs, a second generation 7-aminocarboxy coumarin (7ACC) (Figure 1.5) 

class of compounds was generated. These compounds were found to have significant tumor growth 

reduction properties comparable to clinically utilized temozolomide in a syngeneic glioblastoma 

tumor model (MCT1+/MCT4-). In addition, as a proof of concept, an MDA-MB-231 xenograft 

tumor model was carried out (MCT1-/MCT4+) where these 7ACC candidates were not effective at 

reducing tumor growth; highlighting the importance of MCT1 expression for 7ACC activity.130 

Around the same time, another group was looking into 7ACC compounds where 7ACC2 was 

identified to be a potent inhibitor of MCT1 lactate import. This group also highlighted the 

importance of MCT1 expression by finding that their 7ACC compounds prevented lactate uptake 

and prevented proliferation in an MCT1 dependent fashion, having no effect in MCT4 expressing 

cell lines. They translated these results in vivo where 7ACC2 only displayed growth inhibition 

properties in high MCT1 expressing tumor models.131,132 It was determined that 7ACC2 inhibited 

lactate influx, but not efflux, which gives rise to questioning on the MCT1 inhibition mechanism 

of 7ACC2. In this regard, 7ACC2 was compared with AR-C155858 for a mechanistic comparison 

of MCT1 inhibition using SiHa cells expressing MCT1.133 The first initial finding was that 7ACC2 

blocked lactate uptake like AR-C155858 but only 7ACC2 caused an intracellular accumulation of 

pyruvate, preventing intracellular conversion of lactate to pyruvate to enter the TCA cycle. In 

addition, under exogenous lactate conditions, MCT1 inhibition by AR-C155858 was rescued via 

addition of glucose whereas 7ACC2 inhibition remained. These results indicate that 7ACC2 targets 

mitochondrial pyruvate carrier (MPC, expanded up in later sections) and inhibits MCT1 through 
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feedback inhibition.133 The findings in this thesis focus upon deregulating cancer bioenergetics and 

one route is through the inhibition of MPC, therefore cutting off glycolysis from oxidative 

phosphorylation, these concepts will be expanded upon in subsequent sections. 

1.8.7 AZD0095 

AZD0095 (Figure 1.5) is a triazolopyrimidine based derivative discovered to be a selective 

potent (1.3 nM) inhibitor of MCT4 lactate import.134 Through an AstraZeneca large library screen 

in MCT4 expressing human breast cancer cell line SK-BR-3, triazolopyrimidine based compounds 

were identified as having MCT4 inhibitory potential. After a structure activity relationship study, 

AZD0095 was developed as the only selective MCT4 inhibitor to date. A mitochondrial stress test 

carried out using a Seahorse XFe Bioanalyzer found that AZD0095 increased oxygen consumption 

rates in SK-BR-4 cells, consistent with decreased glycolysis due to lactate accumulation from 

MCT4 inhibition. AZD0095 showed good antiproliferation activity in an MCT4-dependent 

fashion with IC50 values as low as 26 nM in non-small lung cancer NCI-H358 cells, with no 

noticeable effect in cells with high MCT1 expression. In an NCI-H358 tumor xenograft model, 

monotreatment with AZD0095 (100 mg/kg twice daily) did not show any reduction in tumor 

growth. The lack of response in vivo was thought to be due to chronic MCT4 inhibition leading to 

a switch to an oxidative metabolism to overcome accumulation of lactate. In this regard, a 

combination treatment was evaluated with AZD2171, a potent inhibitor of VEGF and 

angiogenesis, to prevent vascularization of the tumor and drive a glycolytic metabolism. This 

combination treatment group experienced significant regression of tumor volume, indicating a 

potent synergy.134 AZD0095 shows promise as an anticancer agent in high MCT4 expressing 

tumors or in combination with rationally designed agents such as VEGF inhibitors.  

1.8.8 Syrosingopine 
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Syrosingopine (Figure 1.5), a derivative of reserpine, is a yohimban alkaloid compound. 

Due to their potent ability to inhibit H+-coupled vesicular monoamine transporters, reserpine and 

syrosingopine have been used as antihypertensive agents since the 1960s.135 It has since been found 

to have dual MCT1 and MCT4 inhibition properties with IC50 values of 2.5 and 0.04 mM 

respectively.136 In 2016, Benjamin et al. sought to determine compounds that only displayed 

cytotoxicity in the presence of complex I inhibitor metformin using murine 6.5 mast cells. Upon 

screening 1,100 potential candidates, syrosingopine was identified and the combination was 

further applied to 43 different cancer cell lines of varying phenotype, were 35 displayed a potent 

response suggesting a selective synergy between syrosingopine and metformin.137 Syrosingopine 

was further evaluated with inhibitors of ETC complexes II-V and showed significant potency with 

all combinations, indicating a mitochondrial or bioenergetic synergistic target. Believing that 

syrosingopine was interacting with glycolysis in some fashion, its effect on glycolysis dependent 

6.5r0 cells were carried out. It was found that glycolysis was being perturbed as indicated by a 

reduced lactate production, but the exact mechanism through which syrosingopine acted remained 

unclear until 2018. This same group later found that syrosingopine was causing a buildup of lactate 

due to MCT1 and MCT4 inhibition.136 This lactate buildup inhibited LDH and prevented NADH 

conversion to NAD+. Complex I activity also replenishes NAD+, thus the synthetic lethality found 

between metformin and syrosingopine was found to be due to depletion of NAD+. This study 

highlights importance of redox homeostasis in cancer and how targeting of various metabolic 

pathways can lead to potent treatment strategies. 

1.9 Mitochondrial Pyruvate Carrier (MPC) 

 Pyruvate sits at the focal point of glycolytic and mitochondrial metabolism, tying the two 

pathways together. To fuel the TCA and oxidative phosphorylation by the ETC, cytosolic pyruvate 
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needs to enter the mitochondrial matrix. It has long been implied that there was a protein involved 

in the transport of pyruvate into the mitochondrial matrix, however its identification had been 

elusive until the proteins responsible were identified in 2012 that make up the mitochondrial 

pyruvate carrier (MPC). The understanding now is that there are three human proteins responsible 

for the MPC which exists as a hetero-dimeric complexes. These proteins are MPC1 (~12kDa), 

MPC2 (~14kDa), and MPC1L (~15kDa); MPC1 and MPC2 complexes are found ubiquitously 

expressed in all tissues, were MPC1L and MPC2 complexes are found in testis with MPC1L being 

homologous to MPC1.138ï140 Due to its tissue specific prevalence, discussion of MPC will consist 

of the ubiquitous hetero-dimer of MPC1 and MPC2. It has been demonstrated that both proteins 

are required for functional pyruvate import, as loss of one leads to inhibition of mitochondrial 

pyruvate entry or destabilization and degradation of the complex.138,139,141ï144 While it is true that 

a large variety of cancers pursue an increased glycolytic metabolism, recently it has been found 

that cancers demonstrate metabolic plasticity and thus oxidative mitochondrial metabolism plays 

a significant role in cancers growth and progression. With MPC linking glycolysis and 

mitochondrial metabolism, inhibition of MPC shows therapeutic potential by limiting 

mitochondrial energetics. There are currently a few existing agents found to inhibit MPC which 

will be discussed in the next section, however, to date no clinical trials have been carried out on 

therapeutic agents targeting MPC (Figure 1.6).  
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Figure 1.6: Inhibitors of mitochondrial pyruvate carrier. 

1.9.1 Thiazolidinediones (TZDs): pioglitazone, rosiglitazone, MSDC-0160 

Thiazolidinediones (TZDs) including pioglitazone, rosiglitazone, and MSDC-0160 

(Figure 1.6) have been used as effective insulin sensitizing agents for preventing hyperglycemia 

in patients with type 2 diabetes.145 Their main mechanism of action is through modulating PPARɔ 

activity on downstream genes involved in glucose and lipid metabolism. It was found that some 

of the metabolic changes after treatment with TZD occur too rapidly to be a product of PPARɔ 

modulation, thus indicating PPARɔ independent mechanism. Radiolabeling TZD studies in 

hepatocytes indicated that TZDs were accumulating on mitochondrial membranes.146 Upon further 

investigation, Seahorse XFe Bioanalyzer based studies determined that TZDs inhibit MPC activity 

as evidenced by decreased pyruvate driven respiration in permeabilized human skeletal muscle 

hepatocytes. In addition, MPC inhibition by TZDs showed increased glucose uptake.147 Newer 

understanding of glucose metabolism towards neurodegenerative disorders have led to TZDs being 

purposed towards Alzheimerôs (AD) and Parkinsonôs (PD) disease. In this regard, TZDs have 

entered clinical trials for the treatment of AD, PD, and type 2 diabetes. However, significant side 

effects were observed with TZD treatment such as bone loss, increased adiposity, and 

cardiovascular risks which may limit the translation of TZDs as anticancer agents.148,149    
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1.9.2 Lonidamine 

 Lonidamine (Figure 1.6) was original developed as an antispermadocidic agent in the 70ôs 

but has since been found to have success as an anticancer agent. Lonidamine has been shown to 

not be a very potent anticancer agent as a single agent but has shown to potentiate existing 

chemotherapeutics, radiation, and photodynamic therapies when given in combination.150ï152 In 

studies determining lonidamines mechanism of action, it was found to modulate metabolism. 

Lonidamine has been implicated as an inhibitor of HKII, complex II, and MCTs.153ï155 These 

conclusions were evidenced from observations that lonidamine treatment prevented lactate efflux 

and decreased mitochondrial respiration due to low NADH/FADH2 pools. While lonidamine has 

been shown to modulate MCT activity, it was shown to decrease mitochondrial pyruvate uptake 

and oxidation more potently in liver mitochondria at 2.5 mM as evidenced by 14C-pyruvate and 

oxygen electrode experiments.156 The inhibition of mitochondrial pyruvate uptake would lead to a 

buildup intracellular lactate which would potentiate any direct MCT activity of lonidamine. While 

lonidamine has been shown to inhibit MPC activity, it has multi-modulatory effects on metabolism, 

and is primarily utilized for its ability to potentiate therapies in combination. The nonspecific 

mechanism of action of lonidamine decreased its efficacy in phase II and phase III clinical trials 

using lonidamine a combinatorial agent for the treatment of lung cancer outside of its MPC 

activity.157  

1.9.3 UK5099 

UK5099 (Figure 1.6) is a lipophilic cinnamic acid similar in structure to CHC. UK5099 

was first identified as an MPC inhibitor in 1975 by measuring the flow of 14C-pyruvate and 

measuring 14CO2 as an indicator of mitochondrial respiration in isolated rat liver mitochondria.158 

This investigation was carried out as an attempt to prove the existence of a mitochondrial pyruvate 
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transporter and in this study UK5099 was found to be a potent inhibitor of mitochondrial pyruvate 

entry with an IC50 of 50 nM.  Since its discovery, UK5099 has been utilized as a biomedical 

research tool to block mitochondrial pyruvate uptake and study the cellular effects in varying 

contexts. Due to the prevalence of dysregulated metabolism being a hallmark of cancer, UK5099 

has been utilized to explore MPCôs in tumor metabolic dysfunction and progression. 

 One study utilized UK5099 to demonstrate the metabolic plasticity potential of 

pharmacological inhibition of MPC in lung and liver cancer cells. By using a 14C metabolic flux 

analysis mass spectrometry approach, it was found that MPC inhibition by UK5099 expectedly 

decreased pyruvate oxidation and mitochondrial respiration.159 Additionally, 14C-labeled TCA 

intermediates were decreased but mitochondrial activity was not completely abolished. It was 

found that the cells were compensating for loss of mitochondrial pyruvate by increasing 

glutaminolysis and fatty acid oxidation. This study highlights the ability for cancer cells to shift 

their metabolism in different substrate limited contexts and provides insight into how MPC 

function may regulate cellular metabolism. However, these results were not validated in vivo, so it 

has not been clarified whether similar results would be found in a tumor environment with 

constraint to nutrients and oxygen availability.    

1.9.4 Zaprinast 

 Zaprinast (Figure 1.6) is an inhibitor of cGMP-specific phosphodiesterase (PDE) and was 

used as the structural template for the development of the active component of Viagra (sildenafil). 

Phosphodiesterases hydrolyze the cyclic phosphate bond in cAMP and cGMP to inactivate cyclic 

nucleotide signaling pathways. PDE6 is the isoform of which Zaprinast most potently inhibits and 

is expressed in photoreceptors of the retina where it induces light-dependent signaling pathways. 

Mutations in the gene for PDE6 lead to retinal degeneration in humans and in this regard, Zaprinast 
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was utilized to generate a mouse ex vivo retina degeneration model. This led to a surprising finding 

that Zaprinast altered the metabolism in the ex vivo retina model independent of its PDE activity.160 

It was found that Zaprinast treatment to the retina samples, decreased glutamate concentrations 

but significantly increased the accumulation of pyruvate and aspartate. This finding led the 

researchers to determine the fate of 14C-glucose after Zaprinast treatment in retina. It was shown 

that Zaprinast treatment led to a buildup of radiolabeled lactate and pyruvate but decreased the 

accumulation of radiolabeled TCA intermediates. The retina was found to be increasing influx of 

glutamate to feed the TCA cycle after Zaprinast treatment evidenced by increases in radiolabeled 

TCA intermediates after incubation with 13C-glutamine which would get converted into glutamate 

in the mitochondria followed by oxidation to aKG. These findings led the researchers to assume 

that Zaprinast was inhibiting MPC activity and oxygen consumption experiments were carried out 

on pieces of mouse retina after Zaprinast treatment when given only pyruvate as an oxidizable 

substrate. It was found that Zaprinast inhibited pyruvate driven respiration in mouse retina. To 

follow-up on these results, mouse brain mitochondria were isolated and the effects of Zaprinast on 

oxygen consumption was assessed in three experiments using pyruvate, succinate, and glutamate 

as substrates. Zaprinast was found to only decrease pyruvate derived oxygen consumption in the 

mouse brain mitochondria, further supporting Zaprinast as an MPC inhibitor. Although this study 

showed that Zaprinast inhibits MPC activity, minimal studies leveraging Zaprinast as an anticancer 

agent targeting MPC have been carried out. cGMP PDEs have been shown to play roles in tumor 

development by affecting cAMP and cGMP levels, thus much of the focus of Zaprinast as an 

anticancer agent have focused on its PDE activity.161 

1.9.5 7ACC2 and D7 
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  As previously mentioned, 7ACC2 (Figure 1.6) was found to inhibit MCT1 lactate influx 

but not efflux.162 This led to the findings that 7ACC2 is an inhibitor of MPC, and subsequent 

buildup of intracellular pyruvate and lactate leads to a feedback mechanism of MCT1 inhibition.133 

In 2018, Corbet et al explored the anticancer potential of 7ACC2 in vitro and in vivo using SiHa 

cervical cancer cells. Their in vitro work determined that 7ACC2 treatment led to increased glucose 

uptake, reducing mitochondrial respiration, and accumulation of intracellular lactate under glucose 

containing media.162 By measuring 13C-pyruvate and lactate ratios using NMR, in vivo SiHa 

tumors were assessed for their metabolite build up after 7ACC2 treatment. Similar to their in vitro 

results, the SiHa tumors were found to have an increased amount of lactate relative to pyruvate, 

demonstrating that 7ACC2 was able to prevent mitochondrial pyruvate import in vivo.162 

Treatment with 3 mg/kg 7ACC2 via IP injection once daily saw a reduction in tumor volume of 

~50% in a SiHa xenograft model. Corbet et al reasoned that reduced mitochondrial activity would 

spare intratumor oxygen and reoxygenate the tumor. Reoxygenation has been previously shown to 

sensitize tumors to radiation therapy. After verifying that tumors were indeed reoxygenated using 

electron paramagnetic resonance (EPR) techniques, a combination therapy of 7ACC2 with 

radiation was carried out in a SiHa xenograft model. This combination treatment was found to 

substantially increase efficacy in this model and in addition lead to a significant decrease in 

hypoxic region of the tumor mass. This study illustrated the potential of MPC inhibition to 

modulate metabolism and sensitize cancers to radiation therapy. The focus of this chapter is 

inhibition of MPC to decrease cancer bioenergetics using a novel derivative of 7ACC2, termed 

D7, which has been included in Figure 1.6 highlighted in red text. The synthesis of D7, its effect 

on cancer cell metabolism, and in vivo efficacy will be described in the following sections. 

Chapter 1 results 
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1.10 Therapeutic relevance and synthesis of candidate compound 

methyl(trifluoromethyl)benzyl-7-aminocarboxycoumarin, D7 

Patients with TNBC are treated with surgical resection and treatment with chemo and 

radiation therapies as standard care. Many of these agents have serious side effects including 

neutropenia and immunosuppression, neurotoxicity, nephrotoxicity, and many others. Life 

threatening side effects and cancer recurrence in treated patients prompted us to undertake this 

project with the intention to translate novel, well-tolerated, and effective drug candidates for an 

improved therapeutic outcome for these patients. In addition, standard chemotherapy only targets 

proliferation but fails to impact other pathways responsible for tumor progression and metastasis. 

Aggressive tumors adapt to changing conditions during cancer progression by developing the 

ability to switch between different forms of metabolic pathways (ex: glycolytic and OxPhos). This 

ability to switch metabolic phenotypes has been documented to be a significant poor prognostic 

factor in TNBC.  

As mentioned previously, the metabolic properties of cancer cells differ significantly from 

those of normal cells due to their high demand for energy and anabolic building blocks to increase 

cell mass for rapid proliferation. In fact, altered metabolism has been recognized as one of the 

critical hallmarks of cancer163 and tumors characteristically exhibit aggressive glycolysis even in 

the presence of sufficient amounts of oxygen. Such glycolysis generates only two moles of ATP 

per one mole of glucose. To compensate, cancer cells upregulate glycolytic enzymes and related 

transporters to keep up with the energy requirements of tumor progression. Maintaining a high 

level of glycolytic activity is also essential for resistance to apoptosis, invasion, and metastasis of 

cancer cells.164,165 Several recent studies have recognized the importance of mitochondrial OxPhos 

to generate a large portion of ATP in cancer cells and plays an important role in cancer cell survival, 
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drug resistance, relapse, and metastasis.166ï168 Metabolites utilized in the TCA cycle are shuttled 

into numerous biosynthetic pathways including fatty acids, amino acids, and nucleotides. The 

mitochondrial pyruvate carrier facilitates the transport of cytosolic pyruvate into the mitochondrial 

matrix. The MPC1 and MPC2 genes encode two obligate protein subunits of the MPC that form a 

heteroligomeric complex. Both proteins are required for activity as loss of one leads to degradation 

of the MPC complex.169,170 The MPC is found on the inner mitochondrial membrane and imports 

the metabolic end product of glycolysis, pyruvate, into the mitochondrial matrix for intermediary 

metabolism in the citric acid cycle (TCA).169,170 Thus, MPC couples the two major energetic 

pathways, glycolysis and OxPhos, for energetic and biosynthetic needs of the rapidly proliferating 

TNBC cells. Importantly highly oxidative cancer cell types exhibit increased levels of 

mitochondrial respiration and anabolic processes that drive cancer cell proliferation.166ï168 In this 

regard, inhibition of MPC will lead to severe ATP depletion and dysfunction of the TCA cycle, 

again starving cancer cells of critical components for cell survival and proliferation.166ï168 Changes 

in nutrient and oxygen availability within the tumor dictate glycolytic or oxidative phenotypes. 

The ability for cancer cells to be flexible with their metabolic phenotype is critical for sustaining 

the rapidly growing tumor under the nutritionally challenged and dynamic microenvironment.171ï

173 Hence, inhibition of MPC would be a valid therapeutic strategy as it would serve to separate 

glycolysis from OxPhos, disrupting not only energetic and biosynthetic pathways but also limit 

the metabolic flexibility of cancer. 

Based on the work of previous generations of MPC/MCT1 targeting coumarin derivatives 

developed in the Mereddy lab, a new derivative was synthesized to develop a more metabolically 

stable and potent inhibitor of MPC. This candidate compound has a 7-aminocarboxycoumarin 

template with an aryl and alkyl substituted amino group. Previous structure activity relationship 
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studies have determined that an alkyl/aryl nitrogen substitution gives rise to a more potent MPC 

inhibitor.174ï176 In these same structure activity relationship studies, it was also determined that a 

small one carbon methyl group as the alkyl component is preferable to a longer alkyl chain. The 

aryl group is a benzyl group, with a metabolically stable trifluoromethyl in the 4 position of ring 

(Figure 1.7, compound 11). This methyl(trifluoromethyl)benzyl-7-aminocarboxycoumarin 

candidate compound will be referred to as D7 henceforth.  

 The synthesis of D7 began with silylation of 3-aminophenol 1 with tert-butyldiphenylsilyl 

chloride 2 in the presence of imidazole base in DCM. This newly protected amine 3 was then 

subjected to reductive amination by sodium borohydride after condensation with 4-

(trifluoromethyl)benzaldehyde 4 in refluxing ethanol. The aryl mono substituted silyl protected 

amine 5 was then methylated using methyl iodide in DMF to yield 6. This disubstituted amine 6 

was then deprotected in THF using HCl. The newly formed phenol 7 was subjected to Vilsmeier-

Haack formylation using POCl3 in DMF. This salicylaldehyde 8 then underwent Knoevenagel 

condensation with diethyl malonate 9 in the presence of piperidine in ethanol. The condensation 

product 10 then underwent NaOH hydrolysis followed by acidification and cyclization using HCl 

to afford 11, the carboxylic acid form of D7 in ~72% yield (Figure 1.7). 
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Figure 1.7: Synthetic route for synthesis of 7-(methyl(4-(trifluoromethyl)benzyl)amino)-2-oxo-2H-chromene-3-

carboxylic acid. 

  One limitation of N,N-dialkylaminocoumarin derivatives is a lack of water solubility. To 

mitigate this issue, we sought to synthesize a salt of D7 with high solvating capacity. Starting with 

the carboxylic acid form 11 of D7, various salt forms were generated to increase the solubility D7. 

A sodium salt was first generated but did not substantially increase the water solubility. Our group 

has found interest in incorporating organic salt forms in our drug development due to their ability 

to offer additional hydrogen bonding acceptor or donor groups and significantly enhance the 

solubility of organic compounds. One organic particularly effective solvating base 

tris(hydroxymethyl)aminomethane (tris base, 12) was utilized in the further chemical optimization 
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of D7. Tris base 12 was utilized due to its high solubility in water, low toxicity, and due to its pKa 

being slightly above physiological pH (pKa = 8.07), providing the ammonium counter-ion at 

physiological pH. The carboxylic acid form 11 of D7 was dissolved in methanol followed by the 

addition of tris base 12. After stirring for 1 hour a bright yellow solid precipitated out, filtered, and 

rinsed with cold MeOH to yield the tris base form, D7 (Figure 1.8). 

 

Figure 1.8: Synthesis of coumarin tris base salt D7. 

 With both the acid form and tris base salt of D7, some solubility testing was carried out 

utilizing a 10% DMSO in water solvent system. Each form was first dissolved in DMSO followed 

by addition of the respective amount of water to result in a 10% DMSO/water solution. This was 

carried out for concentrations of 1-10mg/mL on each form and monitored for the presence of 

precipitate, with precipitate indicating insoluble at that concentration. The tris base form (D7) was 

able to remain soluble up to 10 mg/mL whereas the acid (11) was insoluble after 4 mg/mL. Because 

of this increase in solubility, the tris base salt form of D7 was utilized for further studies and 

henceforth all mentions of D7 are in regard to the tris base salt.  

1.11 Cell proliferation inhibition of D7 and cell line energetics characterization 

 With the highly soluble D7 in hand, the cell proliferation inhibition properties were 

determined using MTT colorimetric cell proliferation inhibition assay and sulforhodamine B 

(SRB) assay. The MTT assay employs a tetrazolium based MTT dye, which gets intracellularly 
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reduced utilizing NADH/NADPH into an insoluble formazan product which absorbs light at 570 

nm. The reduction of MTT to formazan is an indication of active metabolism and can be correlated 

to proliferating cells. Comparing treated cells absorbance to an untreated control allows for the 

generation of % survival values, an indicator of remaining viable cells. The % survival values can 

then be plotted against the log of concentration in Graph Pad Prism 10 software to generate a 

growth curve and respective EC50 value. An EC50 value is the effective concentration where there 

is 50% of the response, in this case cell viability. The SRB assay utilizes the protein staining dye 

SRB to measure total protein in a sample and correlates with viable cellular content. This assay 

can be employed in a similar fashion to the MTT assay with the readout being the absorbance of 

540 nm for SRB as opposed to 570nm for formazan. Utilizing these two assays will be beneficial 

in providing different insight into the cell proliferation inhibition properties of D7 due to the MTT 

assay being a metabolism-based assay whereas the SRB assay is a measure of total protein.  

 These assays were carried out on three different cell lines. The first cell line is MDA-MB-

231 which is a triple negative mammary gland epithelial adenocarcinoma derived from a metastatic 

site of human origin. Another is 4T1 which is a metastatic stage IV triple negative mammary gland 

epithelial cell carcinoma of murine origin. The last cell line is 67NR which is a non-metastatic 

mammary gland epithelial cell carcinoma of murine origin. The rationale for using these cells lines 

is that 4T1 was found to be an energetically rich cell line, deriving a majority of its ATP through 

oxidative phosphorylation and is MCT1 expressing as previously determined through an ATP rate 

Seahorse XFe assay and western blot analysis (Figure 1.9). MDA-MB-231 was found to obtain a 

majority of its ATP through glycolysis and is MCT4 expressing as previously determined through 

an ATP rate Seahorse XFe assay and western blot analysis (Figure 1.9). 67NR was not assessed 

for its preferred metabolic pathway for ATP generation or MCT1/4 expression, however, it is a 
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non-metastatic murine derived mammary gland epithelial cell line isogenic to 4T1 and may serve 

to elucidate differences between targeting metastatic vs non-metastatic carcinomas.  

 

Figure 1.9: Energetic preference and MCT1/4 expression characterization. Seahorse XFe96á ATP rates indicative of 

ATP production rate +SEM (pmol/min) from glycolysis (black) or mitochondria. Results are from three separate 

experiments and are normalized to total protein using bicinchoninic acid (BCA). Western blot presence of MCT1 and 

MCT4 expression in 4T1 and MDA-MB-231 cell lines.  

The results of the MTT and SRB assays found that D7 is generally non-cytotoxic towards 

MDA-MB-231 cells with an EC50 >1,000 ÕM in both MTT and SRB assays. Against 4T1, it was 

found that D7 was slightly more potent in the MTT assay with an EC50 of 23.4Ñ4.9 ÕM as 

compared to SRB with an EC50 of 67.9Ñ7.3 ÕM. With 67NR, it was found that D7 was more potent 

in the MTT assay with an EC50 of 48.0Ñ4.3 ÕM compared to SRB with an EC50 of 94.7Ñ12.9 ÕM 

(Table 1.1). This ~2-3-fold difference in sensitivity between MTT and SRB assay could indicate 

that D7 has an impact the redox homeostasis leading to higher levels of NADH/NADPH and 

subsequently higher MTT reduction.  
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Table 1.1: MTT and SRB cell proliferation inhibition EC50 values in ÕM against MDA-MB-231, 4T1 and 67NR cell 

lines. Values are average Ñ SEM for a minimum of n=3 biological replicates. 

 

1.12 Effect of D7 on cancer energetics: Seahorse XFe96-based Mitochondrial and glycolytic 

stress tests on MDA-MB-231 and 4T1 cells. 

Due to the difference in EC50 values in the metabolism based MTT assay to the total protein 

SRB assay, the acute metabolic changes caused by D7 were explored by carrying out mitochondrial 

and glycolytic stress tests employed by a Seahorse XFe Bioanalyzer. The Seahorse XFe96 

Bioanalyzer involves a four-port injection strategy while measuring both oxygen consumption 

rates (OCR) and extracellular acidification rates (ECAR) over time. The OCR being a measure of 

mitochondrial respiration and the ECAR is a measure of lactate production which is correlated to 

glycolysis. The glycolysis stress test employs the following injection strategy: 1) the treatment (D7 

or DMSO control) to determine acute changes in ECAR, 2) glucose, to indicate the ECAR 

corresponding to glycolysis, 3) Oligomycin, an ATP synthase inhibitor, serving to uncouple ATP 

synthesis from mitochondria to drive a flip in cellular metabolism to glycolysis to compensate for 

loss of mitochondrial ATP, 4) 2-deoxyglucose (2-DG), a hexokinase inhibitor to inhibit the first 

step in glycolysis. The mitochondrial stress test employs the following injection strategy: 1) the 

treatment (D7 or DMSO control) to determine acute changes in OCR, 2) Oligomycin, an ATP 

synthase inhibitor to attribute OCR that is coupled to mitochondrial ATP production, 3) FCCP, a 

mitochondrial membrane uncoupler serving to uncouple the mitochondrial proton gradient, forcing 

viable mitochondria to respire at their maximal rate to regain the proton gradient, 4) Rotenone and 



 

 47 

Antimycin A, complex I and III inhibitors respectively, serving to shut down electron flow in the 

ETC and attributing remaining OCR to non-mitochondrial sources. 

First a mitochondrial stress test was carried out on MDA-MB-231 after acute injection of 

D7 (50-3.125 ÕM). Immediately after injection of D7 there was an acute decrease in OCR, 

indicating a decrease in mitochondrial oxygen consumption (Figure 1.10.C). Additionally, there 

was a small increase in ECAR after acute injection D7, suggesting a switch to glycolytic 

metabolism but the increase was only acute and dropped shortly after (Figure 1.10.B). After 

injection of oligomycin, there was a decrease in the OCR associated with mitochondrial generated 

ATP, which suggests that D7 is reducing mitochondrial ATP production (Figure 1.10.D). After 

FCCP injection, it was found that maximal respiration was inhibited at 50 and 25 ÕM D7 (Figure 

1.10.E). The inhibition of mitochondrial ATP and maximal respiration could be an indication that 

D7 is preventing substrate entry to the mitochondria thus limiting the extent of oxygen 

consumption. 
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Figure 1.10: Mitochondrial stress test results on MDA-MB-231 cells with acute treatment of D7 (50-3.125 ÕM). A: 

Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) 

FCCP and iv) Rotenone and Antimycin A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after 

injection of i) treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: DOCR after 

injection of D7 from basal OCR indicating acute response. D: DOCR representing mitochondrial ATP production after 

injection of oligomycin. E: Maximal respiration DOCR after FCCP addition. Results are representative of 3 biological 

replicates experiments Ñ SEM with 5 technical replicates per biological replicate. Statistical analysis was carried out 

via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 A mitochondrial stress test was also carried out on 4T1 cells with acute treatment of D7 

(50-3.125 ÕM). Similarly with MDA-MB-231, there was a significant acute decrease in OCR after 

injection of D7 (Figure 1.11.C). Additionally, there was an initial spike in ECAR, followed by a 

decrease in a dose dependent fashion (Figure 1.11.B). After oligomycin injection, there was a dose 
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dependent decrease in OCR associated to mitochondrial ATP production (Figure 1.11.D). 

Additionally, there was a decrease in maximal respiration after addition of FCCP with higher 

concentrations of D7 (Figure 1.11.E). It should also be noted that ECAR was suppressed relative 

to the control over the entirety of the experiment in a dose dependent fashion (Figure 1.11.B). This 

could indicate a suppression of glycolysis or efflux of lactate.  

 

Figure 1.11: Mitochondrial stress test results on 4T1 cells with acute treatment of D7 (50-3.125 ÕM). A: Oxygen 

consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and 

iv) Rotenone and Antimycin A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) 

treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: DOCR after injection of D7 from 

basal OCR indicating acute response. D: DOCR representing mitochondrial ATP production after injection of 

oligomycin. E: Maximal respiration DOCR after FCCP addition. Results are representative of 3 biological replicates 
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experiments Ñ SEM with 5 technical replicates per biological replicate. Statistical analysis was carried out via 

Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 A glycolysis stress test was carried out on MDA-MB-231 with acute treatment of D7 (50-

3.125 ÕM). There was not a significant change in both ECAR or OCR after acute injection of D7 

(Figure 1.12.A-B). The lack of change could be due to the limited substrate availability at that 

time in the experiment, with only glutamine being present at the time of injection. Upon injection 

of glucose, ECAR increases in control groups indicative of an increased rate of glycolysis. It was 

found that at 50-25 ÕM D7 treated groups, the rate of glycolysis was decreased (Figure 1.12.C). 

After injection of oligomycin, cells are unable to generate mitochondrial ATP and will switch to a 

glycolytic phenotype to their maximum capacity to compensate for the loss of mitochondrial ATP. 

It was found that at higher concentrations of D7, there was decrease in glycolytic capacity (Figure 

1.12.D). The change in ECAR from glycolysis to glycolytic capacity is the glycolytic reserve, or 

how much glycolysis could be increased during a mitochondrial energy crisis. It was found that 

glycolytic reserve was decreased at higher concentrations of D7, indicating that at higher 

concentrations of D7, the ability of cells to accommodate loss of mitochondrial ATP is being 

inhibited (Figure 1.12.E).  
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Figure 1.12: Glycolysis stress test results on MDA-MB-231 cells with acute treatment of D7 (50-3.125 ÕM). A: 

Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) 

oligomycin and iv) 2-deoxyglucose. B: Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) 

treatment or DMSO ii) glucose iii) oligomycin and iv) 2-deoxyglucose. C: DECAR after addition of glucose from 

basal ECAR which indicates extent of cellular glycolysis. D: DECAR indicating glycolytic capacity from subtracting 

ECAR after uncoupling mitochondrial ATP synthesis after injection of oligomycin from basal ECAR. E: DECAR 

from subtracting maximum ECAR after oligomycin injection from glycolysis ECAR indicating glycolytic reserve. 

Results are representative of 3 biological replicates experiments Ñ SEM with 5 technical replicates per biological 

replicate. Statistical analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 

 A glycolysis stress test was carried out on 4T1 cells with acute treatment of D7 (50-3.125 

ÕM). Similar to MDA-MB-231, There was not a significant change in both ECAR or OCR after 

acute injection of D7 (Figure 1.13.A-B). Upon addition of glucose, there was a significant increase 
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in glycolysis in D7 treated cells (Figure 1.13.C). Additionally, glycolytic capacity was suppressed 

at 50-25 ÕM concentrations of D7 but normal below (Figure 1.13.D). It was also found that 

glycolytic reserve was reduced in a dose dependent fashion (Figure 1.13.E). The increase in 

glycolysis and loss of glycolytic reserve suggest that D7 treatment is pushing cells to utilize 

compensatory glycolysis prior to oligomycin injection. This switch to compensatory glycolysis 

supports that D7 is perturbing mitochondrial energetics but not completely abolishing due to the 

sensitivity of cells to oligomycin to stimulate glycolytic capacity. 

 

Figure 1.13: Glycolysis stress test results on 4T1 cells with acute treatment of D7 (50-3.125 ÕM). A: representation 

of extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) 

oligomycin and iv) 2-deoxyglucose. B: Representative of oxygen consumption rates (OCR (pmol/min)) vs. time after 

injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-deoxyglucose. C: DECAR after addition of 

glucose from basal ECAR which indicates extent of cellular glycolysis. D: DECAR indicating glycolytic capacity 
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from subtracting ECAR after uncoupling mitochondrial ATP synthesis after injection of oligomycin from basal ECAR. 

E: DECAR from subtracting maximum ECAR after oligomycin injection from glycolysis ECAR indicating glycolytic 

reserve. Results are representative of 3 biological replicates experiments Ñ SEM with 5 technical replicates per 

biological replicate. Statistical analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control 

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 From the mitochondrial and glycolytic stress tests, it is apparent that D7 is perturbing 

mitochondrial bioenergetics via a decrease in ATP production and inhibition of maximal 

respiration in both 4T1 and MDA-MB-231 cells. D7 is hypothesized to be an inhibitor of MPC, in 

this regard, inhibition of pyruvate into the mitochondria would deplete oxidizable substrates for 

the TCA cycle leading to an increase in glycolytic metabolism. This could partially explain the 

increase in glycolysis seen in 4T1 cells (Figure 1.13.C). If 4T1 cells were flipping to a glycolytic 

metabolism due to MPC inhibition, being MCT1 expressing, the decrease in glycolytic capacity 

and reserve could be attributed to a large increase in lactate which would have an inhibitory effect 

on the rate of glycolysis over time. The glycolysis stress test on MDA-MB-231 saw only a small 

decrease in glycolytic parameters at high concentrations of D7. Being a predominantly glycolytic 

cell line (with coupled oxidative phosphorylation) in normoxic conditions (Figure 1.9), inhibition 

of MPC would not necessarily reduce the ability of MDA-MB-231 to carryout glycolytic processes 

but would unlink glycolysis with oxidative phosphorylation. This could explain the inhibitory 

effect of D7 in the mitochondrial stress test and lack of a significant effect in the glycolysis stress 

test on MDA-MB-231. In addition, MDA-MB-231 is MCT4 expressing, thus inhibition of MPC 

should not lead to an accumulation of intracellular lactate as MCT4 predominantly mediates lactate 

efflux causing no lactate mediated feedback inhibition of glycolysis.  
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1.13 Effect of D7 on lactate accumulation  

To determine the cytosolic fate of pyruvate after MPC inhibition outside the time 

constraints of the mitochondrial and glycolysis stress tests, a lactate accumulation study was 

carried out in both 4T1 (MCT1 expressing) and MDA-MB-231 (MCT4 expressing) cells after 

treatment with D7 (2.5-20 ÕM). This assay utilized an Eton Bioscience lactate assay kit which 

employs a succinate dehydrogenase and lactate dehydrogenase NADH-coupled enzymatic 

reaction to reduce tetrazolium salt INT to a formazan product which absorbs light at 490 nm. In 

this reaction, lactate dehydrogenase will convert lactate to pyruvate and generate NADH, 

subsequently succinate dehydrogenase will utilize the generated NADH to reduce INT to 

formazan. In this regard, absorbance values are directly proportional to lactate concentration and 

samples can be compared after running a lactate concentration standard curve. The lactate 

concentration was normalized to total protein to account for any changes due to cell death or loss 

of cells during rinsing. After 24 hours of incubation with D7, extracellular media was removed, 

cells were rinsed with PBS and subsequently lysed to release intracellular lactate. In 4T1 cells, it 

was found that at all concentrations of D7, there was a significant accumulation of lactate ~17 

times larger than DMSO control (Figure 1.14). In MDA-MB-231 cells, there was a no significant 

accumulation of lactate after treatment with D7 (2.5-20 ÕM) (Figure 1.14). The difference in 

lactate accumulation is reflective on each cellôs MCT expression. MCT1 is primarily responsible 

for the import of lactate with a low Km, therefore accumulating lactate would prevent the influx 

of extracellular lactate but would not facilitate the efflux of lactate. MCT4 has a large Km and due 

to this is responsible for the efflux lactate, preventing its intracellular accumulation. In addition to 

the amount of lactate accumulated in each treatment group, the DMSO treated cells have a 
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variation between 4T1 and MDA-MB-231 cells. MDA-MB-231 cells had ~6 times more lactate 

than 4T1cells, which is reflective on their metabolic preferences (Figure 1.9). MDA-MB-231 is 

the more glycolytic cell line which would leave the large accumulation of glycolytically derived 

lactate for efflux through MCT4. 4T1 cells rely more on OxPhos and thus glycolytically derived 

lactate would flux into the mitochondria, lowering overall intracellular lactate. The results of our 

lactate accumulation study support that D7 causes lactate accumulation in an MCT1 dependent 

fashion, which we hypothesize is due to loss of mitochondrial pyruvate flux via MPC inhibition. 

 

Figure 1.14: Lactate accumulation in 4T1 and MDA-MB-231 cells. A: intracellular lactate accumulation on 4T1 cells 

with treatment of D7 (2.5-20 ÕM) normalized to mg protein. B: intracellular lactate accumulation on MDA-MB-231 

cells with treatment of D7 (2.5-20 ÕM) normalized to mg protein. Statistical analysis was carried out via Dunnettôs 

one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

1.14 Effect of D7 on pyruvate driven respiration: Seahorse XFe96-based pyruvate driven 

respiration and methyl pyruvate respiratory rescue assays. 
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To determine the effect of D7 on inhibiting pyruvate driven respiration, a derivation of a 

Seahorse XFe Bioanalyzer was employed. This assay still incorporates a 4-port injection strategy 

but utilizes a nutrient limited nonionic mannitol and sucrose-based (MAS) buffer. The first 

injection consists of injection of treatment to allow the treatment to reach its cellular target. The 

second injection is with recombinant perfringolysin (rPFO), which is a plasma membrane 

permeabilizer allowing subsequent substrates to reach the cytoplasm without requiring transport. 

The third injection is with a pyruvate substrate cocktail. This mixture includes sodium pyruvate as 

an oxidizable substrate, malic acid to allow continual flow of the TCA cycle without exhausting 

existing malate stores causing a lag in pyruvate oxidation, sodium dichloroacetate which is a 

pyruvate dehydrogenase kinase inhibitor to prevent the downregulation of pyruvate dehydrogenase 

activity, and FCCP to uncouple the mitochondrial membrane and induce cells to maximally respire 

utilizing available nutrients. This assay will give insight on D7ôs ability to prevent pyruvate to 

enter the mitochondria for oxidation which can be assumed to be correlated to MPC inhibition. In 

the representative OCR vs time plot of the pyruvate driven respiration assay in 4T1 cells, it was 

found that acute injection of D7 (100-6.25 nM) caused a decrease in OCR (Figure 1.15.A). After 

the addition of the pyruvate cocktail in both cell lines (Figure 1.15.A and 1.15.C) there was a dose 

dependent decrease in maximal respiration, indicating that D7 is preventing pyruvates entry into 

the mitochondria. The fourth injection will be rotenone and antimycin A, complex I and III 

inhibitors to inhibit ETC electron flow and turn mitochondrial respiration off. By taking the % 

inhibition of maximal respiration in D7 treated groups compared to the DMSO control and plotting 

them against the log of concentration, inhibition curves could be generated to determine IC50 

values. IC50 values are the inhibitory concentration where cells are respiring to 50% of the control. 
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Against 4T1 and MDA-MB-231, D7 had IC50 values of 14.4Ñ0.5 nM and 80.01Ñ1.04 nM 

respectively (Figure 1.15B and 1.15D). 

Figure 1.15: Pyruvate driven respiration profiles and IC50 values of D7 against 4T1 and MDA-MB-231 cells. A: 

Representative pyruvate driven oxygen consumption rates (OCR (pmol/min)) vs. time after acute injection of D7 (100-

6.25 nM) in 4T1 cells. i) injection of treatment or DMSO ii) injection of recombinant perfringolysin rPFO 1nM  iii) 

injection of pyruvate cocktail for a treatment concentration of 5mM sodium pyruvate, 0.5mM malic acid, 2mM sodium 

dichloroacetate, and 0.125ÕM FCCP  iv) injection of rotenone and antimycin A for a final concentration of 0.5ÕM 

each. B: Representative %OCR after D7 treatment compared to DMSO plotted against log of D7 concentration. Each 

data point is representative of n=5 technical replicates. Pyruvate driven respiration IC50 valueÑSEM (nM) after a 

minimum of 3 biological replicates. C: Representative pyruvate driven oxygen consumption rates (OCR (pmol/min)) 

vs. time after acute injection of D7 (100-6.25 nM) in MDA-MB-231 cells. i) injection of treatment or DMSO ii) 

injection of recombinant perfringolysin rPFO 1nM  iii) injection of pyruvate cocktail for a treatment concentration of 
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5mM sodium pyruvate, 0.5mM malic acid, 2mM sodium dichloroacetate, and 0.125ÕM FCCP  iv) injection of 

rotenone and antimycin A for a final concentration of 0.5ÕM each. D: Representative %OCR after D7 treatment 

compared to DMSO plotted against log of D7 concentration. Each data point is representative of n=5 technical 

replicates. Pyruvate driven respiration IC50 valueÑSEM (nM) after a minimum of 3 biological replicates. 

To further verify if D7 is involved in preventing the flux of pyruvate into the mitochondria 

via MPC inhibition, a pyruvate respiration rescue assay was carried out alongside a pyruvate 

respiration inhibition assay on MDA-MB-231 and 4T1 cells (Figure 1.16). The pyruvate 

respiration rescue assay involved a 4-port injection strategy in MAS buffer. The first injection is 

rPFO and occurs immediately at the start of OCR data acquisition. This should cause a drop in 

OCR as there are no oxidizable substrates for the cells to respire with. The second injection is the 

substrate cocktail. Aside from FCCP, this cocktail contains the same components as the pyruvate 

driven respiration assay (pyruvate, malic acid, DCA) with the addition of methyl pyruvate (MePy). 

Methyl pyruvate can diffuse across the inner mitochondrial where it be converted to pyruvate via 

mitochondrial esterases. The third injection will be the treatment. The fourth injection will be 

FCCP to induce maximal respiration of available substrates. The ability of D7 treated cells to 

respire in the presence of MePy will help support that D7 is involved in the preventing the 

mitochondrial uptake of pyruvate and not involved in the inhibition of pyruvate processing 

enzymes such as pyruvate dehydrogenase. Against MDA-MB-231, it was found that in the 

presence of MePy, injection of D7 caused no change in OCR (Figure 1.16.C) whereas in without 

the presence of MePy, there was a decrease in OCR (Figure 1.16.A). After FCCP stimulation, D7 

treated groups in the presence of MePy saw an equal increase in OCR compared to DMSO control 

at 10-fold higher concentrations than the pyruvate driven respiration assay (1-0.125 ÕM) (Figure 
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1.16.D). Without the presence of MePy there was a significant inhibition of OCR in D7 treated 

groups (Figure 1.16.B).  

 

Figure 1.16: Pyruvate driven respiration and respiratory rescue with methyl pyruvate assay on MDA-MB-231 cells. 

A: oxygen consumption rates (OCR (pmol/min)) vs. time representing pyruvate driven respiration after acute injection 

of D7 (50-3.125 ÕM). i) injection of recombinant perfringolysin rPFO 1nM ii) injection of pyruvate cocktail for a 

treatment concentration of 5mM sodium pyruvate, 0.5mM malic acid, 2mM sodium dichloroacetate. iii) injection of 

treatment or DMSO. iv) injection of FCCP. B: maximum respiration from pyruvate of DMSO control and D7 treated 

groups. C: oxygen consumption rates (OCR (pmol/min)) vs. time representing pyruvate driven respiration rescue after 

acute injection of D7 (50-3.125 ÕM). i) injection of recombinant perfringolysin rPFO 1nM ii) injection of pyruvate 
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cocktail for a treatment concentration of 5mM sodium pyruvate, 0.5mM malic acid, 2mM sodium dichloroacetate, 

and 20mM methyl pyruvate. iii) injection of treatment or DMSO. iv) injection of FCCP. D: maximal respiration of 

DMSO control and D7 treated groups in the presence of methyl pyruvate. Results are representative of 1 biological 

replicate Ñ SEM with 5 technical replicates per biological replicate. Statistical analysis was carried out via Dunnettôs 

one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

A similar pyruvate driven respiration and respiratory rescue result was found in 4T1 cells. 

The absence of MePy caused a drop in OCR after injection of D7 (Figure 1.17.A) and was unable 

to rescue maximal respiration (Figure 1.17.B). In the presence of MePy, there was no change in 

OCR after D7 injection (Figure 1.17.C) and maximal respiration was greater than or equivalent to 

DMSO control (Figure 1.17.D). These results illustrate that D7 is involved in the inhibition of 

pyruvate uptake into the mitochondria, supporting D7 as a MPC inhibitor. 
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Figure 1.17: Pyruvate driven respiration and respiratory rescue with methyl pyruvate assay on 4T1 cells. A: oxygen 

consumption rates (OCR (pmol/min)) vs. time representing pyruvate driven respiration after acute injection of D7 (50-

3.125 ÕM). i) injection of recombinant perfringolysin rPFO 1nM ii) injection of pyruvate cocktail for a treatment 

concentration of 5mM sodium pyruvate, 0.5mM malic acid, 2mM sodium dichloroacetate. iii) injection of treatment 

or DMSO. iv) injection of FCCP. B: maximum respiration from pyruvate of DMSO control and D7 treated groups. C: 

oxygen consumption rates (OCR (pmol/min)) vs. time representing pyruvate driven respiration rescue after acute 

injection of D7 (50-3.125 ÕM). i) injection of recombinant perfringolysin rPFO 1nM ii) injection of pyruvate cocktail 

for a treatment concentration of 5mM sodium pyruvate, 0.5mM malic acid, 2mM sodium dichloroacetate, and 20mM 

methyl pyruvate. iii) injection of treatment or DMSO. iv) injection of FCCP. D: maximal respiration of DMSO control 

and D7 treated groups in the presence of methyl pyruvate. Results are representative of 1 biological replicate Ñ SEM 
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with 5 technical replicates per biological replicate. Statistical analysis was carried out via Dunnettôs one-way ANOVA 

compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

1.15 Effects of D7 on glutamate and succinate derived respiration: Seahorse XFe96-based 

substrate specific assays 

We have demonstrated that D7 inhibits the pyruvate derived respiration and is involved in 

the uptake of pyruvate into the mitochondria. We also wanted to explore the effect of D7 on 

differing substrate oxidation, specifically glutamate and succinate. Pyruvate and glutamate 

oxidation provides NADH reducing equivalents that can be utilized by complex I. Succinate 

provides FADH2 reducing equivalence to complex II. Thus glutamate, succinate, and pyruvate are 

implicated in oxidative phosphorylation and studying D7ôs effect on the oxidation of these 

substrates will help solidify D7ôs mechanism of action. In this regard glutamate and succinate 

driven respiration assays were employed.  For these experiments, cells were permeabilized at the 

start of OCR data acquisition, followed by injection of substrate cocktail, treatment, and finally 

FCCP to stimulate maximal respiration. The glutamate driven respiration assay substrate cocktail 

contained glutamate, malate, and DCA. The succinate driven respiration assay substrate cocktail 

contained succinate and rotenone. Electrons from complex II can be shuttled to complex I to fuel 

oxidative phosphorylation so rotenone was added to prevent contribution from complex I as 

rotenone is a complex I inhibitor. On 4T1 cells, treatment of D7 caused no acute decrease in OCR 

for both the glutamate (Figure 1.18.A) and succinate (Figure 1.18.C) driven respiration assays. 

Additionally, after FCCP injection, there were no significant changes in maximal respiration 

compared to control for both assays (Figure 1.18.B and 1.18D).  
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Figure 1.18: Glutamate and succinate substrate driven respiration on 4T1 cells. A: oxygen consumption rates (OCR 

(pmol/min)) vs. time representing glutamate driven respiration after acute injection of D7 (50-3.125 ÕM). i) injection 

of recombinant perfringolysin rPFO 1nM ii) injection of glutamate substrate cocktail for a treatment concentration of 

10 mM glutamate, 0.5 mM malate, 2 mM DCA. iii) injection of treatment or DMSO. iv) injection of FCCP. B: 

maximum glutamate driven respiration of DMSO control and D7 treated groups. C: oxygen consumption rates (OCR 

(pmol/min)) vs. time representing succinate driven respiration of DMSO and after treatment of D7 (50-3.125 ÕM). i) 

injection of recombinant perfringolysin rPFO 1nM ii) injection of succinate substrate cocktail for a treatment 

concentration of 10 mM succinate, 2 ÕM rotenone. iii) injection of treatment or DMSO. iv) injection of FCCP. D: 

maximal succinate driven respiration of DMSO control and D7 treated groups. Results are representative of 1 
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biological replicate Ñ SEM with 5 technical replicates per biological replicate. Statistical analysis was carried out via 

Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 Against MDA-MB-231, D7 caused no significant acute decrease in OCR for both 

glutamate (Figure 1.19.A) and succinate (Figure 1.19.C) driven respiration assays. Upon 

stimulation of maximal respiration from FCCP injection, there was a significant increase in 

glutamate maximal respiration compared to control in D7 treated groups (Figure 1.19.B). There 

was not a significant difference in succinate driven maximal respiration for D7 treated groups 

(Figure 1.19.D). The results of these Seahorse XFe Bioanalyzer assays involving substrate driven 

respiration and respiratory rescue show that D7 is an acute, potent, specific inhibitor of MPC 

activity. 
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Figure 1.19: Glutamate and succinate substrate driven respiration on MDA-MB-231 cells. A: oxygen consumption 

rates (OCR (pmol/min)) vs. time representing glutamate driven respiration after acute injection of D7 (50-3.125 ÕM). 

i) injection of recombinant perfringolysin rPFO 1nM ii) injection of glutamate substrate cocktail for a treatment 

concentration of 10 mM glutamate, 0.5 mM malate, 2 mM DCA. iii) injection of treatment or DMSO. iv) injection of 

FCCP. B: maximum glutamate driven respiration of DMSO control and D7 treated groups. C: oxygen consumption 

rates (OCR (pmol/min)) vs. time representing succinate driven respiration of DMSO and after treatment of D7 (50-

3.125 ÕM). i) injection of recombinant perfringolysin rPFO 1nM ii) injection of succinate substrate cocktail for a 

treatment concentration of 10 mM succinate, 2 ÕM rotenone. iii) injection of treatment or DMSO. iv) injection of 

FCCP. D: maximal succinate driven respiration of DMSO control and D7 treated groups. Results are representative 
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of 1 biological replicate Ñ SEM with 5 technical replicates per biological replicate. Statistical analysis was carried out 

via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

1.16 Initial in vivo evaluation of D7: maximum tolerated dose, pharmacokinetics. 

Encouraged by our results determining D7 to be a potent specific inhibitor of MPC activity, 

we wanted to further develop it by carrying out in vivo studies. We first determined the 

pharmacokinetic parameters of D7 in BALB/c mice. Using three mice per time point, plasma 

samples were collected after IV treatment of 1 mg/kg and PO treatment of 5 mg/kg of D7 in both 

male and female mice (Figure 1.20A&B). Using this data, pharmacokinetic parameters such as 

half-life (t1/2), Tmax, Cmax, apparent volume distribution at steady state (Vss), clearance (CL), and 

bioavailability using Pheonix WinNolin 7.0 in a noncompartmental analysis method. IV dosing 

allows for analysis under the assumption of total systemic absorption (Table 1.2). Under this 

assumption it was found that D7 has a t1/2 of 3.15 and 3.65 hours with CL of 26.61 mL/min/kg and 

34.30 mL/min/kg in female and male mice respectively. D7 was found to have Vss of 6.92 L/kg in 

female mice and 10.24 L/kg in male mice. Volumes of distribution above 5 L/kg are considered 

medically to be high values, indicating that D7 has a high Vss in both male and female mice and 

may have a likelihood to leave plasma and distribute into tissues.177 However, with a 

noncompartmental analysis method, the tissue specific accumulation of D7 is not known at this 

time. In oral dosing of D7, the t1/2 was found to be 4.41 and 4.04 hours in female and male mice 

respectively. Additionally, the bioavailability was found to be 124.7% and 123.8% in female and 

male mice respectfully (Table 1.2). It is not possible to obtain a bioavailability over 100%, 

however, we can extrapolate these values to mean that D7 has close to 100% bioavailability. 
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Figure 1.20: Oral and IV dosing plasma concentrations vs time profile of D7. A: Plasma concentration (ng/mL) vs 

time (hr) after IV administration of D7 (1 mg/kg) in female and male BALB/c mice. B: Plasma concentration (ng/mL) 

vs time (hr) after PO administration of D7 (5 mg/kg) in female and male BALB/c mice. Each time point represents 

n=3 mice. D7 concentration was analyzed using LC-MS/MS-25 (TQ6500). 

 

Table 1.2: Noncompartmental pharmacokinetic parameters calculated from concentration vs time data obtained from 

IV (1mg/kg) and PO (5 mg/kg) administration of D7 in BALB/c mice. t1/2 represents half-life, Tmax represents the time 

required to reach maximum plasma concentration, Cmax represents the maximum plasma concentration, Vss represents 

the apparent volume of distribution at steady state, CL represents clearance rate, F represents bioavailability. 

Parameters were calculated by Phoenix WinNonlin 7.0. 

 

After obtaining pharmacokinetic parameters of D7, we carried out a general tolerability 

dose escalation study of D7 via intraperitoneal injection to determine a maximum tolerated dose 
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for future tumor efficacy studies (Figure 1.21). As we did not carry out pharmacodynamic studies 

on D7, we wanted to administer compound through intraperitoneal injection to ensure a large 

systemic absorption of the drug. In this experiment, body weight changes of >10% from the start 

of the study represented a drug burden and was considered a toxic dose. In addition, mice were 

monitored daily for any changes in behavior and grooming to determine if there were any effects 

seen outside of body weight loss. In CD-1 mice, dosing began at 5 mg/kg for 7 days. After 7 days, 

dosing was increased to 6 mg/kg, however at this dose there were acute respiratory effects and 

lethargy observed in the mice deeming it a toxic dose. Therefore, due to no observed behavioral 

changes and normal body weights, 5 mg/kg was considered the maximum tolerated dose via 

intraperitoneal injection (Figure 1.21). 

 

 

Figure 1.21: Maximum tolerated dose of D7 administered intraperitoneally. Body weight (g) ° SEM versus day (7 

days) after treatment with D7 via intraperitoneal injection at 5 mg/kg once daily in healthy CD-1 mice (n=6). No 

significant differences in body weight relative to control were observed. Study was carried out under IACUC protocol 

2211-40546A. 
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 Due to D7 being 100% bioavailable, we also carried out maximum tolerated dose studies 

in healthy SCID mice with oral dosing. SCID mice were administered D7 at 10, 20, 40 mg/kg daily 

in groups of 5 mice for 21 days (Figure 1.22). In this experiment, body weight changes of >10% 

from the start of the study represented a drug burden and was considered a toxic dose. In addition, 

mice were monitored daily for any changes in behavior and grooming to determine if there were 

any effects seen outside of body weight loss. It was found that there were not any significant 

changes in body weight or behavior in all of the treatment groups, therefore 40 mg/kg was 

considered the maximum tolerated dose for oral administration (Figure 1.22). 

 

Figure 1.22: Maximum tolerated dose of D7 administered orally. Body weight (g) ° SEM versus day (21 days) after 

treatment with D7 via oral gavage at 10, 20, and 40 mg/kg once daily in healthy female SCID mice (n=5). No 

significant differences in body weight relative to control were observed. Mice were obtained from Beijing Vital River 

Laboratory Animal Technology Co., Ltd. (Beijing, China) (License No.: SCXK (Beijing) 2021-0006. Animal 

Certificate No.: 110011220106449863) 

1.17 Effect of D7 on 67NR energetics: Seahorse XFe96-based mitochondrial stress test and 

pyruvate driven respiration assay.  
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After determining the maximum tolerated dose, we explored D7ôs effect on tumor 

reduction in a metastatic derived 4T1 syngraft model and a non-metastatically derived isogenic 

67NR syngraft model. In preparation for the 67NR syngraft model a mitochondrial stress test was 

also carried out on 67NR cells with acute treatment of D7 (50-3.125 ÕM) (Figure 1.23). It was 

found that upon treatment with D7, there was an acute dose dependent decrease in OCR (Figure 

1.23.C). Upon injection of oligomycin, it was found that D7 treatment did not significantly alter 

ATP production across all treatment concentrations (Figure 1.23.D). Additionally, treatment with 

D7 had no effect on FCCP stimulated maximal respiration (Figure 1.23.E). The results of this 

experiment indicate that 67NRôs mitochondrial energetics were not significantly affected by D7 

treatment, suggesting that 67NR relies on a non-pyruvate based alternative pathway for 

mitochondrial respiration.

Figure 1.23: Mitochondrial stress test results on 67NR cells with acute treatment of D7 (50-3.125 ÕM). A: Oxygen 
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consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and 

iv) Rotenone and Antimycin A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) 

treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: DOCR after injection of D7 from 

basal OCR indicating acute response. D: DOCR representing mitochondrial ATP production after injection of 

oligomycin. E: Maximal respiration DOCR after FCCP addition. Results are representative of 3 biological replicates 

experiments Ñ SEM with 5 technical replicates per biological replicate. Statistical analysis was carried out via 

Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 To help elucidate if 67NR simply lacks MPC or to characterize D7ôs IC50 on pyruvate 

driven respiration in this cell line, a pyruvate driven respiration assay on 67NR cells was carried 

out with acute injection of D7 (100-6.25 nM)(Figure 1.24). This experiment was identical to those 

carried out in 4T1 and MDA-MB-231 cells. Cells were first treated with compound or DMSO 

control, permeabilized with rPFO, treated with pyruvate substrate cocktail (5mM sodium pyruvate, 

0.5mM malic acid, 2mM DCA, and 0.125ÕM FCCP), and lastly treated with rotenone and 

antimycin A (Figure 1.24.A). After addition of the pyruvate cocktail, cells were stimulated to 

maximally respire via FCCP. As a percentage of the DMSO, D7ôs maximal respiration was plotted 

against log of concentration to generate pyruvate driven respiration inhibition curves. In this 

regard, D7 showed an IC50 value of 17.8Ñ6.0 nM in permeabilized 67NR cells (Figure 1.24.B). 
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Figure 1.24: Pyruvate driven respiration profiles and IC50 values of D7 against 67NR cells. A: Representative 

pyruvate driven oxygen consumption rates (OCR (pmol/min)) vs. time after acute injection of D7 (100-6.25 nM) in 

67NR cells. i) injection of treatment or DMSO ii) injection of recombinant perfringolysin rPFO 1nM  iii) injection of 

pyruvate cocktail for a treatment concentration of 5mM sodium pyruvate, 0.5mM malic acid, 2mM sodium 

dichloroacetate, and 0.125ÕM FCCP  iv) injection of rotenone and antimycin A for a final concentration of 0.5ÕM 

each. B: Representative %OCR after D7 treatment compared to DMSO plotted against log of D7 concentration. Each 

data point is representative of n=5 technical replicates. Pyruvate driven respiration IC50 valueÑSEM (nM) after a 

minimum of 3 biological replicates. 

1.18 In vivo efficacy of D7 in isogenic models: 67NR and 4T1 syngrafts. 

Excited by the similar pyruvate driven respiration IC50 values for D7 against both 67NR 

and 4T1 cells, a syngraft model of each was carried out. For the 67NR model, 500,000 67NR cells 

in a 1:1 solution of matrigel and PBS for a total volume of 0.1 mL were administered into the flank 

of BALB/c mice (Figure 1.25). Tumors were allowed to grow until they were ~100mm3 and 

randomly grouped. At that time, D7 was administered 5 mg/kg intraperitoneally once daily for 14 

days. After 14 days, there was a ~79% reduction in tumor volume in D7 groups as compared to 

vehicle treated (Figure 1.25.A). At the end of the study, tumors were resected, and tumor mass 
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was recorded. Compared to vehicle control, D7 was found to reduce tumor mass by ~71% (Figure 

1.25.B). Mouse body weights remained stable during the 14-day treatment period (Figure 1.25.C).  

Figure 1.25: 67NR flank syngraft model. A: 67NR flank model tumor volume ° SEM in BALB/c mice (n=6) over a 

14 day treatment period. D7 was administered intraperitoneally at 5 mg/kg daily. Treatment began after tumors reached 

an average volume of 150mm3. Tumor volume was found to be significantly reduced by ~79%. B: Mean tumor mass 

of vehicle and D7 treated mice after tumor resection showing a ~71% reduction in tumor mass. C: mean mouse mass 

° SEM in BALB/c mice (n=6) over a 14 day treatment period with treatment of D7 5 mg/kg daily. Study was carried 

out under IACUC protocol 2106-39167A. Statistical analysis was carried out via Mann-Whitney U test (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 

 Encouraged by the significant tumor volume reduction in the 67NR tumor model, we also 

explored D7ôs effect on a metastatic tumor model. In this regard, we carried out a 4T1 syngraft 

mouse model (Figure 1.26). For this experiment, 0.1 mL was injected into the flanks of BALB/c 

mice with a 1:1 mixture of Matrigel and PBS containing 12,500 cells/mouse. After tumors reached 

50 mm3, mice were randomly placed into groups. D7 was then administered as a 10% DMSO/water 

solution at 5 mg/kg daily for 11 days. After 11 days, vehicle control mice began to ulcerate so mice 

were sacrificed, and tumors were resected. After 11 days of treatment, it was found that D7 treated 

mice saw a ~20% reduction in tumor volume compared to vehicle treated control (Figure 1.26.A). 

After tumor resection it was found that D7 treated groups caused a ~41% reduction by mass when 
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compared to vehicle treated control (Figure 1.26.B). As with the 67NR syngraft, mice weights 

remained constant throughout the duration of the study (Figure 1.26.C). 

Figure 1.26: 4T1 flank syngraft model. A: 4T1flank model tumor volume ° SEM in BALB/c mice (n=6) over a 11 

day treatment period. D7 was administered intraperitoneally at 5 mg/kg daily. Treatment began after tumors reached 

an average volume of 50mm3. B: Mean tumor mass of vehicle and D7 treated mice after tumor resection showing a 

~41% reduction in tumor mass. C: Mean mouse mass ° SEM in BALB/c mice (n=6) over a 11 day treatment period 

with treatment of D7 5 mg/kg daily. Study was carried out under IACUC protocol 2106-39167A. Statistical analysis 

was carried out via Mann-Whitney U test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

1.19 Discussion 

 In summary, D7 tris base salt was synthesized in seven steps starting from 3-aminophenol 

and was characterized via 1H and 13C NMR and ESI mass spectrometry. With pure material in 

hand, D7 was assessed for its cell proliferation inhibition via MTT and SRB assays. Against 67NR, 

D7 was found to have an EC50 of 48.0Ñ4.3 ÕM (MTT) and 94.7Ñ12.9 ÕM (SRB), respectively. 

Against 4T1, D7 was found to have an EC50 of 23.4Ñ4.9 ÕM and 67.9Ñ7.3 ÕM evaluated with 

MTT and SRB assay respectively. Against MDA-MB-231, D7 elicited no cytotoxicity with an 

EC50 of >1,000 ÕM for both MTT and SRB assays. 4T1 is more dependent on OxPhos for its ATP 
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production and expresses MCT1 which imports lactate (Figure 1.9). Due to this, 4T1 would flux 

glycolytically derived pyruvate or imported lactate derived pyruvate into the mitochondria. 

Inhibition of MPC by D7 would inhibit the mitochondrial flux of pyruvate, inducing a bioenergetic 

stress demonstrated by the increased potency of D7 against 4T1. MDA-MB-231 is a more 

glycolytic cell line with MCT4 expression which exports lactate (Figure 1.9). Therefore, inhibition 

of MPC by D7 would not greatly affect MDA-MB-231ôs cellular bioenergetics as glycolytically 

derived pyruvate would be converted to lactate for efflux via MCT4. Encouraged by D7ôs ability 

to be selectively cytotoxic towards oxidative energy phenotypes, mitochondrial stress tests were 

carried out in 4T1 and MDA-MB-231 cell lines with acute treatment by D7 as models for the 

effects of our candidate compound in oxidative and glycolytic metabolic phenotypes. 

 The mitochondrial stress test on 4T1 cells found that after acute injection of D7 (50-3.1 

ÕM), there was a dose dependent decrease in OCR. This indicates that upon treatment with D7, 

there is an immediate insult to mitochondrial respiration. After the injection of oligomycin, there 

was a dose dependent decrease in OCR attributed to ATP production in D7 treated groups. 

Oligomycin is an inhibitor of ATP synthase, where decreases in OCR following injection can be 

attributed to ATP production. A dose dependent decrease in OCR coupled to ATP production in D7 

treated groups suggests either that D7 interacts with the electron transfer capability of the 

mitochondria or that oxidizable substrates are being limited in the mitochondria, the latter 

supporting the hypothesis that D7 inhibits MPC. In addition, there was a dose dependent decrease 

in maximal respiration in D7 treated groups after injection of FCCP. It should be noted that in D7 

treated groups there is a dose dependent decrease in ECAR. 4T1 is a MCT1 expressing cell line, 

and if D7 was inhibiting pyruvate flux into the mitochondria there would be an accumulation of 

intracellular lactate and no lactate import. Extracellular acidification rate (ECAR) is a measure of 
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the extracellular rate of change in pH, the source of extracellular protons being largely due to the 

efflux of lactate. The inhibition of ECAR in the 4T1 mitochondrial stress test in D7 treated groups 

suggests that cells are increasing the import of lactate, therefore decreasing the change in 

extracellular pH. We hypothesize that MPC inhibition by D7 should reduce MCT1 mediated lactate 

import due to accumulation of lactate. The increase in lactate import in the presence of D7 could 

be rationalized that in the acute mitochondrial stress test, increased import of lactate is occurring 

as a compensatory mechanism to increase NADH levels. Lactate conversion to pyruvate generates 

NADH, which transfer electrons into the mitochondria for complex I activity through 

NAD+/NADH redox shuttles such as malate-aspartate and glycerol-3-phosphate shuttles.178ï180 In 

addition, the apparent increase in lactate import could be due to cytosolic concentrations being 

lower than the Km of MCT1 (3.5-6 mM102,103), thus it is unanswered whether over time MCT1 

import of lactate would be inhibited. 

 The mitochondrial stress test in MDA-MB-231 cells showed very similar results to the 

mitochondrial stress test on 4T1 cells. After acute injection of D7 (50-3.1 ÕM), there was a 

significant dose dependent decrease in OCR. As seen with 4T1 cells, there was a dose dependent 

decrease in both ATP production and maximal respiration. Unlike with 4T1 cells, there was not a 

dose dependent decrease in ECAR throughout the experiment. This is not a surprising result as 

MDA-MB-231 is an MCT4 expressing cell line. Thus, if D7 was inhibiting pyruvate flux into the 

mitochondria, cytosolic pyruvate could be reduced to lactate and accumulation of intracellular 

lactate would be attenuated by MCT4 efflux. If there was an accumulation of lactate in MDA-MB-

231, one might expect an increase in ECAR after treatment with D7. However, MDA-MB-231 is 

mainly glycolytic in its metabolism (Figure 1.9), therefore inhibition of mitochondrial pyruvate 
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flux may decrease mitochondrial oxidation (acute decrease OCR) but would not significantly drive 

glycolytic changes. 

 To assess the effect of D7 on glycolysis, a glycolysis stress test was carried out on 4T1 and 

MDA-MB-231 cells. In the glycolysis stress test on MDA-MB-231 cells, glycolysis was decreased 

at higher concentrations of D7 (25ÕM and 50ÕM). In a similar fashion, glycolytic capacity and 

glycolytic reserve were inhibited at 25 and 50 ÕM of D7. Glycolytic capacity is a measure of total 

glycolysis that can occur in a cell. Glycolytic reserve is a measure of how much a cell can increase 

glycolysis from basal levels in response to mitochondrial ATP synthase inhibition (oligomycin). If 

D7 was inhibiting pyruvate flux into the mitochondria, one would expect a subsequent increase in 

cytosolic lactate concentrations. In addition, this inhibition would perturb the normal amount of 

oxidation occurring in the mitochondria and by proxy the amount of mitochondrial ATP 

production, driving compensatory glycolysis. Increased cytosolic lactate has an inhibitory effect 

on glycolytic enzymes as a feedback mechanism. Consistent with this, there was a decrease in 

glycolysis at higher concentrations of D7. MDA-MB-231 does not rely heavily on OxPhos for 

energy production, therefore pyruvate flux into the mitochondria may not be a means of significant 

energy production but a means of lowering cytosolic lactate concentrations. The decrease in 

glycolysis would support the notion that inhibition of mitochondrial pyruvate flux would increase 

cytosolic lactate concentrations and negatively feedback inhibit rate limiting glycolytic enzymes 

hexokinase and phosphofructokinase (as previously mentioned).80,81 This notion is further 

supported by the decrease in glycolytic reserve, which suggests that there was a shift towards 

increased glycolytic metabolism forcing glycolytic reserves to be utilized independent of the 

inhibition of ATP-synthase with oligomycin. Increases in glycolytic reserve resulted in total 

glycolytic capacity to decrease, also supporting our claims that lactate is negatively feedback-
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inhibiting glycolysis. This glycolysis stress test was an acute experiment so it is unclear from these 

results whether lactate export mediated by MCT4 would attenuate the decrease in glycolysis, 

glycolytic capacity, and glycolytic reserves.  

 The glycolytic stress test on 4T1 cells showed a similar response to D7 treatment as with 

MDA-MB-231. In D7 treated groups, there was a dose dependent decrease in glycolytic reserve 

and glycolytic capacity. There was, however, an increase in glycolysis in D7 treated groups with 

4T1 cells. Being that 4T1 cells rely predominantly on OxPhos for their energetic needs, it is 

expected that loss of mitochondrial pyruvate flux in a more OxPhos dependent cell line would lead 

to a larger increase in compensatory glycolysis to attenuate the loss of mitochondrial ATP. The 

decrease in glycolytic reserve supports that 4T1 cells were shifting to compensatory glycolysis 

whereas the decrease in glycolytic capacity supports that increased cytosolic lactate concentrations 

would negatively feedback inhibit the extent of glycolysis increase.  

 To further elucidate MPC inhibition as the mechanism of action of D7, we carried out 

lactate accumulation studies to observe the downstream effects of cytosolic pyruvate increase from 

MPC inhibition. This study was performed outside the time frame of the glycolysis stress test to 

gain insight into the unanswered inhibitory effects of D7 on glycolysis and glycolytic capacity. 

MDA-MB-231 and 4T1 cells were treated with D7 for 24 hours, lysed and their lactate 

concentration was determined by comparison to a lactate standard curve. It was found that there 

was a significant accumulation of lactate in 4T1 cells, whereas in MDA-MB-231 cells, there was 

not a significant accumulation of lactate. This supports that MCT4 in MDA-MB-231 would 

attenuate lactate accumulation and could prevent negative feedback inhibition of glycolysis over 

time. In addition, MCT1 which is predominantly involved in lactate import, does not attenuate 

lactate accumulation and could increase negative feedback inhibition of glycolysis. It is clear from 
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this experiment that D7 affects intracellular lactate accumulation in an MCT1 dependent fashion, 

and we hypothesized that this accumulation is a byproduct of loss of mitochondrial pyruvate flux 

via MPC inhibition. 

 To further support the hypothesis that D7 is a MPC inhibitor, we carried out a substrate-

controlled pyruvate driven respiration Seahorse XFe Bioanalyzer experiment in permeabilized 

MDA-MB-231 and 4T1 cells. In this experiment, measurements in OCR were taken in nutrient 

free MAS buffer followed by subsequent injection with inhibitor/DMSO, rPFO permeabilizer, and 

a pyruvate substrate cocktail (5 mM sodium pyruvate, 0.5 mM malic acid, 2 mM sodium 

dichloroacetate, 0.125 ÕM FCCP). Malic acid was added the substrate cocktail to maintain TCA 

substrate levels so that during the acute experiment there were no rate limitations on substrate 

levels or redox imbalance. Sodium dichloroacetate (DCA) was added to the substrate cocktail as 

an inhibitor of pyruvate dehydrogenase kinase (PDK) as increased levels of acetyl-CoA will 

activate PDK to phosphorylate and downregulate pyruvate dehydrogenase activity (PDH). In this 

regard, we could induce maximal mitochondrial respiration by uncoupler FCCP wherein the 

oxidizable substrate to fuel mitochondrial OCR would be due to pyruvate flux and therefore be a 

measure of MPC activity. Cells were treated with D7 in a dose dependent fashion with the maximal 

respiration OCR taken as a percent of the DMSO control maximal respiration OCR and plotted 

against log of concentration to generate IC50 values of pyruvate driven respiration. It was found 

that D7 has an IC50 of 80.01Ñ1.04 nM and 14.4Ñ0.5 nM against MDA-MB-231 and 4T1 

respectively. This data shows that D7 is capable of inhibiting mitochondrial pyruvate influx and 

supports the hypothesis that D7 is acting as an inhibitor of MPC.  

 As a validation experiment for D7ôs ability to inhibit pyruvate driven respiration, we 

performed a respiratory rescue experiment in MDA-MB-231 and 4T1 cells. In this experiment, 
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cells were plated in nutrient free MAS buffer, permeabilized by rPFO, given pyruvate substrate 

cocktail (as previously described) or pyruvate rescue substrate cocktail, followed by D7 or DMSO 

control and lastly FCCP to stimulate maximal respiration. The pyruvate rescue substrate cocktail 

is the same as the pyruvate cocktail with the addition of methyl pyruvate. Methyl pyruvate can 

diffuse across the inner mitochondrial membrane where it is then subjected to esterase activity to 

release pyruvate. In D7 treated cells at concentrations 10X larger than the pyruvate driven 

respiration experiment, it was found that methyl pyruvate was able to rescue D7 mediated 

inhibition of OCR. This experiment shows that substrate bypass of MPC transport in the presence 

of inhibitor can rescue respiration in both MDA-MB-231 and 4T1 cells, further supporting that D7 

is acting as an MPC inhibitor. 

 Cancer cells can adapt their metabolism to utilize glutamine and succinate (a TCA cycle 

and potential glutamate byproduct) as metabolic fuels to drive growth and promote 

tumorigenesis.181,182 Glutamine can enter the mitochondria through an SLC1A5 mitochondrial 

variant, get converted to glutamate and directly enter the TCA cycle through conversion to aKG 

and generation of NADH. Succinate can be produced by SDS catalyzed transformation of 

succinyl-CoA in the TCA cycle. In addition, succinate can be produced from first the 

transamination of gamma-aminobutyric acid (GABA) with aKG to form glutamate and succinate 

semialdehyde. Succinate semialdehyde dehydrogenase can then catalyze the dehydrogenation of 

succinate semialdehyde to succinate.183  

Mitochondrial oxygen consumption is dependent on electron transfer through the ETC 

complexes. With some of the fate of mitochondrial glutamine metabolism into the TCA cycle 

leading to the generation of glutamate (NADH producing) and succinate (FADH2 producing), we 

assessed if D7 was involved in the perturbation of glutamine/succinate derived reducing 
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equivalents. In this regard, we carried out substrate-controlled glutamate and succinate driven 

respiration experiments in permeabilized MDA-MB-231 and 4T1 cells. These experiments 

involved first permeabilizing cells with rPFO, injecting either glutamate or succinate substrate 

cocktails followed by D7 or DMSO, and finally FCCP to stimulate maximal respiration. The 

glutamate substrate cocktail contained glutamate as a main substrate, malate to prevent acute 

depletion of TCA cycle intermediates, and DCA to prevent inhibition of acetyl-CoA synthesis. The 

succinate cocktail contained succinate as a main substrate and rotenone. Rotenone was included 

in the succinate cocktail as it is a complex I inhibitor and would therefore prevent NADH derived 

electron transfer to the ETC, leaving only FADH2 derived electrons for generation of OCR. After 

treatment with compounds in 4T1 cells, it was found that D7 did not inhibit maximal respiration 

in either the glutamate or succinate derived respiration experiments. In MDA-MB-231 cells, there 

was a slight increase in glutamate derived respiration in D7 treated groups but no change in 

succinate derived respiration after D7 treatment. The increase MDA-MB-231ôs glutamate derived 

respiration could be due to an energy crisis in D7 treated groups overly relying on glutamate 

derived NADH as a compensatory mechanism that would not be seen in DMSO control groups. 

However, overall, there was not an inhibition in respiration derived from glutamate or succinate, 

further supporting that D7 is involved in mitochondrial pyruvate influx via MPC inhibition.  

Encouraged by our results determining D7 to be a potent specific inhibitor of MPC 

pyruvate import in 4T1 and MDA-MB-231 cells, we further developed it by carrying out in vivo 

studies. We first determined the pharmacokinetic parameters of D7 in BALB/c mice after PO and 

IV dosing using a noncompartmental analysis method. IV dosing found that D7 has a t1/2 of 3.15 

and 3.65 hours with CL of 26.61 mL/min/kg and 34.30 mL/min/kg in female and male mice 

respectively. D7 was found to have Vss of 6.92 L/kg in female mice and 10.24 L/kg in male mice. 
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High volumes of distribution >5 L/kg indicate that D7 has a high Vss in both male and female mice 

and may have a likelihood to leave plasma and distribute into tissues.177 However, with a 

noncompartmental analysis method, the tissue specific accumulation of D7 is not known at this 

time. In oral dosing of D7, the t1/2 was found to be 4.41 and 4.04 hours in female and male mice 

respectively. Additionally, the bioavailability was found to be 124.7% and 123.8% in female and 

male mice respectfully (Table 1.2). It is not possible to obtain a bioavailability over 100%, 

however, we can extrapolate these values to mean that D7 has near complete bioavailability. These 

results indicate that D7 is not rapidly cleared, has a large volume of distribution, and high 

bioavailability making D7 a good candidate for future in vivo evaluation.  

After obtaining pharmacokinetic parameters of D7, we carried out a general tolerability 

dose escalation study of D7 via intraperitoneal injection to determine a maximum tolerated dose 

for future tumor efficacy studies. As we did not carry out pharmacodynamic studies on D7, we 

administered compound through intraperitoneal injection to ensure a better systemic absorption of 

the drug. From this study, it was determined that due to no observed behavioral changes and normal 

body weights after 7 days, 5 mg/kg was considered the maximum tolerated dose via intraperitoneal 

injection of D7. Due to D7 being ~100% bioavailable, we also carried out maximum tolerated dose 

studies in healthy SCID mice with oral dosing. SCID mice were administered D7 at 10, 20, 40 

mg/kg daily in groups of 5 mice for 21 days. It was found that there were not any significant 

changes in body weight or behavior in all the treatment groups, therefore 40 mg/kg was considered 

the maximum tolerated dose for oral administration.  

After determining the maximum tolerated dose, we explored D7ôs effect on tumor reduction in two 

isogenic models, a 67NR syngraft and a 4T1 syngraft. 67NR is a nonmetastatic murine cancer cell 

line and 4T1 is a metastatic murine cancer cell line, both derived from the same mouse. In 
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preparation for our 67NR model, we also characterized the effects of D7 in vitro via a 

mitochondrial stress test and a pyruvate driven respiration assay.  

The mitochondrial stress test on 67NR found that upon acute injection of D7 (50-3.1ÕM), 

there was a dose dependent acute decrease in OCR. However, ATP production and maximal 

respiration were unchanged in D7 treated groups as compared to DMSO. In addition, there was 

not a significant change in ECAR during the experiment. This indicates that pyruvate metabolism 

may be limited in 67NR and may pursue alternative metabolic pathways for mitochondrial 

energetics such as glutamine metabolism. We have already demonstrated that D7 does not perturb 

glutamine metabolism in two cell line models, which would support a lack of mitochondrial stress 

from D7 treatment in 67NR if glutamine was a main metabolite. To determine if 67NR lacked 

MPC and to characterize D7ôs pyruvate driven respiration potency on this cell line, we carried out 

a pyruvate driven respiration assay in permeabilized 67NR cells. In the pyruvate driven respiration 

assay, it was found that 67NR had an IC50 value of 17.8Ñ6.0 nM. There was a minimal response to 

D7 during the mitochondrial stress test which utilizes media containing glucose, pyruvate, and 

glutamine. Under nutrient available conditions such as these it appears that 67NR does not rely 

heavily on pyruvate import for mitochondrial respiration. However, under limited nutrient 

conditions, such as those in the pyruvate driven respiration assay where pyruvate is at saturating 

levels, D7 was able to potently prevent pyruvate flux into the mitochondria in a dose dependent 

fashion. The metabolic differences between nonmetastatic 67NR and metastatic 4T1 have been 

characterized by multiple groups. It was found that 4T1 undergoes significantly higher basal levels 

of glycolysis, oxidative phosphorylation, and glutamine metabolism.184ï186 In addition, it was 

found that 4T1 cells were able to shift metabolism more easily between glycolysis and oxidative 

phosphorylation in response to nutrient deprivation as compared to 67NR cells. 184ï186 67NR cells 
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were found to not only have a lower overall TCA cycle flux, but an incomplete TCA cycle evidence 

by an accumulation of succinate.186 This variation in metabolism could contribute to the lack of 

mitochondrial stress test response seen in 67NR cells to D7 treatment, as inhibiting pyruvate flux 

into an already lower functioning mitochondrial would not be expected to cause a pronounced 

effect on mitochondrial derived energetics, further supporting that 67NR relies on alternative fuels 

sources for mitochondrial respiration. 

For the 67NR model, D7 was administered 5 mg/kg intraperitoneally once daily for 14 

days. After 14 days, there was a ~79% reduction in tumor volume in D7 groups as compared to 

vehicle treated. At the end of the study, tumors were resected, and tumor mass was recorded. 

Compared to vehicle control, D7 was found to reduce tumor mass by ~71%. Mouse body weights 

remained stable during the 14-day treatment period. In the 4T1 model, D7 was then administered 

as a 10% DMSO/water solution at 5 mg/kg daily for 11 days. After 11 days, vehicle control mice 

began to ulcerate so mice were sacrificed, and tumors were resected. After 11 days of treatment, it 

was found that D7 treated mice saw a ~20% reduction in tumor volume compared to vehicle treated 

control. After tumor resection it was found that D7 treated groups caused a ~41% reduction by 

mass when compared to vehicle treated control. The contrast of efficacy in the in vivo models as 

compared to the in vitro response could be due to differences in metabolic plasticity and tumor 

vascularization. Immunohistochemistry was carried out on tumor cross sections of resected tumors 

from 67NR and 4T1 syngrafts by two different groups. 4T1 was found to be poorly vascularized 

with large regions of hypoxia and necrosis as compared to 67NR.187,188 In addition, there was 

differential gene expression of hypoxia related genes in 4T1 compared to 67NR. 187 While not 

determined in our study, the large increase in hypoxic regions in the 4T1 model, which have been 

shown to undergo a more glycolytic metabolism, would be less sensitive to mitochondrial MPC 
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inhibition. The increased perfusion of the 67NR model would allow for increased utilization of 

mitochondrial respiration due to oxygen availability and could render the 67NR tumor model more 

sensitive to inhibition of MPC in vivo. 

1.20 Conclusion 

Overall, our work supports D7 as a potent inhibitor of MPC. D7 was shown to prevent 

pyruvate flux into the mitochondria in a dose dependent fashion in both MDA-MB-231 and 4T1 

cells. At larger inhibitory concentrations of D7, methyl pyruvate can recover mitochondrial 

respiration further supporting that mitochondrial pyruvate was being inhibited. Prolonged 

exposure to D7 caused lactate accumulation in an MCT1 dependent fashion. The loss of 

mitochondrial respiration was found not to be involved in glutamine derived NADH or FADH2, 

suggesting that D7 was not reducing respiration via glutamine metabolism of ETC complex 

inhibition. Further preclinical development of D7 in animal models has demonstrated that it was 

well tolerated via IP or PO administration at 5 mg/kg or 40 mg/kg respectively. It was found that 

D7 has an average half-life of ~3.8hrs dosed via IV or PO in both male and female mice. D7 was 

found to have a large volume of distribution and to be ~100% orally bioavailable. D7 was also 

shown to elicit in vivo efficacy in a 67NR and 4T1 syngraft model, with tumor volume reduction 

of 79% and 20% respectively. After resection of tumors D7 was found to reduce tumor mass by 

71% and 41% in the 67NR and 4T1 models respectively. This highlights D7ôs capability for future 

development as an anticancer agent targeting metabolism via MPC inhibition. From this work 

there is evidence that D7 may show increased potency in MCT1 expressing cancer contexts. 

However, D7 was still able to modulate metabolism in the MCT4 expressing cancers suggesting 

that itôs therapeutic use may have clinical relevance when utilized with other metabolic inhibitors 

such as MCT4 inhibitors. 
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 The data presented here demonstrated that through inhibition of mitochondrial pyruvate 

flux, D7 was able to inhibit tumor growth in vivo. Our in vitro work demonstrated compensatory 

bioenergetic mechanisms increasing to account for loss of mitochondrial pyruvate flux. The 

reduction in tumor growth indicates that these compensatory bioenergetic mechanisms are not 

sufficient to rescue tumor growth. This indicates that aside from D7ôs acute inhibitory effects on 

bioenergetics and redox, there could be some changes in oncogenic nutrient sensing pathways such 

as AMPK or mTOR, perturbing intratumor metabolic crosstalk. Perturbations of these nutrient 

sensing pathways have been found in vitro after inhibition of MPC with thiazolidinediones.189ï191 

Inhibition of MPC has also been shown to decrease pyruvate (glucose) derived acetyl-CoA 

levels.192 This decrease of pyruvate (glucose) derived acetyl-CoA has been shown to cause 

increases in compensatory acetyl-CoA pathways such as glutamine and fatty acid oxidation, 

leading to elevated total acetyl-CoA levels.193ï195 Acetyl-CoA is implicated in histone acetylation, 

and thus MPC inhibition may have downstream effects on global epigenetic programs.  Thus, MPC 

inhibition can be further investigated into the modulation of nutrient sensing, along with genetic 

or epigenetic programs associated with reprogramming proliferative signaling. 

Chapter 2.0 Repurposing FDA Approved Noncancer Drugs Towards Cancer Bioenergetics  

2.1 Mitochondria and membrane potential (DYm) 

As discussed in the previous chapter, mitochondria play a central role in the attainment and 

regulation cell energetics through ATP production and redox replenishing. The mitochondria 

accomplish this by generating an electric potential across its inner mitochondrial membrane. After 

substrate oxidation in the TCA cycle, electron pairs are transferred from NADH to ETC complex 

I, which undergoes a conformational change upon transfer of electrons to coenzyme Q (CoQ) and 

releases 4H+ into the intermembrane space per electron pair. Electron pairs generated in the TCA 
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cycle as FADH2 are transferred to ETC complex II, which does not transfer protons across the 

inner mitochondrial membrane. Complex I and II both transfer their electrons to coenzyme Q. 

Coenzyme Q carries electrons from complex I and complex II from the matrix and 4H+ are released 

into the intermembrane space upon electron pair transfer to complex III. Cytochrome c (Cyt c) will 

then facilitate the transfer of electrons from complex III to complex IV. The transfer of electrons 

to complex IV will cause a conformational change that results in electron transfer to molecular 

oxygen generating water and releasing 2H+ into the intermembrane space.  

Protons are charged and therefore have a voltage electric component along with a chemical 

component. Transfer of protons from the mitochondrial matrix to the intermembrane space 

generates a positive electric potential on the intermembrane space and a negative electric potential 

in the mitochondrial matrix. In addition, the chemical component of transferring protons out of the 

mitochondrial matrix generates a concentration gradient, with a pH of ~7 found outside the matrix 

and a pH ~8 within the mitochondrial matrix.  

These two components of electric potential (DYm) and chemical gradient (DpH) are known 

as the proton motive force, storing a negative Gibbs free energy in the matrix upon transfer of 

protons, which is utilized by ATP synthase to couple that free energy to the generation of ATP.196 

The generation and maintenance of the proton motive force is essential for aerobic respiration to 

take place and generate ATP for the cell. The inner mitochondrial membrane is impermeable to 

many ions allowing for tighter regulation of the proton motive force for ATP synthesis. The 

pumping of protons and generation of the chemical gradient is mainly mediated by the electron 

transport chain complexes, which both utilizes and generates DYm during this process. In the 

following sections, various ways in which mitochondria utilize and regulate DYm will be 
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discussed. Further, the role of DYm in promoting tumor growth will be analyzed illustrating 

potential therapeutic opportunities for this mitochondrial process.  

2.2 Regulation of DYm 

2.2.1 Adenine nucleotide translocator (ANT) and DYm 

The electric potential driving the proton motive force is a critical component in 

mitochondriaôs ability to generate ATP. Previously, how mitochondria utilized the electron 

transport chain to pump protons out of the matrix to generate an electric potential was discussed. 

The proton gradient is intrinsically linked to the generation of the electric membrane potential but 

the DYm is maintained or utilized irrespective of oxidative metabolism, highlighting its important 

biological purpose. In hypoxic conditions, where cells do not undergo respiration but instead 

utilize glycolytic pathways for acquisition of energy, mitochondrial proton efflux activity is 

minimal. Cells under hypoxia still maintain DYm at the expense of ATP. Adenine nucleotide 

translocator (ANT) under normal conditions carries out the exchange of matrix generated ATP for 

ADP. This exchange is reversible and can be carried out to help reduce DYm as ATP carries a -4 

charge and ADP carries a -3 charge. There are four isoforms of ANT denoted as ANT1-4 

respectively with their expression varying with developmental stage and proliferation. ANT1 is 

commonly found in differentiated tissues like heart and skeletal muscle and is the most prevalent 

ANT, ANT2 is found in undifferentiated cells and proliferative tissue such as kidney and liver, 

ANT3 is ubiquitously but lowly expressed, and ANT4 is found specifically in lung and germ line 

tissue. In normal tissues, ANT1 is highly expressed and ANT2 expression is found to be 

downregulated upon cell differentiation but converse to this occurrence in normal tissue, ANT1 is 

downregulated and ANT2 is overexpressed in many cancers.197 These instances usually involve an 
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impaired OxPhos, where glycolysis is the primary energy source. The reverse activity of ANT2 

will exchange glycolytic generated ATP for ADP, where reverse ATP synthase activity will pump 

protons out of the mitochondrial upon hydrolyzing ATP, maintaining DYm. Import of ATP into the 

mitochondrial matrix could serve to prevent feedback inhibition of glycolytic enzymes by high 

ATP concentrations, but evidence has suggested that reverse ANT2 activity has an anti-apoptotic 

effect in cancer cells. ANTs have been found to make up the mitochondrial permeability transition 

pore (MPTP), a pore that opens and allows the flow of small molecules (<1500 daltons) 

downstream of changes in DYm and upstream of cell death via apoptosis or necrosis. In a 1999, 

Bauer et al carried out a gene analysis study to determine genes associated with apoptosis which 

led them to identify ANTs as being implicated. The researchers overexpressed ANT1 and ANT2 

in various cancer cell lines to evaluate their effects on MPTP mediated apoptosis. It was found that 

overexpression of ANT1, led to the formation of the MPTP and stimulated apoptosis. Conversely, 

ANT2 overexpression prevented formation of the MPTP and did not stimulate apoptosis.198 The 

utilization of the reverse ANT2 activity in cancer cells allows for DYm to be maintained/increased 

whereas ANT1 activity of exporting ATP would serve to decrease DYm. Thus, cancer cells can 

mitigate the formation MPTP and apoptosis by maintaining DYm through ANT2. A study in 2008 

by Jang et al found that siRNA inhibition of ANT2 expression in MDA-MB-231 cells lead to 

growth inhibition and apoptosis induction both in vitro and in vivo in a mouse xenograft model.199 

These studies highlight the importance of maintaining DYm in cancer as an anti-apoptosis effect 

and suggest that targeting ANT2 could be a valid anticancer therapy by perturbing DYm regulation. 

The  DYm is regulated or maintained not only at the expense of intracellular ATP but through the 

import of cationic species such as Ca2+, K+, and uncoupling proteins.  
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2.2.2 Ca2+ and DYm 

Signaling via Ca2+ is a critical physiological signaling molecule in all membrane-bound 

organisms and is based on the circulation of Ca2+ between the extracellular space, cytosol, 

endoplasmic reticulum, and mitochondria. The focus of this section will be on the flux of Ca2+ in 

and out of the mitochondria. The import of cytosolic Ca2+ across the outer mitochondrial 

membrane is rather unregulated as the outer mitochondrial membrane contains many voltage-

dependent anion-selective channel proteins (VDACs). These VDACs are responsible for flux of 

various ions, ADP and/or ATP, and other metabolites in a voltage-dependent manner across the 

membrane. The VDACs take on different conformations of open (low transmembrane potential) 

and closed states (high transmembrane potential).  However, Ca2+ can enter the intermembrane 

space in both open and closed conformations, with an even higher transport seen when VDACs 

are in a closed state.200,201 Once inside the intermembrane space, Ca2+ primarily enters the matrix 

through the use of mitochondrial calcium uniporter (MCU) complex.202ï204 MCU is a 

transmembrane pore forming uniporter that interacts with mitochondrial calcium uptake 1 and 2 

(MICU1 and MICU2 respectively). While there is a strong driving force for Ca2+ to enter the 

mitochondrial matrix due to DYm, the MCU complex is highly regulated where import of Ca2+ 

only occurs at high cytosolic Ca2+ levels to prevent excessive influx of Ca2+ without signaling.205 

Influx of Ca2+ into the mitochondrial matrix causes an initial depolarization of the DYm but has 

downstream effects that effectively regain lost DYm. Matrix signaling from Ca2+ have been known 

to activate TCA cycle dehydrogenases such as a-ketoglutarate, isocitrate, and pyruvate 

dehydrogenase.206ï208 This activation of TCA cycle dehydrogenases in turn increases NADH levels 

to push oxidative phosphorylation and the generation of mitochondrial ATP even after the initial 
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Ca2+ signaling has occurred and returned back to basal levels.206,207,209 This effect of mitochondrial 

Ca2+ will in turn allow the mitochondria to begin building up the DYm built up that was previously 

lost. Matrix concentrations of Ca2+ do not continually build and must be returned to the cytosol to 

prevent prolonged depolarization of DYm or initiation of apoptotic pathways. Matrix Ca2+ efflux 

is carried out through either mitochondrial Na+/Ca2+ exchanger (mNCX) where an unequal 

exchange of 3 Na+ for 1Ca2+ occurs typically in excitable tissues such as heart or brain or through 

the mitochondrial H+/Ca2+ exchanger (mHCX) where an equal exchange of 2H+ for Ca2+ occurs in 

less excitable tissues such as liver or kidney.210ï212 To summarize, Ca2+ enters the mitochondria 

after cytosolic concentrations increase, decreasing DYm but serving to stimulate TCA 

dehydrogenases which in turn generates NADH for OxPhos and ATP production, regaining DYm 

in the process. Signaling of Ca2+ in normal cells typically involves short moderate bursts of Ca2+ 

fluxes. Due to genetic mutations, tumor microenvironmental effects, or as an adaptive response, 

the cellular machinery involved in cancer cell Ca2+ signaling undergoes remodeling increasing 

signaling. This remodeling leads to increases in transient Ca2+, extent of Ca2+ release, and capacity 

of Ca2+ release from compartments.213 This has a tumorigenic effect of activating transcription 

pathways to increase cell-cycle progression, increase overall TCA dehydrogenase activity, and 

stimulate proliferation.213 The growth advantages of Ca2+ signaling, specifically those that perturb 

DYm, suggest a potential therapeutic target for anticancer treatment. 

 

2.2.3 K+ and DYm 

As mentioned previously, K+ also plays a role in the maintenance or regulation of DYm. 

There are three major K+ channels found on the inner mitochondrial membrane and are regulated 
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by different signals. There is the mitoKATP which is regulated by ATP levels, mitoBKCa which is 

regulated by Ca2+, and mitoKv1.3 which is regulated by voltage.214 These K+ channels have been 

found to play roles in ROS production, regulation of DYm, and mitochondrial matrix volume214,215; 

regulation of DYm will be the focus in this discussion. While the study of plasma membrane K+ 

channels have been extensively studied, the mitochondrial counterparts have not been fully 

isolated for their molecular structure and therefore isolated studies have not been carried out. 

However, it is thought that influx of K+ is involved in the regulation of DYm and ROS, therefore 

warranting mention. Due to the high metabolic rate in oxidative cancer cells, regulation of DYm 

and ROS are implicated in metabolism and apoptosis resistance. In this regard, inhibitor of Ca2+ 

regulated mitochondrial K+ channel rac-16 was found to reduce oxidative phosphorylation in a K+ 

channel dependent fashion in pancreatic cancer cell line Mia PaCa-2.216 Additionally, TRAM-34 

is another inhibitor of Ca2+ regulated mitochondrial K+ channel which was found to increase ROS 

and induced apoptosis in three melanoma cell lines.217 These studies demonstrated the regulatory 

role of K+ channels in cancer metabolism and regulation of ROS, therefore inhibition of K+ 

channels could be a potential therapeutic target for anticancer treatment. 

2.2.4 Uncoupling proteins and DYm 

DYm can also be regulated through induced proton leak. This process is carried out through 

the uncoupling proteins (UCPs). UCPs are carrier proteins on the inner mitochondrial membrane 

which are part of the mitochondrial solute carrier family 25 (SLC25), functionally a dimer, with 

each monomer containing six transmembrane a-helical regions, three matrix residing hydrophilic 

loops, and N/C termini residing in the inner membrane space.218,219 UCPs uncouple the 

mitochondria from the proton gradient by importing a proton into the matrix, giving off heat.220ï
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224 The first UCP discovered was UCP1, which was found in brown adipose tissue and found to 

play a role in mitochondrial non-shivering thermogenesis. 220ï223 Different homologs of UCP1 such 

as UCP2 and UCP3 have since been found across multiple tissues and expression levels thought 

not to be involved in non-shivering thermogenesis but instead serving regulatory roles. Studies 

have found that UCP2 and UCP3 are involved in regulation of membrane potential after levels of 

ROS have increased.225ï228 Under conditions where there is high membrane potential such as high 

ATP levels, ROS generation is typically increased. After activation from ROS such as superoxide, 

UCPs will import protons, effectively lowering DYm which results in a reduced level of ROS 

generation.225ï228 This shows that UCPs can regulate DYm as a potential protectant effect against 

ROS and oxidative stress. Due to protective role of UCPs against ROS, it is not surprising that 

these proteins would be upregulated in cancer due to cancers high metabolic rate and increased 

production of ROS. A study in 2004 by Horimoto et al. looked at over 100 human colon cancer 

tissue and compared the mRNA and proteins levels of the UCP2 homolog to their peritumoral 

tissue. This group found that UCP2 mRNA and protein level were 3-4-fold higher in the colon 

cancer tissue, supporting their hypothesis that UCP2 was involved in regulating ROS and oxidative 

stress.229 In an effort to explore the potential therapeutic benefit of UCP2 inhibition, a siRNA or 

pharmacologically UCP2 inhibited breast cancer MCF7 model were used by Pons et al. to see the 

potentiating effects on cisplatin treatment.230 Cisplatinôs main cytotoxic effect is through forming 

DNA-adducts but has been shown to have mitochondrial activity with downstream effects of 

increasing mitochondrial ROS and oxidative stress, making it a valid experimental therapy for 

exploring the effects of UCP2 inhibition.231 The effects of cisplatin therapy on the UCP2 inhibited 

model (siRNA or pharmacologically inhibited) resulted in a decrease in cell viability, increased 

ROS production, increased DYm, and autophagy.230 This study demonstrated that UCP2 serve as 
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valid therapeutic targeting to prevent protection of ROS and oxidative stress and potentiate 

mitochondrial acting agents.    

2.3 Mitochondrial dynamics and DYm   

Mitochondria are responsible for a large proportion of cellular energetics. They are not 

singular organelles but are present in the thousands within a cell, taking up a significant portion of 

the cell volume to meet energetic needs. Additionally, mitochondria are dynamic organelles and 

will combine and come apart via processes called fusion and fission respectively. Due to their 

importance in the acquisition of energy there are quality control mechanisms that subject deficient 

or dysfunctional mitochondria to mitophagy. The process of mitophagy is essential to maintain 

healthy mitochondria with sufficient DYm to generate ATP for the cell. Consequently, DYm helps 

drive the fate of individual mitochondrion through their ability to undergo fusion and fission. 232ï

234 Fusion of mitochondria can allow for the exchange of metabolites, proteins and as a response 

to cellular stress to maintain efficient bioenergetic production.235ï237 Fusion events are regulated 

by membrane anchored dynamin GTPases, the outer mitochondrial membrane fusion is regulated 

primarily by mitofusin-1 and 2 (Mfn1 and Mfn2) whereas the inner mitochondrial membrane 

fusion is regulated primarily through optic atrophy type 1 (Opa1). Fission is mediated through the 

recruitment of cytosolic dynamin-related protein 1 (Drp1) to the outer mitochondrial membrane 

where it further stimulates fission proteins and generates a fission event. By experimentally 

tracking mitochondria in fibroblasts, it was found that fusion events stimulate fission, but that 

fusion is not driven by fission events.232 A damaged or dysfunctional, but not depolarized, 

mitochondria may stimulate a fusion event followed by the subsequent fission event producing 

two daughter mitochondria. It was found that most fission events produced a daughter with 

hyperpolarized DYm and another daughter with a depolarized DYm. The depolarized daughter 
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mitochondria were less likely to undergo a subsequent fusion event, and a buildup of depolarized 

mitochondria were observed followed by their compartmentalization and removal.232ï234 A recent 

2019 study by Cho et al. on mitochondrial fission determined that Drp1 recruitment brought about 

localized depolarization of  DYm prior to fission where the subsequent daughter mitochondria were 

either healthy and could regain DYm  or dysfunctional and unable to regain DYm , fating them for 

mitophagy.238 In addition to loss of DYm, prolonged depolarization of mitochondria increases 

proteolytic activity on Opa1, inactivating its ability to carry out subsequent fusion events.239,240 

This provides evidence that DYm serves a regulatory element for mitochondrial fusion/fission 

events and can drive mitophagy in cells.  

In a rapidly proliferating cancer tumor, this requires large amounts of energy and 

components for biomass. Throughout the proliferative process, mitochondrial fission/fusion 

dynamics are important in regulating mitochondrial function to allow for utilization of available 

nutrients and oxygen which can further drive cancers metabolic phenotype. Cancer cells tend to 

be found with increased mitochondrial fission and decreased fusion.241 Being highly proliferative, 

having increased mitochondrial fission allows for a more efficient transfer of mitochondria after 

replication. In healthy cells, mitochondrial fission generally increases in S/G2/M phase of the cell 

cycle to better distribute mitochondria to daughter cells, whereas mitochondrial fusion is found 

increased in the energy consuming G1/S phases.242 In addition to allowing for adequate distribution 

of mitochondria during replication, increased mitochondrial fission helps drive a more glycolytic 

phenotype. Fused mitochondrial networks have a high capacity for oxidative metabolism whereas 

increased mitochondrial fragmentation in cancer generates more polarized mitochondria in a 

dysfunctional manner. As a response to stress, high levels of fragmented mitochondria typically 
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signal mitophagy as a quality control mechanism in healthy cells, but often these proteins are 

downregulated in cancers which can further solidify metabolic phenotype. In fact, downregulation 

of PINK1, a protein involved in the ubiquination pathway of mitophagy, have been shown to have 

tumorigenic effects in glioblastoma by promoting ROS generation, increase HIF-1 stabilization, 

and promote a Warburg metabolism due to dysfunctional mitochondria.243 Although mitophagy is 

dysfunctional in some cancers and downregulation of mitophagy related proteins can promote a 

glycolytic metabolism, mitophagy still occurs in cancer cells as a means to provide protection from 

high ROS levels and to limit the number of mitochondria available to better utilize oxygen in low 

oxygen conditions.244,245 By altering mitochondrial dynamics causing abnormal changes in DYm, 

cancer is able to further drive metabolic phenotypes and highlights the importance of utilizing DYm 

as a therapeutic target for anticancer treatment to hinder cancers bioenergetics.    

2.4 Agents Targeting Mitochondria  

Targeting mitochondria has gained increasing interest as a therapeutic target of cancer since 

deregulating cellular energetics became an important hallmark of cancer due to its importance in 

the synthesis and shuttling of metabolites for bioenergetics and biosynthesis. Due to this increased 

interest, various mitochondria targeted candidate compounds have been explored (Figure 2.1). 

Several of these agents were initially developed as experimental tools only to be later reevaluated 

for their potential as anticancer agents. Some of these agents target mitochondrial metabolic 

enzymes, electron transport chain complexes, uncouple the mitochondria from ATP production, 

and act as regulators to increase or decrease ROS production. Some compounds utilize the charge 

gradient of the mitochondria as a mechanism to deliver chemotherapeutics to mitochondria. The 

following section will review some of these mitochondrial targeting agents. 

2.5 Agents Targeting Electron Transport Chain Complexes 
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Figure 2.1: Inhibitors of electron transport chain complexes. 

 

 

2.5.1 Piericidin A1 
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Originally, discovered in the 1960s as an insecticide isolated from Streptomyces 

mobaraenis, piercidin A1 (piercidin) (Figure 2.1) has been shown to be a mimic of ubiquinone.246ï

248 Piercidin A1 binds to the ubiquinone binding site of complex I and effectively turns off electron 

flow of the ETC and increases production of ROS.246,249 Piercidin has been utilized as a research 

tool to study the effects of complex I inhibition on healthy and pathological cell models.250ï252 Due 

to cancerôs perturbed metabolism, piercidin has been studied as a potential anticancer agent. It was 

found to inhibit mitochondrial oxygen consumption rates and induce cell death at 5 nM 

concentrations against glucose deprived MDA-MB-231.253 Additionally, piercidin was found to 

have IC50 values of 0.4-30 ÕM against a series of renal cell carcinoma cell lines using a cell 

counting kit 8 assay.254    

2.5.2 Metformin 

Metformin (Figure 2.1) is one of the most widely used oral antihyperglycemic agent for 

the treatment of type 2 diabetes.255 Metformin prevents liver gluconeogenesis, prevents glucose 

absorption in the GI tract, and increases insulin sensitivity by stimulation of peripheral glucose 

uptake. Itôs mechanism of action regarding diabetes is multifaceted due to its ability to activate 

AMP-activated protein kinase (AMPK) signaling pathways. Metformin inhibits complex I of the 

ETC chain, preventing mitochondrial ATP production thus in turn increasing cytosolic AMP/ATP 

ratios which activates the AMPK signaling pathway.256 Due to the heightened metabolism of 

mitochondria in cancer and tumor suppressive effect of AMPK pathway, metformin has been 

repurposed as an anticancer agent for its ability to target OxPhos and activate AMPK pathways.257ï

259 Metformin was found to inhibit mitochondrial oxygen consumption in a human colorectal 

carcinoma cell line HCT116 and reduced tumor growth by ~40% in a mouse tumor model given 

at high doses of 250 mg/kg.258 Metformin as an anticancer therapy has received a lot of attention 
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and it has been leveraged as a single agent therapeutic and in combination with other drugs in over 

390 clinical trials.260 While there are still many on-going clinical trials with metformin, its poor 

pharmacokinetic properties requiring the use of large doses have limited its widespread clinical 

adaptation so far.  

2.5.3 Fenofibrate 

Fenofibrate (Figure 2.1) is a potent agonist of peroxisome proliferator-activated receptor 

alpha (PPARa) and has been used for the treatment of hypercholesterolemia and hyperlipidemia 

since 1975.261 Fenofibrate initially received attention towards being repurposed as an anticancer 

agent due to its PPARa agonist activity.262ï264 PPARa was found to be a potential anticancer 

therapeutic target due to its many regulatory roles in glucose/lipid metabolism and homeostasis, 

inflammation, and immune responses.262ï264 In isolated mitochondria from rat skeletal muscle, it 

was found that mitochondrial function was impaired after treatment with fenofibrate through 

inhibition of complex I.265 The effect of fenofibrate on mitochondrial respiration was carried out 

in vitro on human glioblastoma cell line LN-229, where it was determined that 24 hours 

pretreatment with fenofibrate suppressed oxygen consumption rates (OCR) in a Seahorse XFe96 

Bioanalyzer MitoStress test. The pretreatment with fenofibrate on LN-229 rendered the cell line 

insensitive to FCCP stimulus to maximally respire which supports an impaired electron flow 

through the ETC. Acute injection with fenofibrate caused an immediate decrease in OCR and 

subsequent increase in extracellular acidification rate (ECAR) indicating that a compensatory 

increase in glycolysis was occurring after complex I inhibition. 266 Encourage by these results, an 

intracranial tumor xenograft study was carried out using a luciferase tagged glioblastoma model. 

Oral administration of fenofibrate yielded no tumor suppressive effects in vivo due to the 
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metabolism of fenofibrate to the carboxylic acid which has no complex I activity. However direct 

cranial injection of fenofibrate led to an almost 6-fold reduction in tumor growth.266  

2.5.4 Rotenone 

Rotenone (Figure 2.1) is a naturally occurring compound found in roots of various legume 

species.267,268 It has been utilized historically as piscicide by indigenous Polynesian people.269 In 

modern days it has been still used as a piscicide and insecticide but has been banned by the US 

and EU for use on crops and livestock. Rotenone is an inhibitor of complex I of the ETC. In 2000 

it was found that rotenone use was able to reproduce chemical, behavioral, and anatomical 

pathologies consistent with Parkinsonôs disease (PD) to such an extent that it was further utilized 

in mice to model PD.270,271 Since the discovery of rotenoneôs ability to simulate PD, there have 

been additional models in mice, rats, fish, and Drosophila that have been developed to study PD. 

Owing to its ability to inhibit mitochondrial energetics, a hallmark of cancer, rotenone also gained 

some traction to be repurposed as an anticancer agent. 

 Rotenone was assessed as a potential anticancer agent targeting colon cancer. 272 Initially 

the in vitro cytotoxicity was determined via CCK-8 assay on two colon cancer and a non-cancerous 

colon cell lines SW480, SW620, and CRL-1790 respectively. It was determined that the IC50 

values of rotenone against the cancer cell lines were both around 10 ÕM but against the normal 

colon cell line CRL-1790, rotenone remained nontoxic at the screened concentrations. Encouraged 

by this cancer selective response, the effect of rotenone on cell migration and invasion was also 

carried out. It was found that rotenone was successful in reducing cell migration and invasion via 

wound healing assay and transwell invasion assay. Additionally, an in vivo assessment of rotenone 

was carried out using a SW480 xenograft flank tumor model where it was found that rotenone 

reduced tumor volume by ~55%.272  
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 A different group found that rotenone had activity against human estrogen receptor positive 

breast cancer cell line MCF7.273 Initial in vitro screening for cytotoxic properties of rotenone 

against MCF7 found that rotenone had a cytotoxic effect in a time and dose dependent fashion. 

After 24 hours treatment, there appeared to be no cytotoxic effect across all concentrations, but as 

time increased so did the cytotoxic effect of rotenone as assessed via MTT colorimetric assay, 

trypan blue dye exclusion assay, and alamar blue based assay. Ultimately, it was found that 

rotenone had an IC50 value of ~ 5ÕM after 48- and 72-hour treatment.273 As rotenone is a complex 

I inhibitor, it was thought that this inhibition would lead to a buildup of ROS from inefficient 

electron transport and apoptosis would be induced. Indeed, it was found that apoptotic protein Bax 

increased in a time dependent fashion, along with a time dependent decrease in antiapoptotic 

protein Bcl-2. The production of ROS was determined via flow cytometry using a DCF fluorescent 

dye oxidizable in the presence of ROS. It was found that rotenone treatment increased the 

production of ROS after 1 hour, with treatment by an antioxidant N-acetyl cysteine, prevented 

ROS accumulation.273      

2.5.5 Rhein 

Rhein (Figure 2.1) is an anthraquinone derivative first isolated in 1895 from various 

rhubarb species. It is a competitive inhibitor of complex I, uniquely binding to the NADH binding 

sites, as opposed to other inhibitors that typically inhibit the ubiquinone reduction site.274 Rhein 

has been studied for its therapeutic use as an anti-microbial agent275, lipid lowering anti-obesity 

agent276, anti-inflammatory agent277, anti-allergenic agent278, and as an anti-cancer agent279ï282. 

Utilizing a human lung cancer cell line, A-594, rhein was found to cause an increased cytosolic 

Ca2+ concentration due to ER stress, an increase in ROS, drop in Ym, and induced apoptosis via 

cytochrome c release and caspase 3 activation.282   
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2.5.6 Alpha-tocopheryl succinate (a-TOS) 

As a redox neutral succinate ester of vitamin E, a-TOS (Figure 2.1) has been one of the 

leading vitamin E sources due to its increased stability and half-life after esterification.283 a-TOS 

has been found to inhibit complex II of the ETC by inhibiting the ubiquinone binding site thus 

preventing the flow of electrons through the ETC.284 It was found that a-TOS induces apoptosis 

in MCF7 and MDA-MB-453 breast cancer cell lines after accumulation of ROS. When a MCF7 

cell line without mitochondrial DNA and a dysfunctional ETC was utilized, it was found that 

a-TOS did not accumulate as much ROS and apoptosis was reduced.284 Another group found that 

a-TOS induced apoptosis in vitro in a human colorectal cancer cell line HCT116.285 This group 

demonstrated a-TOSôs efficacy in a HCT116 xenograft flank model were a-TOS was 

administered at 200 mM and an 80% tumor reduction was observed.285        

2.5.7 Antimycin A 

Antimycin A (Figure 2.1) is a fungal antibiotic produced by Streptomyces kitazawensis and 

is known to inhibit cytochrome reductase c in complex III, prevents the oxidation of ubiquinol and 

stops the electron flow in the ETC.286,287 Antimycin A has a long history of its use as a piscicide in 

fisheries and has been used as a research tool to study mitochondria function after inhibition of 

complex III such as ROS production, induction of autophagy, and apoptosis.  

 Antimycin A has had some moderate preclinical use as an anticancer agent with one group 

exploring antimycin Aôs effect on cell cycle and apoptosis using human pulmonary 

adenocarcinoma A549 cells.  It was determined that antimycin A was able to reduce cell viability 

via MTT assay to 50% starting at 24 hours from 2-100 ÕM and all tested concentrations resulted 

in only 20% remaining viable. Cell cycle analysis indicated that antimycin A gives rise to a G1 
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arrest and reduces Ym after 72 hours. Using a fluorescent H2DCFDA dye that reacts based on ROS 

levels, it was determined that antimycin A increased ROS in A549 cells from 10-100 ÕM.288 

 Recently, Yu et al.  determined that antimycin A was able to selectively elicit a higher 

antiproliferative effect via MTS assay on oral cancer cell lines CAL-27 and Ca9-22 compared to 

the normal oral cell line HGF-1. The MTS assay, which utilizes the intracellular reduction of a 

tetrazolium-based dye to formazan, that at the screened concentrations of antimycin A, only the 

oral cancer cell lines showed a reduction in viability whereas the HGF-1 was unaffected. To 

determine if the loss of viability was based on ROS, NAC was added to the treatments with 

antimycin A and cell viability was recovered. A comparison of superoxide generation of CAL-27 

and Ca9-22 oral cancer cell lines to noncancerous HGF-1, it was found that antimycin A selectively 

increased superoxide levels and depolarized mitochondrial membranes in the oral cancer cell 

lines.289 

2.5.8 Atovaquone 

Atovaquone (Figure 2.1) is a ubiquinone analog that acts as an inhibitor of complex III of 

the electron transport chain. Atovaquone is FDA approved for the treatment of pneumocystis 

pneumonia caused by Pneumocystis jirovecii parasites and as an antimalarial caused by 

Plasmodium falciparum parasites. In fact, in the early 2000s, atovaquone accounted for over 70% 

of antimalarial travel prescriptions in the US.290 Due to targeting OxPhos through complex III 

inhibition, atovaquone has received some interest for being repurposed as an anticancer agent. 

 Fiorillo et. al. sought to explore the effect of atovaquone on inhibiting growth of estrogen 

receptor positive breast cancer cell line MCF7 and MCF7-derived cancer stem cells. Utilizing 

Seahorse XFe96 Bioanalyzer, a mitochondrial stress assay was carried out and it was determined 

that atovaquone reduced mitochondrial respiration parameters and gave rise to a metabolic 
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phenotype switch from aerobic respiration to glycolysis. This effect was found to be cancer specific 

as the mitochondrial stress test on normal fibroblast hTERT-BJ1 cell line did not affect 

mitochondrial respiration or give rise to a more glycolytic phenotype. Additionally, it was found 

that atovaquone increases ROS levels and depolarized MCF7 mitochondrial membranes. 

Atovaquone was assessed for its ability to reduce MCF7 tumor sphere formation and it was found 

to have an IC50 value of 1 ÕM whereas monoculture treatment gave an IC50 value of 10 ÕM. These 

results suggested that cancer stem cells could be targeted by atovaquone, reducing the ability to 

form tumor spheres. Cancer stem cell populations were considered those that are CD44+/CD23-

low, it was determined through fluorescence-activated cell sorting (FACS) that this population was 

indeed being reduced by atovaquone treatment. These results showed that atovaquone was 

successful at inhibiting mitochondrial respiration, induced a cancer specific switch to a glycolytic 

phenotype, and was ~10 times more potent at targeting cancer stem cells than bulk tumor cells.291  

2.5.9 Resveratrol  

Resveratrol (Figure 2.1) is a naturally occurring stilbenoid compound produced in the skin 

of various berries as a phytoalexin to fight against bacteria or fungus.292 Resveratrol has 

antioxidant properties and mainly is utilized as an over-the-counter supplement, however because 

of its antioxidant properties, it has been utilized as a potential therapeutic agent in cardiovascular 

diseases, aging, neurodegenerative diseases, and for mild inflammation.293ï297   Resveratrol was 

first discovered to have potential anticancer agents in 1997 after various plant extracts were being 

screened for their ability to inhibit cyclooxygenases (COX) enzymes, which are implicated in 

cancer for their ability to increase pro-inflammatory prostaglandin synthesis that can lead to tumor 

cell growth and immune surveillance.298 After isolation and identification of resveratrol from the 

plants extracts, its biological activity drove research towards determining its cellular mechanisms 
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of action. Zini et. al. discovered in isolated rat brain mitochondrial studies that resveratrol as an 

antioxidant was able to scavenge superoxide anions and was found to compete with ubiquinone at 

complex III. 299 This indicates that resveratrol was not only able to scavenge superoxide anions but 

prevent their formation through complex III inhibition. Another study found that resveratrol was 

able to inhibit cell proliferation and induce apoptosis in a human colorectal carcinoma cell line 

HT-29. It was found that upwards of 400 ÕM of resveratrol did not acutely affect cell viability, 

however an IC50 value of ~79 ÕM was found after 72-hour incubation using a SYTOX-green assay. 

300 After 24-hour incubation with resveratrol it was found that caspase-3 was activated followed 

by a decrease in membrane permeability and DNA fragmentation, indicating apoptotic pathways 

were activated. Additionally, it was also found that resveratrol treatment led to an accumulation of 

superoxide anions.300    

2.5.10 Rhodamine 123 

Rhodamine 123 (Figure 2.1) is a mitochondrial accumulating lipophilic cationic 

fluorescent dye commonly used as an experimental tool to observe mitochondrial morphology and 

function. Rhodamine 123 was found to be able to selectively target cancer cells with energized 

mitochondria compared to healthy cells, representing its potential as an anticancer agent.301 

Delocalized lipophilic cations are shown to accumulate in energized mitochondria due to the 

charge gradient across the inner mitochondrial membrane.302,303 Rhodamine 123 was found to 

inhibit the F1 domain of F1F0-ATP synthase in isolated bovine heart mitochondria, yeast 

mitochondria, rat liver mitochondria, and in carcinoma cells.304ï308 Rhodamine 123 entered into 

phase I clinical trials for the treatment of hormone-refractory prostate cancer. However, it did not 

proceed further as the therapeutic effect was not statistically significant at the highest dose.309 
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2.5.11 Oligomycin 

Oligomycin (Figure 2.1) is a macrolide produced in the genus Streptomyces known to 

inhibit the F0 subunit of F1F0-ATP synthase (complex V) of the ETC.310 It has been widely used as 

an experimental tool to study mitochondrial physiology but due to its metabolism based molecular 

target, it has seen some interest as being further developed as an anticancer agent.311ï317 While its 

study as an anticancer agent added to biomedical research by providing insight on cancer cell 

ability to survive OxPhos inhibition, or confirm a switch to glycolysis, its therapeutic potential is 

limited due to its toxicity. Oligomycin was found to have many cardiotoxic effects in rats and was 

found to be within the top 0.1% of cytotoxic drugs of ~37,000 compounds screened against 60 

cancer cell lines carried out by the National Cancer Institute.318,319   

2.6 Protonophores and uncoupling agents 

Protonophores are chemical entities that can carry a proton across the inner mitochondrial 

membrane, deliver a proton, and then cycle back across the membrane to the inner mitochondrial 

space (Figure 2.2). Bringing protons into the mitochondrial matrix serves to uncoupling ATP 

synthesis from the proton gradient, destabilizing or inhibiting OxPhos. General protonophore 

characteristics for chemicals are to have a pKa around physiological pH (~6-8), being slightly 

hydrophobic, and having delocalized p-electrons that will allow these chemicals to cross 

membranes in a charged state. Not all protonophores contain these characteristics however, and 

some will interact with mitochondrial proteins to give rise to changes in matrix proton 

concentration. An uncoupling agent is one which uncouples the mitochondrial proton motive force 

generated in the ETC from ATP synthesis. This could be by influx of protons into the matrix, 

inhibition of OxPhos enzymes thus preventing electron flow, or give rise to changes in the electric 

potential. Since the Warburg effect highlighted the increased utilization of aerobic glycolysis for 
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energy generation, researchers have begun studying protonophores for their ability to uncouple 

mitochondrial ATP generation as experimental tools to observe whole cell changes after 

uncoupling mitochondria or direct use as therapeutic agents. The following section will review 

some protonophores and their uses. 

 

 

Figure 2.2: Example of protonophore or uncoupling agent mechanism. Protonophore will acquire a proton from the 

intermembrane space and travel to the mitochondrial matrix. In the matrix the proton is released, regenerating the 

protonophore and uncoupling the mitochondrial proton gradient that is utilized by ATP synthase to generate ATP. The 

protonophore can then be transported or cross the inner membrane back to the intermembrane space where it can 

acquire another proton and repeat the process. 
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Figure 2.3: Known protonophores and uncoupling agents. 

2.6.1 2,4-DNP 

Historically used in the production of explosive ammunition during World War I, 2,4-DNP 

(Figure 2.3) was found to have a protonophore effects after warehouse workers in direct contact 

with 2,4-DNP started experiencing weight loss and even death.320 This accidental finding was 
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followed by a group from Stanford University developed 2,4-DNP as an anti-obesity agent after 

finding that 2,4-DNP was able to increase basal metabolic rate by ~11% and patients saw a loss of 

~1.5kg/week.321 2,4-DNP could then be found as an over the counter (OTC) weight loss agent. 

After some time as an OTC weight loss agent, individuals that had taken 2,4-DNP reported damage 

to their liver, kidneys, eyes, heart, and reports of hypothermia. This led to the FDA banning the 

use of 2,4-DNP in humans in 1938. Even being banned for human consumption, the biomedical 

community have tried to utilize 2,4-DNP as a potential therapeutic agent. Due to 2,4-DNPôs small 

therapeutic window, groups have sought to develop targeted therapies or prodrug approaches. A 

methyl ether prodrug called controlled-release mitochondrial protonophore (CRMP) was 

developed to target the liver as a slow-release mechanism after ether hydrolysis. It was found that 

CRMP was tolerated up to 100 fold greater than 2,4-DNP alone in rats without obvious side 

effects.322 However, while CRMP was found to regain insulin sensitivity and reverse  hepatic 

steatosis, at higher doses there was an increase in body temperature indicating that the major toxic 

side effect of 2,4-DNP was still present.322  The use of 2,4-DNP in the cancer research community 

has mainly been limited as an experimental tool for studying mitochondrial function in cancer or 

how changing cancer metabolic landscape can potentiate already existing therapies. One such 

study on the ability of 2,4-DNP to sensitize prostate cancer cells to anthracyclines such as 

doxorubicin and epirubicin was carried out. It was found that 2,4-DNP was able to sensitize a panel 

of prostate cancer cell lines to anthracycline treatment and had a synergistic effect. This was 

followed by an observation that combination treatment saw an increase in oxidative stress, 

indicating that ROS generation could lead to mitophagy or induction of apoptosis pathways.323  

2.6.2 FCCP 
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FCCP (Figure 2.3) or carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, is a 

hydrophobic weak acid that can cross the mitochondrial inner membrane and deliver a proton to 

the mitochondrial matrix where it effectively uncouples the mitochondria and reduces membrane 

potential. Originally developed in 1962 by Heytler et al., its use has primarily been as an 

experimental tool to study mitochondrial function.324 However, some in vitro studies have served 

to determine some moderate potential of FCCP as an anticancer agent. One study found that FCCP 

caused a dose dependent increase in superoxide anions, and a dose dependent depletion of GSH in 

a human lung adenocarcinoma cell line Calu-6. This increase in ROS and depletion of GSH was 

followed by apoptosis and reduction in DYm. After addition of antioxidants, it was found that GSH 

levels were not depleted and that apoptosis was avoided, suggesting that FCCP stimulated 

apoptosis through increased production of ROS and depletion of GSH levels.325 

2.6.3 CCCP 

CCCP (Figure 2.3), or carbonyl cyanide m-chlorophenylhydrazone, similarly to FCCP is 

a hydrophobic weak acid that can transport a proton the mitochondrial matrix and uncouple 

mitochondrial ATP generation from the proton gradient. Like FCCP, CCCP use is mainly limited 

as an experimental tool due to its narrow therapeutic window. One group utilized CCCP to 

determine if a mitochondrial permeability transition (MPT) event causes cytochrome c release to 

study the apoptotic pathway. Utilizing a human osteosarcoma cell line 143B, it was found that 

CCCP was successful at reducing DYm and inducing an MPT. Even though an MPT had occurred, 

no release of cytochrome c was found after 72-hour treatment with CCCP and apoptosis was not 

induced.326 This experimental work helped determine that an MPT does not directly translate to an 

induction of the apoptosis pathway.  

2.6.4 Nitazoxanide (NTZ) 
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Nitazoxanide (Figure 2.3) is an acetyl prodrug of tizoxanide, an FDA approved anti-

parasitic used for the treatment of Cryptosporidium parvum and Giardia intestinalis infection 

through an unknown mechanism.327,328 In an attempt to find novel therapies for Mycobacterium 

tuberculosis, nitazoxanide was selected and it was found that treatment with nitazoxanide collapse 

membrane potential similar to CCCP and caused a decrease in intrabacterial pH.329 This result 

suggested that nitazoxanide was a membrane active agent that is able to affect proton 

concentrations across membranes. This study served as a reference for future mechanistic studies 

of nitazoxanide where it was found to act as a protonophore in eukaryotic cells.  

Due to the rising importance of targeting cancer metabolism, some preclinical studies have 

been carried out with nitazoxanide due to its protonophore effect. One group sought to explore 

nitazoxanideôs effect on 3D spheroids and 2D cultures of human colorectal cancer cell lines 

HCT116 and HT-29. 330 They found that nitazoxanide was able to increase oxygen consumption 

rates in 2D cultures using lower concentrations but with higher concentrations showing a reduction 

in OCR. This suggests that nitazoxanide was able to uncouple the mitochondria and stimulate 

mitochondrial respiration, with the addition of FCCP not further stimulating OCR in HCT116 or 

HT-29 after nitazoxanide stimulation. Exploring nitazoxanideôs effect on 3D spheroids, it was 

found that nitazoxanide was able to increase the oxygen usage by peripheral cells but reduced the 

amount of oxygen available in the tumor core, increasing the size of the hypoxic region. Utilizing 

nitazoxanide as a single agent in vivo on a HT-29 xenograft did not show any efficacy, attributed 

by the researchers to the proliferative nature of the cancer cells in the tumor model allow them to 

acquisition new glucose readily and that a less proliferative cancer might be more sensitive to 

treatment with nitazoxanide. While single agent use of nitazoxanide was not found to be 
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efficacious, combination treatment with irinotecan showed a more significant tumor reduction that 

irinotecan alone.330  

 

2.6.5 Oxyclozanide 

Oxyclozanide (Figure 2.3) is a saliclyanilide drug used as an anthelmintic by veterinarians 

for the treatment of fascioliasis in domestic animals by uncoupling OxPhos.331 Use of 

oxyclozanide as a potential anticancer agent is still in the early stages, but some work has been 

done to explore how alterations in cancer metabolism could be utilized as a therapeutic target. A 

murine colorectal carcinoma MC38 was used to assess the metabolic effects of mitochondrial 

uncoupling. It was found that mitochondrial uncoupling increased mitochondrial influx, reduced 

lactate concentrations, and lowered pentose phosphate pathway activity. This result suggests that 

mitochondrial uncoupling agents can prime cancer cells to be more rigid and less plastic in the 

energy acquisition, opening space for combination treatments with glucose inhibitors. It was also 

found that treatment with 20АM reduced colony formation in MC38 cells and reduced liver 

metastasis and metastatic tumor volume in a spleen injected MC38 metastasis syngraft.332  

2.6.6 BAM15 

BAM15 (Figure 2.3) was first discovered to have protonophore activity after itôs study in 

rat myoblast cell line L6. In this study it was found that BAM15 caused an increase in OCR like 

FCCP from 100 nM to 1 АM while subsequently increasing extracellular acidification, which is 

indicative of an increase in glycolysis after loss of mitochondrial ATP generation. FCCP is known 

to have targets outside the mitochondria such as depolarizing the plasma membrane. When the 

plasma membrane electrophysiology was looked at after treatment with FCCP or BAM15, it was 

found that FCCP induced an inward current whereas BAM15 did not depolarize the plasma 
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membrane at all.333 These results indicate that BAM15 is a protonophore that is selective at 

targeting the inner mitochondrial membrane. Mitochondrial uncouplers cause the efficiency of 

mitochondrial metabolism to go down but increase the oxidation of substrates needed to produce 

a similar amount of ATP, this makes mitochondrial uncouplers as valid therapeutic agents for the 

treatment of obesity. In this regard, BAM15 was explored as a potential therapeutic agent in a 

mouse obesity model after given a western diet. 334 A study on dosing and pharmacokinetic 

parameters found that BAM15 was tolerated in mice with acute oral injections up to 200 mg/kg, 

no significant raises in rectal body temperature were observed, was ~67% bioavailable with a t1/2 

of 1.7 hours and majority of tissue distribution was found to be in the liver. Oral doses of BAM15 

at 50 mg/kg and 100 mg/kg were found to increase oxygen utilization by the mice 30% and 50% 

above baseline respectively for 3 hours. Tissue resections after acute injection showed that liver 

tissue specifically had a higher oxygen consumption. Feeding mice a western diet with 0.05%, 

0.10%, and 0.15% w/w of BAM15 for 8 days found that 0.05% w/w BAM15 prevented 50% of 

fat mass gain whereas the higher concentrations prevented fat mass accumulation completely. In 

the control group fed only a western diet, by 7 days had developed glucose intolerance. The 

treatment groups all had dose-dependent decreases in their fasting blood glucose levels and insulin 

levels, indicating that BAM15 prevented glucose intolerance and improved insulin sensitivity.334  

BAM15 is highly lipophilic and found to accumulate in tissues after multiple injections limiting 

its use as a therapeutic agent and has not proceeded with clinical trials.335,336  

2.6.7 SR4 

SR4 (Figure 2.3) is a urea based potential anticancer agent first discovered after screening 

a chemical library in hopes to uncover potent therapeutic agents for the treatment of acute myeloid 

leukemia.337 Initial screening determined that SR4 had an IC50 value of ~1.2 ÕM against 
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promyeoloblast cell line HL-60. Further screening against other leukemia, lung, and breast cancer 

cell lines found IC50 values of 1-3 ÕM. After determining that SR4 gave rise to increasing amounts 

of early apoptotic and late apoptotic cells via Annexin V-PI double staining flow cytometry 

experiments, the effects of SR4 on mitochondrial membrane depolarization were carried out. It 

was found that SR4 caused a reduction in DYm like that of a known mitochondrial uncoupler 

CCCP.337 Another group sought to determine the activity of SR4 on hepatic carcinoma cell line 

HepG2 using Seahorse XFe Bioanalyzer experiments.338 These experiments determined that SR4 

increases oxygen consumption rates (OCR) in HepG2 like mitochondrial uncoupling agent FCCP. 

SR4 was still able to induce an increase in OCR after uncoupling mitochondrial respiration from 

ATP synthesis using oligomycin. Using a mitochondrial recoupler 6-KCH, prevented an increase 

in OCR suggesting that SR4 uncouples mitochondria and is able to be rescued from the induced 

increase in OCR. Similarly, the MPT blocker CSA was found to not prevent SR4 uncoupling 

activity indicating that uncoupling is not a byproduct of MPT activity involved in apoptosis and 

was SR4 itself. Further experiments using mitochondrial DNA depleted HepG2 saw no increase 

in OCR.338  

2.6.8 Nemorosone 

Nemorosone (Figure 2.3) is a polycyclic polyprenylated acylphloroglucinol natural 

product derived from Copey tees Clusia rosea in 2001. It was found that nemorosone had IC50 

values of 7.2 and 3.9 ÕM against human prostate cancer cell line PC-3 and human glioblastoma 

cell line U251 respectively.339 The anticancer effects of nemorosone were studied using hepatic 

carcinoma cell line HepG2, where it was found to reduce ATP levels and dissipate DYm. The same 

group found that nemorosone elicited protonophoric activity similar to uncoupling agent CCCP.340 
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Nemorosone is still early in its development as a therapeutic agent, so studies are limited at this 

time. 

 

 

2.6.9 Endosidin9 

Endosidin9 (ES9) (Figure 2.3) was originally found through a chemical library screen to 

identify clathrin-mediated endocytosis (CME) inhibitors to be utilized to prevent pollen tube 

growth and pollen germination of tobacco plants.341 CME is an energy requiring process so ES9 

was assessed for its effect on ATP production and mitochondrial health. It was found that 10 ÕM 

of ES9 reduced cellular ATP levels by 50% in Arabidopsis PSB-D cell cultures. Compared to 

CCCP, ES9 also prevented an accumulation of MitoTracker Red, indicating the depolarization of 

mitochondria. Similar results were found in Drosophila and human lymphocyte Jurkat cells. ES9 

has been mainly studied in plant systems but inhibiting CME has been gaining some interest as a 

potential therapeutic target by cancer researchers as it can potentiate antibody-dependent cellular 

cytotoxicity.342     

2.6.10 CZ5 

CZ5 (Figure 2.3) was first identified as a mitochondrial uncoupling agent through a high-

throughput screening of a chemical library for agents that depolarize DYm for the treatment of 

metabolic disorders. The screening assay was carried out on L6 myoblast cells and was based on 

the ratio of red and green fluorescence representative of DYm.343 After identification of CZ5 as a 

mitochondrial uncoupler, it was further studied for its ability to elicit a therapeutic response to 

obesity and glucose tolerance. CZ5 was found to stimulate respiration similar to CCCP in L6 

myotubes and 3T3-L1 adipocytes but did not demonstrate similar effects on rat primary 
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hepatocytes, which indicates some cell type selectivity. Uncoupling mitochondria typically causes 

an increase in glucose oxidation, which was observed with treatment of CZ5 in a dose dependent 

fashion (0.6-5 ÕM). Pharmacokinetic studies on CZ5 with in SD mice found a calculated 

bioavailability of ~53%. It was determined that CZ5 dosed in vivo at 30 mg/kg caused an increase 

in energy expenditure without a significant increase in body temperature and a decrease in body 

mass of the treatment group by 20%.344 At this time, CZ5 has been utilized by biomedical 

researchers mainly for the treatment for metabolic disorders and has found limited utilization as 

an anticancer agent. 

2.6.11 (+)-Usnic acid 

(+)-Usnic acid (Figure 2.3) is a biologically active natural product derived from a variety 

of species of lichens. Originally, it was found to have mitochondrial uncoupling activity similar to 

that of 2,4-DNP in mouse liver mitochondria.345 (+)-Usnic acid was assessed for its potential as an 

anticancer agent using human mammary gland ductal carcinoma cell line T47D. It was found that 

(+)-usnic acid depolarized DYm but does not release cytochrome c and does not result in cleaved 

caspase-3, suggesting that apoptotic pathways were not initiated. Treatment with (+)-usnic acid 

reduced ATP levels and activated AMP kinase signaling pathways that is typically indicative of 

induction of autophagy. However, researchers found that levels of autophagosomal cargo p62 

remained after 24 hours treatment with (+)-usnic acid, suggesting that lysosomal acidification was 

perturbed preventing autophagy as p62 can indicate autophagic flux through observation of its 

concomitant degradation. Utilizing a lysotracker dye that stains lysosomes based off their 

acidification under normal conditions, it was found that treatment with (+)-usnic acid decreased 

lysosomal acidification and prevented the accumulation of the dye.346 The ability of (+)-usnic acid 

to uncouple the mitochondria have sparked its use as a potential weight loss agent and it was 
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marketed as an herbal supplement called Lipokinetixs΅. This supplement was determined by the 

FDA to be associated with hepatotoxicity and acute liver failure which unfortunately limits it 

therapeutic potential as an anticancer therapeutic.347,348   

     

2.7 Delocalized lipophilic cations (DLCs): mitochondrial targeting agents 

Delocalized lipophilic cations (DLCs) are positively charged molecules that can distribute 

that charge over a large hydrophobic area to allow them to cross membranes. The distribution of 

charge and hydrophobic nature of these molecules decreases the enthalpy required to remove 

associated water in solution.349,350 This allows these molecules to cross hydrophobic membranes 

with a lower activation energy than non-delocalized cations such as Na+ and thus DLCs can travel 

into and across membranes without any active transport. Due to the negative DYm across the inner 

mitochondrial membrane, DLCs tend to accumulate in the mitochondria matrix.349,350 These 

unique properties allow DLCs to be leveraged as mitochondrial targeting agents themselves 

whether that be as therapeutic agents or as research tools. Additionally, DLCs can be conjugated 

to biologically active small molecules to provide mitochondrial delivery for a drug that would 

otherwise be prevented from reaching the mitochondrial matrix. Some representative examples of 

DLCs and their applications will be highlighted below. 
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Figure 2.4: Delocalized lipophilic cations that target mitochondria. 

2.7.1 MitoTracker Deep Red 

MitoTracker Deep Red (MTDR) (Figure 2.4) is a carbocyanine-based fluorescent dye 

often used in biomedical research to label live mitochondria. Accumulation of MTDR in the 

mitochondrial matrix is dependent on DYm and its localization are often reversible upon 

depolarization. Compared with other MitoTracker dyes, MTDR has a chloromethyl moiety which 

can react with thiols to assist in fixing the dye within mitochondria irrespective of changes in DYm. 

MitoTracker based cyanine dyes have been found to have relatively short half-lives in vivo but 

found to remain for hours in cancer tumors, perhaps due to their negatively charged mitochondrial 

matrixes compared to normal tissues.  

 In search to find therapeutic agents with the ability to target energetically rich cancer stem 

cells (CSCs), MTDR was repurposed as a potential anticancer agent.351 The effects of MTDR on 

cellular metabolism using 2D and 3D cell cultures of breast cancer cell lines MCF7, MDA-MB-
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231, and MDA-MB-468 were carried out. It was found that MTDR was successful in preventing 

3D spheroid formation on all cell lines at concentrations as low as 100nM, indicating that MTDR 

reduced CSCs ability to undergo anchorage-independent growth. Acute metabolic experiments 

using Seahorse XFe Bioanalyzer found that MTDR reduces mitochondrial maximal respiration in 

MDA-MB-231 at concentrations as low as 1nM, with higher concentrations of 500-1000 nM fully 

suppressing mitochondrial respiration. Utilizing a chorio-allantoic membrane (CAM) assay in 

chicken eggs, a tumor growth and metastasis inhibition study of MDA-MB-231 was carried out 

using MTDR. This study found that MTDR reduced tumor mass by ~30% after 8 days of treatment. 

Additionally, using qPCR primers for human Alu sequences in the chicken eggs, it was found that 

MTDR inhibited metastasis by ~60%.351  

 

2.7.2 MKT-077 

MKT-077 (Figure 2.4) is a rhodacyanine dye that has been found to accumulate in 

mitochondria. MKT-077 was screened for its IC50 values against a panel of cancer cell lines which 

includes breast cancer MCF7, colon carcinoma CX-1, pancreatic carcinoma CRL 1420, bladder 

carcinoma EJ, and melanoma LOX. It was found that MKT-077 inhibited these cell lines with IC50 

values of 1-5 ÕM but was found to not inhibit growth of monkey kidney cell line CV-1, which is 

a normal epithelial line lacking hyperpolarized mitochondria. This suggested that MKT-077 

selectively targeted polarized mitochondria and was thought to accumulate in cancer mitochondria. 

To verify MKT-077 subcellular localization, CV-1 and CX-1 cells were treated with MKT-077 and 

subjected to flow cytometry, it was found that there was a 65-fold increase in MKT-077 

accumulation in CX-1 cells.349 Further preclinical development of MKT-077 brought it to phase I 

clinical trial. Patients were administered MKT-077 infusions from one cycle to up to eleven cycles 
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at different doses, it was found that there was no significant effect on disease in these studies, with 

one patient going from a progressive renal cancer to a stable cancer. However, MKT-077 treatment 

was found to elicit renal toxicity after the first dose, with normal kidney function returning after a 

few weeks. This toxicity dampened the development of MKT-077 as a potential anticancer agent 

and it was dropped for further clinical trials.352  

2.7.3 Dequalinium chloride 

Dequalinium chloride (Figure 2.4) is a bis-quaternary ammonium chloride compound used 

as an antiseptic and disinfectant since the 1950s.353 Dequalinium chloride elicits its antiseptic 

properties by inhibiting bacterial F1-ATPase and leads to a depletion of bacterial ATP.354 After 

discovery that dequalinium chloride accumulates in mitochondria, its potential as an anticancer 

agent was explored to selectively target cancer cells with hyperpolarized mitochondria. In one 

study, rat colon carcinoma cell line W163 isograft was implanted into Wistar/Furth rats which 

serves as a model for recurrence after primary tumor is removed. It was found that dequalinium 

chloride reduced primary tumor volume by ~60% compared to control and reduced tumor 

recurrence by ~50%.355 Dequalinium chloride was found to out compete known anticancer drugs 

such as 5-fluorouracil, cisplatin, methotrexate, and cyclophosphamide on prolonging survival by 

30-90 days in a mouse bladder carcinoma syngraft using MB49 cells.356 Dequalinium has since 

been found to have a variety of biological targets which limited its further clinical development as 

an anticancer agent.   

2.7.4 Triphenyl phosphonium 

Triphenyl phosphonium (TPP) (Figure 2.4) is a one of the more rigorously studied DLCs. 

The study of TPP compounds have led to the finding the DLCs will accumulate up to 100-500-

fold in mitochondria due to the charge difference in DYm. Naturally, this has caused TPP to be 
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utilized as a tool for conjugation to therapeutic agents to significantly increase their accumulation 

in mitochondria. One example of TPP conjugation to increase mitochondrial delivery involves 

conjugation of TPP with a ubiquinone in an agent called MitoQ.357 After localization, MitoQ is 

reduced in the mitochondrial to ubiquinol and has shown to alleviate mitochondrial oxidative 

stress. It was found that MitoQ was reduced by complex II but not reversibly oxidized by complex 

III, successfully inhibiting electron flow through the ETC. It was found that abolishing DYm by 

FCCP prevented accumulation of MitoQ and other TPP agents.358 MitoQ has also been utilized as 

a potential anticancer agent. One group found that by producing sub-cytotoxic levels of superoxide 

as a metabolic sensor can prime cells for metastasis. Utilizing breast cancer cell line MDA-MB-

231 as a model, it was found that MitoQ potently inhibited mitochondria respiration followed by 

a concomitant switch to glycolysis and prevented invasion of MDA-MB-231 by ~90% in vitro.359 

Encouraged by the in vitro results of MitoQ, a metastasis tail vein model was carried out utilizing 

MDA-MB-231.360 It was found that treatment with MitoQ reduced the number of mice found with 

>2 metastatic lesions on the lung by ~55%. In an orthotopic MDA-MB-231 model, after resection 

of tumors and continuation of treatment, it was found that MitoQ prevented metastasis in 79% of 

the mice whereas 100% of vehicle treated mice were found to have metastatic lesions.360 Mereddy 

et. al. synthesized cytotoxic TPP agents using 2-alkoxycarbonylallylesters and evaluated for their 

ability to perturb mitochondrial metabolism. It was found that the lead candidate decreased 

mitochondrial ATP production, inhibited maximal respiration, and induced a proton leak. These 

results indicated that the 2-alkoxycarbonylallylesters TPP accumulated in the mitochondria and 

perturbed mitochondrial metabolism.361 

2.8 Drug Repurposing 
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Methodologies of novel drug discovery traditionally involves first designing the potential 

drug candidates, synthesis of a library of candidate compounds, characterization of the candidate 

compounds, and then identification of lead candidates based on in vitro and in vivo biological 

evaluation. Following the identification of lead candidates will undergo extensive pre-clinical 

studies to determine the mechanism of action, toxicology profile, and further efficacy in differing 

models. This will further narrow down the list of candidate compounds to identify the best 

candidate with potential for translation to human use. The best candidate will then be submitted to 

the FDA for review. Once the FDA has reviewed and approved the best candidate it will be 

designated as an investigational new drug suitable for clinical trials. Clinical trials will involve 

phases I-IV studies to evaluate the toxicity and efficacy in human patients. These studies will 

involve assessing the safe dosing, disease remission, quality of life, progression free survival, and 

overall survival of the patients before final approval by the FDA. The process from initial design 

of potential candidate compounds to approval by the FDA is a highly laborious, costly, and time 

intensive process. The time for this process can be around 10-15 years with an average of $2-3 

billion spent on the development of a single novel agent.362 This is the timeline for a candidate 

compound cleanly going through the pre-clinical and clinical development process not considering 

that at every step in this process has a high failure rate which would begin the development process 

again, potentially from the beginning. Additionally, due to the high developmental costs, the newly 

approved anticancer drugs are prohibitively expensive, on an average of $100,000 per patient/year 

making them available only to highly insured or rich patient population. Even with being highly 

costly, these drugs can sometimes only offer a small overall survival advantage to patients of a few 

months in many aggressive solid tumors. There is a need to generate highly therapeutic novel 

candidate compounds that can minimize the cost and time of development while subsequently 
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carrying minimal side effects. In this regard, drug repurposing has seen increased importance 

within the biomedical research community, especially in developing new treatment options for 

cancer patients.осоςоср  

There are currently over 20,000 FDA approved and clinically available drugs for a wide 

variety of ailments and diseases. These FDA approved drugs have undergone extensive toxicity 

and pharmacokinetic/pharmacodynamic analysis in humans with often well-reported side effects 

and contraindication. A large amount of these drugs have seen clinical use for chronic conditions 

and thus are prescribed for long-term use ranging from months to several years. Although these 

drugs are in the clinical setting for a particular disease, they have been shown to be biologically 

active and can be found to interact with other biological targets, making these drugs be good 

candidates for repurposing for new indications, principally for cancer. Due to the previous 

toxicological studies carried out for these drugs in animals and humans, they have the potential to 

be quickly translated to clinical trials after successful completion of preclinical efficacy studies. In 

this regard, the candidate compounds utilized in the following studies are previous FDA approved 

agents or agents that have seen significant safe use in animal systems in hopes to decrease the cost 

and time required to actualize their clinical potential. These candidate compounds are pyrvinium 

pamoate, niclosamide, IMD-0354, and BAY-876 which will be discussed in detail in the following 

sections. 

2.9 Candidate compounds for repurposing 
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Figure 2.5: Candidate compounds for repurposing targeting mitochondrial and glycolysis. 

2.8.1 Pyrvinium pamoate 

Pyrvinium is a quaternary ammonium cyanine dye first synthesized and characterized in 

1946 (Figure 2.5). After its discovery, it was immediately leveraged for its ability to inhibit 

motility in various pinworm and roundworm species both in vitro and in vivo utilizing rat and dog 

models.оссςосу Various counter ions have been utilized with pyrvinium chloride being the primary 

salt form utilized in early studies. Just 10 years after pyrviniumôs discovery in 1956, it was 

determined that due to its tolerability in animal systems, a cohort of 71 patients ages 1-16 years 

old testing positive for pinworms or their eggs were administered pyrvinium chloride at 1.5 

mg/kg/day for 8 days.369 It was found that 100% of pinworms were eliminated across the patient 

cohort and was well tolerated with no toxic side effects. In the same year, a cohort of 123 patients, 

13 adults ages 22-42 years old and 110 children 1.5-12 years old, were administered pyrvinium 

chloride at 1 mg/kg, 0.7 mg/kg, and 0.5 mg/kg doses three times daily for 6 days. Like the previous 
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study, all patients had 100% reduction in their pinworm infections. For about half the patient 

population blood and urine samples were taken before and after treatment, with no clinically 

important observations were reported although the researchers did not state exactly what clinical 

markers were being observed.370 In 1959 a new salt form of pyrvinium was developed, pyrvinium 

pamoate (PP), and a comparative study was carried out between PP and pyrvinium chloride.371 It 

was found that 96% of patients treated with pyrvinium chloride were clear of pinworm infection 

1-7 days after a 7-day treatment, where all patients treated with PP were cleared of infection. No 

toxic side effects were observed but patients reported that pyrvinium chloride was found to have a 

bitter taste whereas PP had no bitter taste reported in a raspberry flavored syrup formulation for 

both drugs. This observation and quick success of the study brought the researchers to carry out a 

single, large dose study. For this study 100 inmates with pinworm infection were administered 5 

mg/kg PP once and monitored for infection across a 14-day period. It was found that 96% of 

patients of patients were cleared of infection after 14 days, this was the first instance of a single 

dose treatment for pinworm infection reported.371 PP was utilized for the next 15 years as the 

primary care option for infections of various worm species in humans and in veterinarian 

medicine.372ï376  

 Surprisingly, it wasnôt until 1974 that the systemic bioavailability of pyrvinium pamoate 

was studied. This study utilized PPôs fluorescent properties to determine its presence in plasma 

and urine after oral dosing. In this study only 2 patients out of 5 were found to have PP in their 

blood and 2/4 had PP in their urine after 24 hours using 10mL of samples. This study was not very 

sensitive as sample concentrations were not stated but simply reported whether a sample was above 

the limit of detection was 1.1 ng/mL for plasma and 0.5 ng/mL in urine.377 A follow up study was 

carried out in the same year utilizing the fluorescence properties of PP to measure its levels in 
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urine, plasma, and feces after oral dosing of PP.378 Levels of PP in plasma and the blood were 

found to be significantly higher than the previous study with ~60 ng/mL in urine and ~3.9 ng/mL 

in plasma. Additionally, in this study it was found that ~90% of PP is excreted in the feces, 

indicating a lack of absorption in the GI tract.378 These studies gave some insight on how orally 

dosed PP pass through the body and its systemic distribution. Studies on the effect of PP after 

administration through intraperitoneal or intravenous injection were not reported, which would 

serve as a better model of tissue distribution as these administration routes ensure a high absorption 

of drug. In a more recent study, a thorough pharmacokinetic profiling study with IV formulation 

of PP was carried out.379 After IV administering a single 1 mg/kg dose PP in mice, the half-life was 

determined to be 0.54 hours. To determine tissue distribution, PP was dosed IP at 1 mg/kg, orally 

at 5, 20, and 35 mg/kg where levels of PP were then assessed in plasma, pancreas, fat, and muscle. 

Only through IP dosing was PP found to be present in plasma, at ~3 ng/mL whereas PO dosing 

failed to increase plasma levels of PP within the 8-hour study window. Tissue distribution across 

groups determined that pancreas and fat saw an increase in accumulation of PP with varying levels 

depending on route of administration. Previous studies determined that there is poor bioavailability 

of PP due to low plasma concentrations, which could be due to its accumulation in fat and pancreas. 

Currently PP is in a phase I clinical trial to determine the best oral dose for the treatment of 

pancreatic ductal adenocarcinoma.380 

 In the early 1970s, PP was replaced with more efficacious deworming therapies that did 

not have a dyeing effect such as pyrantel and mebendazole and PP began to be prescribed less in 

both human and veterinary medicine.381ï383 PP began to be utilized by the biomedical research 

community after some studies attempted to repurposed PP as an antiviral 384,385, antibacterial386ï

388, and was utilized in different diseases for its anti-fibrotic389ï391 protective effect thought to be 
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due to PPs modulation of Wnt/b-catenin signaling pathways. Repurposing PP as an anticancer 

agent was sparked by a 2004 study utilizing pancreatic carcinoma cell line PANC-1.392 It was 

determined that PP showed a selective cytotoxicity to PANC-1 when glucose was restricted to 0.2 

mg/mL or less, but cytotoxicity was entirely abolished in the presence of higher than 0.2 mg/mL 

glucose. No difference was observed under conditions of variable serum and amino acid 

concentrations. To model a tumor microenvironment, PP was treated to colorectal adenocarcinoma 

cell line WiDr tumor spheroids. After grown to 500 Õm in size it was found that PP treatment of 

100 mg/mL completely inhibited tumor spheroid growth after 4 days (750 Õm), whereas the control 

group increased to 2,000 Õm.392 Over the next 20 years, there have been many studies exploring 

the potential of PP as an anticancer agent for a wide variety of cancers, with two commonly themed 

proposed mechanism of actions, one being inhibition of the Wnt signaling pathway and the other 

being a mitochondrial targeting agent. It was determined that PP inhibits Wnt signaling at 

nanomolar concentrations both in vivo using a Xenopus laevis Wnt signaling model and in vitro on 

a series of colorectal cancer cell lines.393 It was determined that PP binds and activates Casein 

kinase 1a (CK1a) which leads to the degradation of b-catenin which is a primary effector of Wnt 

signaling.393  Building upon this work, other groups have demonstrated PP to inhibit Wnt signaling 

in a CK1a dependent fashion using nasopharyngeal carcinoma, renal carcinoma, and kidney cell 

lines.394ï396  

 Being a cyanine-based dye, PP is a DLC, and therefore it is expected to influence 

mitochondria due to a higher accumulation in the mitochondrial matrix. The ability of PP to have 

a selective cytotoxic response under reduced or glucose starvation conditions in the study 

described above initially brought some interest on exploring PP as a mitochondrial targeting 
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anticancer agent. A more in-depth exploration of PPs mitochondrial activity was carried out in 

pancreatic carcinoma cell line MIA PaCa-2.379 This study determined that PP was found to be co-

localized with mitotracker green in the mitochondria after 1 hour treatment. Using a Seahorse XFp 

Analyzer, chronic and acute experiments were carried out to determine PPs effect on mitochondrial 

metabolism through the measure of oxygen consumption rates (OCR). After 12-hour pretreatment 

with PP, it significantly reduced OCR but was found to not have a significant effect on non-

mitochondrial metabolism. During this experiment, extracellular acidification rates (ECAR) were 

concomitantly measured, and it was observed that after addition of oligomycin to the control group 

there was an increase in ECAR indicating a compensatory flip to glycolytically generated ATP. 

However, with the PP pre-treatment group, cells were insensitive to oligomycin completely. This 

indicates that PP was inhibiting mitochondrial ATP generation and compensatory glycolysis was 

already the main source of ATP. To support this idea, it was found that acute treatment with PP 

completely reduced OCR and caused an increase in ECAR. Acute experiments looking at ATP 

concentration and cell viability under glucose starvation conditions determined that treatment with 

PP caused a time dependent decrease in ATP levels before reducing cell viability.379 Some work 

with PP was also done with ro cancer cell lines lacking mitochondrial DNA where it was found 

that PP was localized to the mitochondrial matrix to a lower extent and that these ro cancer cell 

lines displayed resistance to PP treatment.397,398 Some studies on isolated mitochondria have shown 

that PP acts as an inhibitor of complex I activity, inhibits the NADH-fumarate reductase system 

under hypoxic low glucose conditions, and can stimulate complex II activity under normoxic 

glucose positive conditions.399ï401  

2.8.2 Niclosamide 
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 Niclosamide is a lipophilic, weakly acidic nitro-salicylamide derivative with a reported 

pKa ranging from 5.6-7.2 (Figure 2.5).402 Originally developed in 1953 by the Bayer as a 

molluscicide targeting Biomphalaria glabrata, an intermediate snail host of Schistosoma mansoni. 

Bayer marketed niclosamide as Bayuscide in 1959 to ultimately target human infection of S. 

mansoni, a disease carrier of schistosomiasis, also known as snail fever. Further in 1960, Bayer 

realized niclosamide also had potential as an anthelmintic targeting cestoda class human tapeworm 

infection and released a newly marketed Yomesan in 1962. After widespread use of niclosamide 

for tapeworm infections, the US FDA approved niclosamide for use in humans in 1982 and this 

has been listed in the World Health Organizationôs list of essential medicines.403ï405 

 Niclosamide was found to effectively act as both a molluscicide and anthelmintic but has 

one major drawback that limits itôs use as a pharmacological agent is low solubility. The solubility 

of niclosamide in water is ~5-8mg/L which is appreciably low and a need for increased solubility 

drove Bayer researchers to explore various formulations involving different suspension systems, 

piperazine salts, monohydrates, and ethanolamine salt. Ultimately, niclosamide ethanolamine 

(NEN) was determined to be the ideal dosage form with solubility increasing to 230-280 mg/L, an 

increase of over 40-fold compared to just niclosamide alone.403 

 Due to NENôs worldwide use, an extensive toxicology evaluation has been carried out in 

both animals and in humans. In 1961, Duhm et al. administered orally 50 mg/kg of 14C -NEN to 

rats and it was found that one third of the dose was absorbed in the GI tract, whereas the remaining 

two thirds was eliminated in the feces. The absorbed fraction was eliminated completely within 24 

hours with a half-life of 6 hrs. The acute toxicity effects of NEN based on route of administration 

were investigated in various animal systems in 1962. The results of these studies indicated that 

there is very low acute oral toxicity with LD50 of >10,000 mg/kg orally in rats, >4,000 mg/kg 
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orally in rabbit, and >500 mg/kg orally in cat. Intraperitoneally administered NEN in rat had a 

slightly more potent acute toxicity effect with LD50 of 250 mg/kg. Lastly, administration via 

intravenous injection in mice increased the acute toxicity effects further with an LD50 of 15 mg/kg. 

Short term toxicology studies were also carried out and it was found that doses up to 2,000 mg/kg 

PO in rats for 4 weeks saw no observed clinical symptoms, histopathological effects, or 

hematological effects. A long-term study was carried out where male and female rats were 

administered up to 1,250 mg/kg PO a day for 319 days saw no clinical toxicity symptoms, 

hematological abnormalities, or markers via urine analysis.406ï409 

 After extensive evaluation of niclosamideôs toxicity in animal models, studies carried out 

in humans were performed. Radiolabeled 14C-niclosamide was administered as a single 2,000 mg 

dose. Niclosamide was found to be eliminated within 1-2 days with major metabolic metabolites 

niclosamide, 2¡,5-dichloro-4¡-aminosalicylanilide and 2¡,5-dichloro-4¡-acetaminosalicylanilide as 

glucuronides were found. It was determined from this study that only partial absorption of 

niclosamide occurs in the GI tract (~5.5-10% bioavailability) and that the absorbed fraction is 

rapidly eliminated by the kidneys. Investigation of acute effects of niclosamide were carried out 

by administering male and female adults 1,000 mg of niclosamide found there to be no damaging 

effects after liver and kidney function tests, hematological tests, and urinalysis.406ï409 No long-term 

studies of niclosamide have been carried out.  

 These earlier studies elucidated that niclosamide carries minimal toxicity both acutely and 

short term in humans. It was also determined that only a small portion of the drug is absorbed, 

which is theorized to be due to the lower solubility of even the ethanolamine salt of niclosamide. 

In 2016 Lu et al. set out to determine the major enzymes responsible for the metabolism of 

niclosamide by carrying out in vitro studies utilizing cytochrome P450 enzymes and UDP-
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glucuronosyltransferases in liver microsomes. These results report that there is one major phase I 

metabolite of niclosamide via hydroxylation ortho to the phenolic OH group, mediated primarily 

by CYP1A2 found in the liver. Additionally, they found that unmetabolized niclosamide undergoes 

phase II metabolism via glucuronidation at the phenolic OH mediated by UGT1A1.410 These 

modes of metabolism could be contributing significantly to the rapid elimination of niclosamide, 

more specifically the glucuronidated metabolite, as much of niclosamide passes through the 

intestine for absorption where UGT enzymes have been found to be abundantly expressed.411,412 

 Niclosamideôs longstanding usage as an anthelminthic in humans has afforded more 

insights into its anthelminthic mechanism of action but the precise mechanism is still mostly 

unknown. Previous studies indicate that niclosamide perturbs energy production in helminths due 

to uncoupling oxidative phosphorylation, ATP production inhibition, or stimulation of ATPases.413ï

415 In the past decade, increasing interest in niclosamide has led to the discovery that niclosamide 

has cellular targets outside of its mitochondrial uncoupling properties such as regulation of Wnt/b-

catenin416,417, mTORC1418ï420, STAT3421ï423, NF-kB423,424, and Notch signaling pathways.425,426 

The elucidation of multiple signaling pathways being targeted by niclosamide have increased the 

therapeutic scope of the drug from solely an anthelminthic to targeting many different diseases.  

Niclosamide has been repurposed as an antibacterial agent targeting Mycobacterium 

tuberculosis growth, anthrax infection caused by Bacillus anthrax, quorum sensing in 

Pseudomonas aeruginosa, growth inhibition of methicillin-resistant Staphylococcus aureus. 

Repurposed to target metabolic syndrome, niclosamide was found to improve insulin sensitivity 

and reduce body weight gain in type 2 diabetes mellitus mice models and reduce steatosis in 

nonalcoholic steatotohepatitis (NASH) mouse models. Due to niclosamideôs role in oncogenic 

signaling pathways, there has been a significant interest in exploring niclosamide as an anticancer 



 

 132 

agent. Several literature reports indicate niclosamideôs activity in several cancers such as 

adrenocortical carcinoma427, head and neck cancer428, colon cancer429, leukemia430, lung cancer431, 

glioblastomas432, renal cell carcinoma433, prostate cancer434, ovarian cancer435, and breast 

cancer436.  

2.8.3 IMD-0354 

IMD-0354 is a salicylamide compound developed by the Institute of Medical Molecular 

Design Inc. in Tokyo, Japan as an IKKb inhibitor for the treatment of atopic dermatitis after 

molecular modeling studies of aspirin (Figure 2.5).437 The exact discovery date of IMD-0354 is 

unknown due to being developed internally in an industrial R&D setup. Atopic dermatitis 

commonly known as eczema is a skin inflammatory response presenting as a skin rash. It was 

found that the nuclear factor kappa-light-chain-enhancer of activated B cell (NF-kB) pathway is 

involved in the development of atopic dermatitis due to its regulatory role on the production of 

cytokines and chemokines.438 Activators of the NF-kB pathway involve the IkappaB kinase (IKK) 

which is composed of IKKa and IKKb subunits, with IKKb found to be a critical component for 

activation of the NF-kB pathway. 438 Due to its importance in the activation of the NF-kB pathway, 

inhibitors of IKKb have been developed to turn off NF-kB pathway signaling. In this regard, IMD-

0354 was developed as an IKKb inhibitor and underwent preclinical trials for the treatment of 

atopic dermatitis. 439 IMD-0354 was administered as a 1% topical ointment (300 mg/kg) for two 

weeks on mice and was found to reduce clinical symptoms of atopic dermatitis during the treatment 

period. After histological analysis it was found that IMD-0354 treated mice saw a reduction in 

epidermal hyperplasia, dermal edema, and infiltration of inflammatory cells.439 IMD-0354 has 

since completed phase-1 clinical trials but has not moved forward as the validity of IMD-0354ôs 
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IKKb antagonist properties were called into question. IMD-0354 had been found to inhibit the NF-

kB pathway in whole cell assays but was found to be inactive in isolated enzymatic assays for 

activity against IKKb, IKKa, or IKKe.440,441 From the lack of isolated enzyme data but prevalence 

of IMD-0354 to inhibit NF-kB pathway related whole cell changes, it has been referred to as an 

indirect inhibitor of NF-kB but is still commonly characterized as an inhibitor of IKKb.442 In the 

past decade or so, IMD-0354 has been leveraged as a potential anticancer agent. In 2019, Kim et 

al. were interested in developing therapeutic agents that targeted transmembrane serine protease 4 

(TMPRSS4) as this protease was correlated with poor prognosis in non-small cell lung cancer, 

colorectal cancer, gastric cancer, and prostate cancer.443 A chemical library screening identified 

IMD-0354 as an inhibitor of TMPRSS4 activity.444 Utilizing prostate cancer cell line DU145, 

colorectal cell line SW480, and lung cancer cell line NCI-H322; IMD-0354 was screened for its 

cell proliferation inhibition, cell invasion inhibition, and TMPRSS4-mediated signaling inhibition 

ability. IMD-0354 was found to have a cell proliferation inhibition IC50 from 0.3-0.1 ÕM against 

the three cell lines and significantly reduced cell invasion in SW480 and DU145 cell lines but only 

moderately reduced cell invasion in NCI-H322 cells. In DU145 cells, IMD-0354 was found to 

decrease levels of c-Jun and NF-kB phosphorylation showing that IMD-0354 was able to partially 

inhibit TMPRSS4-mediated signaling.443 Just recently in 2021, Feng et al. was studying how 

glutamine transport SLC1A5 inhibition could be utilized as an anticancer as expression of SLC1A5 

coincides with lower survival in breast cancer and melanoma patients.445 From their chemical 

screening of ~7,00 chemicals, IMD-0354 was identified as having potential in modulating 

SLC1A5 levels. Using a melanoma cancer cell line A431 to perform 3H-glutamine uptake 

experiments it was found that IMD-0354 dose dependently inhibited glutamine uptake.445 To 
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determine if SLC1A5 was being directly inhibited or if translocation to the plasma membrane was 

being perturbed, microscopy studies were carried out using anti-SLC1A5 antibodies. This study 

found that there was a dose dependent decrease in SLC1A5 localized to the plasma membrane 

after treatment with IMD-0354 but only minimally affected expression levels of SLC1A5. This 

indicated that IMD-0354 is preventing translocation of SLC1A5 to the plasma membrane, 

affecting intracellular glutamine levels in as soon as after 15 minutes of treatment.445 No prior or 

further studies have been carried out utilizing IMD-0354 as an inhibitor of SLC1A5 translocation 

to the plasma membrane. In 2021, Liu et al. sought to potentiate programmed cell death protein 1 

(PD-1) monoclonal antibody (mAB) therapy by altering tumor associated macrophages (TAMs) 

for the treatment of melanoma.446 Prior to this study it was found that the NF-kB pathway can 

serve as a master regulator in TAM polarization and thus IMD-0354 was utilized as a tool to 

potentiate PD-1 mAB therapy by TAM regulation.447,448  In vitro experiments found that delivery 

of IMD-0354 and PD-1 mAb co-loaded in a tumor targeted nanogel could cause TAMs to down 

regulate PD-L1 expression and subsequently reverse the immunosuppressive tumor 

microenvironment to allow PD-1 mAB activity. Encouraged by this in vitro result a tumor model 

using melanoma cell line B16 was carried out. After administration of 5 mg/kg PD-1 mAB and 

1.14 mg/kg IMD-0354 it was found that this mixture caused an ~6-fold reduction in tumor volume 

compared control.446 This study highlights IMD-0354ôs ability to be used as a potentiator for mAB 

therapies.  

 IMD-0354 is a hydrophobic molecule with a delocalized p-electron system and a pKa 

~7.61, which postulates IMD-0354 as a potential protonophore capable of uncoupling the 

mitochondrial membrane. For this purpose, IMD-0354 will be explored for its ability to inhibit 

metabolic plasticity as a single agent and in combination with GLUT1 inhibitor BAY-876. 
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2.8.4 BAY-876 

BAY-876 is a quinolino-dicarboxamide based derivative that selectively inhibits GLUT1 

transporter comparative to GLUT2-4 with an IC50 of 6nM for GLUT1 (Figure 2.5).449 It was 

originally developed in 2016 by Bayer AG through a structure activity relationship study. After the 

screening of ~3 million candidates identified a quinolino-carboxamide compound was shown to 

prevent utilization of glycolysis to generate ATP in a cell-based assay using 4 cell lines having 

selective expression of GLUT1-4. Oxidative phosphorylation was inhibited using rotenone in this 

assay, so ATP production was attributed to glycolysis and due to selective expression of GLUT1-

4, the decrease of glycolytic ATP was correlated to decreased influx of glucose. In this study the 

pharmacokinetic parameters of BAY-876 were also determined in Wistar rats and Beagle dogs. 

The terminal t1/2 in rats was 2.5 hours and 22 hours in dogs with bioavailability being 85% and 

79% in each organism respectively.449 The longer terminal t1/2 in dogs was due to very low 

clearance of 0.033 L h-1 kg-1 compared with 0.23 L h-1 kg-1 in rats.449 In summary, BAY-876 was 

shown to inhibit GLUT1 selectively and potently and had a favorable pharmacokinetic profile 

positioning itself as a good candidate for further clinical development.  

 Due to the discovery of the Warburg effect and the finding that GLUT1 is the most overly 

expressed GLUT transporter in cancer including ovarian, colorectal, lung, skin, brain, and breast 

cancers450,451, it is not unexpected that BAY-876 has been developed as a potential anticancer agent 

for targeting cancer glycolysis. In this regard, a study was carried out in 2018 by Ma et al. using 

BAY-876 against ovarian cancer due to its predominantly glycolytic phenotype.452 This study 

utilized SKOV-3, OVCAR-3, and HEY ovarian cell lines which are known to overexpress GLUT1 

and an ovarian cancer cell line A2780 which lacks GLUT1 for their in vitro work. This study found 

that BAY-876 inhibited the rate of glycolysis in the three GLUT1 positive cell lines by measuring 
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the % glucose conversion of radiolabeled glucose whereas A2780 saw no decrease in glycolytic 

rate.452 In support of this result, it was also determined that the GLUT1 positive cell lines had a 

decrease in extracellular lactate concentrations indicating that glucose flux was being inhibited and 

cells were converting lactate to pyruvate to maintain their energetic needs. Using an MTT 

colorimetric assay to determine cell viability, BAY-876 was found to have an IC50 of 60-1,000 nM 

against the three GLUT1 positive cell lines but remained non-toxic against A2780 with an IC50 

>10,000 nM.452 Encouraged by these in vitro results, a SKOV-3 xenograft and patient derived 

xenograft (PDX) tumor models were employed. It was found that treatment of BAY-876 caused a 

68% reduction in tumor volume and a 66% reduction in tumor mass in the xenograft model. In the 

PDX model, treatment with BAY-876 afforded a reduction in tumor volume >60% and a reduction 

in tumor mass of 71%.452 While these results are promising and show that BAY-876 can inhibit 

glucose uptake in vitro and be well tolerated and efficacious in mice, no further work in developing 

BAY-876 as a potential anticancer agent have been carried out by this group since most likely as 

BAY-876 is owned by Bayer AG and this study served as a proof of concept that targeting GLUT1 

can be efficacious towards the treatment of ovarian cancer. BAY-876 has been utilized in different 

cancer systems such as esophageal, breast, liver, and B cell lymphoma cancers where it has been 

found to inhibit glycolysis by limiting cellular glucose uptake.453ï456 Due to its potent ability to 

target GLUT1, BAY-876 was utilized in this work as an inhibitor of glycolysis to evaluate the 

effects of glycolysis inhibition in combination with our mitochondrial targeting candidates (Figure 

2.5).  

Chapter 2 Results 

2.10 Cell proliferation inhibition of candidate compounds: MTT and SRB assays 
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The past decade has seen a massive resurgence in the field of altered metabolism and 

targeting such pathways with several drugs in different stages of preclinical and clinical 

development.457 However, the extremely promising preclinical studies have had at best modest 

clinical benefits. One of the major reasons for this is due to cancers ability to alter their metabolic 

phenotypes. Drugs targeting a single specific metabolic pathway fail owing to tumorôs ability to 

bypass the targeted pathway. Another problem is that the doses required to elicit an adequate 

response are often high and lead to unacceptable toxicities.458ï460 Our preliminary data listed in the 

following sections, suggests that instead of targeting solely glycolytic and OxPhos pathways, 

simultaneously targeting both would lead to a more efficacious effect. 

To validate our hypothesis of simultaneous inhibition of mitochondrial OxPhos and 

glycolysis, we carried out an extensive literature search in identifying FDA approved drugs or drug 

candidates with either glycolysis or OxPhos inhibition properties. From our search, we selected 

~30 drugs for further evaluation. Our selection was based on reported metabolic and cell 

proliferation inhibition, biological half-life and metabolic stability, in vivo efficacy, 

cost/availability, and various other pharmacological and pharmaceutical properties. These 30 drugs 

have been further evaluated by our lab for in vitro cell proliferation and metabolic inhibition 

properties against human cell line MDA-MB-231 and murine cell line 4T1. From these studies, 

we have further narrowed down our original list of 30 drugs to 4 drug candidates BAY-876 

(GLUT1 inhibitor), niclosamide (OxPhos inhibitor), and pyrvinium pamoate (OxPhos inhibitor) 

and IMD-0354 (OxPhos inhibitor) (Fig. 2.5). These candidate compounds exhibited excellent 

inhibition of cell proliferation and glycolysis or OxPhos in low ÕM to nM concentrations. In the 

following experiments, the mitochondrial targeting candidate compounds will be assessed for their 

effects on glycolysis and mitochondria as both single agents and in combination with GLUT1 
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inhibitor BAY-876 in MDA-MB-231 and 4T1 cells lines. In addition, these repurposed candidate 

compounds will be evaluated for their tolerability and efficacy in vivo. 

An assessment of their cytotoxicity was carried out via MTT cell proliferation inhibition 

assay to generate EC50 values for each candidate. BAY-876, which targets metabolism by inhibition 

of GLUT1 and restriction of glucose import, was found to have potent cell proliferation inhibition 

against 4T1 and 67NR with EC50 values of 0.21Ñ0.02 and 0.38Ñ0.09 ÕM respectively. Against 

MDA-MB-231 however, BAY-876 appears to have no cell proliferation inhibition lower than 100 

ÕM. Niclosamide, an FDA approved anthelminthic found to elicit protonophore mitochondrial 

uncoupling activity, was found to be most potent against 4T1 with an EC50 of 0.30Ñ0.06 ÕM, 

slightly lower potency against 67NR with an EC50 of 1.36Ñ0.22 ÕM, and the least potent against 

MDA-MB-231 with an EC50 of 4.67Ñ0.99 ÕM. IMD-0354, an IKKb inhibitor found to have 

protonophore mitochondrial uncoupling activity, was found to be most potent against 4T1 with an 

EC50 value of 0.27Ñ0.1 ÕM. Against MDA-MB-231 and 67NR, IMD-0354 had EC50 values of 

1.15Ñ0.4 and 3.43Ñ0.97 ÕM respectively. Pyrvinium pamoate (PP) is an old FDA approved 

anthelminthic found to inhibit oxidative phosphorylation in pinworms, acts as a mitochondrial 

targeting agent due to its DLC properties and has been found to perturb mitochondrial oxygen 

consumption. PP is the most potent metabolic targeting candidate with EC50 values of 0.034Ñ0.024, 

0.088Ñ0.016, and 0.49Ñ0.05 ÕM against 4T1, 67NR, and MDA-MB-231 respectively.  

 

Table 2.1: MTT cell proliferation inhibition EC50 values in ÕM of repurposed drugs. Values are average Ñ SEM for a 

minimum of n=3 biological replicates.  
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 The colorimetric MTT cell proliferation inhibition assay is a widely employed rapid 

experiment to determine cell proliferation inhibition but requires functional mitochondrial 

reductases to convert its tetrazolium salt to formazan. Since the candidate compounds target 

metabolic pathways, a second assessment of the cytotoxicity was performed using a 

sulforhodamine B (SRB) assay. This assay employs SRB as a total protein stain and should 

therefore be independent on mitochondrial metabolism and functionality. Results of the SRB assay 

shows that BAY-876 had EC50 values comparable to their MTT results against 4T1 and 67NR with 

values of 0.13Ñ0.04 and 0.26Ñ0.024 ÕM respectively. However, against MDA-MB-231, BAY-876 

was found to have an EC50 value of 20.47Ñ8.89 ÕM as determined via SRB assay. This is at 

minimum ~4 times more potent than the MTT assay results for BAY-876 as an EC50 was not 

determined up to 100 ÕM. The reasoning for the increased potency in 4T1 cells compared to MDA-

MB-231 could be that 4T1 is a faster growing cell line (Figure 2.6) that utilizes OxPhos for energy 

(Figure 1.9), therefore 4T1 may require a larger flux of glycolysis to accommodate its 

mitochondrial activity and growth, rendering it more sensitive to lack of glucose. The reasoning 

for the large difference in BAY-876ôs EC50 values seen against MDA-MB-231 in MTT and SRB 

assays could be that because MDA-MB-231 is a highly glycolytic cell line(Figure 1.9), there could 

be an increase in mitochondrial compensation increasing the overall NADH/NAD+ ratio and 

reduce more MTT to formazan due to the compensatory mitochondrial activity. 
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Figure 2.6: Growth curve for 4T1 and MDA-MB-231 cells. Each data point represents 6 technical replicates. On each 

day, media was aspirated, rinsed three times with cold PBS and allowed to dry fix for a minimum of 24 hours. After 

all wells have dry fixed for 24 hours, 0.5% w/v SRB in 1% acetic acid was added to the wells for 45 minutes, aspirated 

and rinsed three times with 1% acetic acid, allowed to dry, solubilized in 10mM Tris bas (pH 10.2) and absorbance 

was measured at 540 nm. 

Niclosamide was found via SRB assay to be equipotent against 4T1 with an EC50 value of 

0.36Ñ0.056 ÕM. Against 67NR and MDA-MB-231, niclosamide was found to be equipotent for 

these two cell lines via the SRB assay but found to be more potent than their MTT assay values 

with EC50ôs of 0.85Ñ0.08 and 0.87Ñ0.11 ÕM respectively. IMD-0354 was found to be equipotent 

on 4T1 assessed via MTT and SRB, with an SRB EC50 value of 0.26Ñ0.09 ÕM. IMD-0354 was 

found to be more potent against 67NR and MDA-MB-231 assessed via SRB with EC50ôs of 

0.94Ñ0.18 and 0.75Ñ0.09 ÕM respectively. Pyrvinium pamoate (PP) was found to be slightly more 

potent via SRB assay compared to its MTT values with EC50 values of 0.15Ñ0.00, 0.020Ñ0.01, and 

0.078Ñ0.044 ÕM against MDA-MB-231, 4T1, and 67NR respectively. 

Table 2.2: SRB cell proliferation inhibition EC50 values in ÕM of repurposed drugs. Values are average Ñ SEM for a 

minimum of n=3 biological replicates. 
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After determining the cell proliferation inhibition values of the candidate compounds, 

studies involving their acute effects on glycolysis and mitochondrial respiration were carried out. 

We chose fast growing 4T1 cells with a more oxidative phenotype and slower growing MDA-MB-

231 cells with more pronounced glycolytic phenotype (Figure 1.9, Figure 2.6). A Seahorse XFe96 

Bioanalyzer was utilized for carrying out glycolysis and mitochondrial stress tests with single 

candidate treatment or in combination of a mitochondrial targeting agents and BAY-876.  

2.11 Metabolic effects of BAY-876 on 4T1 and MDA-MB-231 cells: Seahorse XFe96-based 

glycolysis stress test 

After performing a glycolysis stress test, it was found that BAY-876 significantly reduced 

glycolysis in 4T1 cells from 10-0.625ÕM (Figure 2.7.C). As BAY-876 is a potent inhibitor of 

GLUT1 this result was expected, an impaired ability to import glucose after its injection (Figure 

2.7.Aii) should result in a decrease in the rate of glycolysis. Upon inhibition of ATP synthase via 

oligomycin (Figure 2.7.Aiii), glycolysis should be stimulated to compensate for the loss of 

mitochondrial generated ATP. However, the capacity of 4T1 to increase glycolysis was inhibited 

after treatment with BAY-876, further supporting that intracellular glucose concentrations remain 

low from inhibition of GLUT1 across the tested concentrations (Figure 2.7.D). After injection of 

oligomycin ECAR decreased, which could be attributed to a toxic combination of inhibited glucose 

influx combined with loss of mitochondrial ATP generation or a result of a futile conversion of 



 

 142 

pyruvate to lactate to feed mitochondrial TCA cycling. When observing OCR during the glycolysis 

stress test, it was found that treatment groups did not deviate from control group, indicating a lack 

of effect of BAY-876 on mitochondrial respiration in high glucose conditions (Figure 2.7.B). 
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Figure 2.7: BAY-876 glycolysis stress test results on 4T1 cells. A: Extracellular acidification rates (ECAR 

(mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-deoxyglucose. B: 

Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) 

oligomycin and iv) 2-deoxyglucose. C: calculated ECAR after addition of glucose which indicates extent of cellular 

glycolysis and inhibition from treatment of BAY-876 (10-0.625ÕM). D: ECAR indicating glycolytic capacity after 

uncoupling mitochondrial ATP synthesis after injection of oligomycin and inhibition after treatment with BAY-876 

(10-0.625ÕM). Results are representative of 3 biological replicates experiments Ñ SEM. Statistical analysis was carried 

out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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After carrying out a glycolysis stress test on MDA-MB-231 with BAY-876 it was found 

that glycolysis was significantly inhibited (Figure 2.8.C). However, the extent of inhibition and 

the potency of BAY-876 was decreased for MDA-MB-231 compared to 4T1. The glycolytic 

capacity of MDA-MB-231 was significantly decreased at all screened concentrations (10-

0.625ÕM) but was not completely abolished as seen with 4T1 (Figure 2.8.D). After injection of 

oligomycin (Figure 2.7.Aiii) in 4T1 cells, there was a decrease in ECAR indicating lactate 

conversion into pyruvate or energetic crisis; however for MDA-MB-231, there was an expected 

increase in ECAR which suggests that glucose was able to enter the cell and MDA-MB-231 cells 

were not utilizing extracellular lactate and instead compensatory glycolysis was occurring after 

loss of mitochondrial ATP production (Figure 2.8.Aiii). As with 4T1 cells, BAY-876 had no effect 

on OCR in MDA-MB-231 were observed (Figure 2.8.B). In summary, BAY-876 can potently 

inhibit glycolysis in 4T1 and MDA-MB-231 cells with a slight decrease in inhibition against 

MDA-MB-231 cells. The lack of varying response of BAY-876 on OCR deemed it unnecessary to 

carry out a mitochondria stress test on this candidate.   
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Figure 2.8: BAY-876 glycolysis stress test results on MDA-MB-231 cells. A: Extracellular acidification rates (ECAR 

(mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-deoxyglucose. B: 

Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) 

oligomycin and iv) 2-deoxyglucose. C: calculated ECAR after addition of glucose which indicates extent of cellular 

glycolysis and inhibition from treatment of BAY-876 (10-0.625ÕM). D: ECAR indicating glycolytic capacity after 

uncoupling mitochondrial ATP synthesis after injection of oligomycin and inhibition after treatment with BAY-876 

(10-0.625ÕM). Results are representative of 3 biological replicates experiments Ñ SEM. Statistical analysis was carried 

out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

2.12 Metabolic effects of niclosamide on 4T1 and MDA-MB-231 cells: Seahorse XFe96-based 

mitochondria stress test and glycolysis stress test. 

After carrying out a mitochondrial stress test on MDA-MB-231 cells with niclosamide (1-

0.0625 ÕM), it was found that acute injection of niclosamide causes an increase in OCR 
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immediately after injection (Figure 2.9.Ai). This acute increase in OCR supports that niclosamide 

elicits an acute protonophoric effect, which is it a mechanism for which niclosamide has been 

previously shown to ellicit.413ï415 After injection of oligomycin (Figure 2.9.Aii) it was found that 

in niclosamide treated groups there was an increased proton leak (Figure 2.9.C). The drop in OCR 

found after injection of oligomycin in the control group corresponds to oxygen consumed for 

mitochondrial ATP generation, the presence of a large proton leak (Figure 2.9.C) with no drop in 

OCR indicating that OCR was already uncoupled from mitochondrial ATP production. To further 

support that oxygen consumption was uncoupled from ATP production the %DECAR was taken 

by subtracting the maximum ECAR after injection of oligomycin by the ECAR prior to injection 

of oligomycin. This change represents an increase in glycolysis after uncoupling oxygen 

consumption from ATP synthesis. In niclosamide treated groups it was found that the %DECAR 

was near zero, indicating that prior to oligomycin injection oxygen consumption was already 

uncoupled from mitochondrial ATP generation (Figure 2.9.G). Looking at the %DECAR after 

acute injection of niclosamide suggests that niclosamide treated groups are increasing glycolysis 

to compensate for the loss of mitochondrial ATP generation (Figure 2.9.D). The effect of 

niclosamide on maximal respiration was minimal, with the higher concentrations of 1 and 0.5 ÕM 

only having a minimal reduction in maximal respiration, perhaps due to a cumulative cytotoxic 

effect of niclosamideôs protonophore effect combined with FCCP (Figure 2.9.E). The minimal 

decrease in maximal respiration seen in niclosamide treated cells could also be due to cells already 

maximally respiring due to being uncoupled by niclosamide and further uncoupling via FCCP had 

a minimal effect due to prior loss of the proton gradient. The lack of spare respiratory capacity 
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across all treatment groups supports that compound treated cells are already in a maximally 

respiring state (Figure 2.9.F) 
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Figure 2.9: Niclosamide mitochondrial stress test results on MDA-MB-231 cells. A: Oxygen consumption rates (OCR 

(pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin 

A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) 

oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: calculated OCR subtracting non-mitochondrial 

respiration from OCR after oligomycin of DMSO control and after acute niclosamide injection (1-0.0625ÕM) 

indicating proton leak. D: percent change in ECAR after acute injection of niclosamide (1-0.0625ÕM) indicating 

compensatory glycolysis. E: Maximal respiration OCR of DMSO control and after treatment with niclosamide (1-
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0.0625ÕM). F: Spare respiratory capacity OCR from subtracting OCR before oligomycin injection from maximal 

respiration. G: percent change in ECAR after injection of oligomycin indicating switch to glycolytic metabolism after 

uncoupling mitochondrial ATP production. Results are representative of 3 biological replicates experiments Ñ SEM. 

Statistical analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

 

The mitochondrial stress test on 4T1 with acute injection of niclosamide (1-0.0625 ÕM) 

yielded a similar response as seen on MDA-MB-231 cells. Niclosamide injection caused an acute 

increase in OCR (Figure 2.10.Ai) with a concomitant increase in ECAR (Figure 2.10.D), 

indicating a switch to glycolysis. After injection of oligomycin, there was a similarly observed 

proton leak in 4T1 (Figure 2.10.C) followed by a near zero %DECAR (Figure 2.10.G), suggesting 

that due to niclosamideôs protonophore effect, mitochondrial ATP production was already 

uncoupled from mitochondrial oxygen consumption. Maximal respiration was similarly only 

slightly decreased at 1 ÕM (Figure 2.10.E) with a loss in spare respiratory capacity (Figure 

2.10.F) across the treatment groups. This suggests that niclosamide treated cells mitochondria were 

already respiring at a maximal rate prior to uncoupling by FCCP.   
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Figure 2.10: Niclosamide mitochondrial stress test results on 4T1 cells. A: Oxygen consumption rates (OCR 

(pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin 

A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) 

oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: calculated OCR subtracting non-mitochondrial 

respiration from OCR after oligomycin of DMSO control and after acute niclosamide injection (1-0.0625ÕM) 

indicating proton leak. D: percent change in ECAR after acute injection of niclosamide (1-0.0625ÕM) indicating 

compensatory glycolysis. E: Maximal respiration OCR of DMSO control and after treatment with niclosamide (1-

0.0625ÕM). F: Spare respiratory capacity OCR from subtracting OCR before oligomycin injection from maximal 

respiration. G: percent change in ECAR after injection of oligomycin indicating switch to glycolytic metabolism after 
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uncoupling mitochondrial ATP production. Results are representative of 3 biological replicates experiments Ñ SEM. 

Statistical analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

 

After carrying out a Glycolysis stress test with niclosamide (1-0.0625 ÕM) on MDA-MB-

231 there was an initial small acute increase in ECAR for the treatment groups (Figure 2.11.A). 

After injection of glucose, glycolysis associated ECAR appeared to be slight reduced in higher 

concentrations of niclosamide, albeit not significantly (Figure 2.11.C). After oligomycin injection 

the ECAR indicating glycolytic capacity was reduced across all niclosamide treated groups 

supporting that cells mitochondria were already uncoupled from mitochondrial ATP synthesis and 

undergoing compensatory glycolysis (Figure 2.11.D). 
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Figure 2.11: Niclosamide glycolysis stress test results on MDA-MB-231 cells. A: Extracellular acidification rates 
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(ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-

deoxyglucose. B: Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) 

glucose iii) oligomycin and iv) 2-deoxyglucose. C: calculated ECAR after addition of glucose which indicates extent 

of cellular glycolysis and inhibition from treatment of niclosamide (1-0.0625ÕM). D: ECAR indicating glycolytic 

capacity after uncoupling mitochondrial ATP synthesis after injection of oligomycin and inhibition after treatment 

with niclosamide (1-0.0625ÕM). Results are representative of 3 biological replicates experiments Ñ SEM. Statistical 

analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

 

After subjecting niclosamide (1-0.0625 ÕM) to a glycolysis stress test on 4T1, there was a 

similar small acute increase in ECAR (Figure 2.12.A.i). After injection of glucose, ECAR 

associated with glycolysis showed that niclosamide caused in an increase in glycolytic rate (Figure 

2.12.C). However, after oligomycin injection there was a significant decrease in glycolytic 

capacity associated ECAR (Figure 2.12.D). This suggests that compensatory glycolysis was 

already occurring and the apparent increase in glycolytic rate was due to compensatory glycolysis 

after niclosamide uncoupled the mitochondria from ATP production. 
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Figure 2.12: Niclosamide glycolysis stress test results on 4T1 cells. A: Extracellular acidification rates (ECAR 

(mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-deoxyglucose. B: 

Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) 

oligomycin and iv) 2-deoxyglucose. C: calculated ECAR after addition of glucose which indicates extent of cellular 

glycolysis and inhibition from treatment of niclosamide (1-0.0625ÕM). D: ECAR indicating glycolytic capacity after 

uncoupling mitochondrial ATP synthesis after injection of oligomycin and inhibition after treatment with niclosamide 

(1-0.0625ÕM). Results are representative of 3 biological replicates experiments Ñ SEM. Statistical analysis was carried 

out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

2.13 Metabolic effects of IMD-0354 on 4T1 and MDA-MB-231 cells: Seahorse XFe96-based 

mitochondria stress test and glycolysis stress test. 

A mitochondrial stress test was carried out with acute treatment of IMD-0354 (1.25-

0.078125ÕM) on MDA-MB-231 cells. Upon acute injection there was an increase in OCR (Figure 

2.13.A.i), followed by an increase in %DECAR (Figure 2.13.D) suggesting that acute injection of 
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IMD-0354 was stimulating glycolysis. After oligomycin injection there should be a decrease in 

OCR of which is associated with mitochondrial ATP production. In the IMD-0354 treated groups 

there was a significant proton leak suggesting that the mitochondria were already uncoupled from 

ATP synthesis via a protonophore effect of IMD-0354 (Figure 2.13.C). After uncoupling the 

mitochondria from ATP synthesis via oligomycin there should be an increase in ECAR indicating 

a switch to compensatory glycolysis. However, in the IMD-0354 treated groups the %DECAR 

after oligomycin injection was near zero, suggesting that cells were already undergoing 

compensatory glycolysis (Figure 2.13.G). Injection of FCCP showed that at higher concentrations 

of IMD-0354 maximal respiration was reduced with lower concentrations slightly increasing 

maximal respiration (Figure 2.13.E). The spare respiratory capacity of cells was found to be 

significantly reduced suggesting that cells were already maximally respiring (Figure 2.13.F).  
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Figure 2.13: IMD-0354 Mitochondrial stress test results on MDA-MB-231 cells. A: Oxygen consumption rates (OCR 

(pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin 

A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) 

oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: calculated OCR subtracting non-mitochondrial 

respiration from OCR after oligomycin of DMSO control and after acute IMD-0354 injection (1.25-0.078125ÕM) 

indicating proton leak. D: percent change in ECAR after acute injection of IMD-0354 (1.25-0.078125ÕM) indicating 

compensatory glycolysis. E: Maximal respiration OCR of DMSO control and after treatment with IMD-0354 (1.25-

0.078125ÕM). F: Spare respiratory capacity OCR from subtracting OCR before oligomycin injection from maximal 

respiration. G: percent change in ECAR after injection of oligomycin indicating switch to glycolytic metabolism after 
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uncoupling mitochondrial ATP production. Results are representative of 3 biological replicates experiments Ñ SEM. 

Statistical analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

 

A mitochondrial stress test was carried out on 4T1 cells treated acutely with IMD-0354 

(1.25-0.078125ÕM). After injection of IMD-0354 there was an acute increase in OCR (Figure 

2.14.A.i) followed by an acute increase in %DECAR suggesting glycolytic rate is being increased 

(Figure 2.14.D). After injection of oligomycin (Figure 2.14.A.ii) OCR was increased in the IMD-

0354 treated groups indicating a significant proton leak (Figure 2.14.C). There was a near zero 

%DECAR after oligomycin, suggesting that prior to injection cells were already undergoing 

compensatory glycolysis (Figure 2.14.G). After injection of FCCP (Figure 2.14.Aiii), similar to 

the response seen in MDA-MB-231, there was a decrease in maximal respiration at higher 

concentrations of IMD-0354 but an increase in maximal respiration at lower concentrations 

(Figure 2.14.E). FCCP is a mitochondrial membrane uncoupler, the decrease in maximal 

respiration at higher concentrations of IMD-0354 and increase at lower could be due to a 

cumulative mitochondrial poisoning effect of a mitochondrial uncoupler and a protonophore, 

resulting in shunted respiration capabilities at higher concentrations of IMD-0354. The increase in 

maximal respiration at lower concentrations of IMD-0354 could be non-poisoning and allow 

further uncoupling than FCCP alone. The OCR associated with spare respiratory capacity was 

inhibited in IMD-0354 indicating that cells were maximally respiring after acute injection (Figure 

2.14.F). 
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Figure 2.14: IMD-0354 Mitochondrial stress test results on 4T1 cells. A: Oxygen consumption rates (OCR 

(pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin 

A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) 

oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: calculated OCR subtracting non-mitochondrial 

respiration from OCR after oligomycin of DMSO control and after acute IMD-0354 injection (1.25-0.078125ÕM) 

indicating proton leak. D: percent change in ECAR after acute injection of IMD-0354 (1.25-0.078125ÕM) indicating 

compensatory glycolysis. E: Maximal respiration OCR of DMSO control and after treatment with IMD-0354 (1.25-

0.078125ÕM). F: Spare respiratory capacity OCR from subtracting OCR before oligomycin injection from maximal 

respiration. G: percent change in ECAR after injection of oligomycin indicating switch to glycolytic metabolism after 
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uncoupling mitochondrial ATP production. Results are representative of 3 biological replicates experiments Ñ SEM. 

Statistical analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

 

To observe the effects of IMD-0354 on glycolytic parameters, a glycolysis stress test was 

carried out on 4T1 with acute injection of IMD-0354 (1.25-0.078125ÕM). After acute injection of 

IMD-0354 there was an acute increase in ECAR (Figure 2.15.A.i) followed by an acute increase 

in OCR (Figure 2.15.B.i). This supports the mitochondrial stress test results indicating that 

mitochondria are being uncoupled and switching to glycolytic metabolism. After injection of 

glucose (Figure 2.15.A.ii), IMD-0354 treated groups were found to have a significantly increased 

glycolysis attributed ECAR (Figure 2.15.C). However, after uncoupling mitochondrial ATP 

production after injection of oligomycin (Figure 2.15.A.ii), there was a reduction in glycolytic 

capacity in IMD-0354 treated groups (Figure 2.15.D). This indicates that cells were already 

undergoing glycolysis at their maximum capacity or utilizing compensatory glycolysis after 

uncoupling mitochondrial ATP synthesis with IMD-0354.  
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Figure 2.15: IMD-0354 Glycolysis stress test results on 4T1 cells. A: Extracellular acidification rates (ECAR 

(mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-deoxyglucose. B: 

Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) 

oligomycin and iv) 2-deoxyglucose. C: calculated ECAR after addition of glucose which indicates extent of cellular 

glycolysis and inhibition from treatment of IMD-0354 (1-0.078125ÕM). D: ECAR indicating glycolytic capacity after 

uncoupling mitochondrial ATP synthesis after injection of oligomycin and inhibition after treatment with IMD-0354 

(1-0.078125ÕM). Results are representative of 3 biological replicates experiments Ñ SEM. Statistical analysis was 

carried out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 

 

Additionally, a glycolysis stress test was carried out on MDA-MB-231 cells with acute 

treatment of IMD-0354 (1.25-0.078125ÕM). After injection of IMD-0354 there was not a very 

significant increase in ECAR as seen with 4T1, however there was an acute increase in OCR 
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(Figure 2.16.B.i). After injection of glucose (Figure 2.16.A.ii) there was an initial spike in ECAR 

in the ECAR vs. time plot (Figure 2.16.A.ii) but after some time there was a decrease in ECAR 

associated with glycolysis in a dose dependent fashion for IMD-0354 treated groups (Figure 

2.16.C). After uncoupling the mitochondria from ATP synthesis, the glycolytic capacity of IMD-

0354 treated groups were reduced (Figure 2.16.D). This suggests that cells were undergoing 

glycolysis at their maximal capacity prior to oligomycin injection and had no spare glycolytic 

capacity left. 
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Figure 2.16: IMD-0354 glycolysis stress test results on MDA-MB-231 cells. A: Extracellular acidification rates 

(ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-

deoxyglucose. B: Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) 

glucose iii) oligomycin and iv) 2-deoxyglucose. C: calculated ECAR after addition of glucose which indicates extent 

of cellular glycolysis and inhibition from treatment of IMD-0354 (1-0.078125ÕM). D: ECAR indicating glycolytic 
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capacity after uncoupling mitochondrial ATP synthesis after injection of oligomycin and inhibition after treatment 

with IMD-0354 (1-0.078125ÕM). Results are representative of 3 biological replicates experiments Ñ SEM. Statistical 

analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

2.14 Metabolic effects of pyrvinium pamoate on 4T1 and MDA-MB-231 cells: Seahorse XFe96-

based mitochondria stress test and glycolysis stress test. 

A mitochondrial stress test was carried out in MDA-MB-231 cells after acute injection of 

PP (1-0.0625ÕM). Unlike with niclosamide and IMD-0354, after acute injection of PP, a decrease 

in OCR was observed (Figure 2.17.D). There was an acute increase in ECAR indicating a switch 

to glycolytic metabolism (Figure 2.17.E). Cells were sensitive to oligomycin injection and the 

subsequent decrease in OCR showed that after treatment with PP, mitochondrial ATP production 

is decreased in a dose dependent fashion (Figure 2.17.C). There was a dose dependent decrease 

in sensitivity to oligomycin as evidenced by the decrease in %DECAR after oligomycin injection 

as concentration of PP increased (Figure 2.17.H). This suggests that in a dose dependent fashion, 

cells are already relying on glycolytic metabolism and inhibition of mitochondrial ATP production 

is not further pushing metabolism towards increased glycolysis. Maximal respiration was reduced 

at higher concentrations of PP (1-0.5 ÕM) but was normal at the lower concentrations (Figure 

2.17.F). There was an increase in spare respiratory capacity with treatment with PP (Figure 

2.17.G). This apparent increase in spare respiratory capacity is because acute injection decreased 

OCR, thus increasing the apparent spare respiratory capacity. Unlike with niclosamide and IMD-

0354, mitochondrial ATP synthesis was not uncoupled as cells treated with PP were still sensitive 

to ATP synthase inhibition via oligomycin. The acute decrease in OCR suggests that a ETC 

complex could be inhibited preventing electron flow and prevent oxygen consumption. However, 
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upon treatment with protonophore FCCP, cells are still able to respire as indicated by the 

stimulation of maximal respiration and increased spare respiratory capacity. Due to PPôs 

delocalized cationic charge, it could be affecting the electrochemical gradient of Ym from 

accumulation in the mitochondrial membrane leaving the chemical proton gradient intact. This 

could explain why cells begin to respire after addition of FCCP where cells can begin regenerating 

the proton gradient and generate Ym for oxygen consumption.  
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Figure 2.17: Pyrvinium pamoate mitochondrial stress test results on MDA-MB-231 cells. A: Oxygen consumption 

rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone 

and Antimycin A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or 

DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: DOCR subtracting OCR before injection of 

FCCP from before oligomycin injection of DMSO control and after acute PP injection (1-0.0625ÕM) indicating 

mitochondrial ATP production. D: DOCR after acute injection of PP (1-0.0625ÕM). E: percent change in ECAR after 

acute injection of PP (1-0.0625ÕM) indicating compensatory glycolysis. F: Maximal respiration OCR of DMSO 

control and after treatment with PP (1-0.0625ÕM). G: Spare respiratory capacity OCR from subtracting OCR before 

oligomycin injection from maximal respiration. H: percent change in ECAR after injection of oligomycin indicating 

switch to glycolytic metabolism after uncoupling mitochondrial ATP production. Results are representative of 3 

biological replicates experiments Ñ SEM. Statistical analysis was carried out via Dunnettôs one-way ANOVA 

compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

A mitochondrial stress test was carried out on 4T1 cells after acute treatment with PP (1-

0.0625ÕM). As seen in MDA-MB-231, after acute injection of PP OCR decreased (Figure 2.18.D) 

followed by a concomitant increase in ECAR (Figure 2.18.E). After oligomycin injection ATP 

production was found to be significantly reduced after treatment with PP (Figure 2.18.C). The 

initial acute increase in ECAR is likely due to compensatory glycolysis as the %DECAR after 

oligomycin is near zero, suggesting that mitochondrial ATP production was already uncoupled 

prior to oligomycin (Figure 2.18.H), and cells are utilizing a glycolytic metabolism. Maximal 

respiration was found to be inhibited by PP treatment in a dose dependent fashion (Figure 2.18.F). 

There was an apparent decrease in spare respiratory capacity followed by a dose dependent 

increase (Figure 2.18.G). The observed increase in spare respiratory capacity can be attributed to 

a lower OCR in PP treated cells than in DMSO control, causing an apparent larger increase in 

OCR. The fact that 4T1 cells were still sensitive to FCCP indicate an intact proton gradient and 
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thus the decrease in OCR could be due to a decrease in Ym from accumulation of PP but was not 

from loss of the mitochondrial proton gradient. 
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Figure 2.18: Pyrvinium pamoate mitochondrial stress test results on 4T1 cells.  A: Oxygen consumption rates (OCR 

(pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin 

A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) 

oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: DOCR subtracting OCR before injection of FCCP from 
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before oligomycin injection of DMSO control and after acute PP injection (1-0.0625ÕM) indicating mitochondrial 

ATP production. D: DOCR after acute injection of PP (1-0.0625ÕM). E: percent change in ECAR after acute injection 

of PP (1-0.0625ÕM) indicating compensatory glycolysis. F: Maximal respiration OCR of DMSO control and after 

treatment with PP (1-0.0625ÕM). G: Spare respiratory capacity OCR from subtracting OCR before oligomycin 

injection from maximal respiration. H: percent change in ECAR after injection of oligomycin indicating switch to 

glycolytic metabolism after uncoupling mitochondrial ATP production. Results are representative of 3 biological 

replicates experiments Ñ SEM. Statistical analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO 

control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

A glycolysis stress test was carried out on MDA-MB-231 with acute injection of PP (1-

0.0625ÕM). There was not a significant acute increase in ECAR after PP injection (Figure 

2.19.A.i) but as seen in the mitochondrial stress test there was an acute decrease in OCR (Figure 

2.19.B.i). It is not surprising that there was not a significant increase in ECAR after acute injection 

with PP as the media contained only glutamine and lacked glucose to drive a compensatory 

glycolytic effect prior to injection ii. PP treated groups caused an increase in glycolysis (Figure 

2.19.C) with a minimal effect on glycolytic capacity (Figure 2.19.D). The increase in glycolysis 

but seeming no change in glycolytic capacity indicated that PP switches metabolism to glycolysis 

and cells are already undergoing glycolysis to their maximum capacity. The significant decrease 

in glycolytic reserve in PP treated groups further support that cells are operating at their maximal 

glycolytic capacity are not stimulated further after inhibiting ATP synthase (Figure 2.19.E). 
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Figure 2.19: Pyrvinium pamoate glycolysis stress test results on MDA-MB-231 cells. A: Extracellular acidification 

rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-

deoxyglucose. B: Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) 

glucose iii) oligomycin and iv) 2-deoxyglucose. C: calculated ECAR after addition of glucose which indicates extent 

of cellular glycolysis and inhibition from treatment of PP (1-0.0625ÕM). D: ECAR indicating glycolytic capacity after 

uncoupling mitochondrial ATP synthesis after injection of oligomycin and inhibition after treatment with PP (1-

0.0625ÕM). E: ECAR indicating glycolytic reserve by subtracting glycolytic capacity ECAR from glycolysis ECAR. 

Results are representative of 3 biological replicates experiments Ñ SEM. Statistical analysis was carried out via 

Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

A glycolysis stress test was carried out on 4T1 with acute injection of PP (1-0.0625ÕM). 

Surprisingly, there was an acute decrease in ECAR after PP injection (Figure 2.20.A.i) but as seen 

in the mitochondrial stress test there was an acute decrease in OCR (Figure 2.20.B.i). PP treated 

groups caused an increase in glycolysis (Figure 2.20.C) with a minimal effect on glycolytic 
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capacity (Figure 2.20.D). The increase in glycolysis but seeming no change in glycolytic capacity 

indicate that PP switches metabolism to glycolysis and cells are already undergoing glycolysis to 

their maximum capacity. The significant decrease in glycolytic reserve in PP treated groups further 

supports that cells are operating at their maximal glycolytic capacity are not stimulated further 

after inhibiting ATP synthase increasing their glycolytic rate (Figure 2.20.E).  
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Figure 2.20: Pyrvinium pamoate glycolysis stress test results on 4T1 cells. A: Extracellular acidification rates (ECAR 

(mpH/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) oligomycin and iv) 2-deoxyglucose. B: 

Oxygen consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) glucose iii) 

oligomycin and iv) 2-deoxyglucose. C: calculated ECAR after addition of glucose which indicates extent of cellular 

glycolysis and inhibition from treatment of PP (1-0.0625ÕM). D: ECAR indicating glycolytic capacity after 

uncoupling mitochondrial ATP synthesis after injection of oligomycin and inhibition after treatment with PP (1-

0.0625ÕM). E: ECAR indicating glycolytic reserve by subtracting glycolytic capacity ECAR from glycolysis ECAR. 

Results are representative of 3 biological replicates experiments Ñ SEM. Statistical analysis was carried out via 

Dunnettôs one-way ANOVA compared to DMSO control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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2.15 Metabolic effects of combination treatment with BAY-876 and niclosamide on 4T1 and 

MDA-MB-231 cells: Seahorse XFe96-based mitochondria stress test and glycolysis stress test. 

A mitochondrial stress test was carried out on MDA-MB-231 after acute injection with 

both BAY-876 and niclosamide (B/N) at equal concentrations (1-0.0625 ÕM). After acute injection 

of B/N there was an increase in both OCR (Figure 2.21.A.i) and ECAR (Figure 2.21.B.i). The 

%DECAR immediately after acute injection (Figure 2.21.D) indicate that compensatory glycolysis 

was occurring even in the presence of BAY-876. After some time had elapsed, prior to injection of 

oligomycin, the %DECAR begins to decrease (Figure 2.21.E). This decrease suggests that 

compensatory glycolysis was decreasing over time, which could be attributed to less available 

glucose entering the cell due to BAY-876 inhibition. Single agent niclosamide treatment as seen 

above had elevated %DECAR at this same time point against MDA-MB-231 cells (Figure 2.9.D). 

Like single agent niclosamide, treatment with B/N caused a significant increase in OCR after 

oligomycin injection indicating a proton leak (Figure 2.21.C). The %DECAR after oligomycin 

was near zero, suggesting that mitochondrial ATP production was uncoupled prior to injection of 

oligomycin (Figure 2.21.H). Maximal respiration was only inhibited at the 1 ÕM B/N but was 

slight elevated at the lower concentrations (Figure 2.21.F). Groups treated with B/N were already 

maximally respiring after acute injection as indicated by a decrease in spare respiratory capacity 

(Figure 2.21.G), and further uncoupling by FCCP had minimal effect on OCR. Treatment with 

B/N was able to uncouple mitochondria and induce an increase in OCR (Figure 2.21.A) while 

subsequently suppressing ECAR relative to DMSO control during the mitochondrial stress test 

(Figure 2.21.B). 
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Figure 2.21: BAY-876 + niclosamide mitochondrial stress test results on MDA-MB-231 cells. A: Oxygen 

consumption rates (OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and 

iv) Rotenone and Antimycin A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) 

treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: DOCR subtracting non-

mitochondrial respiration from OCR after oligomycin of DMSO control and after acute niclosamide/BAY-876 

injection (1-0.0625 ÕM) indicating proton leak. D: percent change in ECAR immediately after acute injection of 

niclosamide/BAY-876 injection (1-0.0625 ÕM) indicating compensatory glycolysis. E: percent change in ECAR from 

before acute injection of niclosamide/BAY-876 (1-0.0625 ÕM) to before injection of oligomycin indicating 
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compensatory glycolysis. F: Maximal respiration OCR of DMSO control and after treatment with niclosamide/BAY-

876 (1-0.0625 ÕM). G: Spare respiratory capacity OCR from subtracting OCR before oligomycin injection from 

maximal respiration. H: percent change in ECAR after injection of oligomycin indicating switch to glycolytic 

metabolism after uncoupling mitochondrial ATP production. Results are representative of 3 biological replicates 

experiments Ñ SEM. Statistical analysis was carried out via Dunnettôs one-way ANOVA compared to DMSO control 

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

A mitochondrial stress test was carried out on 4T1 cells after acute treatment with B/N (1-

0.0625 ÕM) at equal concentrations. After acute injection of B/N, OCR increased indicating 

mitochondria were being uncoupled (Figure 2.22.A.i). The %DECAR immediately after acute 

injection indicates that cells were undergoing compensatory glycolysis (Figure 2.22.D), but after 

time had elapsed the %DECAR prior to oligomycin injection indicate that cells are decreasing their 

glycolytic rate (Figure 2.22.E). This decrease in %DECAR was most likely due to a lack of 

availability of glucose due to inhibition of GLUT1 by BAY-876. After oligomycin injection 

(Figure 2.22.A.ii) there was dose dependent increase in OCR indicating a large mitochondrial 

proton leak (Figure 2.22.C). The %DECAR after oligomycin was near zero, indicating that no 

increase in glycolysis was occurring to compensate for loss of mitochondrial coupled ATP 

synthesis (Figure 2.22.H). Addition of FCCP saw no increase in maximal respiration compared to 

DMSO control (Figure 2.22.F), however spare respiratory capacity was significantly decreased 

(Figure 2.22.G) indicating that mitochondria were uncoupled prior to FCCP. It should be noted 

that ECAR for B/N treated groups remained below DMSO for the entirety of the experiment, 

approaching zero in a dose dependent fashion which indicates a dose dependent attenuation of 

compensatory glycolysis (Figure 2.22.B). 
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Figure 2.22: BAY-876 + niclosamide mitochondrial stress test results on 4T1 cells. A: Oxygen consumption rates 

(OCR (pmol/min)) vs. time after injection of i) treatment or DMSO ii) oligomycin iii) FCCP and iv) Rotenone and 

Antimycin A. B: Extracellular acidification rates (ECAR (mpH/min)) vs. time after injection of i) treatment or DMSO 

ii) oligomycin iii) FCCP and iv) Rotenone and Antimycin A. C: DOCR subtracting non-mitochondrial respiration from 

OCR after oligomycin of DMSO control and after acute niclosamide/BAY-876 injection (1-0.0625 ÕM) indicating 

proton leak. D: percent change in ECAR immediately after acute injection of niclosamide/BAY-876 injection (1-

0.0625 ÕM) indicating compensatory glycolysis. E: percent change in ECAR from acute injection of 

niclosamide/BAY-876 (1-0.0625 ÕM) to before injection of oligomycin indicating compensatory glycolysis. F: 


