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ABSTRACT 
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Acute myeloid leukemia (AML) is an aggressive blood cancer with limited chemotherapy 

options and negative patient outcomes. Nutraceuticals such as avocatin B, a fatty-acid 

oxidation (FAO) inhibitor, show promise for treatment. Curcuma amada roots have been 

used in traditional medicine, but isolated bioactive compounds are rare. 2,4,6-trihydroxy-

3,5-diprenyldihydrochalcone (M1) was identified from C. amada as a bioactive 

molecule.  The antileukemic properties of M1 and its effects on mitochondrial metabolism 

were investigated. M1 reduced the viability of multiple leukemic cell lines but 

demonstrated toxicity in normal cells.  A window of synergy at low concentrations was 

identified with M1 and avocatin B, which was selective to leukemic cells. The M1 and 

avocatin B combination inhibited FAO by 60%, a process essential to the synergy. M1 

and the combination inhibited complex I of the electron transport chain; M1 also reduces 

glycolysis. These results demonstrate M1’s potential as a novel chemotherapeutic for 

AML.  



 
PREFACE | iii 

Dedication 

This thesis is dedicated to Colleen Krawec, my 7th grade teacher who first encouraged 

me to pursue the sciences and medicine. Unfortunately, Mrs. Krawec passed away from 

a decade long battle with cancer a few months before the submission of this thesis. 

This thesis is also dedicated to my grandfather, R. Subramanian, a lifelong chemist who 

first introduced me to mango ginger during a trip to India in 2011. What started as a dinner 

table conversation ended up a research interest of mine for over nine years. While he 

passed away in 2015, I am sure he would be glad to see the progress this project has 

made since then.   



 
PREFACE | iv 

Acknowledgments 

First and foremost, I would like to thank my supervisor, Dr. Paul Spagnuolo, for taking the 

chance on me and my interests in mango ginger, a vegetable that is quite unknown in the 

scientific world. The opportunity to pursue a specific interest of mine is something not 

many grad students get the chance to do and I am grateful for the experience. I am also 

thankful to be immersed in the world of leukemia research, a field that I did not experience 

prior to graduate school, as it has opened my eyes and prepared me for the future.  

I would like to thank my lab mates, The SpagLab Bunch, for all of their unconditional 

support and friendship over the last two years. Special thanks to Alessia Roma, Matthew 

Tcheng, and Nawaz Ahmed for their invaluable mentorship and assistance with 

experiments. Preethi Jayanth, and Medhat Ibrahim–the unofficial “lab parents” and best 

lab managers who made sure the day to day operations ran smoothly. To Behnoush 

Kermanshahi, Michael Buraczynski, and Sarah Walker, thank you for being greatest 

supporters and study partners. Thank you to Katrina Tait for your expertise in the world 

of chemistry, which is greatly appreciated. To the undergraduates, Jocelyn Lee and 

Nikolina Vrdoljak, thank for your assistance with my experiments, and for allowing me to 

learn how to be an effective mentor.  

My time at the University of Guelph could be completed without saying thanks to the staff 

of the Food Science Department. Thank you to Dr. Fernanda Peyronel for your dedication 

to the health and safety of the department. Leona Varga and Tricia Townsend, thank for 

being the engine that keeps the department running and for helping me get through this 

home stretch. Thank you to Dr. Gisele LaPointe for being a member of my advisory 

committee and providing guidance.   



 
PREFACE | v 

My adventures with mango ginger began as a 9th grader in 2011 as a science fair project.  

There were many people who generously provided their mentorship and guidance to a 

keen and wide-eyed high schooler–Dr. Ajila Chandran, Dr. Gopi Paliyath, Dr. Sherif 

Sherif, Dr. Emma Allen-Vercoe, and Dr. Ed Sternin. Thank you to the members of Youth 

Science Canada, specifically Dr. Patrick Whippey and Reni Barlow, for providing 

opportunities for high school students to pursue and present scientific research. Dr. Alan 

Sullivan, Dr. Mary Nagai, and Dr. Chad Harvey have all been mentors of mine over the 

last decade and have guided me through my research journey; I will forever be grateful 

for their continuous support. 

Finally, I could not have made it here without the support of my friends and family. To my 

friends–Harmonie Chan, Sabrina Macklai, Connor Nelson, and Rachal Bolger–thank you 

for being my support system. To my younger sister Dheiksha, thank you for being my 

“mental break” from graduate school, whether it be a trip to the park, the skating rink, or 

working on your 9th grade science fair project. Last but not least, thank you to my parents 

for instilling the love for scientific inquiry at a young age and allowing me to be curious, 

even if it sometimes involved bringing dirt and bugs into the house. My upbringing is the 

foundation that has allowed me to stand here today and I am forever grateful.   



 
PREFACE | vi 

Table of Contents 

Abstract ................................................................................................... ii 

Dedication ............................................................................................... iii 

Acknowledgments .................................................................................. iv 

Table of Contents ................................................................................... vi 

List of Figures ........................................................................................ ix 

List of Abbreviations .............................................................................. xi 

Chapter 1: Introduction ........................................................................... 1 

1.1: Acute Myeloid Leukemia (AML) .............................................................................. 1 

1.1.1: Treatment of AML ............................................................................................. 2 

1.2: Metabolic Alterations in Cancer .............................................................................. 4 

1.2.1: Mitochondrial Metabolism in Cancer ................................................................ 5 

1.3: Metabolic Alterations in Leukemia .......................................................................... 7 

1.3.1: Uncoupling in Leukemia ................................................................................... 9 

1.3.2: Targeting Mitochondrial Metabolism .............................................................. 10 

1.4: Nutraceuticals ........................................................................................................ 11 

1.5: Avocatin B .............................................................................................................. 12 

1.5.1: Avocatin B in Leukemia .................................................................................. 14 

1.6: Mango Ginger ........................................................................................................ 15 

1.6.1: Identification of Mango Ginger Bioactives ...................................................... 16 

Chapter 2: Objectives.............................................................................18 

2.1: Hypothesis ............................................................................................................. 18 

2.2: Aims & Objectives.................................................................................................. 18 

Chapter 3: Methods ................................................................................20 

3.1: Cell Culture ............................................................................................................ 20 

3.2: Drugs ...................................................................................................................... 21 

3.2.1: Avocatin B Extraction ...................................................................................... 21 

3.3: Dose Response Analysis ...................................................................................... 22 

3.4: Cell Growth and Viability ....................................................................................... 22 



 
PREFACE | vii 

3.4.1: MTS Reduction Assay .................................................................................... 22 

3.4.2: 7AAD Staining ................................................................................................. 23 

3.5: Colony Forming Cell Assays ................................................................................. 24 

3.6: Drug Combinations ................................................................................................ 24 

3.6.1: Combination Indexes ...................................................................................... 24 

3.6.2: Heat Map ......................................................................................................... 26 

3.7: Respirometry.......................................................................................................... 27 

3.7.1: Cell Culture ..................................................................................................... 27 

3.7.2: Permeabilization ............................................................................................. 27 

3.7.3: Fatty Acid Oxidation ........................................................................................ 28 

3.7.4: Complex I + II .................................................................................................. 28 

3.8: Whole Cell Respirometry ....................................................................................... 29 

3.8.1: Lysate Preparation .......................................................................................... 29 

3.8.2: Injection ........................................................................................................... 29 

3.9: Electron Transport Chain Activity .......................................................................... 30 

3.9.1: Mitochondria-Rich Fraction Preparation......................................................... 30 

3.9.2: BCA Assay ...................................................................................................... 30 

3.9.3: Complex III ...................................................................................................... 31 

3.9.4: Complex IV ...................................................................................................... 31 

3.9.5: Complex V ....................................................................................................... 32 

3.10: Extracellular Acidification .................................................................................... 32 

3.11: Statistical Analysis ............................................................................................... 33 

Chapter 4: Results ..................................................................................34 

4.1: M1 demonstrates anti-leukemic properties in various cell lines ........................... 34 

4.2: M1 synergizes with the mitochondria target drug Avocatin B .............................. 36 

4.3: Low concentrations of M1 and Avocatin B synergize in AML cells ...................... 38 

4.4: The low concentration window of M1 and Avocatin B is selective to AML cells .. 39 

4.5: A combination M1 and avocatin B inhibits fatty acid oxidation ............................ 41 

4.6: Fatty acid oxidation is essential M1 and Avocatin B synergy .............................. 42 

4.7: The combination inhibits complex 1 of the electron transport chain .................... 43 



 
PREFACE | viii 

4.8: M1 inhibits glycolysis in AML cells ........................................................................ 46 

4.9: The combination of M1 and Avocatin B promotes uncoupling ............................. 47 

Chapter 5: Discussion ............................................................................50 

5.1: Summary of Findings ............................................................................................. 50 

5.2: Leukemia toxicity in naturally derived dihydrochalcones ..................................... 51 

5.3: Inhibition of electron transport can impair FAO and induce apoptosis ................ 52 

5.4: Complex I inhibition can reduce glycolysis rates .................................................. 54 

5.5: Uncoupling and FAO act in a positive feedback loop ........................................... 56 

5.5.1: Lipotoxicity ...................................................................................................... 58 

5.6: Uncouplers can also act as inhibitors of complex V ............................................. 58 

5.7: Selectivity of the combination towards leukemia cells.......................................... 62 

5.8: Potential Use, Limitations, and Future Directions................................................. 63 

5.9: Conclusions ........................................................................................................... 67 

Chapter 6: References ...........................................................................69 

 
  



 
PREFACE | ix 

List of Figures 

Figure 1.1: A comparative flow diagram of hematopoiesis* ............................................. 2 

Figure 1.2: Differential metabolism in leukemia* .............................................................. 6 

Figure 1.3: Intermediates produced for biosynthetic reactions* ....................................... 9 

Figure 1.4: FAO supports mitochondrial function and integrity in leukemia cells* ........ 10 

Figure 1.5: Avocatin B’s structure and presence within the avocado ............................ 13 

Figure 1.6: Curcuma amada  rhizomes and the structure of M1 ................................... 17 

Figure 3.1: Schematic representation of a Fa-CI plot .................................................... 25 

Figure 3.2: Heat map setup schematic ........................................................................... 26 

Figure 4.1:  M1 shows anti-leukemic activity in various cell lines .................................. 34 

Figure 4.2:  M1 toxicity in non-leukemic cell lines .......................................................... 35 

Figure 4.3: M1 is mildly toxic to normal cells at EC25 concentrations. ........................... 36 

Figure 4.4: M1 synergizes with the mitochondria target drug avocatin B ...................... 37 

Figure 4.5: Low concentrations of M1 and Avocatin B synergistically reduce viability of 
AML cell lines .................................................................................................................... 39 

Figure 4.6:  Low concentrations of M1 and avocatin B are not toxic to normal cells .... 40 

Figure 4.7: 1:2 combinations of M1 and Avo B do not demonstrate toxicity in non-
leukemic cell lines ............................................................................................................. 41 

Figure 4.8: Low concentration combination of M1 and Avo B inhibits FAO .................. 41 

Figure 4.9: FAO inhibition is a process essential to the synergy of M1 and Avo B. ...... 42 

Figure 4.10: Schematic highlighting the electron transport chain and oxidative 
phosphorylation* ............................................................................................................... 43 

Figure 4.11: The combination of M1 and Avocatin B, as well as M1 individually, inhibit 
complex I of the electron transport chain ......................................................................... 44 

Figure 4.12: M1 exerts a dose dependent inhibition of Complex V ............................... 45 

Figure 4.13: M1 and the combination reduce glycolysis in leukemia cells .................... 46 



 
PREFACE | x 

Figure 4.14: The combination of M1 and Avocatin B causes uncoupling of the 
mitochondria, while M1 individually causes uncoupling at higher concentrations ......... 47 

Figure 5.1: Possible mechanisms for M1 inhibition of complex I and avocatin B inhibition 
of fatty acid oxidation* ...................................................................................................... 54 

Figure 5.2: Feedback loop between uncoupling and fatty acid oxidation* .................... 57 

Figure 5.3: Structures of NSAIDs and M1 ...................................................................... 60 

Figure 5.4: Dihydrochalcone structure ............................................................................ 61 

Figure 5.5: Lipinski’s rule of 5 with respect to M1 and Avo B ........................................ 64 

*Indicates figure was designed using BioRender 

  



 
PREFACE | xi 

List of Abbreviations 

∆ΨM Mitochondrial protein gradient 

7-AAD 7-aminoactinomycin d 

ADP  Adenosine diphosphate 

AML Acute myeloid leukemia 

Ara C Cytarabine 

ATF4 Activating transcription factor 4 

ATP  Adenosine triphosphate 

Avo B Avocatin B 

BCA Bicinchoninic acid 

BSA Bovine serum albumin 

CHOP C/ebp homologous protein 

CI Combination index 

CI Complex I 

CII Complex II 

CIII Complex III 

CIV Complex IV 

CPT1 Carnitine palmitoyl transferase 1 

CV Complex V 

DMEM Dulbecco's modified eagles medium 

DMSO Dimethyl sulfoxide 

Dox Doxorubicin 

EC50 Half maximal effective concentration 

ECAR Extracellular acidification 

EDTA Ethylenediaminetetraacetic acid 

EGTA Egtazic acid 

EIF2 Eukaryotic translation factor 2 (alpha subunit) 

FADH2 Flavin adenine dinucleotide (hydroquinone form) 

FAO Fatty acid oxidation 

FBS Fetal bovine serum 

FCS Fetal calf serum 



 
PREFACE | xii 

FFA Free fatty acid 

IDH Isocitrate dehydrogenase 

IMDM Iscove's modified dulbecco's medium 

ISR Integrated stress response 

LC/MS Liquid chromatography-mass spectrometry 

LogP Partition coefficient 

M1 2,4,6-trihydroxy-3,5-diprenyldihydrochalcone 

MTS 
3-(4,5-dimethylthiazol-2-yl)-5-(3-caboxymethoxyphenyl-2-(4-sulfophenyl-
2h-tetrazolium inner salt 

NADH Nicotinamide adenine dinucleotide (reduced form) 

NMR Nuclear magnetic resonance 

NSAID Non-steroidal anti-inflammatory drug 

OCR Oxygen consumption rate 

PBS  Phosphate buffered saline 

PBSC Peripheral blood stem cell 

PFAs Polyhydroxylated fatty alcohols 

RO5 Lipinski's rule of 5 

ROS Reactive oxygen species 

RPMI Roswell park memorial institute 

TCA Cycle Tricarboxylic acid cycle 

UCBSC Umbilical cord blood-derived stem cells 

UCP Uncoupling protein 



 
PREFACE | 1 

Chapter 1: Introduction 

1.1: Acute Myeloid Leukemia (AML) 

Acute myeloid leukemia (AML), also known as acute myelogenous leukemia, acute 

myeloblastic leukemia, acute granulocytic leukemia or acute nonlymphocytic leukemia, is 

a fast-growing cancer of the blood and bone marrow. It is characterized by the increased 

presence of abnormally differentiated cells of the hematopoietic system in the blood, bone 

barrow, and other tissues that interfere with and replace normal blood cells [1]. Signs and 

symptoms of AML are therefore related to the decrease of normal blood cells, increased 

susceptibility to infections due the reduction in white blood cell count, fatigue and 

paleness due to anemia, and easy bruising and bleeding due to low platelet counts. 

In normal hematopoiesis, myeloid progenitor cells are produced, which can mature into 

erythrocytes, leukocytes, or platelets. In AML, however, myeloid progenitors cells 

undergo genetic changes that result  in immature and abnormal myeloblasts (i.e., the cell 

does not fully differentiate) [2] (Figure 1.1). In tandem with other mutations that result in 

uncontrolled proliferation, the immature myeloblasts accumulate and replace normal 

blood cells [3]. This can spread to other parts of the body from the blood and bone 

marrow, including the central nervous system, skin, and gums.  

In the United States, the incidence of AML was approximately 4.3 per 100 000 in 2016 

[4]; this rate has only increased from the 3.43 per 100 000 reported during the first 

surveillance of AML in the 1970s [5]. AML incidence rates in the United Kingdom, Canada, 

and Australia are similar to those of the United States [6],[7]. AML has an increasing 

incidence with age with the median age at diagnosis of 68 years in the United States [8]. 
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The incidence for those aged 65 or older is 20.1 per 100 000 compared to 2.0 per 100 

000 for people under the age of 65 [4].  

Of all types of leukemia, AML represents the highest percentage of leukemic deaths at 

62% [4]. In 2016, the mortality rate of AML was 2.8 per 100 000. The estimated median 

overall survival of AML is 8.5 months; the two-year and five-year overall survival is 32.0% 

and 24.0%, respectively [9]. In terms of overall survival, AML is the fifth worse cancer type 

in the United States [5]. 

 

Figure 1.1: A comparative flow diagram of normal hematopoiesis (in black) and AML (in red). In AML the 
myeloid stem cells undergo genetic changes to remain immature and become an abnormal myeloblast; the 
cell therefore does not differentiate. As a result, AML patients suffer from low leukocyte and erythrocyte 
counts. 

1.1.1: Treatment of AML 

Treatment regimens for AML patients have not changed substantially over the last 30 

years [10]. The first step in AML treatment is induction therapy that commonly involves a 
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combination of two chemotherapeutics. Cytarabine, a synthetic pyrimidine nucleoside, is 

often administered in combination with an anthracycline drug such as daunorubicin, 

idarubicin, or mitoxantrone [1],[11]–[13]. This drug combination is delivered in a 7+3 

regimen, consisting of 7 continuous days of cytarabine infusion followed by h intravenous 

anthracycline injection for 3 days [13] 

Induction therapy is used to achieve remission, characterized by the presence of 5% or 

less blast cells in the bone marrow; at this level, the normal blood cell counts return to 

within regular levels and there are almost no signs or symptoms of the disease [12]. 

Remission is often successful in younger patients with 60 to 85% of adults aged 60 years 

or younger achieving remissions. In patients who are older than 60 years of age, however, 

complete response rates are inferior at approximately 40 to 60% [1]. Older age is often 

associated with adverse cytogenetic abnormalities, clinically significant co-morbidities, or 

a combination thereof causing patients to be less responsive to traditional induction drugs 

[14]. Should a patient achieve remission through induction therapy, they are subsequently 

provided consolidation therapy to destroy any remaining blast cells and prevent relapse. 

For younger patients, this traditionally consists of multiple cycles of high dose cytarabine 

and/or stem cell transplants [12]. Older patients and those with co-morbidities are 

sometimes given high dose cytarabine (at lower levels than younger patients), or standard 

dose cytarabine [14].  

While the cytarabine and anthracycline combination is generally effective for remission, 

the drug combination comes with toxicity and side effects. Nausea and vomiting are 

experienced by over 60% of patients on this regimen [15]. Diarrhea and fevers are present 

in most patients and alopecia can be experienced by about 30% of patients on this 
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combination [15]. The specific anthracycline used does not have a major effect on toxicity; 

idarubicin and mitoxantrone were equitoxic while daunorubicin was slightly more toxic 

[16].  The toxicity of this combination, in tandem with reduced efficacy in older populations 

highlights a need for novel AML therapeutics.  

Significant efforts have been made since 2017 to identify new pharmaceuticals for use in 

AML treatment. Inhibitors of Fms-related tyrosine kinase 3 (FLT3) have shown slight 

improvements in remissions rates, but effects on older populations and long-term survival 

have not elucidated [17]. Inhibitors of isocitrate dehydrogenase 1 and 2 (IDH1/IDH2) have 

also been evaluated in older populations, however high rates of differentiation syndrome 

(large, rapid release of cytokines) were seen with IDH1/1DH2 inhibitors [18]. There are 

limited data to suggest the efficacy of these drugs in a particular sequence or combination; 

further research is required [19].  

1.2: Metabolic Alterations in Cancer 

A distinguishing hallmark of metabolism in cancer cells is the enhanced uptake and 

utilization of glucose [20]. Named after Otto Warburg effect who first described this 

change in metabolism in 1926, this phenomenon is known as the Warburg effect. Unlike 

normal cells that produce energy mostly through the oxidative phosphorylation in the 

mitochondria, cancer cells predominantly produce energy through increased glycolysis in 

the cytosol, followed by lactic acid fermentation [21]. This process, known as aerobic 

glycolysis, is less efficient than oxidative phosphorylation with regards to ATP production 

but produces metabolites that  benefit proliferating cancer cells [22]. 

While the Warburg effect has been extensively studied, the precise mechanism on how it 

functions is still unclear [23]. Warburg hypothesized that defective mitochondria disrupted 
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oxidative phosphorylation resulting in an increase in glycolysis in order to meet the ATP 

requirements of cancer cells. However, it was later determined that cancer cells prefer 

the aerobic glycolysis pathway even in the presence of normally functioning mitochondria 

[20]. 

It is also hypothesized that genetic alterations result in the Warburg effect. Mutations of 

oncogenes and tumor-suppressor genes can alter cell signaling pathways and 

subsequently cell metabolism [24]. Recent research has demonstrated that increased 

glucose consumption, decreased oxidative phosphorylation, and lactic acid fermentation 

of the Warburg are also characteristics of oncogene activation [25]. 

Hypoxic microenvironments are also proposed as a possible mechanism to the Warburg 

effect. The growing tumor surpasses the diffusion limits of local blood supply, leading to 

hypoxia. Low oxygen environments cause aerobic respiration becomes advantageous 

and cell metabolism is shifted toward glycolysis through the increased expression of 

glycolytic enzymes [25]. 

Glutamine is also an essential anabolic substrate for many cancer cells. As cancer cell 

utilize aerobic glycolysis, they are reliant on glutamine in addition to glucose for their 

carbon sources. Glutamine feeds into the tricarboxylic acid (TCA) cycle through 

conversion to glutamate and -ketoglutarate. Therefore, cancer cells are dependent on 

glutamine to maintain the TCA cycle [20]. 

1.2.1: Mitochondrial Metabolism in Cancer 

In addition to the Warburg effect, another hypothesis for altered metabolism in cancer 

was brought forward by Feodor Lynen [26]. While Warburg suggested permanent defects 
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to mitochondria which disrupted oxidative phosphorylation, Lynen’s hypothesis 

suggested transient alterations [26]. The increased dependence of cancer cells on 

glycolysis was not from their inability to reduce oxygen, but rather from their inability to 

synthesize ATP in response to the mitochondrial proton gradient (∆ΨM); in essence, 

oxidative phosphorylation is separated, or uncoupled, from the electron transport chain 

[27]. This hypothesis came from Lynen’s work, and the prior efforts of Ronzoni and 

Ehrenfest, who used 2,4-dinitrophenol to interrupt the proton gradient, abolishing the 

mitochondrial synthesis of ATP [28]. Recent work has supported this hypothesis by 

demonstrating that the reduction of ATP synthesis caused by a change in ∆ΨM 

(mitochondrial uncoupling) resulted in the preferential oxidation of non-glucose carbon 

sources to maintain mitochondrial function [29]–[31] (Figure 1.2). 

 

Figure 1.2: Differential metabolism in leukemia. Glycolysis, followed by lactic acid fermentation (to produce 
lactate) is the main source of ATP for cancer cells, as oxidative phosphorylation is diminished due to the 
expression of UCPs (uncoupling proteins). Fatty acid oxidation provides acetyl-CoA, while glutaminolysis 
feeds α-ketoglutarate into the TCA cycle.  
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Mitochondrial uncoupling is mediated in part by uncoupling proteins (UCP). UCP1, the 

first identified exists in brown fat and is involved in energy dissipation into heat [32]. In 

brown adipose tissue, UCP1 causes the uncoupling of the proton gradient from the 

synthesis of ATP, which then allows the energy to be dissipated as heat [33]. UCPs 2-4 

have been identified in humans with UCP2 and UCP3 having an impact in metabolic 

flexibility. UCP2 is essential for oxidation of glutamine and stimulates a metabolic shift 

from glucose oxidation to fatty acid oxidation (FAO) [26]. Similarly, UCP3 has been shown 

to promote FAO in muscle tissue [34]. 

1.3: Metabolic Alterations in Leukemia 

Leukemia cells produce significant amounts of lactate, a product of anaerobic glycolysis, 

regardless of oxygen in the environment [29],[30], which supports Warburg’s hypothesis 

[21]. However, leukemia cells have the ability to reduce molecular oxygen utilizing 

electrons from other carbon sources beyond pyruvate [29],[30]. Acetyl-CoA derived from 

FAO powers the TCA cycle and subsequently the molecular reduction of oxygen [35]. 

Glutaminolysis is also essential to  maintain  oxygen  consumption  in  leukemia cells [36]; 

α-ketoglutarate derived from glutaminolysis may be necessary to provide anaplerotic 

substrates for efficient TCA cycle use of fatty acid-derived acetyl-CoA [37].  

The metabolic alterations of leukemia cells provide many benefits. Although oxidative 

phosphorylation is more efficient than glycolysis for ATP generation, glycolysis occurs in 

the cytosol which typically represents >70% of the cell volume [38]. Therefore, it has the 

potential of matching net ATP contributions from oxidative phosphorylation, which occurs 

in the mitochondrial matrix and inner membrane. In addition, oxidative phosphorylation 

depends on adequate amounts of oxygen, which may not be sustainable under high rates 
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of electron transport in rapidly dividing cells, and in the hypoxic leukemia bone marrow 

niche [35]. 

While complete oxidation of glucose via the TCA cycle yields more ATP compared to 

glycolysis, it does allow for the use of  carbon skeletons in anabolic reactions that lead to 

nucleotide synthesis for rapid division [26]. For example, the transamination of pyruvate 

results in alanine; alanine accumulation then produces allosteric inhibition of pyruvate 

kinase. This results in accumulation of phosphoenolpyruvate which is an inhibitor of 

phosphofructokinase. The inhibition results in the conversion of fructose-6-phosphate to 

glucose-6-phosphate that can now enter the pentose phosphate shunt to produce ribose-

5-phosphate for nucleotide biosynthesis [39]. 

Reduced dependence on oxidative phosphorylation therefore favors the generation of 

TCA cycle intermediates for biosynthetic reactions [36]. For instance, citrate from the TCA 

cycle provides for de novo fatty acid synthesis, while succinyl-CoA cataplerosis provides 

carbon skeletons for the synthesis of heme groups [26]. These cataplerotic reactions of 

the Krebs cycle not only provide intermediates for biosynthesis, but are also followed by 

regeneration of oxaloacetate, reducing the amount of NADH generated in the cycle [40]. 

It is hypothesized that the use of these carbon intermediates through a truncated TCA 

cycle is what allows leukemia cells to bypass oxidative phosphorylation and regular 

oxygen demands and thrive in relatively hypoxic environments, such as the bone marrow 

niche, while at the same time supplying critical substrates for biosynthetic reactions [26] 

(Figure 1.3).  
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Figure 1.3: Intermediates produced from metabolic alterations for biosynthetic reactions. Glucose-6P feeds 
into the pentose-phosphate pathway to produce ribose-5-phosphate for nucleotide production. 3-
phosphoglycerate serves as a precursor for the production of serine and glycine Cataplerotic reactions of 
the TCA cycle provide intermediates for the production of fatty acids, glutamine, heme, and more (in red). 
These biosynthetic reactions allow for the cancer cell to replicate at rapid rates.   

1.3.1: Uncoupling in Leukemia 

Of the UCPs identified, leukemia cells only express UCP2 [37]; mitochondrial uncoupling 

was  observed as a result of increased UCP2 expression [29],[37].  Increased expression 

of UCP2 and subsequent inability to generated ATP in uncoupled mitochondria, provides 
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justification of why glycolysis remains a crucial pathway for leukemia cell energy demands 

[37]. The decrease in electrochemical gradient caused by mitochondrial uncoupling also 

results in the metabolic shift to higher yield bioenergetic substrates such as those of FAO 

and glutaminolysis [29].  

1.3.2: Targeting Mitochondrial Metabolism 

FAO promotes leukemia survival by supporting mitochondrial oxidative metabolism. 

Metabolically, FAO allows for continuous production of citrate and reducing equivalents 

(e.g., NADH and FADH2) in the TCA cycle via the copious production of acetyl CoA, which 

in turn supports the molecular reduction of oxygen into water [41]. Notably, the 

regeneration of citrate is crucial in the synthesis of lipid membrane components and 

therefore essential in cellular proliferation [42]. This cycle of FAO and fatty acid synthesis 

antagonizes the oligomerization of proapoptotic proteins Bax and Bak, effectively 

preventing cell death [30] (Figure 1.4). 

 

Figure 1.4: FAO supports mitochondrial function and integrity in leukemia cells. FAO supports TCA cycle 
activity through the production of acetyl-CoA and citrate, which produce reducing equivalents NADH and 
FADH2, feeding into the electron transport chain. The cycle of FAO and fatty acid synthesis also antagonizes 
the oligomerization of proapoptotic proteins Bax and Bak, resulting in an antiapoptotic phenotype.  
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In AML, the rate limiting step of FAO is controlled by carnitine palmitoyl transferase 1 

(CPT1). CPT1 is overexpressed in AML and is therefore a potential  target [43]. Indeed, 

blocking CPT1 with ST1326 reduced AML cell growth in a dose-dependent manner and 

induced apoptosis without affecting normal CD34+ hematopoietic cells [44]. Overall, 

these findings emphasize a crucial role of mitochondrial metabolism in AML survival and 

growth and represents a critical pathway for novel anti-leukemia drug development.  

1.4: Nutraceuticals 

Nutraceuticals are the bioactive molecules in food or plants, concentrated and delivered 

in a non-food matrix in dosages unattainable by consuming the normal food product [45]. 

The major groups of nutraceuticals are either normal human metabolites (e.g. carnitine, 

coenzyme Q10, melatonin) or bioactive plant dietary components [46] and are delivered 

in manners similar to drugs including pills, extracts and tablets [47].  Commercially 

available nutraceuticals from botanical sources include glucosamine from ginseng (Panax 

ginseng, used for osteoarthritis), curcumin from turmeric (Curcuma longa, anti-

inflammatory and antioxidant), and hyperforin and hypericin from St John’s wort 

(Hypericum perforatum, anti-inflammatory and antidepressant) [48]. The most common 

groups of phytochemicals found as nutraceuticals are polyphenols including 

anthocyanins, flavonols, stilbenes, hydroxycinnamates, and coumarins [47] 

Nutraceuticals have shown potential as treatment options for leukemia. Taraxacum 

Officinale, commonly known as Dandelion, are perennial weeds originally from Asia but 

are now ubiquitous [49]. Multiple patients with poor responses to the standard 

chemotherapy treatments achieved remission by consuming tea created from dandelion 

root extract (DRE). Pre-clinical testing has shown DRE induces caspase-8 mediated 
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extrinsic apoptosis in human chronic myelomonocytic leukemia, T cell leukemia, and 

melanoma cells [49]–[51]. 

Green tea has long been revered by Chinese and Japanese populations for its medicinal 

benefits [52]. Epigallocatechin-3- gallate (EGCG), the active green tea constituent, was 

tested on chronic lymphocytic leukemia B cells. These cells secrete and bind vascular 

endothelial growth factor (VEGF), which act as a crucial survival factor for tumour cells. 

EGCG decreases VEGF receptor phosphorylation, which disrupts the survival 

mechanism and results in apoptosis and cell death [53]. 

1.5: Avocatin B 

The avocado (Persea americana Mill.) is a tree cultivated in tropical and Mediterranean 

climates around the world known very commonly for its fruit–a large berry also named the 

avocado (also called the avocado pear) [54]. When not exported as a fruit, avocados are 

industrially processed into oils and pastes; in this process, the avocado seeds and peels 

are typically not used leaving about 20-30% of fruit weight as discarded waste [55]. 

However, these discarded portions are typically rich in bioactive compounds, something 

that could be of use in the pharmaceutical industry [56]. Crude extracts of various avocado 

tissues demonstrated antimicrobial activity against bacteria [57], fungal spores [58], and 

yeast [59].  Rodrígeuz-Carpena et al. discovered that organic extracts of seeds and peels 

of Hass and Fuerte avocado verities demonstrated greater antioxidant properties 

compared to pulp extracts; these extracts also inhibited lipid and protein oxidation in meat 

patties [56].  

Polyhydroxylated fatty alcohols (PFAs) were first identified in avocado seeds in 1969; 

Kashman et al. identified multiple 17 to 21 carbon PFAs in the avocado [60] and that 
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these PFAs had antibacterial properties [61]. Avocatin B (Avo B) is a bioactive compound 

found in avocados which consists of a 1:1 ratio of two 17-carbon PFAs–1,2,4-

trihydroxyheptadec-16-ene (avocadene) and 1,2,4- trihydroxyheptadec-16-yne 

(avocadyne) [62] (Figure 1.5). Avocadene and avocadyne are present in both the seed 

and the pulp of the Hass avocado at concentrations of 1-7 mg/g dry weight, with greater 

amounts found in the seeds. Therefore, average Hass avocado contains between 60-120 

mg dry weight of avocadene and avocadyne in the seed and pulp [63].  

 

Figure 1.5: Avocatin B’s structure and presence within the avocado. Avocatin B is a 1:1 ratio of two 17-
carbon PFAs–1,2,4-trihydroxyheptadec-16-ene (avocadene) and 1,2,4- trihydroxyheptadec-16-yne 
(avocadyne), and is present in greater proportions in the seed (green arrow) rather that the pulp (blue 
arrow). 

Avo B has shown cytotoxic properties in some cancer cells lines; activity has been 

reported in lung carcinoma, mammary adenocarcinoma, kidney carcinoma, pancreatic 

carcinoma [64]. Cytotoxicity of Avo B in human prostate adenocarcinoma cells being 

nearly as potent as adriamycin [65]. Additionally, Avo B shows insecticidal behavior, 

targeting yellow fever mosquito larva at a greater degree than rotenone [65].  Avo B also 

exerts effects on metabolism; it increases the sensitivity of insulin and decreases the 

OH

OHOH
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effects of diet-induced obesity in mice; the same study demonstrated that Avo B is well-

tolerated by humans [66]. 

1.5.1: Avocatin B in Leukemia 

Lee et al. (2015) tested Avo B, along with four avocatin lipid analogues against TEX 

leukemia cells, determining that Avo B was the most cytotoxic. Avo B was also tested on 

normal peripheral blood stem cells (PBSCs) and patient-derived AML cells. 

Concentrations as high is 20µM showed no effect on the PBSCs while Avo B inhibited 

patient-derived AML cell growth with an IC50 of 4µM [62].  

As Avo B is a mixture of two 17-carbon lipids, which can enter mitochondria and undergo 

FAO, the effect of Avo B on FAO was also measured [62].  In TEX leukemia cells, Avo B 

inhibited FAO with a >40% reduction in oxygen consumption at 10µM [67]. Additionally, 

Avo B inhibited the oxidation of an added palmitate substrate, determining that Avo B 

inhibits the oxidation of exogenous as well as endogenous fatty acids. Inhibition of FAO 

also resulted in ROS-induced apoptosis through the mitochondrial release of cytochrome 

C and apoptosis-inducing factor [62]. FAO inhibition by Avo B also induced ER stress 

[68]. Avo B also accumulates in the mitochondria which could have lipotoxic effects 

through conversion into lipid peroxides which in turn can damage mitochondrial DNA, 

lipids, and proteins in the mitochondria [69].  

Inhibitors of FAO have shown synergy with conventional induction chemotherapeutics to 

promote a greater level of cytotoxicity in leukemic cells. A combination of the FAO inhibitor 

etomoxir and Ara C in MOLM13 human leukemia cells, as well as in a murine model of 

human AML [30]. Avo B in combination with cytarabine or anthracyclines demonstrated 

synergy in TEX leukemia cells [70]. Therefore, it can be said that Avo B demonstrates 
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strong potential as an anti-leukemic therapeutic, both individually and in combination with 

other chemotherapeutics.  

1.6: Mango Ginger 

Curcuma amada, commonly known as mango ginger, is a rhizomatous plant belonging 

to the Zingiberaceae family. Mango ginger is a unique spice; while having morphological 

resemblance with ginger and exhibiting a flavor than can be associated with raw 

mangoes, the species is closer in botanical relation to turmeric (Curcuma longa) [71]. 

When fully matured, one mango ginger plant can yield around 2kg of rhizomes. In cuisine, 

mango ginger is often pickled and used as a condiment, adding the distinct mango flavor 

to culinary dishes [72].   

Members of Zingiberaceae family are found to be a rich source of phytochemical 

substances. Turmeric is one of the most well-researched Ayurvedic plants with studies 

testing it and its derived compounds in cellular and animal models [73]. Curcumin, the 

most commonly used compound of turmeric, has been identified to have antibiotic [74], 

anti-inflammatory [75], and anti-cancerous effects [76]. While these results were 

promising, it is difficult to study curcumin due to instability and poor bioavailability [77]. In 

the Unani and Ayurveda systems of medicine, mango ginger has been documented as 

an inflammatory, diuretic and antipyretic. Ancient Sanskrit literature indicates its use as 

wound disinfectant [78], but comparatively, scientific studies are limited.  

Ingestion of mango ginger in a variety of forms has been stated to have anti-inflammatory 

effects in the mouth and stomach [72]. Extracts of mango ginger were later proven to 

have anti-inflammatory effects in both acute and chronic mouse models [79]. Additionally, 

extracts of mango ginger have been demonstrated to have antioxidant properties [80].  
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Based on the aforementioned properties, mango ginger extracts have been tested on 

cancer cell lines. The anticancer properties of a crude Curcuma amada extracted with 

various solvents was demonstrated against NCI-H460 (human large cell lung cancer)  

cells [81] and A-549 (human small cell lung carcinoma) cells [82]; the extracts also 

selective toxicity towards cancer cells in comparison to normal cells. A supercritical CO2 

extract of C amada  demonstrated greater cytotoxicity than temozolomide, etoposide, 

curcumin and turmeric in human glioblastoma (U-87MG) cell line [83]. 

C amada extracts downregulated genes associated with apoptosis, cell proliferation, 

telomerase activity, ontogenesis and drug resistance in glioblastoma cells [83].  Most 

studies of mango ginger’s anti-cancer and medicinal research focuses on crude extract 

but does not identify or test specific bioactive molecules. Policegoudra et al. identified  

difurocumenonol and amadaldehyde as two antibiotics isolated from mango ginger [84]; 

these two bioactives were later demonstrated to possess anticancer activity [72]. 

1.6.1: Identification of Mango Ginger Bioactives 

Previously, a crude, chloroform extract of mango ginger rhizomes was demonstrated to 

have antimicrobial properties against plant and animal pathogenic bacteria, as well as 

plant pathogenic fungi [85]. The extract was separated into fractions using column 

chromatography; one fraction was the most effective inhibitor of bacterial growth, showing 

inhibition on methicillin-resistant Staphylococcus aureus (MRSA), C. difficile (118.1 ± 4.0 

mm2), and E. coli (72.3 ± 5.1 mm2, among others [85].  

Liquid chromatography-mass spectrometry (LC/MS) identified 2,4,6-trihydroxy-3,5-

diprenyldihydrochalcone (further referred to as M1 for simplicity) as a potential bioactive 

compound in mango ginger [85] (Figure 1.6). M1, a chalcanoid, was previously isolated 
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from Glycyrrhiza pallidiflora [86], but was never tested for medicinal properties. 

Chalconoids are a collective group of flavonoids commonly found in plants. Specifically, 

M1 is a dihydrochalcone, as the C-C bond at C7 is saturated. Qin et al. [87] isolated 7 

dihydrochalcones from crab apple leaves, identifying one compound that had anti-cancer 

effects on human lung, liver, and colon cancer cell lines. This is the only instance of a 

plant-isolated dihydrochalcone that has anti-cancer properties. 

 

Figure 1.6: Curcuma amada (mango ginger) rhizomes (left) and the structure of M1 (right).  

The antimicrobial activity of M1 was confirmed with MRSA and E. coli; the bioactive had 

a minimum inhibitory concentrations of 2µg/mL, similar to that of vancomycin, a last resort 

antibiotic in most clinical settings [88].  Together, these studies highlight the bioactivity of 

mango ginger and identify potential molecules responsible for this bioactivity. 
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Chapter 2: Objectives 

2.1: Hypothesis 

Historical evidence in the Unani and Ayurveda systems of medicine suggest that mango 

ginger has anti-inflammatory [72], antibiotic, and antioxidant properties [78]. Extracts of 

mango ginger were later proven to have anti-inflammatory effects in both acute and 

chronic mouse models [79]. Based on these properties, crude mango ginger extracts 

have been tested on lung cancer lines and have demonstrated selective toxicity  [81],[82]. 

Antimicrobial experiments show strong evidence that mango ginger contains a 

nutraceutical bioactive. Analysis using LC/MS identified the bioactive in mango ginger as 

M1, which demonstrated antibiotic properties against E. coli and MRSA [85]. Given the 

antimicrobial data on M1, the historical medicinal evidence, and the crude extract’s 

selectivity towards lung cancer lines, it is hypothesized that M1 will have anti-leukemic 

properties. To assess our hypothesis, we propose the four objectives detailed hereafter.  

2.2: Aims & Objectives 

The aims of this research are to: 

1. Evaluate the anti-leukemic properties of M1, a mango ginger-derived bioactives 

This was done by generating dose response curves of M1 in various leukemic cell 

lines. Additionally, selectivity towards leukemia cells was assessed by testing M1 in 

non-leukemic cell lines. Finally, the effects of M1 on normal cells were tested using 

UCBSCs.  

2. Assess the synergy of M1 with other anti-leukemia drugs 

This was done by testing M1 in combination with three known anti-leukemia drugs–

Avo B, doxorubicin, and cytarabine. Synergistic, additive, or antagonistic effects were 
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identified using combination index values determined using the Chou-Talalay method. 

Heatmaps were used to identify further windows of synergy. The selectivity of these 

identified windows was assessed using non-leukemic cell lines, while the effects of 

M1 on normal cells were tested using UCBSCs.  

3. Identify the effects of M1 on mitochondrial metabolism individually and in 

combination with other drugs 

The effects of M1 individually and in combination with other drugs were tested on 

mitochondrial metabolic processes including fatty acid oxidation, electron transport, 

and ATP synthesis. This was done using a combination of high resolution respirometry 

and spectrophotometric assays.  

4. Elucidate possible mechanisms of action for M1 individually and in combination 

with other drugs 

Further effects of M1 individually and in combinations with other drugs on leukemia 

cells were measured. Glycolysis rates were measured as the extracellular acidification 

rate, while the uncoupling of oxidative phosphorylation was measured using high 

resolution respirometry. These results, in combination with those on mitochondrial 

metabolism, were then used to elucidate potential mechanisms of actions for M1 

individually and in combinations with other drugs.  
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Chapter 3: Methods 

3.1: Cell Culture 

Leukemia cells (OCI-AML2 (AML2), OCI-AML3 

(AML3), Jurkat, KG1A, U937) were cultured in 

Iscove’s Modified Dulbecco’s Medium (IMDM; 

Wisent Bioproducts; St. Bruno, QC) or Roswell 

Park Memorial Institute (RPMI) Medium 

(Cytiva; Logan, UT) (Table 3.1), supplemented 

with 10% Fetal Bovine Serum (FBS; Sigma-

Aldrich; St. Louis, MO) and 2% penicillin-streptomycin (Sigma-Aldrich). TEX and T30R 

leukemia cells were cultured in IMDM supplemented with 15% FBS, 2% penicillin-

streptomycin, 2mM L-glutamine (Cytiva), 20ng/mL stem cell factor (Gibco; Grand Island, 

NY) and 2ng/mL interleukin-3 (IL3; Peprotech; Rocky Hill, NJ). Rho0 Jurkat cells were 

cultured from frozen stocks in 50ng/mL ethidium bromide (Sigma-Aldrich), 100µg/mL 

sodium pyruvate (Sigma-Aldrich), and 10mg/mL uridine (Sigma-Aldrich) for 1 week, 

before being transferred to IMDM supplemented with 10% FBS and 2% penicillin-

streptomycin.   

INS-1 (832/13) cells were cultured in RPMI 1640 medium supplemented with 11.1mM 

glucose, 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 2mM L-glutamine, 

1mM sodium pyruvate, and 50µM β-mercaptoethanol. C2C12 myoblasts were cultured in 

Dulbecco’s Modified Eagles Medium (DMEM; Cytiva) supplemented with 10% FBS and 

1% penicillin/streptomycin. Differentiation of C2C12 cells from myoblasts to myotubes 

required culture of 90% confluent myoblasts in differentiation medium composed of low-

Cell Line Media 

OCI-AML2 IMDM 

OCI-AML3 IMDM 

Jurkat RPMI 

KG1A IMDM 

U937 RPMI 

TEX IMDM* 

T30R IMDM* 

INS-1 RPMI* 

C2C12 DMEM* 

Table 3.1:  Cell lines used and the media 
they are cultured in. 

*cell line requires supplementation different from 10% 
FBS and 2% penicillin-streptomycin 
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glucose DMEM supplemented with 2% horse-serum (Cytiva) and 1% penicillin-

streptomycin. Differentiation medium was changed every day for 5 days, during which the 

myoblasts were fully converted to myotubes as established by morphological assessment 

and analysis of the skeletal muscle protein, myogenin.  

All cell lines were grown in T25 or T75 vented filter cap tissue culture flasks (Sarstedt; 

Nümbrecht, Germany) and incubated in 5% CO2 at 37°C.  

3.2: Drugs 

2,4,6-trihydroxy-3,5-diprenyldihydrochalcone (M1) was purchased from ChemForce 

Laboratories Inc. (Edmonton, AB) and dissolved in dimethyl sulfoxide (DMSO). 

Doxorubicin (Sigma-Aldrich), and cytarabine (Cayman Chemicals; Ann Arbor, MI) were 

used in combination studies and dissolved in ddH2O. 

3.2.1: Avocatin B Extraction 

Avo B was extracted from Hass avocado seeds, as described by Kashman et al [61].  with 

modifications. Hass avocado seeds were air dried, crushed and placed in glass bottles 

with ethyl acetate in a 2:1 solvent: seed ratio. The bottles were sealed and rotated on a 

120 Vac Benchtop Roller (Wheaton; Millville, NJ) for 24 hours.  Extracts were then gravity 

filtered and the solvent was evaporated using a Rotavapor® R-100 rotary evaporator 

(BÜCHI Labortechnik AG, Flawil, Switzerland). This process was repeated twice. The 

crude extract was purified using flash chromatography using a silica (Fisher Scientific; 

Mississauga, ON) column and ethyl acetate as the mobile phase. Column fractions were 

analyzed for purity using thin layer chromatography (eluent: ethyl acetate, Rf = 0.30) and 

visualized using p-anisaldehyde stain (Fisher). 
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All purified samples were characterized by 1H NMR. Samples were dissolved to 2 mg/mL 

in deuterated chloroform (CDCl3) and transferred to an NMR tube. The samples were 

then analyzed using an Avance 400 MHz spectrometer (Bruker; Billerica, Massachusetts) 

and recorded as parts per million (ppm). Purified Avo B was dissolved in DMSO for 

experimental use.  

3.3: Dose Response Analysis 

To generate dose response curves, OCI-AML2, OCI-AML3, KGIA, TEX, and U937 cells 

were seeded in triplicate on 96 well plates (Sarstedt) at a concentration of 1x105 cells/mL 

in 95 µL of fresh media. To this, 5 µL of the respective drug was added to produce the 

desired final concentration. Concentrations tested were at logarithmic increments, 

typically 100, 10, 1, 0.1, and 0µM, to determine the half maximal inhibitory concentration 

(IC50). The remaining wells of the plate were filled with 100µL of phosphate-buffer saline 

(PBS) and placed in an incubator in 5% CO2 at 37°C for 72 hours.  Cell viability was 

assessed using the MTS reduction assay and 7AAD staining. 

Dose responses were also completed with two non-leukemia cell lines–INS-1 and C2C12 

myotubes. These cells were seeded at 1.2x104 cells/well for INS-1 and 2x104 cells/well 

for C2C12 in 96 well plates and treated with 1-10µM of M1 for 72h. After treatment, cells 

were trypsinized using a 0.25% (w/v) trypsin + 0.53mM EDTA solution (Gibco) and 

stained with 7AAD for viability measurements. 

3.4: Cell Growth and Viability 

3.4.1: MTS Reduction Assay 

Cell growth and viability were measured using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-

caboxymethoxyphenyl-2-(4-sulfophenyl-2H-tetrazolium inner salt (MTS) reduction assay 
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(Promega; Madison, WI). The MTS assay is a colorimetric assay that assesses NAD(P)H-

dependent cellular oxidoreductase enzyme activity, which in turn can proportionally reflect 

the number of viable cells present. In this assay, MTS, in the presence of phenazine 

methosulfate (PMS), reacts with oxidoreductase enzymes in viable cells to produce a 

formazan product that has an absorbance maximum at 490nm in phosphate-buffered 

saline [89]. After treatment and initial incubation, cells were treated with 20µL of MTS and 

re-incubated for 2 hours at 37ºC and 5% CO2. Metabolically viable cells express enzymes 

that cleave MTS into a colored formazan product. After a 2-hour incubation, the formazan 

product was quantified by measured absorbance at 490nm using the Synergy HT 

spectrophotometer (Biotek; Winooski, VT). 

3.4.2: 7AAD Staining 

Cell viability was also measured using 7-Aminoactinomycin D (7-AAD; Cayman 

Chemicals) exclusion. 7-AAD is a fluorophore with a strong affinity for DNA that can 

distinguish between viable and dead cells in flow cytometry. Since 7-AAD cannot readily 

pass through intact cell membranes, only cells with compromised membranes will stain 

with 7-AAD. Live cells with intact cell membranes will exclude the fluorophore [90]. 7-AAD 

is excited using a 543nm helium-neon laser; dead cells would be excited while live cells 

would remain dark [91]. Cells plated in triplicate on 96 well plates were centrifuged for 5 

minutes at 1200 rpm, followed by discarding of the media. To each well, 200µL of PBS 

and 1µL of 7-AAD (1mg/mL stock) were added, resulting in a final concentration of 

5µg/mL of 7-AAD. The plates were then incubated for 10 minutes at 37ºC. Plates were 

then analyzed using the Guava easyCyte 8HT flow cytometer (Millipore; Burlington, MA) 
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using GuavaSoft 3.1. (Millipore) flow cytometry software, with settings to acquire 5000 

events per well. 

3.5: Colony Forming Cell Assays 

Colony forming cell assays were performed as previously described [92] with normal 

umbilical cord blood-derived cells. Cells were suspended in IMDM media containing 2% 

fetal calf serum (FCS; Cytiva) at a concentration of 1x105 cells/mL. In a 15mL tube, 300μL 

of cell suspension was added to 3mL of MethoCult GF H4434 medium (Stemcell 

Technologies; Vancouver, BC) containing 1% methylcellulose in IMDM, 30% FCS, 1% 

bovine serum albumin (BSA; Sigma-Aldrich), 3U/mL recombinant human erythropoietin, 

100µM 2-mercaptoethanol, 2mM L-glutamine, 50ng/mL recombinant human stem cell 

factor, 10ng/mL recombinant human granulocyte macrophage-colony stimulating factor 

and 10ng/mL recombinant human IL-3. The cells were plated in a 35 mm cell culture dish 

(Corning; Tewksbury, MA) at a concentration of 104 cells/dish using a 5mL syringe with 

a blunt tip needle (Covodein; Minnapolis, MN). Replicate dishes of each treatment were 

stored in a 100mm cell culture dishes (Corning) with an additional uncapped 35mm dish 

containing distilled water to control humidity. The plates were incubated for 7-14 days at 

37°C with 5% CO2 and 95% humidity. The colonies were counted on an inverted 

microscope; clusters of 10 or more cells were counted as one colony. 

3.6: Drug Combinations 

3.6.1: Combination Indexes 

The combination index (CI) was used to evaluate the interaction between M1 and three 

other known anti-leukemic drugs: Avo B, doxorubicin, and cytarabine. OCI-AML2, TEX, 

and U937 cells were seeded in triplicate on 96 well plates at a concentration of 1x105 
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cells/mL and treated with M1, the drug of interest, and a combination of the two in equal 

IC50 molar ratios. The remaining wells of the plate were filled with 100µL of PBS and 

placed in a humidified incubator in 5% CO2 at 37°C for 72 hours. Cell viability was 

measured with both the MTS reduction assay and 7-AAD exclusion, as detailed above. 

CI values were calculated using the Chou-Talalay Combination Index Method, using the 

following formula based on the based on the median-effect equation 

𝐶𝐼=
(𝐷)1
(𝐷𝑥)1

+
(𝐷)2
(𝐷𝑥)2

 

where (Dx)1 is a concentration of the first drug individually that inhibits a system by x%, 

and (Dx)2 is a concentration of the second drug individually that inhibits a system by the 

same x%. The numerator, (D)1 and (D)2, are the drug concentrations in the combination 

that also inhibit x%. The CI values were generated by CompuSyn (ComboSyn, Inc.; 

Paramus, NJ) and were used to evaluate whether the M1 combinations were synergistic, 

antagonistic or additive. CI values less than, equal to, or greater than 1 indicates synergy, 

additivity, or antagonism, respectively (Figure 3.1). 

 

Figure 3.1: Schematic representation of a Fa-CI plot, used to identify antagonistic, additive, and synergistic 
interactions between two drugs. CI values greater than 1 represent antagonism (red). Values equal to 1 
represent additivity (yellow), while less than 1 indicate synergy (green) 
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3.6.2: Heat Map 

To determine the ranges of synergistic concentrations of M1 and Avo B, a heat map was 

created with increasing concentrations of Avo B and decreasing concentrations of M1, 

relative to the EC50  (Figure 3.2). OCI-AML2, TEX, and U937 cells were seeded in triplicate 

on 96 well plates at a concentration of 1x105 cells/mL in 95 µL of media. Cells were treated 

with 2.5 µL of M1 and 2.5µL of Avo B. Concentrations of M1 used were between 0 and 

40µM, treated in columns, while concentrations of Avo B were between 0 and 32µM. The 

remaining wells of the plate were filled with 100 µL of PBS and placed in an incubator in 

5% CO2 at 37°C for 72 hours. Cell viability was measured with both the MTS reduction 

assay and 7-AAD exclusion, as detailed above. 

 

Figure 3.2: Heat map setup schematic. Decreasing concentrations of M1 (blue arrow) starting at the EC50 

(bolded) were used in the columns, while increasing of concentrations of Avo B (green arrow) starting 
around the EC50 (bolded) were used in the rows. 

Windows of synergy between Avo B and M1 identified in the heat map were reconfirmed 

using OCI-AML2, TEX, and U937 cells. Cells were seeded in triplicate on a 96 well plates 

at a concentration of 1x105 cells/mL in 95 µL of the respective fresh media. To this, 2.5µL 

of each drug was added to produce the desired final concentrations and combinations. 
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The remaining wells of the plate were filled with 100µL of PBS and placed in an incubator 

in 5% CO2 at 37°C for 72 hours. Cell viability was assessed using 7-AAD staining.  

The combination was also tested on INS-1 cells and C2C12 myotubes. These cells were 

seeded at 1.2x104 cells/well for INS-1 and 2x104 cells/well for C2C12 in 96 well plates and 

treated with various 1:2 concentrations of M1 and Avo B. for 72h. After treatment, cells 

were trypsinized using a 0.25% (w/v) trypsin + 0.53mM EDTA solution and stained with 

7AAD for viability measurements. 

3.7: Respirometry 

3.7.1: Cell Culture 

Cell viability was determined using trypan blue 0.4% cell stain (Gibco) and counting using 

a hemocytometer. Cells with ≥95% viability were used for cell culture. OCI-AML2 and 

OCI-AML3 cells were cultured in 100 mm cell culture dishes (Corning) at a density of 

0.5x106 cells/mL in 10mL of IMDM media; 10 million cells were required for each 

treatment. The desired treatment (1µM M1, 2µM Avo B, 1µM M1 + 2µM Avo B, or DMSO) 

was added and the plates were incubated in 5% CO2 at 37°C for 1 hour. 

3.7.2: Permeabilization 

After incubation, the cells required for 1 treatment were collected and centrifuged at 1200 

rpm for 5 minutes. The media was then removed, and the pellet was resuspended in 1mL 

of PBS. The pellet was then transferred to a 1.5mL microcentrifuge tube and centrifuged 

at 1200 rpm for 5 minutes in a microcentrifuge. Following the second centrifugation, the 

PBS wash was carefully removed, and the pellet was suspended in 500 µL 

permeabilization buffer (80mM KCl and 250mM sucrose in PBS) containing 0.01% 

digitonin (Sigma-Aldrich). The mixture was then agitated gently for 3 minutes, centrifuged 
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at 1200 rpm for 5 minutes, and recentrifuged for one more cycle after the permeabilization 

buffer was removed. The pellet was then suspended in 150µL of MiR05 respiration buffer 

and injected into the Oroboros Oxygraph-2k (Oroboros Instruments; Innsbruck, Austria) 

chambers. The Oroboros Oxygraph-2k chambers contained 2mL of MiR05 mitochondrial 

respiration medium (0.5mM EGTA, 3mM MgCl2, 60mM lactobionic acid, 20mM taurine, 

10mM KH2PO4, 20mM HEPES, 110mM D-sucrose, 1 mg/mL bovine serum albumin 

(BSA) in ddH2O) [93]. Basal respiration was measured after injection, once steady-state 

respiratory flux was obtained.  

3.7.3: Fatty Acid Oxidation 

High-resolution O2 consumption measurements were conducted in 2mL of MiR05 (pH 

7.5, stir speed 750 rpm) using the Oroboros Oxygraph-2k set to 37ºC with a gain of 2 in 

both chambers. 

Fatty acid oxidation supported respiration was measured using the following fuel 

substrate series: 16.65µM L-palmitoyl carnitine (Sigma-Aldrich), 2mM malate (Sigma-

Aldrich), and 2.5mM ADP (Sigma-Aldrich). Fuel substrates were injected into the 

chambers at 5-minute intervals in 10µL volumes using precision glass syringes (Hamilton 

Company; Reno, NV). Oxygen consumption was measured following the injection of ADP; 

basal oxygen consumption was background subtracted from the measured rates. 

Following all measurements, respiration was completely inhibited using 250nM antimycin 

A (Sigma-Aldrich).  Data was recorded with DatLab software 7.4 (Oroboros Instruments). 

3.7.4: Complex I + II 

Complex I supported respiration was measured using the following fuel substrate series: 

5mM pyruvate (Sigma-Aldrich), 2mM malate, and 2.5mM ADP.  Fuel substrates were 
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injected into the chambers at 5-minute intervals in 10µL volumes. Oxygen consumption 

was measured following the injection of ADP. Following measurements, complex I 

supported respiration was inhibited using 250nM rotenone (Sigma-Aldrich).  

Following inhibition with rotenone, complex II supported respiration was measured 

following the injection 10mM succinate (Sigma-Aldrich); oxygen consumption was 

measured following the injection. Following all measurements, respiration was completely 

inhibited using 250nM antimycin A. Data was recorded with DatLab software 7.4. 

3.8: Whole Cell Respirometry 

3.8.1: Lysate Preparation 

Cell viability was determined using trypan blue cell staining and counting using a 

hemocytometer. Cells with ≥95% viability were used for lysate preparation. Using AML2 

cells, 10x106 cells were collected and centrifuged for 5 minutes at 1200 rpm. The media 

was discarded; the cells were transferred to 1.5mL microcentrifuge tube, washed in 1mL 

of PBS, and centrifuged for 5 minutes at 1200 rpm. The PBS was removed and the pellet 

as resuspended in 100 µL of MiR05 respiration buffer. The resuspended pellet was then 

injected into the Oroboros Oxygraph-2k chambers containing 2mL of MiR05 respiration 

buffer. 

3.8.2: Injection 

After the injection of the whole cell lysate, basal respiration was measured once steady-

state respiratory flux was obtained. The individual treatments of M1 or Avo B were injected 

in a stepwise titration at 1µM increments starting at 1µM for M1 and 2µM for Avo B. 

Injections were separated by 5 minutes and continued up to 8µM for M1 and 4µM for Avo 

B. Oxygen consumption was measured at each titration where a change was observed. 
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For the combination treatment, 2µM of Avo B was injected, followed by 1µM of M1 after 

5 minutes. The reverse injection order was also tested. Following all measurements, 

respiration was completely inhibited using 250nM antimycin A, if required. 

3.9: Electron Transport Chain Activity 

3.9.1: Mitochondria-Rich Fraction Preparation 

Using AML2 cells, 15x106 cells were collected and centrifuged for 5 minutes at 1200 rpm. 

The cells were washed with 1mL PBS for 5 minutes at 1200 rpm; the supernatant was 

discarded, and the pellet was retained.  The pellet was then flash frozen in liquid nitrogen, 

thawed on ice, and resuspended in 10mM of ice-cold hypotonic Tris HCl buffer. The cells 

were homogenized with 3 pulses on Fisherbrand Model 120 Sonic Dismembrator (Fisher 

Scientific), with each pulse consisting of 3 seconds on, 3 seconds off at 45% amplitude. 

The cell homogenate was mixed thoroughly with 200µL of a 1.5M sucrose solution and 

centrifuged at 600g for 10 minutes at 2ºC using a microcentrigue. The supernatant was 

then collected in a 1.5mL microcentrifuge tube and centrifuged at 14000g for 10minutes 

at 2ºC. The supernatant was discarded, and the pellet was resuspended in 150µL of 

10mM ice-cold hypotonic Tris HCl buffer and divided into aliquots for protein estimation.  

3.9.2: BCA Assay 

The total protein content of the mitochondria fraction was quantified using the BCA protein 

assay. BSA standards at 0, 20, 40, 60, 80, and 100 µg/mL were created and 10µL of each 

standard was plated in triplicate in a 96-well plate. The mitochondrial rich fraction was 

diluted 10x using ddH2O, and 10µL of this dilution was added to the 96-well plate in 

triplicate. Bicinchoninic acid (BCA) working reagent was then prepared containing 50 

parts BCA (Sigma-Aldrich) to one-part 4% copper II sulphate (Sigma-Aldrich).  The BCA 
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working reagent was added to each BSA standard and sample well in the 96-well plate.  

The optical density was measured at 527nm using the Synergy HT spectrophotometer. 

Protein content of the sample was estimated using the standard curve.  

3.9.3: Complex III 

Assessment of complex III activity was completed spectrophotometrically, modified from 

the methods of Spinazzi et al [94]. To a 1mL cuvette, 50µL of 0.5M potassium phosphate 

buffer (pH 7.5), 75µL of 1mM oxidized cytochrome C, 50µL of 10mM KCN, 20µL of 5mM 

EDTA and 10µL of 2.5% Tween 20 (all Sigma-Aldrich) were added; ddH2O was added to 

985µL. To the assay buffer created, 20µg of mitochondrial rich lysate was added. The 

desired treatment (1µM M1, 2µM Avo B, 1µM M1 + 2µM Avo B, or DMSO) was added in 

5µL. The cuvette was then placed in a Genesys 10 spectrophotometer (Fisher Scientific) 

for a blank reading, and absorbance was measured at 550nM. After 1 minute, 10 µL of 

10mM decylubiquinol (reduced decylubiquinone, Sigma-Aldrich) was added to the 

cuvette and absorbance measurements at 550nM were taken for another 4 minutes. The 

assay was repeated in triplicate for each treatment. 

3.9.4: Complex IV 

Assessment of complex IV activity was completed spectrophotometrically, modified from 

the protocols of Spinazzi et al [94]. To a 1mL cuvette, 250µL of 0.1M potassium 

phosphate buffer (pH 7.0) and 50µL of 1mM reduced cytochrome C were added; ddH2O 

was added to 995µL. The desired treatment (1µM M1, 2µM Avo B, 1µM M1 + 2µM Avo 

B, or DMSO) was added in 5µL. The cuvette was then placed in a Genesys 10 

spectrophotometer for a blank reading, and absorbance was measured at 550nM. After 

1 minute, 20µg of mitochondrial rich lysate was added. was added to the cuvette and 
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absorbance measurements were taken at 550nM for another 4 minutes. The assay was 

repeated in triplicate for each treatment. 

3.9.5: Complex V 

Assessment of complex V activity was completed spectrophotometrically, modified from 

the protocols of Barrientos et al. [95]. Assay media was prepared contain 50mM Tris (pH 

8.0), 5mg/mL BSA, 20mM MgCl2, 50mM KCl, 15µM carbonyl cyanide m-

chlorophenylhydrazone (CCCP), 5µM antimycin A, 10mM phosphoenolpyruvate (PEP), 

2.5mM ATP, 4 units of lactate dehydrogenase and pyruvate kinase, and 1mM NADH 

(unless previously mentioned, all Sigma-Aldrich). The media is then incubated at 37ºC for 

5 minutes prior to the assay start. In a 96-well plate, 20µg of mitochondria-rich lysate in 

distilled water is added to each sample well. The plate is incubated in a Synergy H4 

microplate plater (BioTek) at 37ºC for 30s. To each well, 200µL of the assay media was 

added and absorbance was measured at 340nm for 3 minutes. After 3 minutes, the 

treatments (1µM M1, 2µM Avo B, 1µM M1 + 2µM Avo B, or DMSO) are added in triplicate 

and the absorbance is read for another 3 minutes at 340nm.  

3.10: Extracellular Acidification 

Extracellular acidification rate (ECAR) was determined using a glycolysis assay kit 

(Abcam; Cambridge, United Kingdom). OCI-AML2 and U937 cells were harvested such 

that there were 5x105 cells/well, triplicate for each treatment. Cells were centrifuged for 5 

minutes at 1200 rpm, washed with respiration buffer (1mM potassium phosphate, 20mM 

glucose, 70mM NaCl, 50mM KCl, 0.8mM MgSO4, 2.4mM CaCl2), and centrifuged at the 

previously mentioned settings. Cells were seeded in a 96-well plate at 5x105 cells/well in 

150µL of respiration buffer. Two wells were designated as blank controls with 150µL of 
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only respiration buffer added.  To each sample well, 10µL of glycolysis assay reagent was 

added, along with 1µL of the test compound (1µM M1, 2µM Avo B, 1µM M1 + 2µM Avo 

B, or DMSO). 2-Deoxy-D-glucose (1mM; Sigma-Aldrich) was used as a positive control.  

Fluorescence was measured at 37ºC using in a Synergy H4 microplate plater for 1.5 min 

intervals for 120 minutes using excitation and emission wavelengths of 380 and 615nm, 

respectively. The slopes, or extracellular acidification rates, of a linear portion of the blank 

control-corrected measurements versus time were determined using linear regression. 

3.11: Statistical Analysis 

Data were analyzed with GraphPad Prism 7.0 (GraphPad Software; San Diego, CA) using 

one-way ANOVA with Tukey’s or Dunnett’s post hoc analysis for between group 

comparisons where applicable. Student’s t-tests were also employed where applicable. p 

< 0.05 was accepted as being statistically significant. Data presented is mean ± S.D; *p 

< 0.05, **p <0.01, ***p < 0.005, ****p<0.001. Drug combination data were analyzed using 

Calcusyn software (Biosoft, Cambridge, UK). 
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Chapter 4: Results 

4.1: M1 demonstrates anti-leukemic properties in various cell lines 

 

Figure 4.1:  M1 shows anti-leukemic activity in various cell lines. AML cell lines were incubated with 
increasing concentrations of M1 for 72 h and viability was measured by flow cytometry using 7AAD (A) and 
MTS (C). Experiments were performed three times in triplicate. EC50 values calculated from the dose 
responses in A are shown in B (7AAD) and D (MTS). Values were the average of the 3 replicates. 

To determine the anti-leukemic properties of M1, dose response curves were created 

using leukemia cell lines (e.g., OCI-AML2, AML3, KGIA, TEX, and U937 cells). Cell 

viability was measured after a 72h incubation period using 7AAD staining (Figure 4.1A; 

n=3) and the MTS reduction assay (Figure 4.1C; n=3). M1 demonstrated anti-leukemic 
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properties in all five cell lines tested; EC50 values, the half maximal effective 

concentration, were determined for each cell line and ranged between 39.60 -76.32µM 

(Figure 4.1B) in the 7AAD staining samples. For the dose response curves produced 

using the MTS reduction assay, the EC50 values ranged between 30.53-78.62µM (Figure 

4.1D). This is higher than other reported naturally occurring dihydrochalcones that have 

EC50 values between 10-25µM [96],[97]. Only slight differences in EC50 values were 

observed between the 7AAD staining and MTS samples. The lowest EC50 value was 

observed in TEX cell lines, an AML cell line that demonstrates many leukemia stem cell 

properties [98].  

 

Figure 4.2:  M1 toxicity in non-leukemic cell lines. INS-1 (A) and C2C12 cells (B) were incubated with 
increasing concentrations of M1 for 72 h and viability was measured by flow cytometry using 7AAD. 
Experiments were performed three times in triplicate.  

To examine the selectivity of M1 towards leukemia cell lines, dose response curves were 

created using INS-1 and C2C12 cell lines. INS-1 cells are a rat pancreatic β-islet cell line 

commonly used as a model for insulin secretion, while C2C12 cells are a mouse skeletal 

myoblast line. The cells were incubated for 72 hours and viability was measured using 

7AAD staining. Concentrations ≥4µM demonstrated toxicity to INS-1 cells, with a 

concentration of 10µM resulting in 86.5 ± 5.8% cell death (Figure 4.2A; n=3). 
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Concentrations of up to 50µM demonstrated very little impacts on C2C12 cell viability. 

This suggests that M1 imparts a degree of selectivity but can still exert toxic effects 

beyond leukemic cell lines.  

 

Figure 4.3: M1 is mildly toxic to normal cells at EC25 concentrations. Normal umbilical cord blood-derived 
cells were incubated with 30µM M1 and colonies were counted after 14 days. Experiments were performed 
three times. *p < 0.05, unpaired, two-tailed, student’s t-test. 

The toxicity of M1 towards normal cells was tested using umbilical cord blood-derived 

stem cells (UCBSCs) using the colony formation assay. An M1 concentration of 30µM, 

(approximately the EC25), reduced UCBSCs colonies by approximately 20% (Figure 4.3; 

n=4), suggesting M1 imparts toxic to normal cells.  

4.2: M1 synergizes with the mitochondria target drug Avocatin B 

M1 was tested in combination with three known anti-leukemic drugs–Avo B, doxorubicin 

(Dox), and cytarabine (Ara C) using OCI-AML2, TEX, and U937 cells. As mentioned 

earlier, Avo B inhibits FAO in leukemia cells [67]. Dox is an anthracycline antibiotic used 

in conventional induction therapy for AML while Ara C is the backbone of the 7+3 regimen; 

both are inhibitors of DNA synthesis [15]. CI values were calculated using the Chou-
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Talalay method, which evaluate whether the combinations are synergistic (CI < 1), 

antagonistic (CI > 1) or additive (CI=1) [99].  

 

Figure 4.4: M1 synergizes with the mitochondria target drug avocatin B. Equal molar concentrations of M1 
and avocatin B (A) or doxorubicin (Dox) (B) and cytarabine (Ara C) (C) were incubated with AML2 leukemia 
cells and cell viability was measured after 72 h by flow cytometry using 7AAD. Combination index (CI) 
values (D-F), which assesses drug-interaction effects, were calculated using the CompuSyn software. CI 
values of <1, >1 or equal to 1 denote statistical synergy, antagonism, or additivity, respectively. Experiments 
were performed three times in triplicate. Representative figures shown. 
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Avo B, at equal EC50 molar ratios of 2X, 1X, and 0.5X, was synergistic with M1 (Figure 

4.3A; n=3), with CI values of 0.6, 0.65, and 0.8, respectively (Figure 4.4D). Both Dox and 

Ara C demonstrated antagonistic interactions with M1 (Figure 4.4B-C; n=3) (Figure 4.4E-

F), with a stronger degree of antagonism present in Dox. These trends of synergy and 

antagonism were seen in all three cell lines.  

4.3: Low concentrations of M1 and Avocatin B synergize in AML cells 

M1 synergizes with Avo B at equal EC50 molar ratios of 2X, 1X, and 0.5X in leukemia cell 

lines. However, M1 concentrations used in these molar ratios impart toxicity to UCBSCs 

(e.g., >30µM). Therefore, a larger range of M1 and Avo B concentration combinations 

were tested, using a heat map whereby increasing concentrations of Avo B and 

decreasing concentrations of M1 were used. Heat maps were generated with OCI-AML2, 

TEX, and U937 cells and viability was measured using the MTS reduction assay. 

Windows of synergy were also reconfirmed using 7AAD staining. In OCI-AML2 cells, 

synergy was present at 0.156 to 0.625µM M1 and 2µM Avo B (Figure 4.5A; n=3). The 

combination reduced cell viability to 34% or less across the window, a significant 

reduction from when drugs are individually added (i.e., M1 (p<0.001); Avo B (p<0.05) 

(Figure 4.5D; n=3)). In both TEX and U937 cells, the low concentration window was 

larger, ranging between 0.156 and 1.25µM M1 and 2µM Avo B (Figure 4.5B-C; n=3). The 

combination resulted in <67% viability at all M1 concentrations in TEX cells. This is a 

significant reduction compared to individual concentrations of M1 (p<0.001) or Avo B 

(p<0.005) individually (Figure 4.5E; n=3). In U937 cells, all M1 concentrations in the 



 
RESULTS | 39 

combination reduced cell viability to <40%; this was also significantly different from the 

individual drugs (p<0.001 for M1, p<0.01 for Avo B) (Figure 4.5F; n=3). 

 

Figure 4.5: Low concentrations of M1 and avocatin B synergistically reduce viability of AML cell lines. 
Increasing concentrations of M1 and avocatin B were co-incubated with AML2 (A), TEX(B), and U937 (C) 
leukemia cell lines.  Cell viability was measured after 72 h via MTS staining. Low concentration synergy 
windows are highlighted with a grey outline. These “heat map window” concentrations of M1 and avocatin 
B were incubated with AML2 (D), TEX(E), and U937 (F) leukemia cell lines and viability was measured after 
72 h by flow cytometry using 7AAD. Experiments were performed three times in triplicate. Data is mean ± 
S.D; *p < 0.05, **p < 0.01, ***p < 0.005, ****p<0.001; one-way ANOVA, Dunnett’s post hoc test. 

4.4: The low concentration window of M1 and Avocatin B is selective to 
AML cells 

M1 at EC50 concentrations demonstrated toxicity in UCBSCs, resulting in the search and 

identification of a low concentration window of 0.15 - 1.25µM M1 and 2µM Avo B. 
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Therefore, the toxicity of the combination towards normal cells was also tested with 

UCBSCs using the colony formation assay. A concentration of 1µM M1 and 2µM Avo B 

was used, as these concentrations were in the upper end of the low concentration 

window. The combination, as well as M1 and Avo B individually, had no effect on UCBSCs 

(Figure 4.6).  

 

Figure 4.6:  Low concentrations of M1 and avocatin B are not toxic to normal cell lines. Normal umbilical 
cord blood-derived cells were incubated with 1µM M1, 2µM Avo B, the combination of both drugs, or a 
vehicle control (DMSO). Colonies were counted after 14 days. Experiments were performed three times. 
Data is mean ± S.D; *p < 0.05, **p < 0.01, ***p < 0.005, ****p<0.001; one-way ANOVA, Dunnett’s post hoc 
test. 

Additionally, M1 demonstrated toxicity towards non-leukemia cells lines, specifically INS-

1 cells at low concentrations. A combination of 1µM M1 and 2µM Avo B, as well as other 

concentrations at a 1:2 ratio of M1:Avo B were tested on both INS-1 and C2C12 cell lines. 

The cells were incubated for 72 hours and viability was measured using 7AAD staining. 

None of the 1:2 combinations tested demonstrated toxicity towards both the INS-1 (Figure 

4.7A; n=3) and C2C12 (Figure 4.7B; n=3). Therefore, the combinations at these 

concentrations are not toxic to normal cells and demonstrate selectivity towards leukemia 

cells. 
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Figure 4.7: 1:2 combinations of M1 and Avo B do not demonstrate toxicity in non-leukemic cell lines.  INS-
1 (A) and C2C12 cells (B) were incubated with 1:2µM combinations of M1 and Avo B of increasing 
concentrations for 72 h and viability was measured by flow cytometry using 7AAD. Experiments were 
performed three times in triplicate. 

4.5: A combination M1 and avocatin B inhibits fatty acid oxidation 

 

Figure 4.8: Low concentration combination of M1 and Avo B inhibits FAO. FAO-supported respiration was 
measured as oxygen consumption rate with palmitoylcarnitine and malate in permeabilized AML2 cells (A) 
and AML3 cells (B) using high-resolution respirometry. Cells were incubated for one hour with a 1µM M1, 
2µM Avo B, the combination of both drugs, or a vehicle control (DMSO). Data is mean ± S.D; *p < 0.05, **p 
< 0.01, ***p < 0.005, ****p<0.001; one-way ANOVA, Dunnett’s post hoc test. 

Avo B selectively results in leukemia cell death through inhibition of fatty acid oxidation 

(FAO) [62]. When added alone Avo B (10µM) results in a >40% reduction in oxygen [67]. 

Therefore, the combination of M1 and Avo B was evaluated for its ability to inhibit FAO. 

OCI-AML2 and OCI-AML3 cells were treated with 1µM M1, 2µM Avo B or a combination 
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thereof and oxygen consumption was measured in permeabilized cells. Oxygen 

consumption rate (OCR) was measured after treatment with L-palmitoyl carnitine, malate, 

and ADP. In both cell lines, treatment with the combination resulted in a >50% decrease 

in OCR (61.7 ± 5.1% in AML2, 56.8 ± 5.3% in AML3), which was significantly difference 

from M1 (p<0.01), Avo B (p<0.05), or the vehicle control of DMSO (p<0.01). The individual 

treatments had minimal-to-no effect on FAO-supported OCR (Figure 4.8A-B; n=3). 

4.6: Fatty acid oxidation is essential M1 and Avocatin B synergy 

 

Figure 4.9: FAO inhibition is a process essential to the synergy of M1 and Avo B. The low concentration 
window of M1 and Avo B were incubated in TEX (A) and T30R (B) leukemia cell lines, the latter of the two 
is avocadyne-resistant (and subsequently less sensitive to Avo B-induced FAO inhibition). Cell viability was 
measured after 72 h by flow cytometry using 7AAD. Data is mean ± S.D; *p < 0.05, **p < 0.01, ***p < 0.005, 
****p<0.001; one-way ANOVA, Dunnett’s post hoc test. 

Avo B is a 1:1 mixture of two 17-carbon PFAs–avocadene and avocadyne [62]. To 

understand the role and impact of FAO on the synergy demonstrated by the combination 

of M1 and Avo B, the low concentration window (expanded to 0.625–2.5µM of M1) was 

tested TEX cells and an avocadyne-resistant variant, T30R. T30R cells are significantly 

less sensitive to Avo B-induced FAO inhibition. Viability was determined after 72 hours 

using 7AAD staining. As seen previously, synergy was present in TEX cells, with <70% 

viability at all M1 concentrations using the combination (p<0.005) (Figure 4.9A; n=3). 

However, in T30R cells, Avo B does not cause cell death and subsequently, synergy is 
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lost with the combination. M1 and the combination does result in >40% cell death in T30R 

cells at both the 2.5 and 1.25µM concentrations, although this effect is lost at any lower 

concentrations (Figure 4.9B, n=3). As synergy is lost when the FAO inhibition of 

avocadyne is prevented, it can be inferred that FAO inhibition is essential to the synergy 

mechanism of the M1 + Avo B combination.  

4.7: The combination inhibits complex 1 of the electron transport chain 

 

Figure 4.10: Schematic highlighting the electron transport chain and oxidative phosphorylation. NADH and 
FADH2 from the TCA cycle are oxidized by complex I and II respectively. The electrons from these oxidation 
reactions feed through complex III and IV to result in the molecule reduction of oxygen into water. This 
process pump protons into the inter membrane space generating an electrochemical gradient that powers 
oxidative phosphorylation by complex V. M1 and Avo B’s effects on complex I and II activity are tested 
using high resolution respirometry while the activity of complex III, IV, and V is measured 
spectrophotometrically.  

The combination of M1 and Avo B inhibit FAO (i.e., palmitate supported respiration) 

proving that it indeed exerts an effect in the mitochondria. Consequently, the 

mitochondrial effects of M1 and Avo B were further investigated, specifically within the 

electron transport chain. The reducing equivalents produced by the TCA cycle, NADH 

and FADH2, feed into the electron transport chain at two points. NADH feeds in at complex 
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I (CI), where it is oxidized to NAD+, while FADH2 is oxidized to FAD at complex II (CII) 

(Figure 4.10) [100],[101]. Consequently, the effect of the combination (and the individual 

drugs) were tested on CI and CII.  

 

Figure 4.11: The combination of M1 and Avo B, as well as M1 individually, inhibit complex I of the electron 
transport chain. Complex I (A) and complex II (B) supported respiration was measured as oxygen 
consumption rate with pyruvate and malate (CI) or succinate (CII) in permeabilized AML2 cells using high-
resolution respirometry. Cells were incubated for one hour with a 1µM M1, 2µM Avo B, the combination of 
both drugs, or a vehicle control (DMSO). Data is mean ± S.D; *p < 0.05, **p < 0.01, ***p < 0.005, 
****p<0.001; one-way ANOVA, Tukey’s post hoc test. 

OCI-AML2 cells were treated with 1µM M1, 2µM Avo B or a combination and OCR was 

measured in permeabilized cells. CI-supported respiration was measured after the 

injection of 5mM pyruvate, 2mM malate, and 2.5mM ADP, to determine the effects of M1 

and Avo B on the protein complex’s activity. CII-supported respiration was then measured 

after the injection of 250nM rotenone and 10mM succinate. M1 inhibited CI supported 

respiration to 63.7 ± 2.0% of the vehicle control (p<0.05). Additionally, the M1 + Avo B 

combination also reduced CI activity to 28.1 ± 10.1% compared to the vehicle control 

(p<0.01); this reduction was also significant compared to the individual M1 treatment 

(p<0.05). Avo B did not inhibit CI activity (Figure 4.11A; n=3). Neither the individual 

treatments nor the combination had a significant effect on CII-supported respiration 

(Figure 4.11B; n=3).  
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Figure 4.12: M1 exerts a dose dependent inhibition of Complex V. Complex III (A) and Complex IV (B) 
activity was measured as absorbance at 550nm for 4 minutes.  Complex V (C) activity was measured as 
absorbance at 340nm over 3 minutes. Mitochondrial rich lysates were treated with 1µM M1, 2µM Avo B, 
the combination of both drugs, or a vehicle control (DMSO) for 1 (CIII and CIV) or 3 minutes (CV). Data is 
mean ± S.D; *p < 0.05, **p < 0.01, ***p < 0.005, ****p<0.001; one-way ANOVA, Tukey’s post hoc test. 

The electrons from the oxidation reactions in CI and CII flow through complex III (CIII) 

and IV (CIV) where the result is the molecular reduction of oxygen. The transfer of these 

electrons also results in protons moving into the intermembrane space establishing an 

electrochemical gradient. The protons flow back into the mitochondrial matrix through 

complex V (CV), also known as ATP synthase; the flow of protons also powers the 

synthesis of ATP (Figure 4.10) [102]. Therefore, to elucidate any downstream effects on 

the electron transport chain, the activity of CIII, CIV, and CV were measured. 

Mitochondrial lysates were prepared from OCI-AML2 cells and treated with 1µM M1, 2µM 

Avo B or a combination thereof. There was no significant effect on the activity of CIII or 

CIV by either individual treatment or the combination (Figure 4.12A-B; n=3 for each). The 

combination resulted in a slight reduction of CV activity, although insignificant relative to 

the vehicle. At the 1µM concentration, M1 reduced CV activity to 91.2 ± 2.5% of the 

vehicle control (p<0.01). There was no significant difference between the combination 

and the individual 1µM treatment. When increasing the concentration beyond the low 

concentration window to 8µM, M1 decreases CV activity to 74.4 ± 2.6% compared to the 

vehicle control (p<0.001). Avo B exerted no significant effect on CV (Figure 4.12C; n=3). 
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With an increasing effect at higher doses, this suggests that M1 has a dose-dependent 

effect on CV activity.  

4.8: M1 inhibits glycolysis in AML cells  

 

Figure 4.13: M1 and the combination reduce glycolysis in leukemia cells. AML2 (A) and U937 (B) cells 
were treated with 1µM M1, 2µM Avo B, the combination of both drugs, or a vehicle control (DMSO) for two 
hours; extracellular acidification was measured in 2 min intervals for 120 min. Extracellular acidification rate 
is calculated as an indicator of glycolysis rate. Data is mean ± S.D; *p < 0.05, **p < 0.01, ***p < 0.005, 
****p<0.001; one-way ANOVA, Dunnett’s post hoc test. 

Cancer cells exhibit altered metabolic features, including increased uptake and utilization 

of glucose, the use of aerobic glycolysis, and disrupted oxidative phosphorylation. The 

measurement of glycolysis in cellular models can be determined through the 

quantification of the extracellular acidification rate (ECAR) of the surrounding media. The 

acidification predominately comes from the excretion of lactic acid after its conversion 

from pyruvate [103]. Therefore, to elucidate the effects of M1 and Avo B on glycolysis, 

the effects on ECAR was measured. OCI-AML2 and U937 cells were harvested and 

treated with 1µM M1, 2µM Avo B or a combination of the two. M1 reduced ECAR by 24.1 

± 8.3% OCI-AML2 cells (p<0.01) while the combination reduced the ECAR by 18.7 ± 5.0% 

(p<0.05), compared to the vehicle control (Figure 4.13A, n=3). In U937 cells, M1 reduced 

ECAR by 55.5 ± 1.12% relative to the vehicle control (p<0.001); a similar effect was seen 
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with the combination (53.8 ± 5.2% reduction; p<0.005) (Figure 4.13B, n=3). Avo B had no 

significant effect on ECAR in either cell line. There was no significant difference between 

M1 and the combination on ECAR, suggesting that M1 and Avo B target different 

pathways, and the mechanism behind M1’s toxicity reduces the levels of glycolysis.  

4.9: The combination of M1 and Avocatin B promotes uncoupling  

 

Figure 4.14: The combination of M1 and Avo B causes uncoupling of the mitochondria, while M1 
individually causes uncoupling at higher concentrations. Oxygen consumption rate of AML2 whole cell 
lysates were measured using high-resolution respirometry. Uncoupling was measured as oxygen 
consumption rate above basal. A) Whole cell lysates were injected with one dose  M1 (1µM), followed by 
two doses of 4µM  M1, followed by antimycin A (0.5mM) B) Whole cell lysates were injected with two doses 
of 2µM of Avo B, followed by antimycin A (0.5mM). C) Whole cell lysates were injected with 2µM Avo B 
followed by 1µM M1.  D) Whole cell lysates were injected with 1µM M1, followed by 2µM Avo B. Two 
measurements of oxygen consumption rate were taken for Avo B as there was a delayed response. Data 
is mean ± S.D; *p < 0.05, **p < 0.01, ***p < 0.005, ****p<0.001; one-way ANOVA, Dunnett’s post hoc test. 
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The reduction of ATP synthesis in leukemia is in part due to a change in mitochondrial 

membrane potential (∆ΨM), also known as mitochondrial uncoupling [29],[30]; oxidative 

phosphorylation is not coupled to ATP synthesis [31]. In the presence of an uncoupling 

agent, cellular respiration is increased, but ATP is not formed, and the energy created is 

released as heat [104]. To understand whether M1 and Avo B promote mitochondrial 

uncoupling, OCR was measured. A significant increase in OCR compared to basal 

respiration indicates that the substance may act as a mitochondrial uncoupler [105]. 

Whole cell lysates of AML2 cells were prepared and individual treatments of M1 or Avo B 

were injected in a stepwise titration starting at 1µM for M1 and 2µM for Avo B. For the 

combination treatment, 2µM of Avo B was injected, followed by 1µM of M1; the reverse 

injection order was also tested. 

At 1µM, M1 did not have a significant effect on OCR compared to the basal rate. The first 

significant change was observed at 4µM, with a 20.5 ± 8.0% increase from basal values 

(p<0.05). A marked increased in OCR was observed at 8µM M1 treatment, with a 60.8 ± 

15.1% increase compared to basal levels (p<0.001) (Figure 4.14A; n=3).  

As an inhibitor of FAO, Avo B was expected to decrease respiration levels, and this was 

observed with a 4µM. At 2µM, Avo B did not have a significant effect on OCR while at 

4µM there was a 22.2 ± 3.8% decrease, relative to the basal rate (p<0.01) (Figure 4.14B; 

n=3). 

Treating cells with the combination of 1µM M1 and 2µM Avo B resulted in a slight, 

insignificant decrease in OCR, followed a marked, significant increase in respiration, 

regardless of treatment order. When Avo B was injected first, a slight dip was observed, 

followed by an increase of 21.8 ± 14.2% in OCR, compared to the basal (p<0.01) (Figure 
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4.14C; n=3). When M1 was injected first, there was initially no effect on OCR–subsequent 

injection of Avo B resulted in a slight, insignificant decrease in OCR. However, a 30.0 ± 

9.1% increase in OCR was observed 5 minutes after the final injection (Figure 4.14D; 

n=3).  

M1 demonstrates a dose-dependent effect on uncoupling–higher concentrations result in 

larger increases in OCR, therefore greater uncoupling. However, in combination with Avo 

B, a lower concentration of M1 results in uncoupling behaviour. This is possibly due to 

Avo B inhibiting FAO, which can increase the expression of UCPs, and subsequently 

promoting uncoupling [69].
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Chapter 5: Discussion 

5.1: Summary of Findings 

M1, previously identified and tested as an antibiotic, reduced viability of 5 different 

leukemia cell lines. However, at EC25 values, M1 demonstrated toxicity in normal and non-

leukemic cell lines. A synergistic interaction between M1 and Avo B was identified, with 

a low concentration window between 0.156 and 1.25µM M1 and 2µM Avo B 

demonstrating synergy in 3 cell lines. A combination of 1µM M1 and 2µM Avo B, chosen 

from this low concentration window, was selective to leukemia cell lines and 

demonstrated no toxicity in normal and non-leukemic cell lines. The M1 and Avo B 

combination inhibited FAO in AML cells, while the single drugs had no effect. FAO 

inhibition was also deemed to be essential to the synergy; M1 and the combination 

inhibited CI of the electron transport chain while M1 demonstrated dose dependent 

inhibition of CV. The combination, and single M1 treatment, reduced ECAR in AML cells, 

suggesting a decrease in the glycolytic pathway. Finally, M1 demonstrates a dose-

dependent uncoupling behavior; the combination, however, promotes uncoupling at lower 

concentrations.  

Avo B was previously identified as an inhibitor of FAO; the drug also accumulates in the 

mitochondria [62]. However, M1 is novel in its use as an antileukemic drug and 

demonstrates inhibition of the electron transport chain at CI and CV. Electron transport 

chain inhibitors are reported to cause mitochondrial toxicity [106]. Upon binding, the 

inhibitors block the ability of the complex to change between redox states. This causes 

the accumulation of reduced forms (e.g. NADH at CI) at these complexes, as well as 

oxidized forms of substrates downstream from the inhibition.  The proton gradient that 
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powers the phosphorylation of ADP into ATP cannot be formed due to ineffective proton 

transfer. Additionally, increased reactive oxygen species (ROS) production occurs with 

inhibition of complex I and V [107]. While the exact mechanism by which M1 exerts its 

function is unknown, inhibiting mitochondrial complex activity is a potential useful anti-

AML therapeutic strategy.  

5.2: Leukemia toxicity in naturally derived dihydrochalcones 

M1, a dihydrochalcone, was previously identified in G. pallidiflora [86], but was never 

tested for medicinal properties from that source. It was later identified in mango ginger 

and confirmed to be antibiotic [85].  

The isolation and identification of dihydrochalcones from natural sources is a fairly recent 

development, as is the characterization of their antileukemic properties. Phloretin was 

one of the first dihydrochalcones identified with anti-leukemia properties. Isolated from 

Prunus mandschuria (also known as the Manchurian apricot), phloretin induced apoptosis 

in HL60 cells through the inhibition of protein kinase C [108]. Early research also identified 

three C-benzylated dihydrochalcones from Uvaria acuminate–Uvaretin, isouvaretin and 

diuvaretin–that demonstrated inhibitory effects against HL-60 cells. C-benzylated 

dihydrochalcones were later identified to arrest the cell cycle at the G1 phase to result in 

apoptosis [96]. 

A dihydrochalcone has also been identified in Dracaena usambarensis, a tropical African 

berry, which was responsible for approximately a 20% reduction in cell viability in CCRF-

CEM and CEM/ADR5000 leukemia cells [109]. Multiple dihydrochalcones that inhibited 

HL60 leukemia cells have been identified from two Empetrum nigrum, or black crowberry, 

varieties [110]. Research surrounding plant-derived dihydrochalcones and antileukemic 



 
DISCUSSION | 52 

properties is very limited. Majority of the research is at the stage of extraction and 

identification of bioactives from phytochemical sources, with the exception of the two 

possible leads towards apoptotic mechanisms mentioned above. Further research is 

required to understand the mechanisms behind these compounds antileukemic 

properties.  

5.3: Inhibition of electron transport can impair FAO and induce 
apoptosis 

This study shows that an individual treatment of M1 at 1µM suppresses CI activity by 

nearly 40% compared to the vehicle control, while the combination reduced activity by 

nearly 70%. Additionally, the combination inhibited FAO by over 50%.  

Metformin, the most widely prescribed drug to treat type II diabetes, selectively inhibits CI 

which subsequently decreases NADH oxidation, reduces the proton gradient across the 

inner mitochondrial membrane, and decreases OCR [111]. While this was first observed 

in rat hepatocytes, the effect was later observed in various cancer cell lines [112]. 

Specifically, metformin, and its related biguanide phenformin, inhibited the molecular 

reduction of oxygen at 500µM and 50µM, respectively [113].  

By shifting metabolism from pyruvate to fatty acids, FAO is an essential process in 

leukemia for energy production [30], drawing the link between the electron transport chain 

and FAO. Therefore, it was hypothesized that the inhibition of the electron transport chain 

would result in free fatty acid (FFA) accumulation. Velez et al. identified that metformin 

significantly increased the presence of triglycerides in leukemia cell lines; metformin also 

promoted a dose-dependent accumulation of neutral lipids [113]. Consequently, inhibition 

of CI causes FFA accumulation that antagonizes FAO. 
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The M1 + Avo B combination inhibited FAO, while individual M1 or Avo B treatments at 

equivalent concentrations had no effect (Figure 3.8). However, M1 individually inhibited 

complex I (Figure 3.11). Therefore, it is possible that through the inhibition of complex I, 

and in combination with Avo B-induced FAO inhibition, M1 causes the accumulation of 

FFAs that is observed in the combination (Figure 5.1).  

Metformin and phenformin, via the inhibition of CI and subsequently FAO, potentiate the 

effects of ABT-737, a molecule that inhibits BCl-2 and induces apoptosis. Additionally, 

metformin potentiated oligomerization of the pro-apoptotic protein Bak, a process that 

results in apoptosis, in leukemia cells treated with ABT-737 [113]. Similarly, inhibition of 

FAO with etomoxir, a carnitine palmitoyl CoA transferase 1 inhibitor, sensitizes leukemia 

cells to apoptosis induction by ABT-737 through BCl-2 and Bak  [30]. 

The exact mechanism of FAO inhibition by Avo B is unclear, however, it is known that it 

enters the mitochondria and inhibits FAO resulting in ROS-induced apoptosis and cell 

death characterized by the mitochondrial proteins cytochrome c and AIF [62]. It is possible 

that the individual effects of Avo B at 2µM are not sufficient to induce apoptosis. However, 

in combination with M1’s inhibition of CI and the subsequent cascade to apoptosis 

mentioned above, the two drugs together could inhibit FAO and result in cell death.  

To understand if these mechanisms are at play with the combination, further 

experimentation is required. Quantification of triglyceride accumulation after treatment of 

M1 and the combination is required to dictate whether CI inhibition results in impaired 

FAO. Additionally, co-culturing leukemia cells with ABT-737 and M1 + Avo B treatment, 

as well as quantification of pro-apoptotic proteins will allow for understanding of whether 

apoptotic pathways are promoted by these drugs.  
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5.4: Complex I inhibition can reduce glycolysis rates 

 

Figure 5.1: Possible mechanisms by which M1 inhibition of complex I and avocatin B inhibition of fatty acid 
oxidation result in toxicity (grey arrows). M1 inhibits complex I which results in a reduce in electron transport, 

as well as the increase of free fatty acids. This increase results in the inhibition of -oxidation, which is also 

inhibited by avocatin B. The combined inhibition caused by M1 and Avo B trigger a lethal integrated stress 
response, which in turn also inhibits glycolysis.  

Mammalian cells respond to mitochondrial stressors including inhibition of the electron 

transport chain by activating an evolutionarily conserved intracellular signaling network 

known as the integrated stress response (ISR) [114]. In response to different 

environmental alterations, the ISR restores cellular homeostasis by reprogramming gene 

expression [115]. The lethality of the M1 and Avo B combination could be attributed to the 

triggering of ISR, via CI inhibition.  

A combination of tedizolid, a gram-positive antibiotic, and venetoclax, a Bcl2 inhibitor, 

inhibited leukemia cell viability at a greater degree than individual treatments. Individually, 

venetoclax is also an inhibitor of CI, decreasing activity to about 60% but had no 
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significant effect on other complexes [116]. Treatment with tedizolid alone caused a loss 

of cristae structure a marker of mitochondrial dysfunction [117].  

Individually venetoclax and tedizolid each trigger ISR, however at sublethal levels. The 

combined coordinated effects result in a more intense ISR that ultimately results in cell 

death [116]; excessive and prolonged ISR activation is known to eventually cause cell 

death through various mechanisms [118]. Individually, M1 presents a similar phenotype 

to venetoclax–demonstrating inhibition of CI but not inducing cell death. It is possible that 

M1 individually is triggering a sublethal ISR, but a stronger response in combination with 

Avo B that results in cell death (Figure 5.1).  

Cells treated  individually with venetoclax, or in combination with tedizolid, had a reduced 

glycolytic capacity compared to cells treated with a vehicle control [116]. Typically, when 

oxidative phosphorylation is inhibited, a cell would rely on glycolysis to maintain energy 

demands. In leukemia cells, the inability to maintain glycolysis while CI is inhibited would 

result in an energetic crisis that results in cell death [119]. The inability to sustain 

glycolysis can be identified through the reduction of ECAR [103]. M1 and the combination 

reduced ECAR, in two different AML cell lines (Figure 3.13), similar to the reductions seen 

by venetoclax individually and in combination with tedizolid.  

In order to determine whether ISR is activated by M1 and/or the combination, expression 

of various genes related to ISR needs to be quantified. The  subunit of eukaryotic 

translation factor 2 (EIF2) is a key regulator of ISR. Phosphorylation of EIF2 results in 

global inhibition of protein synthesis and upregulates the translation of stress response 

genes including activating transcription factor 4 (ATF4) and subsequently C/EBP 

homologous protein (CHOP).   In support of this hypothesis, Avo B was recently shown 
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to activate ATF4  in AML cells cultured with adipocytes [120]. However, quantification of 

ATF4 and CHOP expression, as well as EIF2 phosphorylation following combination 

therapy will allow for understanding of ISR activation and levels of response.  

5.5: Uncoupling and FAO act in a positive feedback loop  

M1 increases OCR in a dose-dependent manner (Figure 3.14A), suggesting it may 

function as an uncoupler. In mitochondrial uncoupling, oxidative phosphorylation is not 

completely linked to ATP synthesis, a process which is therefore inefficient [121]. Avo B 

decreases OCR (Figure 3.14B), a predicted response as it is an inhibitor of FAO. 

However, when cells are treated with a combination of M1 and Avo B, uncoupling occurs 

at lower drug concentrations (Figure 3.14C-D), and complete reduction in OCR is 

observed, which indicates that oxidative phosphorylation is completely uncoupled from 

ATP synthesis [105]. This combination effect could be the result of a positive feedback 

loop between FAO and uncoupling.  

The separation of ATP synthesis from oxidative phosphorylation in mitochondrial 

uncoupling results in a preference to oxidize non-glucose carbon sources to maintain 

mitochondrial function [30]. In leukemia cells, mitochondrial uncoupling has been reported 

to support a shift towards the use of fatty acids and FAO [26],[29]. Therefore, the leukemia 

cell is “naturally” in a slightly uncoupled state and preferentially uses FAO for energy. M1, 

with its uncoupling behavior, further promotes this state and possibly increases the need 

for FAO.   In contrast, Avo B is an inhibitor of FAO, which prevents catabolism resulting 

in FFA accumulation in the mitochondria, as previously seen with Avo B [62]. Excessive 

accumulation of FFAs within the mitochondria increases UCP expression [69]. This has 

been observed with UCP2 in cellular models, as well as UCP3 in mice [122]. Additionally, 
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UCP1 mediated proton leak, which leads to changes in mitochondrial and subsequently, 

uncoupling , is greatly enhanced by the presence of FFAs [123].  Therefore, the inhibition 

of FAO by Avo B and subsequent accumulation of FFAs can activate UCPs which can in 

turn promote the uncoupling behavior of M1. It should also be noted that UCP2 has been 

to seen to induce a shift of substrate utilization from glucose oxidation to fatty acid 

oxidation, further promoting the feedback loop between FAO and uncoupling [31] (Figure 

5.2).  

 

Figure 5.2: A possible feedback loop between uncoupling and fatty acid oxidation caused by M1 and Avo 
B. M1 promotes uncoupling which results in a decreased Δψm, which in turn should promote FAO. 
However, Avo B inhibits FAO, which results in the accumulation of free fatty acids, which in turn increase 
the expression of UCPs and promote more uncoupling. 

This feedback loop between FAO and uncoupling could explain why the combination of 

M1 and Avo B result in complete uncoupling, while the individual concentrations do not 

cause the same effect. This results also shows that the inhibition of FAO is essential to 
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the synergy and uncoupling behavior, as seen in Figure 3.9. In order to confirm that this 

feedback loop occurs with the combination, quantification of FFAs in the cells, as well as 

UCP expression, would be required.  

Mitochondrial uncouplers, in combination with other chemotherapeutics have shown 

synergy in successfully and selectively targeting leukemia cells. Carbonyl cyanide m-

chlorophenyl hydrazine (CCCP), an uncoupler, and 2-deoxy-D-glucose (2-DG), a 

glycolytic inhibitor, synergistically induce AML cell death while leaving peripheral blood 

mononuclear cells unharmed [124]. ABT-199 and azacytidine have shown promise in 

previously untreated AML patients, eradicating leukemia stem cells and improving patient 

outcomes [125]. 

5.5.1: Lipotoxicity 

In conjunction with the increase in UCP expression mentioned above, mitochondrial 

accumulation of fatty acids could result in lipotoxicity. When in excess, fatty acids can 

accumulate inside the mitochondrial matrix where they are deprotonated, due to the 

proton gradient, generating fatty acid anions. These are converted by ROS into peroxides 

that in turn cause damage to mitochondrial DNA, lipids and proteins within the 

mitochondrial matrix, which can result in cell death [126]. Avo B induced inhibition of FAO 

results in elevated levels of ROS [62], which could convert the FFAs to toxic peroxides.  

5.6: Uncouplers can also act as inhibitors of complex V 

M1 demonstrates a dose dependent effect, with 1µM inhibiting about 10% and 8µM 

inhibiting about 25% of CV activity (Figure 3.12). A similar dose dependent uncoupling 

effect was seen with increasing concentrations of M1. As ATP synthesis, which occurs at 
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CV, and uncoupling are correlated processes, other pharmaceuticals have been identified 

as both uncouplers and CV inhibitors.    

The link between oxidative phosphorylation and ATP synthesis was proposed by Peter 

Mitchell, which was known as the chemiosmotic hypothesis. Protons are pumped across 

the inner mitochondrial membrane as electrons passed through the electron transfer 

chain, creating the proton gradient that powered ATP synthesis at CV [127]. Mitchell's 

theory also stated that any proton leak in the electron transport chain would promote 

uncoupling of the two processes [128].  Therefore, it is possible that inhibition of any 

complex of the electron transport chain, including CV, could be correlated with an 

uncoupling response [106]. 

Three commercial pharmaceuticals demonstrated uncoupling while inhibiting CV. At a 

concentration of 50µM, diclofenac, a nonsteroidal anti-inflammatory drug (NSAID), 

inhibited CV activity by 50%, and uncoupling was measured at 100µM [106]. Diflunisal, 

an NSAID reported to be a more potent uncoupler than diclofenac [129], demonstrated 

CV inhibition and uncoupling at 10µM. Propofol is an intravenous anesthetic that impacts 

mitochondrial energy metabolism. Like diclofenac, propofol inhibited CV by 50% at 50µM 

and demonstrated uncoupling at 100µM [106].  

NSAIDs contain a deprotonated carboxyl group, which inhibits cyclooxygenases from 

forming prostaglandins by binding to the arachidonate binding site, reducing or easing 

pain and inflammation. However, this group and its solubility properties allow the NSAID 

to interact with phospholipids in the intermembrane space, acting as a protonophore and 

negatively altering the proton gradient. This in turn affects CV and subsequently ATP 

synthesis, which results in cytotoxicity [130]. 
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M1 contains a trihydric phenol group, a phenol group containing three hydroxyl groups.  

These are weakly acidic and therefore could create a deprotonated site similar to those 

in NSAIDs. This would allow M1 to act as a protonophore and alter the proton gradient, 

and potentially result in uncoupling, in addition to affecting CV activity (Figure 5.3). 

Additionally, multiple phenolic phytochemicals have been identified as inhibitors of CV 

including phloretin, a dihydrochalcone that induced apoptosis in HL60 cells, and 

curcumin, the active ingredient in mango ginger’s close relative, turmeric. Phloretin 

resulted in 40% inhibition of CV at 70µM, while curcumin had an IC50 of 40µM [131].  

 

Figure 5.3: Structures of three NSAIDs (diclofenac, diflunisal, ibuprofen) and M1. The NSAIDs deprotonate 
at the carboxyl hydroxyl group (circled in green), allowing it to interact with phospholipids in the 
intermembrane space, acting as a protonophore and negatively altering the proton gradient. This would 
affect the activity of CV and potentially causing uncoupling. M1 can deprotonate at the hydroxyl sites (circled 
in green) and cause the same effects as the NSAIDs.  
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In a study of 23 chalcones and dihydrochalcones, phloretin was also identified as an 

uncoupler of oxidative phosphorylation in mung bean and potato tuber mitochondria at 

250µM [132]. Phloretin has not been tested on animal cell mitochondria. The uncoupling 

activity of chalcones and dihydrochalcones was associated with the presence of hydroxyl 

groups in the 2’-position and/or hydrogen or hydroxyl in the 4’-position [132]; M1 contains 

hydroxyl groups in both the 2’, 4’, and 6’ positions.  

 

Figure 5.4: Dihydrochalcone structure can affect CV inhibition and uncoupling. Dihydrochalcones (center) 
containing hydroxyl groups in the 2’ (yellow), 4’ (red), and 6’(blue) positions on the A-ring have been 
correlated with CV inhibition and uncoupling. Myrigalone B (left) and myrigalone G (right) have hydroxyl 
groups in the 2’ and 6’ position and have previously demonstrated CV inhibition and uncoupling; phloretin 
(second from left) contains hydroxyl groups in all three positions and has demonstrated the same effect. 
M1 contains hydroxyl groups in all three positions and has demonstrated both effects presented by the 
other three molecules.  

Two dihydrochalcones extracted from the fruit of Myrica gale– myrigalone B and 

myrigalone G–have been also been identified as uncouplers of oxidative phosphorylation. 

Both compounds were tested in rat mitochondria and resulted in uncoupling activity at 

45µM. The uncoupling activity of myrigalone B and myrigalone G was also accompanied 
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by an inhibitory effect on CV [133]. Like phloretin described above, myrigalone B and 

myrigalone G contain a hydroxyl group in the 2’-position; they also contain a hydroxyl 

group in the 6’ position like M1 (Figure 5.4). Overall, M1 has multiple structural 

components that mirror other molecules that act as both uncouplers of oxidative 

phosphorylation and CV inhibitors. These structural moieties may also cause this 

behaviour in M1.  

5.7: Selectivity of the combination towards leukemia cells 

Avo B is known to target and accumulate in the mitochondria. This is demonstrated 

through cells lacking functional mitochondria losing sensitivity to Avo B, possibly by 

modulating the activity of CPT1, which is responsible for fatty acid transport into the 

mitochondria, and through increased UCP2 expression [62]. The molecule was also 

quantified in leukemia cell mitochondria using LC/MS [67]. It is possible that M1 also 

accumulates in the mitochondria, but this is currently unknown. However, M1 does inhibit 

CI and CV, in addition to acting as a uncoupler, demonstrating that it does target the 

mitochondria. 

The mitochondria are essential organelles for energy production and controls various 

factors surrounding cell death; this makes the mitochondria a viable target for cancer 

treatment [134]. Mitochondria in cancer cells possess mutations in the electron transport 

chain, resulting in inefficient ATP production and implications in tumorigenesis [135]. 

Cancer cell mitochondria have also been reported to have a different phospholipid 

membrane composition in the mitochondria compared to normal cells [136]. Metabolic 

reprogramming is also observed in cancer cell mitochondria, which increases their 

susceptibility to mitochondrial alterations and disruptions compared to noncancerous 
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cells [137],[138]. Specifically, the mitochondria in leukemia cells have different properties 

compared to normal cells. Leukemia cells have a larger mitochondrial mass [139] and 

higher mtDNA content [124], suggesting that they have upregulated mitochondrial activity, 

likely due to compensation for higher energy demands. These increased energy demands 

result in an increasing dependence for fatty acid substrates to sustain metabolic functions 

[30]. As Avo B is confirmed to accumulated in the mitochondria, and M1 targets 

mitochondrial processes, it is possible that the unique mitochondrial phenotype in 

leukemia cells allow M1 and Avo B to confer its selectivity to leukemia over normal 

hematopoietic cells.  

The uncoupling properties of M1 may also present a possible explanation for the 

selectivity of the M1 and Avo B combination. Mitochondria in leukemia cells demonstrate 

increased respiratory activity, while simultaneously having lower coupling efficiency due 

to increased proton leak, as well as a lower spare reserve capacity [124]. With rare 

exceptions, mitochondria in normal cells have very limited proton leak [140]. Healthy 

mitochondria can also self-regulate ROS increases with feedback; increased ROS levels 

induce proton conductance which in turn suppresses ROS production [141],[142]. 

5.8: Potential Use, Limitations, and Future Directions 

There are very few FAO inhibitors that are that are approved for clinical use due to 

concerns around safety [42]. Etomoxir and perhexiline, CPT1 inhibitors, have been 

associated with hepatotoxicity and neurotoxicity [143] and therefore are not approved for 

clinical use in North America. Metformin and phenformin, the two biguanides used to 

inhibit CI as described above, were used at concentrations of 500µM and 50µM [113], 

respectively. M1 was used at a much lower concentration of 1µM and showed similar 
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levels of inhibition. While metformin is already used as a common treatment for Type II 

diabetes, phenformin was withdrawn from most markets in the late 1970s due to a high 

risk of lactic acidosis, which was fatal in 50% of cases [144]. M1 and Avo B are used at 

lower concentrations, and could possibly be less toxic, but more research is required to 

understand the pharmacokinetics and pharmacodynamics of these drugs in vivo.  

 

Figure 5.5: Lipinski’s rule of 5 with respect to M1 and Avo B. The rule is used to determine whether a drug 
can be a likely candidate for oral administration. M1 conforms to 3 of the 4 criteria (seen in bold), while Avo 
B violates 3 of the 4 criteria (seen in grey), suggesting the former a more likely oral candidate, while Avo B 
is preferred for intravenous delivery.  

When examining a potential chemotherapeutic, the route of administration–oral or 

intravenous–must be considered. To determine whether a drug can be a likely candidate 

for oral administration, it should obey Lipinski’s rule of five (RO5) (Figure 5.5) [145]. Avo 

B does not as it violates 3 of the 4 RO5 parameters; it has 6 hydrogen bond donors, a 

molecular mass of 570 g/mol, and an estimated partition coefficient (LogP) of 8.9 [146]. 

M1 is a better candidate for oral administration, as it conforms to 3 of the 4 RO5 

parameters– 3 hydrogen bond donors, 4 hydrogen bond acceptors, and a molar mass of 

394 g/mol. However, M1 also violates the LogP rule with a value of 6.8 [147]. The larger 
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LogP values are promising in another manner however, as it indicates that M1 and Avo 

B will accumulate in lipid-rich tissues such as adipose tissue and bone marrow [148]. As 

leukemia stem cells reside in bone marrow, this could significantly enhance the efficacy 

of the M1 and Avo B combination.  

All testing of M1’s anti-leukemic properties were completed on immortalized cell lines, 

which have acquired the ability to proliferate indefinitely and are easy to handle and 

experiment with. However, they are less preferred in terms of biological relevance, as 

they have lost the original tissue characteristics from which they were isolated. Serial 

passaging of cell lines is known to cause variations in genotype and phenotype variation 

where cell lines may no longer represent the original tissue and may cause false negative 

or false positive findings [149]. For this purpose, primary patient samples should be used 

to more accurately reflect the drugs’ effects in the in vivo environment. 

Although primary cells have a limited lifespan, they offer a larger number of advantages 

for clinical relevance compared to cell lines. When using primary patient cells, 

researchers gain a window to study and understand donors rather than just cells. Several 

factors such as age, medical history, race, and sex can be considered when designing 

experiments [150]. However, access to primary patient samples is more difficult, as they 

require connections to clinical research facilities.  

As immortalized cell lines can vary in their accuracy of representing the tumor 

environment, it is important to run in vitro experiments in as many cell lines as possible. 

While some experiments were completed in multiple cell lines, others, such as some of 

the high resolution respirometry and spectrophotometric assays, were limited to the AML2 
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cell line. Future studies should repeat these assays on multiple cell lines to provide a 

better representative picture of M1 and Avo B’s effects.  

Another limitation to this study is the lack of data on M1. The compound was identified in 

mango ginger, but not quantified; there is no information on the concentration of M1 within 

a unit weight of mango ginger rhizome. Therefore, it is difficult to ascertain whether the 

extraction of M1 from mango ginger for development into a nutraceutical or chemotherapy 

would be cost and time efficient. Additionally, as M1 has only been identified twice using 

mass spectrometry, there is no method to quantify the compound in cells and tissues for 

future in vivo experiments. Accumulation of M1 in the mitochondria therefore cannot yet 

be quantified. Further research will be required to develop methodologies to quantify M1.  

This was only the second time M1 was studied as a bioactive and the first time it was 

tested in eukaryotic cell lines. This study identified that low concentrations of M1inhibited 

CI; M1 also showed dose dependent effects on CV and mitochondrial uncoupling. Further 

studies are required to confirm these effects and identify a specific mechanism of actions 

for M1. As stated above, the activation of ISR can be identified through the quantification 

of ATF4 and CHOP expression, as well as EIF2 phosphorylation.  Quantification of FFA 

accumulation after treatment of M1 and the combination is required to dictate whether 

FAO is impaired due to CI. Along with quantifying UCP expression, this will also indicate 

whether the feedback loop between FAO and uncoupling exists with the combination. To 

further characterize the mechanism of M1, in vitro knockdown studies can be completed, 

such as mitochondrial RNA polymerase (POLRMT) knockdown. POLRMT-knockdown 

OCI-AML2 cells exhibited decreased levels of assembly for CI, suggesting its role as a 

target for CI inhibition [151]. CI consists of 14 subunits; knockdown of these subunits can 
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also help elucidate a target for CI [152]. Enzymatic studies using isolated CI can also help 

elucidate M1’s mechanism with regards to CI.  

With limited information on M1, no data exists on the bioavailability and toxicity in vivo. 

Curcumin, the active in ingredient in mango ginger’s close relative turmeric, has been 

confirmed to exhibit very poor bioavailability. Reasons postulated for this are poor 

absorption, rapid metabolism, and chemical instability [153]. Approximately 90% is 

excreted in the feces, as determined by animal studies [154]. Additionally, the structure 

and stability of M1 may be altered in vivo, impacting its efficacy. Finally, the drug may 

impose other side effects that could be damaging or toxic. Therefore, M1’s safety and 

pharmacokinetic properties will need to be studied in animal (mouse) models in order to 

accurately confirm its pre-clinical efficacy and safety. 

5.9: Conclusions 

Chemotherapy options for acute myeloid leukemia have not changed substantially in the 

last 40 years–this has developed the need for the discovery of novel anti-leukemia drug 

candidates. This thesis presents the promising combination of M1, a bioactive molecule 

extracted from mango ginger, and Avo B, an avocado-derived lipid, which selectively 

target leukemia cell lines at very low concentrations. M1 presents as an inhibitor of CI of 

the electron transport chain, while M1 synergizes with Avo B to inhibit FAO. M1 also 

presents dose-dependent uncoupling behaviour and inhibition of CV. There are multiple 

possible mechanisms by which the various actions of M1 and Avo B result in leukemia 

toxicity at low concentrations. Further research is required to validate and understand the 

links between CI inhibition, FAO, and uncoupling (among others), to elucidate a target 

and mechanism of action for this combination.  Additionally, M1 and Avo B’s safety and 
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pharmacokinetic properties will need to be evaluated in mouse models to validate its pre-

clinical efficacy and potential. In conclusion, the findings of this thesis have provided 

groundwork to uncover and establish M1 and Avo B’s pre-clinical efficacy as a potential 

AML therapeutics and have opened the window to a novel therapeutic strategy for the 

treatment of AML.  

 

 

 



 
REFERENCES | 69 

Chapter 6: References 

1. Döhner, H., Weisdorf, D. J. & Bloomfield, C. D. Acute Myeloid Leukemia. N. Engl. 
J. Med. 373, 1136–1152 (2015). 

2. Fialkow, P. J. Clonal origin of human tumors. BBA - Rev. Cancer 458, 283–321 
(1976). 

3. Fialkow, P., Janssen, J. & Bartram, C. Clonal remissions in acute nonlymphocytic 
leukemia: evidence for a multistep pathogenesis of the malignancy. Blood 77, 
1415–1417 (1991). 

4. Shallis, R. M., Wang, R., Davidoff, A., Ma, X. & Zeidan, A. M. Epidemiology of acute 
myeloid leukemia: Recent progress and enduring challenges. Blood Rev. 36, 70–
87 (2019). 

5. Howlader, N. et al. SEER Cancer Statistics Review, 1975-2017. SEER Cancer 
Statistics Review, 1975-2017 (National Cancer Institute, 2019). 

6. Shysh, A. C. et al. The incidence of acute myeloid leukemia in Calgary, Alberta, 
Canada: A retrospective cohort study. BMC Public Health 18, 94 (2017). 

7. Gangatharan, S. A. et al. Acute myeloid leukaemia in Western Australia 1991-2005: 
a retrospective population-based study of 898 patients regarding epidemiology, 
cytogenetics, treatment and outcome. Intern. Med. J. 43, 903–911 (2013). 

8. Song, X. et al. Incidence, Survival, and Risk Factors for Adults with Acute Myeloid 
Leukemia Not Otherwise Specified and Acute Myeloid Leukemia with Recurrent 
Genetic Abnormalities: Analysis of the Surveillance, Epidemiology, and End 
Results (SEER) Database, 2001-2013. Acta Haematol. 139, 115–127 (2018). 

9. Pulte, D., Redanie, M. T., Jansen, L., Brenner, H. & Jeffreys, M. Recent trends in 
survival of adult patients with acute leukemia: Overall improvements, but persistent 
and partly increasing disparity in survival of patients from minority groups. 
Haematologica 98, 222–229 (2013). 

10. Löwenberg, B. et al. Diagnosis and management of acute myeloid leukemia in 
adults: recommendations from an international expert panel, on behalf of the 
European LeukemiaNet. (2011) doi:10.1182/blood-2009-07-235358. 

11. Niederhuber, J. E., Armitage, J. O., Doroshow, J. H., Kastan, M. B. & Tepper, J. E. 
Abeloff’s Clinical Oncology. (Elsevier, 2020). 

12. DeVita, V. T., Rosenberg, S. A. & Lawrence, T. S. DeVita, Hellman, and 
Rosenberg’s Cancer: Principles and Practice of Oncology. (Lippincott Williams & 
Wilkins, 2018). 

13. Bishop, J. F. The treatment of adult acute myeloid leukemia. Seminars in Oncology 
vol. 24 57–69 (1997). 

14. Klepin, H. D. & Balducci, L. Acute Myelogenous Leukemia in Older Adults. 
Oncologist 14, 222–232 (2009). 



 
REFERENCES | 70 

15. Wiernik, P. et al. Cytarabine plus idarubicin or daunorubicin as induction and 
consolidation therapy for previously untreated adult patients with acute myeloid 
leukemia. Blood 79, 313–319 (1992). 

16. Berman, E. et al. Results of a randomized trial comparing idarubicin and cytosine 
arabinoside with daunorubicin and cytosine arabinoside in adult patients with newly 
diagnosed acute myelogenous leukemia. (1991). 

17. Stone, R. M. et al. Phase IB study of the FLT3 kinase inhibitor midostaurin with 
chemotherapy in younger newly diagnosed adult patients with acute myeloid 
leukemia. Leukemia 26, 2061–2068 (2012). 

18. Stein, E. M. et al. Molecular remission and response patterns in patients with 
mutant-IDH2 acute myeloid leukemia treated with enasidenib. Blood 133, 676–687 
(2019). 

19. Lai, C., Doucette, K. & Norsworthy, K. Recent drug approvals for acute myeloid 
leukemia. Journal of Hematology and Oncology vol. 12 100 (2019). 

20. Jang, M., Kim, S. S. & Lee, J. Cancer cell metabolism: Implications for therapeutic 
targets. Experimental and Molecular Medicine vol. 45 e45–e45 (2013). 

21. Warburg, O. On the origin of cancer cells. Science (80-. ). 123, 309–314 (1956). 

22. Heiden, M. G. V., Cantley, L. C. & Thompson, C. B. Understanding the warburg 
effect: The metabolic requirements of cell proliferation. Science vol. 324 1029–1033 
(2009). 

23. Liberti, M. V. & Locasale, J. W. The Warburg Effect: How Does it Benefit Cancer 
Cells? Trends in Biochemical Sciences vol. 41 211–218 (2016). 

24. Vogelstein, B. & Kinzler, K. W. Cancer genes and the pathways they control. Nature 
Medicine vol. 10 789–799 (2004). 

25. Hsu, P. P. & Sabatini, D. M. Cancer cell metabolism: Warburg and beyond. Cell 
134, 703–707 (2008). 

26. Vélez, J. et al. Mitochondrial uncoupling and the reprograming of intermediary 
metabolism in leukemia cells. Frontiers in Oncology vol. 3 APR (2013). 

27. Lynen, F. Die Rolle der Phosphorsaeure bei Dehydrierungsvorgaengen und ihre 
biologische Bedeutung. Naturwissenschaften 30, 398–406 (1942). 

28. Ronzoni, E. & Ehrenfest, E. The effect of dinitrophenol on the metabolism of frog 
muscle. J. Biol. Chem. 115, 749–768 (1936). 

29. Samudio, I., Fiegl, M., McQueen, T., Clise-Dwyer, K. & Andreeff, M. The warburg 
effect in leukemia-stroma cocultures is mediated by mitochondrial uncoupling 
associated with uncoupling protein 2 activation. Cancer Res. 68, 5198–5205 
(2008). 

30. Samudio, I. et al. Pharmacologic inhibition of fatty acid oxidation sensitizes human 
leukemia cells to apoptosis induction. J. Clin. Invest. 120, 142–156 (2010). 

31. Sheets, A. R. et al. Uncoupling protein-2 modulates the lipid metabolic response to 
fasting in mice. Am. J. Physiol. Liver Physiol. 294, G1017–G1024 (2008). 



 
REFERENCES | 71 

32. Nicholls, D. G., Bernson, V. S. & Heaton, G. M. The identification of the component 
in the inner membrane of brown adipose tissue mitochondria responsible for 
regulating energy dissipation. Experientia. Suppl. 32, 89–93 (1978). 

33. Cannon, B. & Nedergaard, J. Brown Adipose Tissue: Function and Physiological 
Significance. Physiological Reviews vol. 84 277–359 (2004). 

34. Wang, S., Subramaniam, A., Cawthorne, M. A. & Clapham, J. C. Increased fatty 
acid oxidation in transgenic mice overexpressing UCP3 in skeletal muscle. 
Diabetes, Obes. Metab. 5, 295–301 (2003). 

35. Tabe, Y., Konopleva, M. & Andreeff, M. Fatty Acid Metabolism, Bone Marrow 
Adipocytes, and AML. Frontiers in Oncology vol. 10 155 (2020). 

36. Matre, P. et al. Inhibiting glutaminase in acute myeloid leukemia: Metabolic 
dependency of selected AML subtypes. Oncotarget 7, 79722–79735 (2016). 

37. Samudio, I., Fiegl, M. & Andreeff, M. Mitochondrial Uncoupling and the Warburg 
Effect: Molecular Basis for the Reprogramming of Cancer Cell Metabolism. (2009) 
doi:10.1158/0008-5472.CAN-08-3722. 

38. Luby-Phelps, K. Cytoarchitecture and physical properties of cytoplasm: Volume, 
viscosity, diffusion, intracellular surface area. Int. Rev. Cytol. 192, 189–221 (1999). 

39. Deberardinis, R. J. Serine metabolism: Some tumors take the road less traveled. 
Cell Metabolism vol. 14 285–286 (2011). 

40. Owen, O. E., Kalhan, S. C. & Hanson, R. W. The key role of anaplerosis and 
cataplerosis for citric acid cycle function. Journal of Biological Chemistry vol. 277 
30409–30412 (2002). 

41. Samudio, I. & Konopleva, M. Targeting leukemia’s fatty tooth. Blood vol. 126 1874–
1875 (2015). 

42. Carracedo, A., Cantley, L. C. & Pandolfi, P. P. Cancer metabolism: Fatty acid 
oxidation in the limelight. Nat. Rev. Cancer 13, 227–232 (2013). 

43. Chapuis, N., Poulain, L., Birsen, R., Tamburini, J. & Bouscary, D. Rationale for 
targeting deregulated metabolic pathways as a therapeutic strategy in acute 
myeloid leukemia. Front. Oncol. 9, 405 (2019). 

44. Ricciardi, M. R. et al. Targeting the leukemia cell metabolism by the CPT1a 
inhibition: Functional preclinical effects in leukemias. Blood 126, 1925–1929 
(2015). 

45. Zeisel, S. H. Regulation of" nutraceuticals". (1999). 

46. Lockwood, G. B. The quality of commercially available nutraceutical supplements 
and food sources. J. Pharm. Pharmacol. 63, 3–10 (2011). 

47. Espín, J. C., García-Conesa, M. T. & Tomás-Barberán, F. A. Nutraceuticals: Facts 
and fiction. Phytochemistry vol. 68 2986–3008 (2007). 

48. Gupta, S., Chauhan, D., Mehla, K., Sood, P. & Nair, A. An overview of 
nutraceuticals: Current scenario. J. basic Clin. Pharm. 1, 55–62 (2010). 



 
REFERENCES | 72 

49. Ovadje, P. et al. Selective induction of apoptosis through activation of caspase-8 in 
human leukemia cells (Jurkat) by dandelion root extract. J. Ethnopharmacol. 133, 
86–91 (2011). 

50. Chatterjee, S., Ovadje, P., Mousa, M., Hamm, C. & Pandey, S. The Efficacy of 
Dandelion Root Extract in Inducing Apoptosis in Drug-Resistant Human Melanoma 
Cells. (2011). 

51. Ovadje, P., Hamm, C. & Pandey, S. Efficient Induction of Extrinsic Cell Death by 
Dandelion Root Extract in Human Chronic Myelomonocytic Leukemia (CMML) 
Cells. PLoS One 7, e30604 (2012). 

52. Béliveau, R. & Gingras, D. Green tea: prevention and treatment of cancer by 
nutraceuticals. Lancet 364, 1021–1022 (2004). 

53. Lee, Y. K. et al. VEGF receptor phosphorylation status and apoptosis is modulated 
by a green tea component, epigallocatechin-3-gallate (EGCG), in B-cell chronic 
lymphocytic leukemia. Blood 104, 788–794 (2004). 

54. Morton, J. F. Avocado. in Fruits of Warm Climates 91–102 (Echo Point Books & 
Media, 2013). 

55. Wang, Y., Mohsen, A.-W., Mihalik, S. J., Goetzman, E. S. & Vockley, J. Evidence 
for Physical Association of Mitochondrial Fatty Acid Oxidation and Oxidative 
Phosphorylation Complexes From the. (2010) doi:10.1074/jbc.M110.139493. 

56. Rodríguez-Carpena, J. G., Morcuende, D., Andrade, M. J., Kylli, P. & Estevez, M. 
Avocado (Persea americana Mill.) phenolics, in vitro antioxidant and antimicrobial 
activities, and inhibition of lipid and protein oxidation in porcine patties. J. Agric. 
Food Chem. 59, 5625–5635 (2011). 

57. Ugbogu, O. & Akukwe, A. The antimicrobial effect of oils from Pentaclethra 
macrophylla Bent, Chrysophyllum albidum G. Don and Persea gratissima Gaerth F 
on some local clinical bacteria isolates. African J. Biotechnol. 8, (2009). 

58. Sivanathan, S. & Adikaram, N. K. B. Biological Activity of Four Antifungal 
Compounds in Immature Avocado. J. Phytopathol. 125, 97–109 (1989). 

59. Leite, J. J. G. et al. Chemical composition, toxicity and larvicidal and antifungal 
activities of Persea americana (avocado) seed extracts. Rev. Soc. Bras. Med. Trop. 
42, 110–113 (2009). 

60. Kashman, Y., Neeman, I. & Lifshitz, A. Six New C17 -Olefinic and Acetylenic 
Oxygenated Compounds from Avocado Pear. Isr. J. Chem. 7, 173–176 (1969). 

61. Kashman, Y., Néeman, I. & Lifshitz, A. New compounds from avocado pear. 
Tetrahedron 25, 4617–4631 (1969). 

62. Lee, E. A. et al. Targeting mitochondria with avocatin B induces selective leukemia 
cell death. Cancer Res. 75, 2478–2488 (2015). 

63. Ahmed, N., Smith, R. W., Henao, J. J. A., Stark, K. D. & Spagnuolo, P. A. Analytical 
Method to Detect and Quantify Avocatin B in Hass Avocado Seed and Pulp Matter. 
J. Nat. Prod. 81, 818–824 (2018). 



 
REFERENCES | 73 

64. Yasir, M., Das, S. & Kharya, M. The phytochemical and pharmacological profile of 
persea americana Mill. Pharmacognosy Reviews vol. 4 77–84 (2010). 

65. Oberlies, N. H., Rogers, L. L., Martin, J. M. & McLaughlin, J. L. Cytotoxic and 
insecticidal constituents of the unripe fruit of Persea americana. J. Nat. Prod. 61, 
781–785 (1998). 

66. Ahmed, N. et al. Avocatin B Protects Against Lipotoxicity and Improves Insulin 
Sensitivity in Diet‐Induced Obesity. Mol. Nutr. Food Res. 63, 1900688 (2019). 

67. Lee, E. A. et al. Inhibition of Fatty Acid Oxidation with Avocatin B Selectively Targets 
AML Cells and Leukemia Stem Cells. Blood 124, 268–268 (2014). 

68. Tabe, Y. et al. Novel FAO Inhibitor Avocatin B Induces Apoptosis of Acute 
Monocytic Leukemia Cells in Adipocyte Co-Culture System Via ER Stress and 
ATF4 Activation. Blood 126, 3692–3692 (2015). 

69. Schrauwen, P. et al. Uncoupling protein 3 as a mitochondrial fatty acid anion 
exporter. FASEB J. 17, 2272–2274 (2003). 

70. Tcheng, M., Samudio, I., Lee, E. A., Minden, M. D. & Spagnuolo, P. A. The 
mitochondria target drug avocatin B synergizes with induction chemotherapeutics 
to induce leukemia cell death. Leukemia and Lymphoma vol. 58 986–988 (2017). 

71. Prema, D., Kamaraj, M., Achiraman, S. & Udayakumar, R. In vitro antioxidant and 
cytotoxicity studies of Curcuma amada Roxb . ( Mango ginger ). Int. J. Sci. Res. 
Publ. 4, 1–6 (2014). 

72. Policegoudra, R. S. S., Aradhya, S. M. M. & Singh, L. Mango ginger (Curcuma 
amada Roxb.) – A promising spice for phytochemicals and biological activities. J. 
Biosci. 36, 739–748 (2011). 

73. Gupta, S. C. et al. Multitargeting by turmeric, the golden spice: From kitchen to 
clinic. Mol. Nutr. Food Res. 57, 1510–1528 (2013). 

74. Mahady, G. B., Pendland, S. L., Yun, G. & Lu, Z. Z. Turmeric (Curcuma longa) and 
curcumin inhibit the growth of Helicobacter pylori, a group 1 carcinogen. Anticancer 
Res. 22, 4179–81 (2002). 

75. Boonjaraspinyo, S. et al. Turmeric reduces inflammatory cells in hamster 
opisthorchiasis. Parasitol. Res. 105, 1459–1463 (2009). 

76. Thapliyal, R., Naresh, K. ., Rao, K. V. . & Maru, G. . Inhibition of nitrosodiethylamine-
induced hepatocarcinogenesis by dietary turmeric in rats. Toxicol. Lett. 139, 45–54 
(2003). 

77. Nelson, K. M. et al. Curcumin May (Not) Defy Science. ACS Med. Chem. Lett. 8, 
467–470 (2017). 

78. Harborne, J. B. Indian Medicinal Plants. A Compendium of 500 Species. Vol.1; 
Edited by P. K. Warrier, V. P. K. Nambiar and C. Ramankutty. J. Pharm. Pharmacol. 
46, 935–935 (1994). 

79. Mujumdar, A. M. M., Naik, D. G. G., Dandge, C. N. N. & Puntambekar, H. M. M. 
Antiinflammatory Activity of Curcuma amada Roxb . in Albino Rats. J. Pharm. 



 
REFERENCES | 74 

Pharmacol. 375–377 (2000). 

80. Chirangini, P., Sharma, G. J. J. & Sinha, S. K. K. Sulfur Free Radical Reactivity with 
Curcumin as Reference for Evaluating Antioxidant Properties of Medicinal 
Zingiberales. J. Environ. Pathol. Toxicol. Oncol. 23, 227–236 (2004). 

81. Raaman, N. & Balasubramanian, K. Anticancer and antioxidant activity of Curcuma 
zedoaria and Curcuma amada rhizome extracts. J. Acad. Ind. Res. 1, 91–96 (2012). 

82. Policegoudra, R. S., Rehna, K., Jaganmohan Rao, L. & Aradhya, S. M. 
Antimicrobial, antioxidant, cytotoxicity and platelet aggregation inhibitory activity of 
a novel molecule isolated and characterized from mango ginger (Curcuma amada 
Roxb.) rhizome. J. Biosci. 35, 231–240 (2010). 

83. Ramachandran, C., Lollett, I. V., Escalon, E., Quirin, K.-W. & Melnick, S. J. 
Anticancer Potential and Mechanism of Action of Mango Ginger ( Curcuma amada 
Roxb.) Supercritical CO 2 Extract in Human Glioblastoma Cells. J. Evid. Based. 
Complementary Altern. Med. 20, 109–119 (2015). 

84. Policegoudra, R. S., Abiraj, K., Gowda, D. C. & Aradhya, S. M. Isolation and 
characterization of antioxidant and antibacterial compound from mango ginger 
(Curcuma amada Roxb.) rhizome. J. Chromatogr. B 852, 40–48 (2007). 

85. Jayasankar, V., Chandran, A., Paliyath, G. & Jayasankar, S. Identification of novel 
antimicrobial compounds in Curcuma amada for treatment of antibiotic-resistant 
pathogens. (2020). [manuscript submitted for publication] 

86. Li, W. et al. Flavonoids from Glycyrrhiza pallidiflora hairy root cultures. 
Phytochemistry 60, 351–355 (2002). 

87. Qin, X., Xing, Y. F., Zhou, Z. & Yao, Y. Dihydrochalcone compounds isolated from 
crabapple leaves showed anticancer effects on human cancer cell lines. Molecules 
(2015) doi:10.3390/molecules201219754. 

88. Aguado, J. M. et al. High vancomycin MIC and complicated methicillin-susceptible 
staphylococcus aureus bacteremia. Emerg. Infect. Dis. 17, 1099–1102 (2011). 

89. Riss, T. L. et al. Cell Viability Assays. Assay Guidance Manual (2004). 

90. Zembruski, N. C. L., Stache, V., Haefeli, W. E. & Weiss, J. 7-Aminoactinomycin D 
for apoptosis staining in flow cytometry. Anal. Biochem. 429, 79–81 (2012). 

91. Pallis, M., Syan, J. & Russell, N. H. Flow cytometric chemosensitivity analysis of 
blasts from patients with acute myeloblastic leukemia and myelodysplastic 
syndromes: The use of 7AAD with antibodies to CD45 or CD34. Cytometry 37, 308–
313 (1999). 

92. Spagnuolo, P. A. et al. Inhibition of intracellular dipeptidyl peptidases 8 and 9 
enhances parthenolide’s anti-leukemic activity. Leukemia 27, 1236–1244 (2013). 

93. Gnaiger, E. et al. Mitochondria in the Cold. in Life in the Cold 431–442 (Springer 
Berlin Heidelberg, 2000). doi:10.1007/978-3-662-04162-8_45. 

94. Spinazzi, M., Casarin, A., Pertegato, V., Salviati, L. & Angelini, C. Assessment of 
mitochondrial respiratory chain enzymatic activities on tissues and cultured cells. 



 
REFERENCES | 75 

Nat. Protoc. 7, 1235–1246 (2012). 

95. Barrientos, A. In vivo and in organello assessment of OXPHOS activities. Methods 
26, 307–316 (2002). 

96. Nakatani, N., Ichimaru, M., Moriyasu, M. & Kato, A. Induction of Apoptosis in 
Human Promyelocytic Leukemia Cell Line HL-60 by C-Benzylated 
Dihydrochalcones, Uvaretin, Isouvaretin and Diuvaretin. Biol. Pharm. Bull. 28, 83–
86 (2005). 

97. Menezes, J. C. J. M. D. S., Orlikova, B., Morceau, F. & Diederich, M. Natural and 
Synthetic Flavonoids: Structure–Activity Relationship and Chemotherapeutic 
Potential for the Treatment of Leukemia. Crit. Rev. Food Sci. Nutr. 56, S4–S28 
(2016). 

98. McDermott, S. P. et al. A small molecule screening strategy with validation on 
human leukemia stem cells uncovers the therapeutic efficacy of kinetin riboside. 
Blood 119, 1200–1207 (2012). 

99. Chou, T. C. Preclinical versus clinical drug combination studies. Leukemia and 
Lymphoma vol. 49 2059–2080 (2008). 

100. Sharma, L., Lu, J. & Bai, Y. Mitochondrial Respiratory Complex I: Structure, 
Function and Implication in Human Diseases. Curr. Med. Chem. 16, 1266–1277 
(2009). 

101. Kluckova, K., Bezawork-Geleta, A., Rohlena, J., Dong, L. & Neuzil, J. Mitochondrial 
complex II, a novel target for anti-cancer agents. Biochimica et Biophysica Acta - 
Bioenergetics vol. 1827 552–564 (2013). 

102. Cardol, P., Figueroa, F., Remacle, C., Franzén, L. G. & González-Halphen, D. 
Oxidative Phosphorylation: Building Blocks and Related Components. in The 
Chlamydomonas Sourcebook 3-Vol set vol. 2 469–502 (Elsevier Inc., 2009). 

103. Mookerjee, S. A. & Brand, M. D. Measurement and analysis of extracellular acid 
production to determine glycolytic rate. J. Vis. Exp. 2015, (2015). 

104. Brown, G. C. Control of respiration and ATP synthesis in mammalian mitochondria 
and cells. Biochemical Journal vol. 284 1–13 (1992). 

105. Salin, K., Auer, S. K., Rey, B., Selman, C. & Metcalfe, N. B. Variation in the link 
between oxygen consumption and ATP production, and its relevance for animal 
performance. Proc. R. Soc. B Biol. Sci. 282, (2015). 

106. Stock, U. et al. Measuring interference of drug-like molecules with the respiratory 
chain: Toward the early identification of mitochondrial uncouplers in lead finding. 
Assay Drug Dev. Technol. 11, 408–422 (2013). 

107. Brand, M. D. The sites and topology of mitochondrial superoxide production. Exp. 
Gerontol. 45, 466–472 (2010). 

108. Kobori, M., Iwashita, K., Shinmoto, H. & Tsushida, T. Phloretin-induced apoptosis 
in b16 melanoma 4a5 cells and hl60 human leukemia cells. Biosci. Biotechnol. 
Biochem. 63, 719–725 (1999). 



 
REFERENCES | 76 

109. Nchiozem-Ngnitedem, V. A. et al. Two new flavonoids from Dracaena 
usambarensis Engl. Phytochem. Lett. 36, 80–85 (2020). 

110. Oka, S. et al. Isolation, synthesis, and biological activities of a bibenzyl from 
Empetrum nigrum var. Japonicum. Biosci. Biotechnol. Biochem. 84, 31–36 (2020). 

111. Vial, G., Detaille, D. & Guigas, B. Role of Mitochondria in the Mechanism(s) of 
Action of Metformin. Front. Endocrinol. (Lausanne). 10, 294 (2019). 

112. Fontaine, E. Metformin-Induced Mitochondrial Complex I Inhibition: Facts, 
Uncertainties, and Consequences. Front. Endocrinol. (Lausanne). 9, 753 (2018). 

113. Velez, J. et al. Biguanides sensitize leukemia cells to ABT-737-induced apoptosis 
by inhibiting mitochondrial electron transport. Oncotarget 7, 51435–51449 (2016). 

114. Quirós, P. M. et al. Multi-omics analysis identifies ATF4 as a key regulator of the 
mitochondrial stress response in mammals. J. Cell Biol. 216, 2027–2045 (2017). 

115. Costa-Mattioli, M. & Walter, P. The integrated stress response: From mechanism 
to disease. Science (New York, N.Y.) vol. 368 (2020). 

116. Sharon, D. et al. Inhibition of mitochondrial translation overcomes venetoclax 
resistance in AML through activation of the integrated stress response. Sci. Transl. 
Med. 11, (2019). 

117. Zick, M., Rabl, R. & Reichert, A. S. Cristae formation-linking ultrastructure and 
function of mitochondria. Biochimica et Biophysica Acta - Molecular Cell Research 
vol. 1793 5–19 (2009). 

118. Pakos‐Zebrucka, K. et al. The integrated stress response. EMBO Rep. 17, 1374–
1395 (2016). 

119. Lipinski, M. M. & Yuan, J. A cellular response to an internal energy crisis. Cell vol. 
123 3–5 (2005). 

120. Tabe, Y. et al. Inhibition of FAO in AML co-cultured with BM adipocytes: 
mechanisms of survival and chemosensitization to cytarabine. Sci. Rep. 8, 1–12 
(2018). 

121. Jastroch, M., Divakaruni, A. S., Mookerjee, S., Treberg, J. R. & Brand, M. D. 
Mitochondrial proton and electron leaks. Essays Biochem. 47, 53–67 (2010). 

122. Li, J., Jiang, R., Cong, X. & Zhao, Y. UCP2 gene polymorphisms in obesity and 
diabetes, and the role of UCP2 in cancer. FEBS Lett. 593, 2525–2534 (2019). 

123. Baffy, G. Mitochondrial uncoupling in cancer cells: Liabilities and opportunities. 
Biochimica et Biophysica Acta - Bioenergetics vol. 1858 655–664 (2017). 

124. Panina, S. B., Baran, N., Brasil da Costa, F. H., Konopleva, M. & Kirienko, N. V. A 
mechanism for increased sensitivity of acute myeloid leukemia to mitotoxic drugs. 
Cell Death Dis. 10, 1–15 (2019). 

125. Pollyea, D. A. et al. Venetoclax with azacitidine disrupts energy metabolism and 
targets leukemia stem cells in patients with acute myeloid leukemia. Nat. Med. 24, 
1859–1866 (2018). 



 
REFERENCES | 77 

126. Schrauwen, P. & Hesselink, M. K. C. Oxidative capacity, lipotoxicity, and 
mitochondrial damage in type 2 diabetes. Diabetes vol. 53 1412–1417 (2004). 

127. Morelli, A. M., Ravera, S., Calzia, D. & Panfoli, I. An update of the chemiosmotic 
theory as suggested by possible proton currents inside the coupling membrane. 
Open Biology vol. 9 (2019). 

128. Rousset, S. et al. The Biology of Mitochondrial Uncoupling Proteins. in Diabetes 
vol. 53 S130–S135 (American Diabetes Association, 2004). 

129. Masubuchi, Y., Yamada, S. & Horie, T. Diphenylamine as an important structure of 
nonsteroidal anti-inflammatory drugs to uncouple mitochondrial oxidative 
phosphorylation. Biochem. Pharmacol. 58, 861–865 (1999). 

130. Varga, Z. V., Ferdinandy, P., Liaudet, L. & Pacher, P. Drug-induced mitochondrial 
dysfunction and cardiotoxicity. American Journal of Physiology - Heart and 
Circulatory Physiology vol. 309 H1453–H1467 (2015). 

131. Zheng, J. & Ramirez, V. D. Inhibition of mitochondrial proton F0F1-ATPase/ATP 
synthase by polyphenolic phytochemicals. Br. J. Pharmacol. 130, 1115–1123 
(2000). 

132. Ravanel, P., Tissut, M. & Douce, R. Uncoupling activities of chalcones and 
dihydrochalcones on isolated mitochondria from potato tubers and mung bean 
hypocotyls. Phytochemistry 21, 2845–2850 (1980). 

133. Mathiesen, L., Malterud, K. E. & Sund, R. B. Uncoupling of respiration and inhibition 
of ATP synthesis in mitochondria by C-methylated flavonoids from Myrica gale L. 
Eur. J. Pharm. Sci. 4, 373–379 (1996). 

134. Fulda, S., Galluzzi, L. & Kroemer, G. Targeting mitochondria for cancer therapy. 
Nature Reviews Drug Discovery vol. 9 447–464 (2010). 

135. Modica-Napolitano, J. S. & Singh, K. K. Mitochondrial dysfunction in cancer. 
Mitochondrion 4, 755–762 (2004). 

136. Garcea, R., Canuto, R. A., Gautero, B., Biocca, M. & Feo, F. Phospholipid 
composition of inner and outer mitochondrial membranes isolated from Yoshida 
hepatoma AH-130. Cancer Lett. 11, 133–139 (1980). 

137. Kroemer, G. & Pouyssegur, J. Tumor Cell Metabolism: Cancer’s Achilles’ Heel. 
Cancer Cell vol. 13 472–482 (2008). 

138. Nadege, B. Mitochondria: from bioenergetics to the metabolic regulation of 
carcinogenesis. Front. Biosci. Volume, 4015 (2009). 

139. Škrtić, M. et al. Inhibition of Mitochondrial Translation as a Therapeutic Strategy for 
Human Acute Myeloid Leukemia. Cancer Cell 20, 674–688 (2011). 

140. Brand, M. D. & Nicholls, D. G. Assessing mitochondrial dysfunction in cells. 
Biochemical Journal vol. 435 297–312 (2011). 

141. Chowdhury, S. R. & Banerji, V. Targeting Mitochondrial Bioenergetics as a 
Therapeutic Strategy for Chronic Lymphocytic Leukemia. Oxid. Med. Cell. Longev. 
2018, (2018). 



 
REFERENCES | 78 

142. Cheng, J. et al. Mitochondrial proton leak plays a critical role in pathogenesis of 
cardiovascular diseases. in Advances in Experimental Medicine and Biology vol. 
982 359–370 (Springer New York LLC, 2017). 

143. Ashrafian, H., Horowitz, J. D. & Frenneaux, M. P. Perhexiline. Cardiovascular Drug 
Reviews vol. 25 76–97 (2007). 

144. Fimognari, F. L., Corsonello, A., Pastorelli, R. & Antonelli Incalzi, R. Older age and 
phenformin therapy: A dangerous association. Internal and Emergency Medicine 
vol. 3 401–403 (2008). 

145. Lipinski, C. A., Lombardo, F., Dominy, B. W. & Feeney, P. J. Experimental and 
computational approaches to estimate solubility and permeability in drug discovery 
and development settings. Adv. Drug Deliv. Rev. 46, 3–26 (2001). 

146. Avocatin B | C34H66O6. PubChem vol. CID 6710748. 

147. 2’,4’,6’-Trihydroxy-3’,5’-diprenyldihydrochalcone | C25H30O4 . PubChem vol. CID 
42607680. 

148. Leo, A., Hansch, C. & Elkins, D. Partition coefficients and their uses. Chemical 
Reviews vol. 71 525–616 (1971). 

149. Lorsch, J. R., Collins, F. S. & Lippincott-Schwartz, J. Fixing problems with cell lines. 
Science vol. 346 1452–1453 (2014). 

150. Pan, C., Kumar, C., Bohl, S., Klingmueller, U. & Mann, M. Comparative proteomic 
phenotyping of cell lines and primary cells to assess preservation of cell type-
specific functions. Mol. Cell. Proteomics 8, 443–450 (2009). 

151. Bralha, F. N. et al. Targeting mitochondrial RNA polymerase in acute myeloid 
leukemia. Oncotarget 6, 37216–37228 (2015). 

152. He, X. et al. Suppression of Mitochondrial Complex I Influences Cell Metastatic 
Properties. PLoS One 8, e61677 (2013). 

153. Anand, P. et al. Biological activities of curcumin and its analogues (Congeners) 
made by man and Mother Nature. Biochem. Pharmacol. 76, 1590–1611 (2008). 

154. Anand, P., Kunnumakkara, A. B., Newman, R. A. & Aggarwal, B. B. Bioavailability 
of curcumin: Problems and promises. Molecular Pharmaceutics vol. 4 807–818 
(2007). 

 


	Abstract
	Dedication
	Acknowledgments
	Table of Contents
	List of Figures
	List of Abbreviations
	Chapter 1: Introduction
	1.1: Acute Myeloid Leukemia (AML)
	1.1.1: Treatment of AML

	1.2: Metabolic Alterations in Cancer
	1.2.1: Mitochondrial Metabolism in Cancer

	1.3: Metabolic Alterations in Leukemia
	1.3.1: Uncoupling in Leukemia
	1.3.2: Targeting Mitochondrial Metabolism

	1.4: Nutraceuticals
	1.5: Avocatin B
	1.5.1: Avocatin B in Leukemia

	1.6: Mango Ginger
	1.6.1: Identification of Mango Ginger Bioactives


	Chapter 2: Objectives
	2.1: Hypothesis
	2.2: Aims & Objectives

	Chapter 3: Methods
	3.1: Cell Culture
	3.2: Drugs
	3.2.1: Avocatin B Extraction

	3.3: Dose Response Analysis
	3.4: Cell Growth and Viability
	3.4.1: MTS Reduction Assay
	3.4.2: 7AAD Staining

	3.5: Colony Forming Cell Assays
	3.6: Drug Combinations
	3.6.1: Combination Indexes
	3.6.2: Heat Map

	3.7: Respirometry
	3.7.1: Cell Culture
	3.7.2: Permeabilization
	3.7.3: Fatty Acid Oxidation
	3.7.4: Complex I + II

	3.8: Whole Cell Respirometry
	3.8.1: Lysate Preparation
	3.8.2: Injection

	3.9: Electron Transport Chain Activity
	3.9.1: Mitochondria-Rich Fraction Preparation
	3.9.2: BCA Assay
	3.9.3: Complex III
	3.9.4: Complex IV
	3.9.5: Complex V

	3.10: Extracellular Acidification
	3.11: Statistical Analysis

	Chapter 4: Results
	4.1: M1 demonstrates anti-leukemic properties in various cell lines
	4.2: M1 synergizes with the mitochondria target drug Avocatin B
	4.3: Low concentrations of M1 and Avocatin B synergize in AML cells
	4.4: The low concentration window of M1 and Avocatin B is selective to AML cells
	4.5: A combination M1 and avocatin B inhibits fatty acid oxidation
	4.6: Fatty acid oxidation is essential M1 and Avocatin B synergy
	4.7: The combination inhibits complex 1 of the electron transport chain
	4.8: M1 inhibits glycolysis in AML cells
	4.9: The combination of M1 and Avocatin B promotes uncoupling

	Chapter 5: Discussion
	5.1: Summary of Findings
	5.2: Leukemia toxicity in naturally derived dihydrochalcones
	5.3: Inhibition of electron transport can impair FAO and induce apoptosis
	5.4: Complex I inhibition can reduce glycolysis rates
	5.5: Uncoupling and FAO act in a positive feedback loop
	5.5.1: Lipotoxicity

	5.6: Uncouplers can also act as inhibitors of complex V
	5.7: Selectivity of the combination towards leukemia cells
	5.8: Potential Use, Limitations, and Future Directions
	5.9: Conclusions

	Chapter 6: References



