
 

 

 

 
 

    
 

THE DIETARY PHYTOCHEMICAL MYRICETIN INDUCES ROS-DEPENDENT 

BREAST CANCER CELL DEATH 

 

 

 

by 

 

Allison F. Knickle 

 

 

Submitted in partial fulfilment of the requirements 
for the degree of Master of Science 

 

at 

 
Dalhousie University 
Halifax, Nova Scotia 

December 2014 
 

 

 

© Copyright by Allison F. Knickle, 2014 



 ii 

 

Table of Contents 

List of Figures ....................................................................................................... iv	  
List of Tables ........................................................................................................ vi	  
Abstract ................................................................................................................ vii	  
List of Abbreviations and Symbols Used ............................................................. viii	  
Acknowledgements ............................................................................................. xiii	  
CHAPTER 1  INTRODUCTION ............................................................................. 1	  

1.1. Cancer ...................................................................................................................... 1	  
1.2 Breast Cancer ........................................................................................................... 1	  

1.2.1 Triple-negative breast cancer .............................................................................. 3	  
1.3 Cell death .................................................................................................................. 4	  

1.3.1 Apoptosis ............................................................................................................. 4	  
1.3.2 Necrosis/Necroptosis ........................................................................................... 6	  
1.3.3 Caspase-independent cell death involving the mitochondria .............................. 8	  

1.4 ROS ........................................................................................................................... 9	  
1.4.1 The role of ROS in cell signaling ...................................................................... 10	  
1.4.2 ROS and cancer ................................................................................................. 12	  

1.5 Phytochemicals ...................................................................................................... 14	  
1.6 Phytochemicals and Cancer .................................................................................. 17	  
1.7 Myricetin and cancer ............................................................................................ 20	  
1.8 Rationale and Objectives ...................................................................................... 22	  

CHAPTER 2 MATERIALS AND METHODS ........................................................ 33	  
2.1. Cell lines and primary cells ................................................................................. 33	  
2.2. Reagents ................................................................................................................. 33	  
2.3. Antibodies .............................................................................................................. 34	  
2.4. Culture medium and conditions .......................................................................... 35	  
2.5. Cell seeding ............................................................................................................ 35	  

2.5.1. Human breast carcinoma cells ......................................................................... 36	  
2.5.2. Mouse mammary carcinoma cells .................................................................... 36	  
2.5.3. Human dermal fibroblasts ................................................................................ 36	  



 iii 

2.5.4. Human mammary epithelial cells (HMEpiC) .................................................. 37	  
2.6. Acid Phosphatase Assay ....................................................................................... 37	  
2.7. Amplex® Red Assay ............................................................................................. 38	  
2.8. Flow Cytometry .................................................................................................... 38	  

2.8.1. Annexin-V-FLUOS/PI staining ....................................................................... 39	  
2.8.2. DiOC6 staining ................................................................................................. 40	  
2.8.3. DCFDA assay ................................................................................................... 41	  
2.8.4. Intracellular antibody staining for γ-H2AX ..................................................... 41	  

2.9. Protein isolation .................................................................................................... 42	  
2.10. Protein quantification ........................................................................................ 43	  
2.11. Western blotting ................................................................................................. 43	  
2.12. Statistical analysis ............................................................................................... 45	  

CHAPTER 3  RESULTS ...................................................................................... 46	  
3.1. Myricetin reduces mammary carcinoma cell phosphatase activity ................. 46	  
3.2. Myricetin is cytotoxic to mammary carcinoma cells ......................................... 47	  
3.3. Myricetin causes a loss of mammary carcinoma cell mitochondrial membrane 
integrity. ....................................................................................................................... 48	  
3.4. Myricetin induces accumulation of intracellular reactive oxygen species 
(ROS), which promotes mammary carcinoma cell death. ....................................... 50	  
3.5. Myricetin causes ROS-dependent DNA damage in mammary carcinoma cells.
 ....................................................................................................................................... 51	  
3.6. Myricetin forms extracellular ROS in cell culture medium. ............................ 52	  
3.7. Myricetin causes p38 MAPK activation in mammary carcinoma cells. .......... 53	  

CHAPTER 4 DISCUSSION ............................................................................... 103	  
4.1. Myricetin is cytotoxic for breast cancer cells ................................................... 103	  
4.2 Myricetin-induced mammary carcinoma cell death is ROS-dependent. ....... 107	  
4.3 Myricetin forms ROS in the extracellular environment. ................................. 108	  
4.4 Summary of the effects of myricetin on mammary carcinoma cells. .............. 111	  
4.5. Limitations of this study .................................................................................... 112	  
4.6 Future Directions ................................................................................................. 113	  
4.7 Concluding remarks ............................................................................................ 115	  

APPENDIX ......................................................................................................... 120	  
REFERENCES .................................................................................................. 128	  



 iv 

LIST OF FIGURES 

Figure 1.1 The apoptotic and necroptotic cell death pathways ........................... 24 
Figure 1.2 The effects of ROS on cancer ............................................................ 26 
Figure 1.3 Classification of phytochemicals ........................................................ 28 
Figure 1.4 The chemical structure of myricetin .................................................... 30 
Figure 3.1 Myricetin reduces mammary carcinoma cell phosphatase activity ..... 55 
Figure 3.2 Myricetin reduces human mammary epithelial cell, but not human 
dermal fibroblast cell phosphatase activity .......................................................... 57 
Figure 3.3 The effect of myricetin on mammary carcinoma cell phosphatase 
activity is similar to the effects on phosphatase activity seen with EGCG, and 
greater than the effect of resveratrol ................................................................... 59 
Figure 3.4 The dose-dependent inhibitory effect of myricetin on mammary 
carcinoma cell phosphatase activity is similar to the effects of conventional 
chemotherapeutic drugs ...................................................................................... 61 
Figure 3.5 Myricetin reduces mammary carcinoma cell number and size ........... 63 
Figure 3.6 Myricetin induces human mammary carcinoma cell death ................. 65 
Figure 3.7 Myricetin induces mouse mammary carcinoma cell death ................. 68 
Figure 3.8 The stability of the mitochondrial membrane in human mammary 
carcinoma cells is decreased by myricetin .......................................................... 70 
Figure 3.9 The stability of the mitochondrial membrane in mouse mammary 
carcinoma cells is decreased by myricetin .......................................................... 73 
Figure 3.10 Myricetin-induced mammary carcinoma cell death is caspase-
independent and RIPK1-independent ................................................................. 75 
Figure 3.11 Intracellular ROS levels are increased in mammary carcinoma cells 
treated with myricetin ........................................................................................... 77 
Figure 3.12 NAC prevents myricetin-induced human mammary carcinoma cell 
death .................................................................................................................... 80 
Figure 3.13 NAC prevents myricetin-induced mouse mammary carcinoma cell 
death .................................................................................................................... 83 
FIGURE 3.14 Changes in mitochondrial membrane stability caused by myricetin 
are inhibited by NAC ............................................................................................ 85 
Figure 3.15 . Sodium pyruvate added to cell culture medium prevents myricetin-
induced decreases in mammary carcinoma cell growth ...................................... 87 
Figure 3.16 The levels of a double-stranded DNA damage marker, γ-H2AX, are 
increased in mammary carcinoma cells treated with myricetin, and the increase 
in γ-H2AX is prevented by NAC .......................................................................... 89 



 v 

Figure 3.17 Extracellular H2O2 is formed in cell culture medium in the presence of 
myricetin .............................................................................................................. 92 
Figure 3.18 SOD and catalase prevent myricetin-induced decreases in 
mitochondrial membrane stability ........................................................................ 94 
Figure 3.19 SOD and catalase prevent myricetin-induced mammary carcinoma 
cell death ............................................................................................................. 96 
Figure 3.20 Myricetin promotes p38 MAPK phosphorylation in mammary 
carcinoma cells .................................................................................................... 98 
Figure 3.21 Inhibition of p38 MAPK does not prevent myricetin-induced 
mammary carcinoma cell death ......................................................................... 101 
Figure 4.1 Proposed model of myricetin-induced mammary carcinoma cell death
 ........................................................................................................................... 117 
Appendix Figure 1 Z-VAD-fmk inhibits early apoptosis induced by artesunate . 119 
Appendix Figure 2 Necrostatin-1 inhibits cell death induced by artesunate ...... 121 
Appendix Figure 3 T-cell proliferation is inhibited by p38 MAPK inhibitor III ..... 123 
Appendix Figure 4 Myricetin has a slight inherent fluorescence ....................... 125 



 vi 

LIST OF TABLES 

Table 1.1 The effects of myricetin on different types of human cancer cell lines 
and mouse xenograft models of human cancer .................................................. 32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vii 

ABSTRACT 

Myricetin is a dietary phytochemical found in a variety of fruits and vegetables. 

Myricetin has several anti-cancer effects on a variety of human cancer cells in 

vitro and in vivo, including bladder, pancreatic, and colorectal cancers; however, 

the effect of myricetin on breast cancer cells remains unclear. The goals of this 

study were to first determine if myricetin caused breast cancer cell death and 

then to establish the mechanisms underlying myricetin-induced breast cancer cell 

death. Myricetin decreased the viability of several human and mouse mammary 

carcinoma cells, including triple-negative breast cancer cells. Myricetin induced 

cell death of triple-negative breast cancer cells in a reactive oxygen species 

(ROS)-dependent manner. Myricetin-induced ROS caused decreased 

mitochondrial membrane stability, increased double-stranded DNA damage, and 

increased p38 MAPK phosphorylation, all of which can promote cell death. The 

myricetin-induced ROS was likely formed by myricetin autoxidation in cell culture 

medium to form H2O2. The relevance of myricetin autoxidation in vivo remains 

unknown. However, the potent anti-breast cancer effect of myricetin in vitro 

argues in favour of further investigation of myricetin as a possible breast cancer 

therapeutic.  
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CHAPTER 1  

INTRODUCTION 

 

1.1. Cancer 

 The word ‘cancer’ includes over 200 diverse diseases, but all begin 

similarly with normal cells accumulating mutations to become abnormal cells, 

which divide uncontrollably and can invade other tissues. Normal cells undergo a 

progressive process in which they undergo changes that cause them to become 

malignant (1, 2). The characteristics of cancer that allow tumor growth and 

metastasis were outlined by Hanahan and Weinberg in their framework for the 

hallmarks of cancer and consist of deregulation of cellular energetics, resistance 

of cell death, mutations and genome instability, evasion of immune detection and 

destruction, invasion of tissues (metastasis), initiation of angiogenesis, 

insensitivity to growth suppressors, self-sustaining of proliferative signaling, 

replicative immortality, and activation of tumor-promoting inflammation (3, 4). 

Although cancer mortality rates have declined since 1975, cancer incidence has 

increased and cancer remains a significant health problem worldwide and is a 

large burden on societal resources (5). It is estimated that 2 in 5 Canadians will 

develop cancer in their lifetime and 1 in 4 Canadians will die of cancer (6). In 

addition to the great burden that cancer has on the individual, cancer also has a 

substantial economic impact. In 2008 alone, the healthcare costs (direct and 

indirect) associated with malignant neoplasms was $4.04 billion in Canada (7).  

 

1.2 Breast Cancer 

 Breast cancer is the most common type of cancer for females with 1 in 9 

Canadian women expected to develop breast cancer in their lifetime (6). The 

female breast cancer mortality rate has declined 43% since 1986 due to early 
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detection with increased screening and improved screening tools/treatments (6). 

Although the mortality rate has declined, breast cancer remains the second 

leading cause of cancer death in women with 1 in 30 Canadian women expected 

to die from breast cancer (6). Breast cancer is a heterogeneous cancer with 

several distinct pathological types that have different biological behaviors and 

treatment requirements. Breast cancer has traditionally been classified into three 

groups based on the morphology and site of development of the tumor: ductal 

and lobular carcinomas, which develop in the milk ducts and lobules, 

respectively, and inflammatory breast cancer (8). Breast cancer can be further 

grouped into three histopathological subtypes based on expression of the 

estrogen receptor (ER) and progesterone receptor (PR) for hormones and the 

Human Epidermal Growth Factor 2 Receptor (HER-2/neu). The three 

histopathological subtypes: ER- or PR-positive, HER-2/neu overexpressing, and 

triple-negative (lack expression of ER, PR, and HER-2/neu) are used to predict 

therapeutic outcomes (9–12). More recently, using patterns of gene expression 

and hierarchical clustering, breast cancer has been classified into seven major 

molecular subtypes: Luminal A, Luminal B, Luminal C, HER-2-enriched, Basal-

like, Claudin low, and Normal Breast-like (13–15). 

 Several factors influence the type of treatment chosen for a breast cancer 

patient, including the stage of disease, grade of primary tumor, menopausal 

status and age of the patient, ER, PR and HER-2 status of the tumor, histologic 

type (ductal or lobular), invasion into lymphatics, and co-morbidities (16, 17). 

Treatment options consist of surgery, radiation, chemotherapy, 

endocrine/hormone therapy, and tissue-targeted therapy (trastuzamab, an anti-

human HER-2 monoclonal antibody, is an example of a targeted therapy) (17–

19). A combination of therapies is commonly used to help prevent recurrence 

and disease-specific death (17).  
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1.2.1 Triple-negative breast cancer 

 Triple-negative breast cancer is characterized by lack of (or low) 

expression of ER, PR, and HER-2 and represents approximately 15% of all 

invasive breast cancer; however, the prevalence varies by race and age with pre-

menopausal and African-American populations of women having a higher 

prevalence of triple-negative breast cancer (20, 21). Triple-negative breast 

cancer is often categorized as basal-like, but the two are not synonymous since 

not all basal-like breast cancers are triple-negative and not all triple-negative 

breast cancers are basal-like (22). Triple-negative breast cancers are often 

higher grade and have a worse prognosis than other types of breast cancer (23) 

(20, 24). The risk of relapse within the first three years following diagnosis is high 

and the five-year survival rate is low compared to non-triple-negative breast 

cancer (24–26). Though triple-negative breast cancer is associated with a worse 

prognosis than ER-positive breast cancer, triple-negative breast cancer is 

actually more sensitive to anthracycline-based chemotherapy (27). It may 

therefore be easier to achieve a complete pathologic response to chemotherapy 

with triple-negative breast cancer, but if a complete pathologic response is not 

achieved then relapse is more likely to occur and lead to death, because if 

chemotherapy fails there are not any other treatments available (27). Compared 

to other types of breast cancer, adjuvant treatment options are more limited for 

triple-negative breast cancer, there are no targeted therapies, and chemotherapy 

is currently the only available clinical option (18, 28, 29). New treatment options 

and strategies are needed to combat this aggressive form of breast cancer. 

 This investigation focused on two triple-negative human breast cancer cell 

lines, MDA-MB-231 and MDA-MB-468, and also initially compared them to one 

ER- and PR-positive cell line (MCF-7) and one HER-2-overexpressing cell line 

(SK-BR-3) (30–33). All of the human breast cancer cell lines studied were 

originally derived from pleural effusions (34). In addition, two mouse mammary 

carcinoma cell lines, 4T1 and E0771, were studied. 
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1.3 Cell death 

 One of the goals of using chemotherapeutic drugs to treat cancer is to 

induce cancer cell death. The Nomenclature Committee on Cell Death proposed 

that cells should be considered dead if they meet any one of the following 

criteria: complete fragmentation (including the nucleus) of the cell into discrete 

bodies (apoptotic bodies) has occurred, the cell has lost its plasma membrane 

integrity in vitro, and/or adjacent cells have engulfed the fragments of the cell in 

vivo (35). It is recognized that there are several different forms of cell death, 

including apoptosis, necrosis, necroptosis, autophagic cell death, anoikis, 

cornification, mitotic catastrophe, parthanatos, pyroptosis, and ferroptosis (36). 

While there are several distinct cell death pathways, there are also similarities, 

redundancies, and cross-talk between these pathways and it is likely that several 

pathways are triggered at the same time. The different classifications of cell 

death can be determined using morphological and molecular criteria (36). Cell 

death may be accidental, as in necrosis, meaning that it is due to severe 

chemical, physical, or mechanical insults and cannot be prevented or modulated 

by pharmacologic interventions (37). Cell death may also be regulated, meaning 

that it involves molecular machinery in the cell that is genetically encoded and it 

can be modulated to an extent by pharmacologic intervention, for example 

apoptosis (37). The term programmed cell death is used to refer to regulated cell 

death that occurs during (post-) embryonic development, immune responses, 

and tissue homeostasis (37).  

 

1.3.1 Apoptosis 

 The term ‘apoptosis’ was coined in 1972 by Kerr et al. to describe a form 

of regulated cell death with distinct morphological features such as nuclear and 

cytoplasmic condensation, shrinkage of the cell, plasma membrane blebbing, 

and disintegration of the cell into apoptotic bodies (38). While apoptosis can be 
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described in terms of morphological features, the molecular pathways involved in 

apoptosis have been characterized and can be used to describe apoptosis. 

There are two main pathways through which apoptosis can occur: the extrinsic 

pathway, which involves activation of receptors on the cell surface by 

extracellular signals, and the intrinsic (mitochondrial) pathway, which is activated 

by various intracellular stimuli (39). In both pathways proteins called caspases 

play an important role in inducing and carrying out the apoptotic process. 

Caspases are a large family of proteases that are conserved through evolution; 

in humans, several caspases, many which function in apoptosis, have been 

identified (40–42). Initiator caspases can play a role early in the apoptotic 

signaling pathway during which they activate downstream signaling molecules. 

Caspase-8 is an example of one such initiator caspase (43, 44). Effector 

caspases play a role downstream in the apoptotic cascade during which they act 

on various cellular substrates to execute apoptosis. Caspase-3, -6, -7 are 

effector caspases that are activated by upstream initiator caspases (43, 44).  

 The extrinsic apoptotic pathway (Figure 1.1) is activated when death 

ligands (members of the tumor necrosis factor superfamily) bind to death 

receptors on the cell surface such as Fas, TNF receptor 1 (TNFR1) and TNF-

related apoptosis-inducing ligand receptor 1 (TRAILR1) (39, 45–47). Binding of 

the ligands to death receptors causes receptor trimerization and recruitment of 

adaptor molecules, such as the FAS-associated death domain (FADD), TNFR-

associated death domain (TRADD) and TNFR-associated factor 2 (TRAF2), as 

well as recruitment of pro-caspase-8 to the intracellular cytoplasmic death 

domains of the death receptors (39, 45, 47, 48). Together, the intracellular 

cytoplasmic death domains along with FADD (or other adaptor molecules) and 

pro-caspase 8 form a complex called the death-inducing signaling complex 

(DISC) (39, 45). The formation of DISC causes the cleavage of pro-caspase-8 to 

activate caspase-8, which subsequently cleaves and activates downstream 

executioner caspases, such as caspases-3, -6, and/or -7, that carry out 

apoptosis (39, 45). Activated caspase-8 can also activate Bid (BH3-interacting 

domain death agonist), a pro-apoptotic member of the Bcl-2 family of proteins 
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that have either pro- or anti-apoptotic functions; activated Bid promotes 

mitochondria outer membrane permeabilization (MOMP) leading to a signaling 

cascade that activates apoptosis (45, 49, 50).  

 A variety of intracellular stress stimuli can activate the intrinsic apoptotic 

pathway (Figure 1.1), including nutrient deprivation, oxidative stress, DNA 

damage, and UV- and γ-irradiation (45, 51, 52). Pro-apoptotic members of the 

Bcl-2 family such as Bax and Bak act as sensors of stress stimuli (45, 53). 

Activated Bax and Bak contribute to pore formation in the mitochondrial outer 

membrane, which causes the release of pro-apoptotic proteins into the cytosol 

and a decrease in the mitochondrial membrane transmembrane potential (39, 

53). The pro-apoptotic proteins released by MOMP include cytochrome c, second 

mitochondria-derived activator of caspase (Smac, also known as Diablo), and 

endonuclease G (45).  Smac promotes apoptosis by binding to, and preventing 

the actions of, members of the inhibitors of apoptosis (IAP) family of proteins in 

the cytosol (45). When cytochrome c is released from the mitochondria it 

complexes with apoptosis protease activation factor 1 (Apaf-1) and the initiator 

caspase pro-caspase-9 to form the apoptosome (45, 54, 55). The apoptosome 

cleaves pro-caspase-9 to activate caspase-9, which subsequently can cleave 

and activate effector caspases (caspases-3, -6, and -7) that will cleave a wide 

variety of cellular targets leading to apoptosis (39, 45).  

 

1.3.2 Necrosis/Necroptosis 

 Another form of cell death is necrosis, which is morphologically different 

from apoptosis. The morphological features of necrosis include swelling of the 

cytoplasm and cytoplasmic organelles, rupture of the plasma membrane and 

release of intracellular contents, and, unlike apoptosis, nuclei remain mostly 

intact (35, 56). Necrosis has typically been considered a form of cell death that 

occurs in an unregulated manner; however, there are now several studies that 

have identified mechanisms for regulated necrosis (56–59). A chemical inhibitor 

of regulated necrosis called necrostatin-1, which inhibits receptor-interacting 
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protein kinases, was found and the process of regulated necrosis was 

subsequently termed necroptosis (60). Induction of necroptosis has been 

associated with the activation of death receptors, the best characterized of which 

is necroptosis induced via the TNFR1 pathway (Figure 1.1) (56). Depending on 

the stimulus, cell type, and cell activation state, TNFR1 signaling can promote 

apoptosis, nuclear factor-κB (NF-κB) signaling, or necroptosis (56, 61). Upon 

binding of TNF to TNFR1 several proteins are recruited to the cytoplasmic 

portion of TNFR1, including receptor-interacting protein kinase 1 (RIPK1), cellular 

inhibitor of apoptosis 1 and 2 (cIAP1 and cIAP2, both of which are E3 ligases), 

TRADD, TRAF2 and TRAF5; together, these proteins form complex I (56, 61, 

62). The E3 ligases cIAP1 and cIAP2 catalyze the polyubiquitination of RIPK1, 

which can act as a docking site for additional proteins involved in NF-κB signaling 

to activate the NF-κB pathway (56). Alternatively, the enzyme cylindromatosis 

(CYLD) can remove ubiquitin from RIPK1, thus allowing RIPK1 to complex with 

RIPK3, TRADD, FADD and caspase-8 to form complex II (56, 61, 63). If 

caspase-8 is active it will cleave RIPK1 and RIPK3, thereby promoting apoptosis 

(64). If caspase-8 is inhibited by pharmacological means or depleted or deleted 

by genetic means, then RIPK1 and RIPK3 remain active and promote 

necroptosis (58, 65). The mechanisms underlying RIPK1 and RIPK3 execution of 

necroptosis are unclear; however, it appears that RIPK3 interacts with the 

pseudokinase mixed lineage kinase domain like (MLKL) (66); this complex 

induces necroptotic cell death through a variety of mechanisms, including 

reactive oxygen species (ROS), reactive nitrogen species (RNS), apoptosis 

inducing factor (AIF), lysosomal membrane permeabilization, and poly(ADP-

ribose) polymerase (PARP) cleavage (56, 57, 61, 67). In addition to activation by 

death receptors, there are other pathways that can promote cell death by 

necroptosis; however, the mechanisms involved in these pathways have yet to 

be fully elucidated. Pattern recognition receptors (PRRs) such as toll-like 

receptors can promote necroptosis, and there is also a form of necroptosis that 

involves alkylating DNA damage and release of AIF from the mitochondria (56, 

68, 69). Another form of regulated cell death is pyroptosis, which occurs when 
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pores form in the plasma membrane in a caspase 1-dependent manner, resulting 

in dissipation of ionic gradients and osmotic pressure that lead to release of 

cytosolic contents (70).  

 

1.3.3 Caspase-independent cell death involving the mitochondria 

 There are several regulated modes of cell death that are independent of 

caspase activation, one of which is necroptosis since to date there are no reports 

of caspase activation during necroptosis (66). Cellular stress stimuli can promote 

MOMP that causes cell death independently of caspase activation (36). When 

the mitochondrial outer membrane becomes permeabilized several proteins are 

released into the cytosol that can promote caspase-independent cell death. 

These proteins include AIF, endonuclease G (ENDOG), and high temperature 

requirement protein A2 (HtrA2, also known as OMI) (71). In addition, disruption of 

the mitochondrial outer membrane interferes with its normal functions in cell 

energetics, leading to depleted ATP that also promotes cell death (72). The 

HtrA2 protein can promote apoptosis by binding to and inhibiting members of the 

IAP family, but can also promote caspase-independent cell death by acting as an 

effector protein via its serine protease activity (73, 74). Upon its release from the 

mitochondria ENDOG can translocate to the nucleus where it can cause DNA 

fragmentation, thereby promoting cell death (75). AIF is an important 

mitochondrial protein involved in promoting caspase-independent cell death (71). 

When AIF is released from the mitochondria it translocates to the nucleus where, 

potentially along with ENDOG, AIF causes chromatin condensation and high 

molecular weight DNA loss; this process is referred to as AIF-mediated 

necroptosis (68, 69). Following translocation of AIF to the nucleus, recent studies 

have shown that AIF binds to phosphorylated histone H2AX (γ-H2AX), which 

accumulates at sites of double stranded DNA breaks, as well as the 

endonuclease cyclophilin A (CypA) to form a complex that causes DNA 

degradation leading to necroptosis (76). Release of AIF from the mitochondria 

can be stimulated in several ways, including by activated Bax and excessive 
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calcium influx that results PARP1 overactivation (72). Increases in intracellular 

calcium due to ER stress promotes activation of cytosolic proteases known as 

calpains (calcium-activated neural proteases), which then cause AIF release 

from the mitochondria (77). Lysosomal permeabilization can also cause AIF 

release from the mitochondria due to lysosomal proteases released into the 

cytoplasm (71). Cathepsin D, a lysosomal protease, induces AIF release from the 

mitochondria (78). Additionally, ROS may cause AIF release from the 

mitochondria indirectly because of ROS–induced lysosomal permeability (79). 

Another form of cell death that involves AIF release is parthanatos, which is 

dependent on PARP1 activation (80). Parthanatos is triggered when DNA 

damage causes activation of PARP1, leading to poly(ADP-ribose) (PAR) 

synthesis and binding of PAR to AIF, which triggers AIF release from the 

mitochondria and translocation to the nucleus (80).  

 

1.4 ROS 

 ROS are a group of partially reduced metabolites of oxygen molecules 

that can have a wide variety of effects on cell functions, including stimulation of 

signaling pathways for metabolism, intracellular signal transduction, proliferation, 

differentiation, metabolism, and cell death (81, 82). The effect(s) that ROS have 

on cells depends on the duration and amount of ROS generated, the type of cells 

involved and the cellular context (82). ROS, which are generated during normal 

cellular metabolism processes and inflammation, are very reactive molecules that 

can interact with biological molecules. ROS include the superoxide anion (O2
�-), 

hydrogen peroxide (H2O2), and hydroxyl radicals (�OH), peroxyl (RO2
�), and 

alkoxyl (RO�) (83). Cells have several antioxidant systems to regulate ROS levels 

and protect against ROS to maintain the redox (reduction-oxidation) balance, 

including the glutathione system, the thioredoxin system, peroxiredoxins, the 

enzymes SOD and catalase, and ROS-scavenging vitamins E and C (84). When 

excess ROS are produced to the extent that it overwhelms the capacity of 

cellular antioxidant systems, the cell is said to be under oxidative stress (83). 
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Excessive ROS can damage cellular proteins, lipids, and DNA, which leads to 

cell death (83). Extracellular sources of ROS include various drugs, pollutants, 

and radiation; intracellular sources of ROS include mitochondria, endoplasmic 

reticulum, and NADPH complexes (85, 86). The major source of intracellular 

ROS generation is the mitochondrial electron transport chain, which produces 

electrons that react with oxygen to form ROS (84, 87, 88). The main type of ROS 

formed by the mitochondria is superoxide, which can spontaneously dismutate to 

H2O2, or be converted to H2O2 by SOD in the mitochondrial matrix or by SOD in 

the cytoplasm (85, 89).  

 

1.4.1 The role of ROS in cell signaling 

Although ROS are often thought of as damaging to cells, ROS are also 

important in cell signaling, during which ROS may act as a secondary 

intracellular messenger or change protein structure and function by altering 

important amino acid residues (83). In particular, H2O2 has several features that 

allow it to function as a intracellular messenger, i.e., it can freely diffuse, it is 

uncharged and small, and it can be quickly synthesized and destroyed (89, 90). 

A variety of extracellular cell signaling stimuli that include cytokines, hormones 

and neurotransmitters induce intracellular H2O2 formation, which can 

subsequently affect the functions of transcription factors, kinases, and 

phosphatases (90–93). It is now recognized that at sub-cytotoxic levels H2O2 is a 

ubiquitous intracellular signaling messenger that oxidizes the cysteine residues 

of proteins (90). In cells stimulated with growth factors, members of the NOX 

family of NADPH oxidases produce H2O2, which oxidizes protein tyrosine 

phosphatases (PTPs), as well as the tumor suppressor PTEN (also a PTP), to 

reversibly inactivate them and trigger downstream signaling events (94–97). 

H2O2 may also promote protein phosphorylation during cell signaling by activating 

protein tyrosine kinases; for example, H2O2 oxidizes the tyrosine kinase Src, 

causing it to become activated (98). H2O2 is also important for propagating 

signals from death receptors, such as TNFR1, during apoptosis (89).  
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Transcription of genes can be activated by ROS in several ways (99). 

ROS inhibition of phosphatases promotes kinase-mediated activation of 

transcription factor, such as NF-κB, and their translocation to the nucleus (99). 

ROS also inhibits degradation of transcription factors resulting their accumulation 

in the nucleus; for example, ROS inhibits degradation of the hypoxia-inducible 

factor 1α transcription factor (99). ROS also causes transcription of genes by 

oxidizing DNA (99). ROS can oxidize bases in the promoter of the vascular 

endothelial growth factor, which enhances binding of transcription factors to the 

promoter (100). Additionally, ROS are involved in transcriptional activation 

downstream of several receptors, including the androgen and oestrogen 

receptors, by causing formation of DNA breaks in regulatory regions of target 

genes (101). 

ROS can also activate or mediate mitogen-activated protein kinase 

(MAPK) signaling pathways that are involved in biological processes that include 

apoptosis, inflammation, cell growth and differentiation, and responses to 

environmental stresses (83). There are three main types of MAPK pathways in 

mammalian cells: the c-Jun N-terminal kinases (JNKs), the extracellular signal-

regulated kinases (ERKs), and the p38 MAPKs (83). Activation of MAPKs 

involves a 3-tiered system in which a MAPK kinase kinase (MAPKKK) 

phosphorylates and activates a MAPK kinase (MAPKK), which in turn 

phosphorylates and activates one or more MAPKs (102). Many different stimuli 

can activate MAPKs; however, JNKs and p38 MAPKs are usually activated in 

response to stress stimuli, while ERKs are activated in response to growth 

factors (103, 104). The p38 MAPK pathway can be activated by a number of 

different stress signals, including inflammatory cytokines and oxidative stress 

(102). There are four p38 MAPK isoforms: p38 MAPKα, p38 MAPKβ, p38 

MAPKγ, and p38 MAPKδ that differ in tissue distribution (most tissues express 

the α and β isoforms, while the expression of the γ and β isoforms is more 

limited) and substrate specificity (105). Activated p38 MAPK proteins that 

translocate to the nucleus phosphorylate several different targets, such as 

transcription factors and kinases that are involved in many processes, including 
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cell proliferation, migration, differentiation, and cell death (83). The activation of 

p38 MAPK in cancer cells can have pro- or anti-tumorigenic effects, depending 

on the type of stimulus and the cell type (102). In many cancers, including breast 

cancer, the activity of p38 MAPKα is often upregulated, while in other types of 

cancer, such as liver cancer, the activity of p38 MAPKα is downregulated (102, 

106–108). Some studies have shown the p38 MAPK activation can promote 

cancer cell apoptosis and inhibit proliferation, while other studies have found that 

p38 MAPK activation can be anti-apoptotic and actually promote cancer cell 

proliferation (109, 110). In breast cancer, p38 MAPK activates several 

transcription factors and proteins that promote cell invasion and metastasis (102, 

111, 112). Alternatively, p38 MAPK signaling may also have anti-breast cancer 

effects. The negative regulators of p38 MAPK, known as mitogen-activated 

protein kinase phosphatases (MKPs), have been linked to breast cancer 

resistance to several chemotherapeutic drugs, as well as oxidative-stress 

induced cell death (113). Overexpression of MKPs in breast cancer in vitro 

causes inhibition of p38 MAPK signaling and increases resistance to hydrogen 

peroxide-induced cell death, indicating that p38 MAPK signaling is important for 

ROS-induced cell death (114).  

 

1.4.2 ROS and cancer 

 ROS can be pro- or anti-tumorigenic (Figure 1.2), depending on the type 

of ROS, dose, site of ROS production, and duration. As mentioned earlier, ROS 

can activate several signaling pathways, including the p38 MAPK pathway, which 

may promote or inhibit tumor growth. ROS can cause direct oxidative DNA 

damage and also damage proteins that lead to structural changes in DNA (115–

117). Continual exposure of normal cells to sub-cytotoxic levels of ROS over a 

long period of time may lead to somatic mutations and promote the malignant 

transformation of normal cells (116, 117). ROS can also contribute to 

tumorigenesis by causing mutations and functional changes in the tumor 

suppressors such as p53 and PTEN (97, 118). Chronic inflammation promotes 
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tumorigenesis via ROS that regulate inflammatory signaling (for example, ROS is 

important for signaling induced by the inflammatory cytokine TNF) (119, 120). 

Both exogenous and endogenous sources of ROS can induce cell proliferation in 

several different types of cancer, including breast cancer (85, 121–124). In breast 

cancer cells, ROS can promote increased NF-κB activity and expression of c-

Myc and heme oxygenase-1, which all enhance cell proliferation (124). There are 

some ROS-scavenging drugs that have anti-cancer effects, several of which are 

in clinical trials for cancer treatment, and might also be important for cancer 

prevention (85).  

While ROS can have a tumor-promoting effect, especially at low levels, it 

can also be anti-tumorigenic. Activation of the extrinsic pathway of apoptosis 

generates ROS, which is important for propagating signals from death receptors 

to downstream signaling molecules for induction of apoptosis (92, 125). The 

intrinsic pathway of apoptosis is activated by a variety of stresses, including 

ROS, that promote MOMP causing apoptosis, or necroptosis (85). Several 

studies have shown that exposure of cancer cells to ROS directly or to drugs that 

cause ROS production can induce several types of cancer cells to undergo 

apoptosis (85, 126–128). ROS can modulate anti-apoptotic proteins, many 

different kinases, cell survival proteins, and transcription factors such as NF-κB 

to promote cell death (85). Although ROS can promote cancer cell proliferation, 

ROS can also inhibit cancer cell proliferation (85). ROS can activate (by 

phosphorylation) various proteins involved in inhibiting cell cycle progression 

such as checkpoint kinase 1 (Chk1) and Chk2 (129). Additionally, in breast 

cancer cells, knockdown of redox proteins leads to increased ROS levels, 

causing a decrease in NF-κB-dependent cell proliferation (130). 

 Unlike normal cells, cancer cells experience a continual pro-oxidative 

state (partly due to their increased metabolic activity) that causes them to have 

elevated ROS levels, leading to perpetual oxidative stress (84, 131–133). Cancer 

cells therefore have adapted antioxidant systems and increased pro-survival 

molecules to manage the constant oxidative stress (134). The difference in ROS 

levels between normal and cancer cells can be exploited therapeutically. Since 
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cancer cells have higher basal levels of ROS, a relatively modest increase in 

ROS could put them over their ROS tolerance and cause them to die, while a 

modest increase in ROS may remain below the cytotoxic tolerance threshold for 

normal cells (84). There are many drugs that promote ROS generation and many 

current chemotherapeutic drugs induce ROS in cancer patients (84, 85). For 

example, procarbazine (used for treatment of Hodgkin’s and non-Hodgkin’s 

lymphomas and primary brain tumors), doxorubicin (used for treatment of breast, 

thyroid, and gastric cancer), cisplatin (used in lung and ovarian cancer), and 

docetaxel (used in breast, gastric, lung, and prostate cancer) are just a few of 

many chemotherapeutic drugs that induce ROS formation and are approved anti-

cancer drugs by the U.S. Food and Drug Administration (85). Another form of 

cancer treatment that induces cancer cell death by ROS is the use of ionizing 

radiation (135). The dose of ROS-inducing drugs and/or radiation must be 

carefully regulated to avoid doses that are sub-cytotoxic and could therefore be 

protumorigenic.  

 

1.5 Phytochemicals 

 Phytochemicals are ‘plant’ chemicals that are non-nutrient bioactive 

compounds in foods such as vegetables, fruits, and whole grains (136). 

Phytochemicals are usually not essential for plant growth and survival, but they 

are considered secondary metabolites that have diverse functions such as UV 

protection, protection from microbial infection and herbivores, attractants for 

pollinators and seed dispersing animals, signaling molecules for the formation of 

nitrogen-fixing root nodules, and an allelopathic role (137–139). Humans ingest 

phytochemicals as part of their diet, and while phytochemicals are not essential 

for short-term health, there is a large body of evidence suggesting that they have 

favorable effects on human health in the long term, in part due to their potent 

antioxidant activity (136, 140). There are many epidemiological studies showing 

that higher intake of fruits, vegetables, and whole grains containing high levels of 

phytochemicals is associated with a reduced incidence of different cancers and 
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chronic diseases such as type II diabetes, cardiovascular disease, and impaired 

cognitive function (141–146).  

More than 8,000 structurally diverse phytochemicals have been reported 

(137). Phytochemicals can be classified based on their structure as phenolics, 

carotenoids, alkaloids, organosulfur compounds, and nitrogen-containing 

compounds, and each of these groups can be further broken down into smaller, 

more specific groups (Figure 1.3) (136). The phenolics are the largest and best 

studied group of phytochemicals with a common feature of at least one aromatic 

ring bearing at least one hydroxyl group (136, 147). Of the several different 

classes of phenolics, the largest group is the flavonoids. The typical structure of 

flavonoids consists of two aromatic rings linked by three carbons (136, 137). 

Flavonoids are the most abundant phenolics in human diets; it is estimated that 

approximately two thirds of phenolics in the human diet are flavonoids (136). The 

estimated daily intake of flavonoids for humans ranges from 20 mg to 650 mg, 

with one report suggesting as high as 1 g (143, 148–152). Estimating dietary 

intake must be carefully interpreted because there is no agreement on the best 

method to analyze intake of different polyphenols, and many factors influence the 

formation of flavonoids in plants, including environmental conditions, light, 

processing and storage, degree of ripeness, and plant genetics (139, 153). 

Flavonoids are found in a wide variety of fruits and vegetables, as well as in 

beverages such as wine, tea, coffee, and cocoa (153). The flavonoids can be 

further classified into flavonols (e.g., quercetin and myricetin), flavones (e.g., 

apigenin, luteolin), flavanols (also known as catechins, e.g., epicatechin and 

epicgallocatechin gallate), flavanones (e.g., naringenin and hespiritin), 

anthocyanidins (e.g., cyanidin and malvidin), and isoflavanoids (e.g., genistein 

and daidzein) (136).  

In plant-based foods, flavonoids are primarily found as glycosylated 

conjugates (although some do exist in aglycone form), and this glycosylation 

influences their metabolism (140). The exact mechanism(s) of flavonoid 

absorption by intestinal cells are unclear, although the nature of the glycosylation 

in flavonoid conjugates may dictate the site of absorption (137, 140, 154, 155). 
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Following ingestion, the majority of flavonoids (especially aglycones) are thought 

to be absorbed into the bloodstream in the small intestine, but some are 

absorbed in the colon (137). Flavonoid conjugates can be hydrolyzed by 

enzymes (glycosidases) that are part of the intestinal brush border (156). 

Following removal of the sugar residue the flavonoid can passively diffuse across 

the brush border of the small intestine and be taken up by intestinal cells (156). 

Intact flavonoid conjugates can also be taken up into cells by active transporters, 

such as the sodium-dependent glucose transporter (SGLT1), and once in cells 

they can be cleaved by cytoplasmic glycosidases (157, 158). Once the flavonoid 

conjugates have been hydrolyzed to the free aglycone they are further modified 

and conjugated by glucuronidation, methylation, and/or sulfation (137, 140). The 

resulting metabolites then enter the bloodstream where they travel to the liver 

and are further metabolized (137, 159). Flavonoids that are resistant to the 

enzymes in the small intestine are not absorbed by the small intestine and pass 

into the colon where intestinal microflora play an important role in their absorption 

(160). Intestinal microflora enzymes cleave the conjugate flavonoids into smaller 

molecules, including phenolic acids and hydroxycinnamates that can then be 

absorbed and then metabolized by the liver (140, 161, 162). The rate extent of 

intestinal absorption is determined by the chemical structure of the flavonoid, 

although there are variations in absorption between individuals (154).  

Phytochemical bioavailability (the fraction of a substance that is available 

in the human body for physiological functions) following ingestion of plant-based 

foods varies between phytochemicals and depends on their absorption and the 

dietary source (154). In feeding studies, measurable concentrations of 

isoflavones were found in human plasma despite that fact that isoflavones 

undergo considerable degradation in the gut (153, 163–165). Additionally, when 

human studies were conducted with raisin supplementation in healthy volunteers 

the majority of phytochemicals present in the raisins were present in human 

serum 1 h after ingestion, at levels that would protect serum from oxidation; this 

study indicated that ingestion of a plant-based food can result in bioavailable and 

bioactive levels of phytochemicals in human serum (166). For the flavonol 
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quercetin, bioavailability may vary depending on the dietary source; for example, 

the bioavailability of quercetin from red wine and apples was found to be much 

lower than from fried onions or black tea (153, 167, 168). The plasma 

concentration of most flavonoids decreases 1-2 h (elimination half-life) after 

absorption in the small intestine (140). Quercetin actually has an elimination half-

life of close to 24 h, which is at least partially due to its affinity for plasma albumin 

(140, 168–170). One strategy that is being pursued to increase bioavailability and 

activity of phytochemicals for therapeutic use is nanoparticle technology (171). 

Nanotechnology can improve bioavailability of phytochemicals by protecting them 

from being degraded thereby increasing their stability, increase their solubility in 

aqueous solutions, increase circulation time and retention in tissues, and improve 

target specificity (171) 

There have been many in vitro studies showing that flavonoids have anti-

inflammatory properties, scavenge free radicals, alter enzyme activity, inhibit cell 

growth and proliferation, modulate cell death, and have antibiotic properties (143, 

153, 166). All of the properties of phytochemicals described in vitro could 

contribute to the favorable effects of flavonoid consumption on the incidence of 

chronic diseases and cancer observed in epidemiological studies (137, 139, 

141).  

 

1.6 Phytochemicals and Cancer 

 There are many epidemiological studies that indicate consumption of 

fruits, vegetables, and whole grains containing phytochemicals is associated with 

a reduced risk of many types of cancer (141, 172–175). One study estimated that 

people with low fruit and vegetable intake have twice the risk of developing 

cancer compared to individuals with a high fruit and vegetable intake (172). For 

breast cancer, a low intake of flavonoids is associated with a higher cancer risk 

while a Mediterranean-style diet (one high in fruits, vegetables, and fish and low 

in red meat) is associated with a lower risk of developing breast cancer (176, 

177). One of the mechanisms by which phytochemicals could play a role in 
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cancer prevention is by limiting ROS-induced DNA mutations and/or induction of 

signaling pathways that promote cell proliferation (136, 178, 179). 

Phytochemicals can limit ROS production through their direct antioxidant activity 

or by inducing expression of antioxidant systems within cells (136, 178, 179). 

There is great interest in using the anti-cancer properties of phytochemicals to 

develop new cancer therapeutics. Between 1940 and 2002, approximately 69% 

of drugs approved for treatment of cancer were natural products or derived from 

knowledge of the bioactive properties of natural products; for example, paclitaxel, 

docetaxel, and vincristine are all derived from plants (174, 180, 181).  

Phytochemicals represent a good option for developing new therapeutics 

because they are considered safe, are easily obtained, do not have significant 

toxic effects for long-term therapy, and are often cytotoxic for cancer cells but not 

normal cells (174, 182–184). The structure of a phytochemical is important for its 

anti-cancer properties and different types of cancer may be more sensitive to 

certain structures (185). Both in vitro and in vivo studies with cancer cells lines 

have revealed that phytochemicals have a wide array of anti-cancer activities. 

Flavonoids can induce apoptosis of a variety of cancer cell types, as well as 

inhibit proliferation of cancer cells (186–190). The antioxidant activity of 

flavonoids is important for their anti-cancer effects but it is also recognized that at 

high doses many phytochemicals can have pro-oxidant properties that promote 

cancer cell death (191–194). Flavonoids can also modulate the expression of 

proteins involved in regulating the cell cycle; flavonoids can arrest cell cycle 

progression at different stages, causing cell proliferation to be inhibited (183, 

195–198). Signal transduction and gene expression can be inhibited by 

flavonoids (199–202). Flavonoids can also inhibit angiogenesis and induce 

expression of tumor suppressor genes (136, 202–206). Invasion and metastasis 

of cancer cells can be prevented by flavonoids (207). Several intracellular 

proteins (cadherins, slug, vimentin, snail, and ZEB1) that are important for 

epithelial-mesenchymal transition (EMT), a process that is essential for 

metastasis, are modulated by flavonoids (208–213). Expression of matrix 

metalloproteinases (MMPs), which play a role in metastasis by degrading the 
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extracellular matrix surrounding tumor cells, can be inhibited by flavonoids (214–

217). Two phytochemicals that have been studied extensively for their anti-

cancer properties are epigallocatechin-3-gallate (EGCG) and resveratrol (218–

221).  

Green tea is a beverage that is consumed worldwide and its consumption 

has been associated with reduced cancer incidence (218, 222). The components 

of green tea that are largely responsible for its cancer preventative properties are 

a group of flavonoids called catechins (flavanols), of which the major and most 

active catechin is EGCG (218). EGCG inhibits proliferation and induces 

apoptosis in a variety of cancer cell types, including breast, lung, and colon 

cancer both in vitro and in vivo (218, 219, 223, 224). The activation of NF-κB, 

which upregulates expression of proteins such as anti-apoptotic Bcl-2 proteins, is 

inhibited by EGCG, which also promotes stabilization of the p53 tumor 

suppressor (225). EGCG also induces expression of pro-apoptotic proteins such 

as Bak and Bax that contribute to mitochondrial membrane permeability (226). 

Inhibition of cancer cell proliferation by EGCG is caused by induction of cell cycle 

arrest through EGCG modulation of cell cycle proteins including cyclins and 

cyclin dependent kinases (CDKs) (218, 227–229). EGCG can act as an 

antioxidant preventing ROS-induced damage to cells; however, EGCG can also 

have pro-oxidative activities (218, 226, 230, 231). EGCG-induced apoptosis is 

the result of EGCG-generated ROS and activation of caspase-3 and caspase-9 

(226). Cell death induced by EGCG can also be promoted by activation of the 

JNK and p38 MAPK signaling pathways (226). EGCG can also inhibit cancer cell 

invasion and metastasis by inhibiting proteins necessary for EMT, e.g., vimentin, 

β-catenin, slug, and snail (232). 

 Resveratrol (3, 4’, 5-trihydroxystilbene) is a phytochemical that belongs to 

the stilbene class of phenolic phytochemicals (233). Resveratrol is found in a 

variety of foods such as red grapes, peanuts, berries, and red wine (221, 233). 

Studies have shown that resveratrol has anti-cancer effects for several types of 

cancer, including breast, colon, skin, esophageal, gastric, pancreatic, and 

prostate cancer (220). Resveratrol can modulate Fas ligand and the Fas receptor 
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to induce apoptosis and, like EGCG, can inhibit NF-κB signaling to promote 

apoptosis in a variety of cancer cell types (234–236). Expression of both survivin 

and induction of the Wnt signaling pathway are inhibited by resveratrol, which 

promotes cancer cell death and/or inhibits cancer cell proliferation (237–239). 

Resveratrol, like EGCG, can modify the expression and actions of cell cycle 

proteins, including cyclin D1, CDK2, and CDK4, to inhibit cell proliferation (240, 

241). Cancer cell invasion and metastasis can be limited by resveratrol as 

resveratrol decreases expression of MMPs, such as MMP-2 and MMP-9 (242, 

243). One problem with the use of resveratrol as a therapeutic agent is that its 

bioavailability is relatively low; however, in mice topical application of resveratrol 

inhibits UVB-induced skin damage and reduces the incidence of skin cancer 

(244, 245). In addition, prophylactic administration of resveratrol to rats leads to a 

decreased incidence of carcinogen-induced esophageal and intestinal tumors, 

indicating that resveratrol may be useful in preventing cancer (245).  

 

1.7 Myricetin and cancer 

 Myricetin is a phytochemical belonging to the flavonol class of flavonoids 

(Figure 1.3), and is found in foods and beverages such as red grapes, broccoli, 

cabbage, chili peppers, garlic, guava, berries, honey, black tea, green tea, and 

red wine (Figure 1.4) (246–249). Several studies have shown that myricetin may 

be beneficial for a variety of diseases and overall health, including improvement 

of bone health and prevention of osteoporosis, protection against several 

conditions associated with diabetes (oxidative stress in erythrocytes, diabetic 

nephropathy, hyperglycemia), improvement of male gamete function, 

cardioprotection against myocardial infarction, and prevention and treatment of 

cancer (250–258). There is little epidemiological data examining the relationship 

between myricetin and cancer because it is difficult to measure intake of a 

specific phytochemicals in the diet, but there are studies showing that intake of 

foods high in flavonols is associated with a decreased risk of breast cancer (259). 

A study by Knekt et al. that examined intake of several flavonoids and risk of 



 21 

different cancers in Finland found that high intake of myricetin was associated 

with lower prostate cancer risk (141). The average daily intake of myricetin for a 

person with a balanced diet is estimated to be approximately 1.5 mg (136). It is 

thought that metabolism of myricetin, following ingestion, is dependent on 

intestinal microflora (260). In humans who consumed cranberry syrup, myricetin 

metabolites, as well as native myricetin, were detected in their urine (261).  

Both in vitro and in vivo studies have revealed that myricetin is active 

against a number of different cancers (Table 1.1), including colorectal, bladder, 

lung, oral, skin, esophageal, brain, and pancreatic cancer, as well as leukemia 

(262–269). Myricetin is cytotoxic for several human cancer cell lines, including 

the human promyeloleukemic cell line HL-60, in which myricetin causes 

apoptosis (269–271). Myricetin induced caspase-3 and caspase-9 activation and 

decreased anti-apoptotic Bcl-2 protein expression, while increasing pro-apoptotic 

Bcl-2 protein (Bax and Bad) expression in HL-60 cells (269, 271). Myricetin also 

caused MOMP and release of cytochrome c from the mitochondria, thereby 

promoting apoptosis (269). These studies suggested that myricetin-induced 

apoptosis is not ROS-dependent since myricetin does not significantly increase 

ROS levels in HL-60 cells (269–271). Importantly, myricetin did not alter the 

viability of normal blood cells (269). However, in A549 human lung cancer cells, 

myricetin-induced cytotoxicity was dependent on ROS, as well as inhibition of the 

thioredoxin system, which is important for antioxidant function and maintenance 

of cell viability (272). In human bladder cancer cells, myricetin-induced apoptosis 

also involved activation of the p38 MAPK signaling pathway and inhibition of the 

phosphatidylinositol 3-kinase (PI3K) signaling pathway (263, 268). Induction of 

cell death by myricetin may also involve AIF release from the mitochondria, 

which can lead to AIF-mediated necroptosis (262). Myricetin can also inhibit 

cancer cell proliferation by causing cell cycle arrest in different stages of the cell 

cycle, depending on the cancer cell type, via modulation of CDKs and cyclins that 

are important for cell cycle regulation (250, 263, 265, 272). Cancer cell migration 

and invasion are also inhibited by myricetin. In medulloblastoma cells, myricetin 

inhibits hepatocyte growth factor-induced actin re-organization that is essential 
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for cell migration (267). Myricetin also inhibits migration and invasion of cancer 

cells by inhibiting the ERK and NF-κB signaling pathways, and inhibiting 

expression and activity of MMPs (250, 263–265, 267). In addition to having 

intrinsic chemotherapeutic properties, myricetin enhances the action of other 

cancer therapeutics. For example, myricetin enhances the suppression of human 

lung cancer cell growth by X-ray treatment both in vitro and in mouse xenograft 

models (273). In addition, myricetin enhances intestinal absorption of cancer 

chemotherapeutic drugs tamoxifen and doxorubicin in rats; this suggests that 

lower doses of chemotherapeutic drugs could be given if used in combination 

with myricetin (274, 275).  

There have been very few studies examining the effects of myricetin on 

breast cancer. A study by Rodgers and Grant shows that myricetin has no effect 

on the growth of MCF-7 human breast cancer cells and causes increased 

intracellular glutathione content (276). In contrast, Kuntz et al. found myricetin to 

inhibit the growth of MCF-7 cells (277). In a model of breast cancer using female 

Wistar rats exposed to dimethyl bezanthracene (DMBA, a procarcinogen that 

selects for breast cancer in female Wistar rats) in order to induce carcinogenesis, 

oral myricetin increased SOD levels in plasma and breast tissue, thereby 

preventing DMBA-induced oxidative damage and DMBA-induced tumor 

formation (278).  

 

1.8 Rationale and Objectives 

 This study focuses on the effects of myricetin on triple-negative breast 

cancer cells. There are several studies indicating the myricetin has anti-cancer 

properties but few studies have examined the effects of myricetin on breast 

cancer cells, and there are no studies examining the effects of myricetin on the 

triple-negative subset of breast cancer cells. Given that treatment options for 

triple-negative breast cancer are limited and the prognosis is worse for triple-

negative breast cancer patients compared to patients with other breast cancer 

subsets, new treatment strategies are needed. In addition, the mechanisms by 
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which myricetin induces cancer cell death remain unclear and seem to vary 

depending on the type of cancer being studied (269, 272). The objectives of this 

study were to first determine if myricetin could induce triple-negative breast 

cancer cell death, and secondly, to determine the mechanism(s) involved in 

myricetin-induced death of triple-negative breast cancer cells.  
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Figure 1.1. The apoptotic and necroptotic cell death pathways. Extrinsic 

apoptotic pathway: binding of Fas ligand (FasL) to the Fas receptor promotes the 

formation of DISC (death-inducing signaling complex) containing FADD, pro-

caspase 8, and the cytoplamic domain of the Fas receptor. DISC cleaves pro-

caspase-8 to active caspase-8, which subsequently cleaves and activates 

capase-3/6/7 that then execute apoptosis. Caspase-8 can also activate Bid that 

can promote intrinsic apoptosis. Intrinsic apoptotic pathway: cell stress stimuli 

activate pro-apoptotic proteins, such as Bax and Bak that cause pore formation 

in the outer mitochondrial membrane, leading to mitochondrial outer membrane 

permeabilization (MOMP). Cytochrome C (Cty C) released from the mitochondria 

forms a complex with Apaf-1 and pro-caspase-9 called the apoptosome. The 

apoptosome activates caspase-9, which activates caspase-3/6/7 that promote 

apoptosis. Smac released from the mitchondria inhibits anti-apoptotic proteins 

(IAPS), while apoptosis-inducing factor (AIF) released from the mitochondria can 

promote necroptosis. Necroptotic pathway: Binding of TNFα to TNFR1 promotes 

formation of complex I containing TRADD, RIPK1, TRAF, and cIAP. RIPK1 and 

TRAF are ubiquitinated by ciAP which promotes signaling through NF-κB (not 

shown). If CYLD is present it causes de-ubiquitination of RIP1 and TRAF 

promoting formation of complex II. Complex II consists of RIP1 and RIP3 

kinases, FADD, TRADD, and caspase-8. If capase-8 is active it cleaves and 

inactivates RIP1 and RIP3, and then it will activate apoptosis. If capase-8 activity 

is inhibited then RIP1 and RIP3 will be active and will promote necroptosis.  
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Figure 1.2. The effects of ROS on cancer. Depending on the type and level of 

ROS, ROS can be pro- or anti-tumorigenic. A low level of ROS usually promotes 

tumor development and growth, while a high level of ROS tends to inhibit tumor 

growth by causing cell death.  
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Figure 1.3. Classification of phytochemicals. Phytochemicals can be 

classified into different groups based on their structure. The major class of 

dietary phytochemicals are the phenolics. Flavonoids are the most common 

phenolics in the human diet. Myricetin belongs to the flavonol group of 

flavonoids.  
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Figure 1.4. The chemical structure of myrcetin. The chemical structure of 

myricetin is typical for phenolics, which contain at least one aromatic ring bearing 

one hydroxyl group. More specifically, myricetin is typical of the flavonoid class of 

phenolics, which contain two aromatic rings linked by three carbons. 
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Table 1.1. The effects of myricetin on different types of human cancer cell 
lines and mouse xenograft models of human cancer. 
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CHAPTER 2  

MATERIALS AND METHODS 

 

2.1. Cell lines and primary cells 

 MDA-MB-468 human breast carcinoma cells were generously provided by 

Dr. P. Lee (Dalhousie University, Halifax, NS), Dr. S. Drover (Memorial University 

of Newfoundland, St. John’s, NL) provided MDA-MB-231 human breast 

carcinoma cells, and Dr. Jean Marshall (Dalhousie University) provided 4T1 

mouse mammary carcinoma cells. E0771 mouse mammary carcinoma cells were 

provided by Dr. Jun Wang (Dalhousie University).  MCF-7 and SK-BR-3 human 

mammary carcinoma cells were provided by Dr. K Goralski and Dr. G. Dellaire 

(Dalhousie University), respectively. Normal human mammary epithelial cells 

(HMEpiC) were purchased from ScienCell Research Laboratories (San Diego, 

CA). Normal human dermal fibroblasts were purchased from Lonza Inc. 

(Walkersville, MD). 

 

2.2. Reagents 

 Myricetin, Dulbecco’s Modified Eagle Medium (DMEM), phenol red-free 

DMEM, phosphate buffered saline (PBS), dimethyl sulfoxide (DMSO), Triton-X-

100, phosphatase substrate, sodium acetate, phenylmethylsulfonyl fluoride 

(PMSF), β-mercaptoethanol, 30% w/v H2O2, super oxide dismutase (SOD), 

catalase, N-acetylcysteine (NAC), sodium deoxycholate, Nonidet P-40 (NP-40), 

aprotinin,  leupeptin, sodium fluoride (NaF), pepstatin A, dithiothreitol (DTT), 

phenylarsine oxide (PAO), and bovine serum albumin (BSA) were purchased 

from Sigma-Aldrich Canada Ltd. (Oakville, ON). L-glutamine, fetal bovine serum 

(FBS), 1 M N-2-hyroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) buffer, 

10,000 U/ml penicillin/10,000 µg/ml streptomycin solution, 3,3'-

dihexyloxacarbocyanine iodide (DiOC6), 0.25% trypsin-EDTA or TrypLETM 
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Express, Amplex® Red, horseradish peroxidase (HRP), propidium iodide (PI), 

and 2’, 7’-dichlorofluorescin diacetate (DCFDA) were purchased from Life 

technologies (Burlington, ON). Mammary Epithelial Cell Medium (MEpiCM) and 

accompanying supplements were purchased from ScienCell Research 

Laboratories (San Diego, CA). Fibroblast Growth Medium-2 (FGM-2) and 

appropriate supplements were purchased from Lonza Inc. (Walkersville, MD). 

Sodium hydroxide (NaOH) was purchased from Fisher Scientific (Ottawa, ON). 

Annexin-V-FLUOS was purchased from Roche Diagnostics (Laval, QC). Sodium 

chloride (NaCl), ethylene glycol tetraacetic acid (EGTA), Tris base, Tween-20, 

sodium dodecyl sulfate (SDS), acrylamide/bis-acrylamide (29:1, 30% solution), 

tetramethylethylenediamine (TEMED), ammonium persulfate (APS), and glycine 

were purchased from Bio-Shop Canada Inc. (Burlington, ON). Ethylene diamine 

tetraacetic acid (EDTA) and disodium hydrogen phosphate (Na2HPO4) were 

purchased from EM 46 Industries Inc. (Hawthorne, NY). Sodium orthovanadate 

(Na3VO4) and calcium chloride (CaCl2) were purchased from EMD Chemicals, 

Inc. (Gibbstown, NJ). Foxp3 fixation/permeabilization concentrate and diluent, 

and 10x permeabilization buffer were purchased from eBioscience, Inc. (San 

Diego, CA). p38 MAPK inhibitor III was purchased from EMD Millipore 

(Etobicoke, ON). 

 

2.3. Antibodies 

 Rabbit anti-phospho-p38 MAPK (pTpY180/182) antibody was purchased 

from Invitrogen. Rabbit anti-p38 MAPK antibody was purchased from Cell 

Signaling Technology (Beverly, MA). Primary goat anti-actin antibody (I-19), and 

the secondary antibodies HRP-conjugated bovine anti-goat and HRP-conjugated 

donkey anti-rabbit were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA). Anti-Human/Mouse phospho-H2AX (S139) eFluor® 660 and Mouse IgG1 K 

isotype control eFluor® 660 were purchased from eBioscience. 
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2.4. Culture medium and conditions  

 Breast carcinoma cells were maintained in a humidified 10% CO2 

incubator at 37°C and cultured in DMEM supplemented with 2 mM L-glutamine, 

100 U/ml penicillin, 100 µg/ml streptomycin, 10% heat-inactivated (56°C for 30 

min), FBS and 5 mM HEPES buffer (pH 7.4); from this point on it is referred to as 

complete DMEM (cDMEM). HMEpiC were maintained in a humidified 5% CO2 

incubator at 37°C and cultured in MEpiCM supplemented with a supplied 

penicillin/streptomycin solution and mammary epithelial cell growth supplement 

mixture (ScienCell Research Laboratories). Human dermal fibroblasts were 

cultured in Fibroblast Growth Medium-2 (FGM-2) containing supplements from 

the supplier (Lonza Inc.) that included 2% FBS, recombinant human insulin, 

recombinant human fibroblast growth factor-B (rhFGF-B), gentamicin sulfate and 

amphotericin-B. Breast carcinoma cells and human dermal fibroblasts were 

grown in 75 mm2 tissue culture flasks (Corning Inc., Tewksbury, MA) and were 

passaged at 70-80% confluency using 0.25% trypsin-EDTA or TrypLETM Express 

(Life technologies, Oakville, ON). HMEpiC were cultured in 75 cm2 tissue culture 

flasks coated with 0.015 mg/ml poly-L-lysine (ScienCell Research Laboratories) 

for 1 h and washed with sterile H2O prior to culturing. Both human dermal 

fibroblasts and HMEpiC were cultured for a maximum of 8-10 passages. The 

vehicle used for myricetin was DMSO; the myricetin stock was made up at 100 

mM in DMSO and stored at -80°C.  

 

2.5. Cell seeding  

 All cell lines used were adherent and were therefore seeded 1 d before 

treatment to allow them to adhere to tissue culture plates and flasks. For all 

experiments and all cell types, cells were treated in cDMEM. For all experiments 

involving NAC (used at 10 mM), Z-VAD-fmk (50 µM), necrostatin-1 (40 µM), 

sodium pyruvate (100 µM or 1 mM), SOD (5 U/ml) and catalase (30 U/ml), and 

p38 MAPK inhibitor III (10 µM), the respective compounds were added at least 
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30 min prior to treatment with myricetin; these compounds were not washed from 

the cells prior to myricetin treatment. Concentrations of these compounds were 

based on published (279) and unpublished work by members of my lab (Dr. 

Melanie Coombs and Dr. Carolyn Doucette) indicating that these concentrations 

were non-cytotoxic and had functional activity. 

2.5.1. Human breast carcinoma cells 

 For acid phosphatase and Amplex Red® assays, cells were seeded in 

triplicate or quadruplicate in 96-well flat bottom plates at 5 × 103 cells/well in 100 

µl of medium.  For annexin-V-FLUOS/PI staining, 3,3'-Dihexyloxacarbocyanine 

Iodide (DiOC6) staining and γ-H2AX antibody staining, cells were seeded in 6-

well flat bottom plates at 1 × 105 cells/well for 4 h treatments and 5 × 104 

cells/well for 24 and 48 h treatments in 2 ml of medium. For DCFDA staining, 

cells were seeded at 1 × 105 cells/well in 6-well flat bottom plates in 2 ml of 

medium. For western blotting, cells were seeded in 75 cm2 flasks at 7 × 105 

cells/flask in 10 ml of medium.  

 

2.5.2. Mouse mammary carcinoma cells 

 For acid phosphatase assays, mouse mammary carcinoma cells were 

seeded at 3 × 103 cells/well in 96 well plates in 100 µl of medium. For annexin-V-

FLUOS/Propidium iodide staining and DiOC6 staining, cells were seeded in 6-

well plates at 2 × 104 cells/well in 2 ml of medium.  

 

2.5.3. Human dermal fibroblasts 

Cells were seeded at 5 × 103 cells/well in 96-well flat bottom plates in 100 

µl of medium for acid phosphatase assays. Cells were seeded in FGM-2, which 

was removed prior to myricetin treatment, and treated with myricetin in cDMEM.  
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2.5.4. Human mammary epithelial cells (HMEpiC) 

 For acid phosphatase assays, cells were seeded at 5 × 103 cells/well in 

Corning CellBIND 96-well flat bottom plates in 100 µl of medium. Cells were 

seeded in MEpiCM, which was removed prior to myricetin treatment, and treated 

with myricetin in cDMEM.  

 

2.6. Acid Phosphatase Assay 

An acid phosphatase colorimetric assay was used to determine the 

phosphatase activity (an indicator of cell number) in cell cultures exposed to 

various treatments at different time points (24, 48, and 72h). The acid 

phosphatase assay quantifies relative cell number based on the conversion of p-

nitrophenyl phosphate (pNPP) to p-nitrophenyl by cytosolic acid phosphatase 

(280). The p-nitrophenyl product is yellow under basic conditions and has an 

absorbance of 405 nm, which is measured as an indicator of cell number. When 

the desired time point was reached, 96-well plates were centrifuged at 1400 × g 

for 5 min. The supernatant was discarded and the cells were washed twice with 

1X PBS. Following the PBS washes, 100 µl of fresh PBS and 100 µl of 

phosphatase buffer (4 mg/ml phosphatase substrate, 0.1% Triton X-100 and 0.2 

M sodium acetate, pH 5.5) were added to each well and cells were incubated for 

2 h at 37°C in a humidified 10% CO2 incubator.  After 2 h, 10 µl of 1 N NaOH was 

added to each well to stop the chemical reaction and plates were shaken at 550 

rpm for 3 min on a Microplate Genie (Montreal Biotech Inc., Montreal, QC). 

Absorbance was measured at 405 nm using an Expert 96 microplate reader 

(Biochrom ASYS, Cambridge, UK). The percent phosphatase activity decrease 

was calculated using the equation (1 – (experimental reading ⁄ medium control 

reading)) × 100. The percent phosphatase activity decrease was used as an 

indicator of total cell number with a greater decrease in phosphatase activity 

indicating the presence of fewer cells.  
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2.7. Amplex® Red assay 

Amplex® Red (N-acetyl-3,7-dihydroxyphenoxazine) assays were used to 

measure formation of H2O2 by myricetin in cell culture medium in the presence 

and absence of cells. In the presence of H2O2 the HRP-catalyzed oxidation of 

Amplex® Red, a colorless and non-fluorescent compound, to the red and 

fluorescent product resorufin can be measured (281). The reaction stoichiometry 

of Amplex® Red and H2O2 is 1:1 (281). For cell-free experiments, 100 µl of 

myricetin in phenol red-free cDMEM was added to 96-well flat bottom plates in 

triplicate. A master mix containing Amplex® Red and HRP in phenol red-free 

cDMEM (Sigma) was added to the 96-well plates at 100 µl/well for a final 

concentration per well of 25 µM Amplex® Red and 0.005 U/ml HRP. H2O2 was 

used as a positive control (0.1 mM). Plates were incubated for 4 h at 37°C in a 

humidified 10% CO2 incubator and after 4 h absorbance was measured at 570 

nm using an Expert 96 microplate reader. Plates were then incubated for 24 h at 

37°C in a humidified 10% CO2 incubator and absorbance was measured at 570 

nm. For experiments with human breast carcinoma cells were seeded at 5 × 103 

cells/well in a 96-well flat bottom plate 1 d prior to treatment with myricetin and 

the experiments were carried out as described above.  

 

2.8. Flow Cytometry 

 For all experiments fluorescence data was acquired for 1 × 104 counts per 

sample using a FACSCalibur flow cytometer with BD CellQuestTM software 

(version 3.3, BD Biosciences, Mississauga, ON). Myricetin is inherently 

fluorescent (Appendix Figure 4), but this fluorescence was considered negligible 

compared to the large shifts in fluorescence observed in myricetin-treated cells 

that were also treated with DiOC6, DCFDA, or anti-phospho-H2AX eFluor® 660. 

Where appropriate, myricetin-treated cells alone were included as a control. FCS 

Express software (version 3.0, De Novo Software, Thornhill, ON) was used to 

analyze the data.  
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2.8.1. Annexin-V-FLUOS/PI staining 

Annexin-V-FLUOS/PI staining was used to determine apoptosis in breast 

carcinoma cells treated with myricetin. In healthy cells, phosphatidylserine (PS) is 

found on the cytoplasmic side of the inner leaflet of the plasma membrane (282). 

During the early phases of apoptosis PS translocates to the outer leaflet of the 

plasma membrane where it is exposed on the external surface of the cell (282). 

Annexin-V is a protein that binds phospholipids in a Ca2+-dependent manner and 

has a high affinity for binding PS (283); therefore, binding of fluorochrome- 

tagged Annexin-V can be used as a marker of early apoptosis. PI is a fluorescent 

DNA intercalating agent that only enters cells when the cell membrane becomes 

permeable, such as when the cells are undergoing necrosis. Fluorochrome- 

tagged Annexin V can be used to stain cells in conjunction with PI staining to 

distinguish non-apoptotic cells (Annexin-V−/PI−) from cells undergoing apoptosis 

(Annexin-V+/PI−) and necrosis (Annexin V+/PI+), as measured by flow cytometry 

(284). Cells were treated with myricetin in cDMEM, or for experiments involving 

NAC and SOD/catalase cells were treated in serum-free DMEM to prevent any 

artifacts resulting from SOD and catalase present in serum. After 24 or 48 h 

treatment with the indicated concentrations of myricetin, NAC, SOD/catalase, 

p38 inhibitor, or necrostatin-1 the medium from each sample was removed and 

transferred to 5 ml round bottom tubes. To lift cells from the tissue culture plate 1 

ml of TrypLE ExpressTM was added to each sample and plates were incubated in 

a humidified 10% CO2 incubator at 37°C for 3-5 min. The cells were removed 

from the tissue culture plates and placed in the 5 ml tubes containing their 

respective medium. Samples were centrifuged at 500 × g for 5 min, supernatants 

were discarded, and cells re-suspended in 1 ml of 1X PBS. Cells were 

centrifuged for 5 min at 500 × g, supernatants were discarded, and cells 

resuspended in 50 µl of Annexin-V-FLUOS/PI labeling buffer which contained 5 

mM CaCl2, 10 mM HEPES, 140 mM NaCl, 2% Annexin-V-FLUOS reagent (v/v) 

(Roche Diagnostics) and 1 µg/ml PI (Life Technologies). Samples were 

incubated for 15 min at room temperature, 0.45 ml of labeling buffer was added 
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to each sample and samples were analyzed by flow cytometry. As proper 

controls, unstained, Annexin-V-FLUOS single-stained and PI single-stained 

samples were included to compensate for the overlapping emission spectra of 

Annexin-V-FLUOS and PI during analysis by flow cytometry.  

 

2.8.2. DiOC6 staining 

The DiOC6 assay was used to measure mitochondrial transmembrane 

potential (MTP). Healthy mitochondria have a high MTP and the inner 

mitochondrial membrane is negatively charged (285). As a result, cationic, 

lipophilic fluorescent probes such as DiOC6 will localize to the mitochondrial 

matrix with a high MTP and form fluorescent aggregates (285). In mitochondria 

with reduced membrane stability, the MTP is lowered and charge distribution is 

altered in a way that prevents DiOC6 from localizing to the mitochondrial matrix; 

this results in reduced fluorescence (285). Cells were treated with myricetin in 

cDMEM, or for experiments involving NAC and SOD/catalase, cells were treated 

in serum-free DMEM to prevent any artifacts resulting from SOD and catalase 

present in serum. After 4 or 24 h treatment with indicated concentrations of 

myricetin, NAC, or SOD/catalase, medium was removed from each sample and 

placed in 5 ml round-bottom tubes. Cells were then lifted from the tissue culture 

plate using 1 ml TrypLE ExpressTM added to each sample, and incubating plates 

for 3-5 min in a humidified 10% CO2 incubator at 37°C. Cells were then 

transferred from tissue culture plates to the 5 ml round-bottom tubes containing 

their corresponding medium. Samples were centrifuged for 5 min at 500 × g, 

supernatants were discarded and cells were re-suspended in 1 ml of cDMEM or 

serum-free DMEM. Cells were stained with 40 nM DiOC6 for 30 min at 37°C in a 

humidified 10% CO2 incubator. Cell fluorescence was measured by flow 

cytometric analysis. FCS Express was used to analyze the decrease in 

fluorescence intensity to determine the % decrease in mitochondrial membrane 

stability.  
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2.8.3. DCFDA assay 

To assess levels of reactive oxygen species in cells following myricetin 

treatment the DCFDA assay was used. DCFDA is a non-fluorescent compound 

that is cell permeable and can be used as a probe for intracellular ROS. When 

DCFDA enters cells it is cleaved by intracellular esterases to the cell 

impermeable product H2DCF (286). If ROS is present in the cells H2DCF is 

oxidized to DCF which is fluorescent and can be detected by flow cytometry; 

therefore, the more ROS present the more DCF is formed and a greater 

fluorescence is observed (286). After allowing cells to adhere to tissue culture 

plates overnight, the medium was removed and cells were washed once with 

1XPBS. The PBS was removed and cells were stained with 5 µM DCFDA in 

phenol red-free, serum-free medium for 30 min at 37°C in a humidified 10% CO2 

incubator. After 30 min the stain was removed and cells were washed once with 

PBS. Cells were then treated with indicated concentrations of myricetin and NAC 

for 4 h in phenol red-free DMEM supplemented with 1% FBS. After 4 h, medium 

was removed from each sample and placed in a 5 ml round-bottom tubes. Cells 

were then lifted from the tissue culture plate using 1 ml TrypLE ExpressTM added 

to each sample, and incubating plates for 3-5 min at 37°C in a humidified 10% 

CO2 incubator. Cells were then transferred to the 5 ml round-bottom tubes 

containing their corresponding medium. Samples were centrifuged for 5 min at 

500 × g, supernatants were discarded and cells were re-suspended in 350 µl 

cold 1X PBS. Samples were kept on ice and cellular fluorescence was measured 

by flow cytometry. For analysis by flow cytometry 1 × 104 live cell counts were 

measured.  

 

2.8.4. Intracellular antibody staining for γ-H2AX 

 To determine DNA damage in cells following myricetin treatment, levels of 

γ-H2AX, a marker of double-stranded DNA damage (287), were assessed. After 

allowing the cells to adhere to tissue culture plates overnight, the medium was 
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replaced and the cells were treated with the indicated concentrations of myricetin 

and NAC. After 4 h, medium was removed from each sample and placed in a 5 

ml round-bottom tube. Cells were then lifted from the tissue culture plate using 

TrypLE ExpressTM added to each sample, and incubating plates for 3-5 min in a 

humidified 10% CO2 incubator at 37°C. Cells were then transferred from tissue 

culture plates to the 5 ml round-bottom tubes containing their respective medium. 

Samples were centrifuged for 5 min at 500 × g and supernatants were discarded. 

The cells were resuspended in PBS, centrifuged for 5 min at 500 × g and the 

supernatant was discarded. A fixation/permeabilization working solution was 

made from a 1:3 dilution of fixation/permeabilization concentrate to 

fixation/permeabilization diluent. The cells were suspended in 0.5 ml of the 

working solution and stored at 4°C overnight. After overnight incubation, 1X 

permeabilization buffer was added to each sample and samples were centrifuged 

for 5 min at 500 × g and the supernatant was discarded. The cells were 

resuspended in 100 µl of 1X permeabilization buffer containing the diluted anti-

human/mouse γ-H2AX fluorochrome-conjugated antibody, or the mouse IgG1 K 

fluorochrome-conjugated isotype antibody and incubated at room temperature for 

30 min. Then, 1X permeabilization buffer was added to each sample and the 

samples were centrifuged for 5 min at 500 × g and the supernatant was 

discarded. The previous step was repeated once more and after the supernatant 

was discarded the cells were resuspended in FACS buffer. Cell fluorescence was 

measured by flow cytometry and FCS Express was used to analyze shifts in 

fluorescence that corresponded to increased γ-H2AX levels.  

 

2.9. Protein isolation 

 Cells treated with indicated concentrations of myricetin only, or a 

combination of myricetin and NAC for 30 min or 3 h were lifted from tissue culture 

flasks using 3 ml TrypLE ExpressTM added to each sample. Flasks were 

incubated in a humidified 10% CO2 incubator at 37°C for 3-5 min. Samples were 

transferred to tubes and centrifuged for 5 min at 500 × g and 4°C. The 
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supernatant was removed, cells were re-suspended in 1 ml of cold PBS and 

centrifuged for 5 min at 500 × g and 4°C. The supernatant was then removed 

and cells were resuspended in 50 µl of cold lysis buffer comprised of 150 mM 

NaCl, 5 mM EDTA, 5 mM EGTA, 0.25% w/v sodium deoxycholate, 50 mM Tris-

HCl (pH 7.5), 50 mM Na2HPO4 and 0.1% v/v NP-40, also containing 

phosphatase and protease inhibitors (1 mM PMSF, 100 µM Na3VO4, 10 µg/ml 

aprotinin, 5 µg/ml leupeptin, 10 mM NaF, 5 µg/ml pepstatin A, 1 mM DTT, and 10 

µM PAO. Samples were incubated on ice for 15 min and centrifuged for 10 min at 

14,000 × g and 4°C. The supernatant containing the cellular proteins was 

collected for each sample and stored at -80°C for a maximum of 4 days before 

protein quantification. 

 

2.10. Protein quantification 

 A colorimetric Bradford assay (288) was used to measure and equalize 

the total cell protein in all samples. For protein quantification, 5 µl of each sample 

was added to 1 ml of Biorad Protein Assay Dye that was diluted 1 in 5 in ddH2O. 

To generate a protein standard curve, a range of BSA concentrations (2.5-80 

µg/ml) were used. Each sample diluted in protein assay dye was added in 

triplicate or quadruplicate to 96-well flat bottom plates and absorbance was 

measured at 570 nm using an Expert 96 microplate reader. Using the protein 

standard curve, the amount of protein in each sample was calculated and the 

samples diluted to equalize the amount of protein in all samples. The protein 

samples were denatured at 95°C for 5 min in SDS-PAGE sample loading buffer 

(15% v/v β-mercaptoethanol, 200 mM Tris HCl [pH 6.8], 6% w/v SDS, 0.01% w/v 

bromophenol blue, and 30% v/v glycerol) and stored at -80°C. 

 

2.11. Western blotting 

 Equal amounts of protein samples (10 µg) and pre-stained Bio-Rad 

protein ladder were separated on a 12% polyacrylamide gel (12% acrylamide, 



 44 

0.1% w/v sodium dodecyl sulfate [SDS], 375 mM Tris-HCl [pH 8.8], 0.15% v/v 

tetramethylethylenediamine [TEMED], and 0.1% w/v ammonium persulfate 

[APS]) with a 4% acrylamide stacking gel (4% acrylamide, 0.1% w/v SDS, 125 

mM Tris-HCl [pH 6.8], 0.15% v/v TEMED, and 0.1% APS). Proteins were 

resolved at 200 V in SDS-PAGE running buffer (0.1% v/v SDS, 200 mM glycine, 

and 20 mM Tris-HCl [pH 8.3]) for 1h. Protein was transferred from the gel to a 

nitrocellulose membrane using the iBlot® dry blotting system (Life Technologies) 

according to the manufacturer’s instructions. Membranes were blocked in 5% w/v 

fat-free milk in Tris-buffered saline (20 mM Tris-HCl [pH 7.6], 200 mM NaCl) with 

0.05% v/v Tween-20 (TTBS) at room temperature for 1 h or at 4°C overnight. 

Following blocking, the membranes were washed with TTBS and incubated with 

the indicated primary antibody overnight at 4°C or for 1 h at room temperature. 

The membranes were washed in TTBS for 30 min, with the wash being changed 

every 5 min, and incubated with the indicated HRP-conjugated secondary 

antibody for 1 h at room temperature. Membranes were washed again for 30 min 

in TTBS then incubated with enhanced chemiluminescence reagents (GE 

Healthcare) for 1 min. Membranes were exposed to X-ray film (Sci-Med Inc., 

Truro, NS), which was developed using a Kodak X-OMAT 1000A automated X-

Ray developer. To account for variations in protein loading, membranes were 

also probed for actin. To quantify the intensity of each protein band by 

densitometry, ImageJ software (version 1.45, National Institutes of Health, 

Bethesda, MD) was used. For each sample two blots were run, one blot for 

phospho-protein and one for total protein. Actin was probed for on both blots and 

for analysis the intensity of the phospho- and total proteins were divided by their 

corresponding actin intensities. The ratio of actin-normalized phospho-protein to 

actin-normalized total-protein was determined and the ratio for each sample was 

normalized to the ratio for the media at the appropriate time points.  
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2.12. Statistical analysis 

 Statistical analysis was conducted using GraphPad Prism analysis 

software (GraphPad Software Inc., La Jolla, CA). Statistical comparisons were 

performed using one-way analysis of variance (ANOVA) with the Tukey-Kramer 

multiple comparisons post-test. When the p value was less than 0.05 data were 

considered significantly different (denoted by *). Data were considered not 

significantly different (denoted by ns) when the p value was greater than 0.05. 
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CHAPTER 3  

RESULTS 

 

3.1. Myricetin reduces mammary carcinoma cell phosphatase activity 

Previous studies of myricetin have shown that myricetin has cytostatic and 

cytotoxic effects for a variety of cancer cell lines (263, 265–267, 269, 270), but 

there are very few studies examining its effect on mammary carcinoma cell 

growth. A range of concentrations of myricetin were used to treat a panel of 

human and mouse mammary carcinoma cell lines and the effect of myricetin on 

total cell number was assessed using phosphatase activity as an indicator of 

relative viable cell number. Less phosphatase activity (or a greater decrease in 

percent phosphatase activity) indicated that less cells were present. Myricetin 

treatment caused a decrease in phosphatase activity in a dose-dependent 

manner for all human and mouse mammary carcinoma cell lines tested after 24 h 

(Figure 3.1). A decrease in phosphatase activity indicated that myricetin was 

either having a cytotoxic or cytostatic effect on the mammary carcinoma cells. 

For the purposes of this study the subsequent data focuses on the MDA-MB-231 

and MDA-MB-468 triple negative breast cancer cell lines, as they were shown to 

be sensitive to myricetin in Figure 3.1 (A and B); additionally the effect of 

myricetin on 4T1 mouse mammary carcinoma cells was determined. On the 

basis of the data shown in Figure 3.1, concentrations of 25 and 50 µM myricetin 

were chosen for subsequent experiments.  

 The effect of myricetin on normal human cells was investigated using 

HMEpiC and human dermal fibroblasts. The phosphatase activity in HMEpiC was 

decreased by myricetin treatment after 24 h in a dose-dependent manner (Figure 

3.2A), similar to the effect of myricetin on mammary carcinoma cells (Figure 3.1). 

Human dermal fibroblasts appeared to be less sensitive to myricetin treatment. In 

contrast to HMEpiC, when human dermal fibroblasts were treated with myricetin 

for 24 h, the phosphatase activity was not decreased with most concentrations of 
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myricetin tested, except for a concentration of 10 µM myricetin that caused a 10-

15% decrease in phosphatase activity, which was significant compared to the 

vehicle (Figure 3.2B).  

 Several phytochemicals have been reported to have cytostatic and 

cytotoxic effects on mammary carcinoma cells (289–293). The sensitivity of 

mammary carcinoma cells to myricetin was compared to their sensitivity to two 

other phytochemicals, resveratrol and epigallocatechin gallate (EGCG), which 

are known to have inhibitory effects on cell viability and growth. Acid 

phosphatase assays were used to measure phosphatase activity of mammary 

carcinoma cells treated for 24 h with myricetin, resveratrol, or EGCG. All three 

phytochemicals tested caused decreases in phosphatase activity, indicating that 

the number of cells present was decreased (Figure 3.3). For both MDA-MB-231 

and MDA-MB-468 cell lines myricetin and EGCG caused similar decreases in 

phosphatase activity, for example at 50 µM myricetin or EGCG there was 

approximately a 75% decrease in phosphatase activity (Figure 3.3). Compared to 

resveratrol, myricetin had a greater inhibitory effect on phosphatase activity, for 

example at 50 µM there was approximately a 75% decrease with myricetin 

compared to a 15-25% (depending on the cell line) decrease with resveratrol 

(Figure 3.3). The effect of myricetin on mammary carcinoma cell number was 

also compared to the effects of two conventional breast cancer chemotherapeutic 

drugs, doxorubicin and docetaxel. Myricetin, doxorubicin, and docetaxel all 

caused similar dose-dependent decreases in MDA-MB-231 and MDA-MB-468 

cell phosphatase activity, indicating decreases in cell number (Figure 3.4).  

 

3.2. Myricetin is cytotoxic to mammary carcinoma cells 

The acid phosphatase assay does not distinguish between growth 

inhibitory and cytotoxic effects, so to determine whether the decrease in 

phosphatase activity observed with myricetin treatment (Figure 3.1) was due to 

increased cytotoxicity, an apoptosis assay was conducted. MDA-MB-468 cells 

were treated with myricetin and images of the cells after 24 h of treatment were 
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acquired. Myricetin treatment resulted in less cells present in the images 

acquired, and the cells that were present were much smaller than vehicle-treated 

cells, suggesting that they were undergoing cell death (Figure 3.5). To further 

determine whether myricetin induced mammary carcinoma cell death, the MDA-

MB-231 and MDA-MB-468 human mammary carcinoma cell lines were treated 

with myricetin for 24 or 48 h and stained with Annexin-V-FLUOS/PI. Using flow 

cytometry to measure Annexin-V-FLUOS/PI staining, 50 µM myricetin was found 

to induce significant late apoptosis/necrosis (approximately 50% of cells were 

undergoing late apoptosis/necrosis) in MDA-MB-231 cells after both 24 and 48 h 

of treatment (Figure 3.6A-C), while 25 µM myricetin did not induce significant 

early or late apoptosis/necrosis in MDA-MB-231 cells (Figure 3.6A-C). In 

contrast, MDA-MB-468 cells treated with 50 µM myricetin showed significant 

early apoptosis (approximately 25% of cells at 24 h and 50% at 48 h) and late 

apoptosis/necrosis (60% of cells at 24h and 25% at 48 h) at both 24 and 48 h of 

myricetin treatment (Figure 3.6D-F). MDA-MB-468 cells treated with 25 µM 

myricetin underwent significant early apoptosis at 24 (about 20% of cells) and 48 

h (about 25% of cells) (Figure 3.6E, F). Whether or not myricetin caused mouse 

mammary carcinoma cells to die by apoptosis was also investigated. The mouse 

mammary carcinoma 4T1 cell line was treated with myricetin for 24 h and stained 

with Annexin-V-FLUOS/PI. Myricetin caused significant early apoptosis (20% of 

cells) and late apoptosis/necrosis (60% of cells) of 4T1 cells, but only at the 50 

µM concentration (Figure 3.7).  

 

3.3. Myricetin causes a loss of mammary carcinoma cell mitochondrial 
membrane integrity.  

The Annexin-V-FLUOS/PI staining data indicated that myricetin caused 

mammary carcinoma cell apoptosis. Apoptosis and cell death can be promoted 

by changes to the mitochondria; therefore whether or not myricetin caused 

changes to the mitochondria was examined. Mammary carcinoma cells were 

treated with myricetin and stained with DiOC6 as an indicator of changes in 
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mitochondrial membrane potential. Flow cytometry was used to measure DiOC6 

staining, where a loss of DiOC6 staining signified a decrease in mitochondrial 

membrane stability (the greater the decrease in mitochondrial membrane 

stability, the greater the loss in mitochondrial membrane potential). When MDA-

MB-231 and MDA-MB-468 cells were treated with myricetin significant decreases 

in mitochondrial membrane stability were observed as early as 4 h following 

treatment (Figure 3.8). In MDA-MB-231 cells 50 µM of myricetin caused 

significant decreases in mitochondrial membrane stability at 4 h (approximately a 

60% decrease in mitochondrial membrane stability) and 24 h (85% decrease in 

mitochondrial membrane stability) (Figure 3.8A, B). Similarly, in MDA-MB-468 

cells 50 µM myricetin caused a significant decrease in mitochondrial membrane 

stability (approximately 25%) at 4 h (Figure 3.8C, D). At 24 h both 25 (60% 

decrease) and 50 µM (90% decrease) myricetin caused a significant decrease in 

mitochondrial membrane stability of MDA-MB-468 cells (Figure 3.8C, D). The 

mitochondrial membrane stability was also significantly decreased (75%) in the 

mouse mammary carcinoma 4T1 cell line in cells treated for 24 h with 50 µM 

myricetin (Figure 3.9). To determine the cell death pathways that were involved 

in myricetin-induced mammary carcinoma cell death, the involvement of 

caspases and RIPK1 in myricetin-induced cell death was studied. MDA-MB-231 

and MDA-MB-468 cells were pre-treated with the pan-caspase inhibitor Z-VAD-

fmk or the RIPK1 inhibitor necrostatin-1 (Nec-1) and then treated with myricetin 

for 24 h. The cells were stained with Annexin-V-FLUOS/PI and apoptosis was 

determined by flow cytometry. For both the MDA-MB-231 (Figure 3.10A) and 

MDA-MB-468 (Figure 3.10B) cells, pre-treatment with Z-VAD-fmk or Nec-1 did 

not alter myricetin-induced early apoptosis or late apoptosis/necrosis (both of the 

inhibitors were determined to be functionally active, see Appendix Figure 1 and 

2). This data suggested that myricetin-induced cell death was independent of 

caspase and RIPK1 activation. 
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3.4. Myricetin induces accumulation of intracellular reactive oxygen 
species (ROS), which promotes mammary carcinoma cell death. 

 Several phytochemicals have cytotoxic effects by causing accumulation of 

intracellular ROS that leads to cell death (231, 291, 294). To determine if 

myricetin caused intracellular accumulation of ROS in mammary carcinoma cells 

prior to causing cell death, the DCFDA assay was used to determine early ROS 

production. MDA-MB-231 and MDA-MB-468 cells were stained with DCFDA, a 

detector of intracellular ROS, and treated with myricetin for 4 h. Myricetin (50 µM) 

caused significant accumulation of intracellular ROS in approximately 60% of 

MDA-MB-231 (Figure 3.11A, B) and 65% of MDA-MB-468 (Figure 3.11C, D) cells 

after 4 h of treatment. Pre-treatment with the antioxidant NAC significantly 

inhibited accumulation of intracellular ROS in mammary carcinoma cells treated 

with myricetin (Figure 3.11).  

 Myricetin increased intracellular ROS, but the impact of ROS in myricetin-

induced cell death remained unknown. To determine the role of myricetin-

induced intracellular ROS in cell death, mammary carcinoma cells were 

incubated with NAC, then treated with myricetin and stained with Annexin-V-

FLUOS/PI. If ROS was important for myricetin-induced cell death then the 

presence of an antioxidant should prevent myricetin-induced cell death. 

Treatment with NAC completely inhibited early apoptosis and late 

apoptosis/necrosis for both MDA-MB-231 (Figure 3.12A, B) and MDA-MB-468 

(Figure 3.12C,D) cells treated with myricetin for 24 h. NAC also prevented the 

death of 4T1 mouse mammary carcinoma cells treated with myricetin for 24 h 

(Figure 3.13). This data demonstrated that ROS were important for myricetin-

induced mammary carcinoma cell death. 

 Myricetin was shown to cause decreases in mammary carcinoma cell 

mitochondrial membrane stability (Figure 3.8, 3.9) and induce intracellular ROS 

(Figure 3.11), so the role of myricetin-induced ROS in mammary carcinoma cell 

mitochondrial stability was determined. Mammary carcinoma cells were treated 

with NAC and myricetin for 4 and 24 h, and then stained with DiOC6 to determine 
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mitochondrial membrane stability. NAC completely prevented myricetin-induced 

decreases in mammary carcinoma mitochondrial membrane stability at both 4 

and 24 h following treatment for both the MDA-MB-231 (Figure 3.14A) and MDA-

MB-468 (Figure 3.14B) cells.  

 To further confirm that myricetin-induced changes in mammary carcinoma 

cells were due to ROS, another antioxidant (sodium pyruvate) was added to 

mammary carcinoma cells and the cells were treated with myricetin. The acid 

phosphatase activity of myricetin and sodium pyruvate treated mammary 

carcinoma cells was assessed. For both MDA-MB-231 and MDA-MB-468 cells a 

lower (100 µM) and higher (1 mM) concentration of sodium pyruvate inhibited 

myricetin-induced decreases in phosphatase activity (Figure 3.15). Complete 

inhibition of myricetin-induced decreases in phosphatase activity was observed 

with 1 mM sodium pyruvate whereas 100 µM sodium pyruvate caused a 15-35% 

reduction in myricetin-induced phosphatase activity, depending on the 

concentration of myricetin used (Figure 3.15). This indicated that myricetin-

induced decrease in phosphatase activity was due to ROS.  

 

3.5. Myricetin causes ROS-dependent DNA damage in mammary carcinoma 
cells.  

 Because myricetin caused increased intracellular ROS accumulation 

(Figure 3.11), and ROS can directly cause DNA damage, the amount of DNA 

damage in myricetin-treated mammary carcinoma cells was investigated. To 

measure DNA damage, a marker of double-stranded DNA damage, γ-H2AX, was 

used (287). Mammary carcinoma cells were treated with myricetin for 4 h and 

then stained with fluorochrome-labeled anti-γ-H2AX antibody. Flow cytometry 

was used to measure the frequency of cells with an increased level of γ-H2AX. 

Myricetin caused significant increase in γ-H2AX levels in both MDA-MB-231 and 

MDA-MB-468 cells as shown in Figure 3.16, approximately 65% of myricetin-

treated cells had increased γ-H2AX compared to 10% of vehicle-treated cells. 

When mammary carcinoma cells were treated with NAC in combination with 
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myricetin, the myricetin-induced increase in γ-H2AX was significantly inhibited in 

both MDA-MB-231 and MDA-MB-468 cells (Figure 3.16); taken together, these 

data indicated the myricetin-induced ROS promoted DNA damage in mammary 

carcinoma cells. 

 

3.6. Myricetin forms extracellular ROS in cell culture medium. 

 Certain phytochemicals have been found to form ROS in cell culture 

medium in the absence of cells (295–297). To determine if myricetin formed ROS 

in cell culture medium, an Amplex® Red assay, which specifically detects H2O2, 

was used. Myricetin was diluted in cell culture medium and Amplex® Red assay 

reaction mixture containing Amplex® Red and HRP was added to the medium. In 

the presence of H2O2, Amplex® Red reagent gets converted to resorufin, which 

can be detected by measuring absorbance at 570 nm. Myricetin caused 

significant conversion of Amplex® Red to resorufin in cell culture medium (Figure 

3.17A), indicating the presence of H2O2 in culture medium containing myricetin. 

When MDA-MB-468 cells were added to the Amplex® Red assay the results 

were similar to when no cells were present, i.e., myricetin induced similar 

conversion of Amplex® Red to resorufin (Figure 3.17B). These results 

demonstrated that myricetin forms ROS in cell culture medium independently of 

the presence of mammary carcinoma cells.  

 To determine if the extracellular ROS formed by myricetin in cell culture 

medium was involved in myricetin-induced decreases in mitochondrial membrane 

stability, mammary carcinoma cells were treated with myricetin and a mixture of 

super oxide dismutase (SOD) and catalase. SOD is an enzyme that catalyzes 

the reduction of super oxide anions to H2O2, while catalase is an enzyme that 

catalyzes the decomposition of H2O2 to H2O and O2. Neither enzyme is able to 

cross the cell membrane and will therefore only act on extracellular ROS. Cells 

treated with SOD/catalase and myricetin were stained with DiOC6 to determine 

the mitochondrial membrane stability in the treated cells. SOD/catalase 
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completely inhibited myricetin-induced decreases in mitochondrial membrane 

stability in both MDA-MB-231 and MDA-MB-468 cells (Figure 3.18).  

 Since myricetin-induced cell death in mammary carcinoma cells was 

dependent on ROS (Figure 3.12), I next determined whether or not the 

extracellular ROS formed by myricetin was responsible for cell death. MDA-MB-

231 and MDA-MB-468 cells were treated with SOD/catalase and myricetin, and 

then stained with Annexin-V-FLUOS/PI to measure cell death. SOD/catalase 

treatment significantly inhibited myricetin-induced early apoptosis and late 

apoptosis/necrosis in both MDA-MB-231 and MDA-MB-468 cells (Figure 3.19) to 

a similar degree as NAC (Figure 3.12). Taken together, the data from Figures 

3.18 and 3.19 indicate that myricetin-induced mammary cell death was due to 

ROS formed in the extracellular environment by myricetin.  

 

3.7. Myricetin causes p38 MAPK activation in mammary carcinoma cells. 

 Several signaling pathways can be activated in cells that are under 

oxidative stress, including the p38 MAPK signaling pathway (83). To determine if 

myricetin caused p38 MAPK activation in mammary carcinoma cells, MDA-MB-

231 and MDA-MB-468 cells were treated with myricetin and cell lysates were 

obtained for western blot analysis. In mammary carcinoma cells treated with 

myricetin for 30 min or 3 h there was significant phosphorylation of p38 MAPK 

(Figure 3.20). In addition, MDA-MB-468 cells that were treated with both 

myricetin and NAC showed significantly inhibited myricetin-induced p38 MAPK 

phosphorylation (Figure 3.20C, D). In contrast, when MDA-MB-231 cells were 

treated with myricetin and NAC, the NAC did not inhibit myricetin-induced p38 

MAPK phosphorylation (Figure 3.20A, B). 

 Activation of the p38 MAPK signaling pathway can promote cell apoptosis 

(110). Since the p38 MAPK pathway was activated in myricetin-treated mammary 

carcinoma cells, the role of this pathway in myricetin-induced cell death was 

examined. MDA-MB-231 and MDA-MB-468 cells were treated with a p38 MAPK 
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inhibitor and myricetin, and then were stained with Annexin-V-FLUOS/PI to 

determine cell death. The p38 MAPK inhibitor used was shown to be active at 

inhibiting the p38 MAPK pathway, as it significantly inhibited T cell proliferation 

(Appendix Figure 3). When mammary carcinoma cells were treated with the p38 

inhibitor and myricetin there was no effect on myricetin-induced early apoptosis 

or late apoptosis/necrosis (Figure 3.21). This data demonstrated that while the 

p38 MAPK pathway may be activated in myricetin-treated mammary carcinoma 

cells, it is not necessary for myricetin-induced cell death. 
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Figure 3.1. Myricetin reduces mammary carcinoma cell phosphatase 
activity. (A-F) Human mammary carcinoma cell lines (A) MDA-MB-231, (B) 
MDA-MB-468, (C) MCF-7, (D) SK-BR-3 and mouse mammary carcinoma cell 

lines (E) 4T1 and (F) E0771 were incubated with the indicated concentrations of 

myricetin for 24 h. The acid phosphatase colorimetric assay was used to 

measure cell number, and at 24 h the cells were lysed and acid phosphatase 

substrate was incubated with the lysate for 2 h. The percent phosphatase activity 

decrease is relative to the medium control. The data shown are the mean of 3 or 

4 independent experiments ± SEM; * denotes p < 0.05 and ns denotes not 

significant compared to DMSO vehicle control as determined by ANOVA with the 

Tukey-Kramer multiple comparisons post-test.   
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Figure 3.2. Myricetin reduces human mammary epithelial cell, but not 
human dermal fibroblast cell phosphatase activity. (A) Primary human 

mammary epithelial cells and (B) primary human dermal fibroblasts were 

incubated with the indicated concentrations of myricetin for 24 h. The acid 

phosphatase colorimetric assay was used to measure cell number, and at 24 h 

the cells were lysed and acid phosphatase substrate was incubated with the 

lysate for 2 h. The percent phosphatase activity decrease is relative to the 

medium control. The data shown are the mean of 3 independent experiments ± 

SEM; * denotes p < 0.05 and ns denotes not significant compared to DMSO 

vehicle control as determined by ANOVA with the Tukey-Kramer multiple 

comparisons post-test.   
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Figure 3.3. The effect of myricetin on mammary carcinoma cell 
phosphatase activity is similar to the effects on phosphatase activity seen 
with EGCG, and greater than the effect of resveratrol. (A) MDA-MB-231, (B) 
MDA-MB-468, and (C) 4T1 cells incubated with the indicated concentrations of 

myricetin, EGCG, or resveratrol for 24 h. The acid phosphatase colorimetric 

assay was used to measure cell number, and at 24 h the cells were lysed and 

acid phosphatase substrate was incubated with the lysate for 2 h. The percent 

phosphatase activity decrease is relative to the medium control. The data shown 

are the mean of 3 or 4 independent experiments ± SEM; * denotes p < 0.05 and 

ns denotes not significant compared to myricetin as determined by ANOVA with 

the Tukey-Kramer multiple comparisons post-test.   
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Figure 3.4. The dose-dependent inhibitory effect of myricetin on mammary 
carcinoma cell phosphatase activity is similar to the effects of conventional 
chemotherapeutic drugs. MDA-MB-231 (A) and MDA-MB-468 (B) cells were 

incubated with the indicated concentrations of myricetin, doxorubicin, or 

docetaxel for 24, 48, or 72 h. Concentrations of doxorubicin and docetaxel were 

chosen based on previous work by Dr. Melanie Coombs in my lab (unpublished). 

The acid phosphatase colorimetric assay was used to measure cell number, and 

at the indicated time point the cells were lysed and acid phosphatase substrate 

was incubated with the lysate for 2 h. The percent phosphatase activity decrease 

is relative to the medium control. The data shown are the mean of 3 independent 

experiments ± SEM; * denotes p < 0.05 and ns denotes not significant compared 

to DMSO vehicle (myricetin and docetaxel) or H2O vehicle (doxorubicin) as 

determined by ANOVA with the Tukey-Kramer multiple comparisons post-test.   
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Figure 3.5. Myricetin reduces mammary carcinoma cell number and size. 

MDA-MB-468 cells were treated with vehicle (DMSO) or myricetin for 24 h and 

then images of the cells were captured using a Nikon® Digital Sight camera 

(Nikon Canada Inc, Mississauga, ON, Canada) head connected to a Nikon® 

Eclipse t1500 microscope at 200× magnification. Images are representative of 3 

independent experiments.  
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Figure 3.6. Myricetin induces human mammary carcinoma cell death. (A), 
(B), (C) MDA-MB-231 and (D), (E), (F) MDA-MB-468 human mammary 

carcinoma cells were incubated with the indicated concentrations of myricetin for 

24 or 48 h. The cells were stained with Annexin-V-FLUOS/PI and fluorescence 

was measured by flow cytometry. The percent of cells undergoing early 

apoptosis and late apoptosis were based on the percent of cells that were 

Annexin-V only positive (early apoptosis) and the cells that were both Annexin-V 

and PI positive (late apoptosis/necrosis). Data shown are (A), (D) flow cytometry 

dot plots from one representative experiment at 24 h (B), (E) the mean early and 

late apoptosis/necrosis of cells treated for 24 h and (C), (F) for 48 h from 3 

independent experiments ± SEM; * denotes p < 0.05 compared to DMSO vehicle 

(myricetin-treated cells in early apoptosis were compared to the early apoptosis 

vehicle-treated cells and myricetin-treated cells in late apoptosis/necrosis were 

compared to the late apoptosis/necrosis vehicle-treated cells). 
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Figure 3.7. Myricetin induces mouse mammary carcinoma cell death. 4T1 

mouse mammary carcinoma cells were incubated with the indicated 

concentrations of myricetin for 24 h. The cells were stained with Annexin-V-

FLUOS/PI and fluorescence was measured by flow cytometry. The percent of 

cells undergoing early apoptosis and late apoptosis were based on the percent of 

cells that were Annexin-V only positive (early apoptosis) and the cells that were 

both Annexin-V and PI positive (late apoptosis/necrosis). Data shown are (A) 
flow cytometry dot plots from one representative experiment at 24 h, (B) the 

mean early and late apoptosis/necrosis of cells treated for 24 h from 3 

independent experiments ± SEM; * denotes p < 0.05 compared to DMSO vehicle 

(myricetin-treated cells in early apoptosis were compared to the early apoptosis 

vehicle-treated cells and myricetin-treated cells in late apoptosis/necrosis were 

compared to the late apoptosis/necrosis vehicle-treated cells). 
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Figure 3.8. The stability of the mitochondrial membrane in human 
mammary carcinoma cells is decreased by myricetin. (A), (B) MDA-MB-231 

and (C), (D) MDA-MB-468 human mammary carcinoma cells were incubated with 

the indicated concentrations of myricetin for 4 or 24 h. The cells were stained 

with DiOC6 and fluorescence was measured by flow cytometry. The percent 

mitochondrial membrane decrease is indicated by decreased fluorescence 

(leftward shift in DIOC6 staining intensity). Data shown are (A), (C) flow cytometry 

histogram plots from one representative experiment at 24 h, (B), (D) the mean 

percent mitochondrial membrane stability decrease of cells treated for 4 h (left) 

and for 24 h (right) from 3 or 4 independent experiments ± SEM; * denotes p < 

0.05 and ns denotes not significant compared to DMSO vehicle. 
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Figure 3.9. The stability of the mitochondrial membrane in mouse 
mammary carcinoma cells is decreased by myricetin. 4T1 mouse mammary 

carcinoma cells were incubated with the indicated concentrations of myricetin for 

24 h. The cells were stained with DiOC6 and fluorescence was measured by flow 

cytometry. The percent mitochondrial membrane decrease is indicated by 

decreased fluorescence (leftward shift in DIOC6 staining intensity). Data shown 

are (A) flow cytometry histogram plots from one representative experiment and 

(B) the mean percent mitochondrial membrane stability decrease from 3 or 4 

independent experiments ± SEM; * denotes p < 0.05 and ns denotes not 

significant compared to DMSO vehicle. 
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Figure 3.10. Myricetin-induced mammary carcinoma cell death is caspase-
independent and RIPK1-independent. (A) MDA-MB-231 and (B) MDA-MB-468 

mammary carcinoma cells were incubated with Z-VAD-fmk (caspase inhibitor) or 

necrostatin-1 (RIPK1 inhibitor) for 30 min prior to myricetin treatment; cells were 

then incubated with myricetin for 24 h. The cells were stained with Annexin-V-

FLUOS/PI and fluorescence was measured by flow cytometry. The percent of 

cells undergoing early apoptosis and late apoptosis were based on the percent of 

cells that were Annexin-V only positive (early apoptosis) and the cells that were 

both Annexin-V and PI positive (late apoptosis/necrosis). Data shown are the 

mean early and late apoptosis/necrosis of cells treated for 24 h from 3 

independent experiments ± SEM; * denotes p < 0.05 compared to DMSO vehicle 

(myricetin-treated cells in early apoptosis were compared to the early apoptosis 

vehicle-treated cells and myricetin-treated cells in late apoptosis/necrosis were 

compared to the late apoptosis/necrosis vehicle-treated cells). 
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Figure 3.11. Intracellular ROS levels are increased in mammary carcinoma 
cells treated with myricetin. (A), (B) MDA-MB-231 and (C), (D) MDA-MB-468 

cells were stained with H2DCFDA, incubated with or without the antioxidant NAC 

for 30 min, and were then incubated with the indicated concentrations of 

myricetin for 4 h. H2O2 treated cells were used as a positive control. 

Fluorescence was measured by flow cytometry. The percent of cells positive for 

increased ROS is indicated by increased fluorescence (a rightward shift in 

DCFDA staining intensity). Data shown are (A) flow cytometry histogram plots 

from one representative experiment for MDA-MB-231, (B) the mean percent of 

MDA-MB-231 cells that are ROS positive from 3 independent experiments ± 

SEM (C) flow cytometry histogram plots from one representative experiment for 

MDA-MB-468, (D) the mean percent of MDA-MB-468 cells that are ROS positive 
from 3 independent experiments ± SEM; * denotes p < 0.05 and ns denotes not 

significant compared to DMSO vehicle. 
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Figure 3.12. NAC prevents myricetin-induced human mammary carcinoma 
cell death. (A), (B) MDA-MB-231 and (C), (D) MDA-MB-468 cells were 

incubated for 30 min with NAC and were then incubated with 50 µM myricetin for 

24 h. The cells were stained with Annexin-V-FLUOS/PI and fluorescence was 

measured by flow cytometry. The percent of cells undergoing early apoptosis and 

late apoptosis were based on the percent of cells that were Annexin-V only 

positive (early apoptosis) and the cells that were both Annexin-V and PI positive 

(late apoptosis/necrosis). Data shown are (A), (C) flow cytometry dot plots from 

one representative experiment and (B), (D) the mean early and late 

apoptosis/necrosis of cells from 3 independent experiments ± SEM; * denotes p 

< 0.05 compared to DMSO vehicle and # denotes p < 0.05 compared to myricetin 

+ NAC treated cells. For the statistical analysis the percent of cells undergoing 

early apoptosis for each treatment condition was compared separately from the 

percent of cells undergoing late apoptosis/necrosis for each condition. 
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Figure 3.13. NAC prevents myricetin-induced mouse mammary carcinoma 
cell death. 4T1 cells were incubated for 30 min with NAC and were then 

incubated with 50 µM myricetin for 24 h. The cells were stained with Annexin-V-

FLUOS/PI and fluorescence was measured by flow cytometry. The percent of 

cells undergoing early apoptosis and late apoptosis were based on the percent of 

cells that were Annexin-V only positive (early apoptosis) and the cells that were 

both Annexin-V and PI positive (late apoptosis/necrosis). Data shown are (A) 
flow cytometry dot plots from one representative experiment and (B) the mean 

early and late apoptosis/necrosis of cells from 3 independent experiments ± 

SEM; * denotes p < 0.05 compared to DMSO vehicle and # denotes p < 0.05 

compared to myricetin + NAC treated cells. For the statistical analysis the 

percent of cells undergoing early apoptosis for each treatment condition was 

compared separately from the percent of cells undergoing late 

apoptosis/necrosis for each condition. 
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Figure 3.14. Changes in mitochondrial membrane stability caused by 
myricetin are inhibited by NAC. (A) MDA-MB-231 and (B) MDA-MB-468 cells 

were incubated with NAC for 30 min and then incubated with the indicated 

concentrations of myricetin for 4 or 24 h. The cells were stained with DiOC6 and 

fluorescence was measured by flow cytometry. The percent mitochondrial 

membrane decrease is indicated by decreased fluorescence. Data shown are the 

mean percent mitochondrial membrane stability decrease for (A) MDA-MB-231 

and (B) MDA-MB-468 cells treated for 4 h (left) and 24 h (right) from 3 

independent experiments ± SEM; * denotes p < 0.05 and ns denotes not 

significant compared to DMSO vehicle. 
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Figure 3.15. Sodium pyruvate added to cell culture medium prevents 
myricetin-induced decreases in mammary carcinoma cell growth. (A) MDA-

MB-231 and (B) MDA-MB-468 cells were incubated with the indicated 

concentrations of myricetin diluted in cell culture medium containing the indicated 

concentrations of sodium pyruvate for 24 h. The acid phosphatase colorimetric 

assay was used to measure cell number, and at 24 h the cells were lysed and 

acid phosphatase substrate was incubated with the lysate for 2 h. The percent 

phosphatase activity decrease is relative to the medium control. The data shown 

are the mean of 3 or 4 independent experiments ± SEM; * denotes p < 0.05 and 

ns denotes not significant compared to myricetin as determined by ANOVA with 

the Tukey-Kramer multiple comparisons post-test.   
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Figure 3.16. The levels of a double-stranded DNA damage marker, γ-H2AX, 
are increased in mammary carcinoma cells treated with myricetin, and the 
increase in γ-H2AX is prevented by NAC. (A), (B) MDA-MB-231 and (C), (D) 
MDA-MB-468 cells were incubated with NAC for 30 min and then incubated with 

myricetin for 4 h. The cells were stained with eFluor 660-anti-human γ-H2AX or 

isotype control antibodies. The fluorescent intensity (γ-H2AX  expression) was 

measured by flow cytometry. Data shown are (A), (C) representative flow 

cytometry histograms from one experiment for (A) MDA-MB-231 and (C) MDA-

MB-468 cells, and (B), (D) the mean percent of cells positive for increased  γ-

H2AX  for (B) MDA-MB-231 and (D) MDA-MB-468 cells treated from 3 

independent experiments ± SEM; * denotes p < 0.05, as determined by ANOVA 

with the Tukey-Kramer multiple comparisons post-test, compared to DMSO 

vehicle or myricetin + NAC treatment as indicated. 
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Figure 3.17. Extracellular H2O2 is formed in cell culture medium in the 
presence of myricetin. The indicated concentrations of myricetin were added to 

cell culture medium without cells (A) and (B) in the presence of MDA-MB-468 

cells; 100 µM H2O2 was used as a positive control. Amplex red and HRP were 

added to the cell culture medium and incubated for 4 and 24 h. After 4 and 24 h 

the absorbance at 570 nm was measured. The data shown are the mean of 3 

independent experiments ± SEM; * denotes p < 0.05 and ns denotes not 

significant compared to DMSO vehicle control as determined by ANOVA with the 

Tukey-Kramer multiple comparisons post-test.   
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Figure 3.18. SOD and catalase prevent myricetin-induced decreases in 
mitochondrial membrane stability. (A) MDA-MB-231 and (B) MDA-MB-468 

cells were incubated with SOD and catalase and the indicated concentrations of 

myricetin for 24 h. The cells were stained with DiOC6 and fluorescence was 

measured by flow cytometry. The percent mitochondrial membrane decrease is 

indicated by decreased fluorescence (leftward shift in DiOC6 staining intensity). 

Data shown are the mean percent mitochondrial membrane stability decrease for 

(A) MDA-MB-231 and (B) MDA-MB-468 cells treated for 24 h from 3 independent 

experiments ± SEM; * denotes p < 0.05 and ns denotes not significant compared 

to DMSO vehicle and cells treated with both myricetin and SOD/catalase as 

indicated and determined by ANOVA with the Tukey-Kramer multiple 

comparisons post-test.   
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Figure 3.19. SOD and catalase prevent myricetin-induced mammary 
carcinoma cell death. (A) MDA-MB-231 cells and (B) MDA-MB-468 cells were 

incubated with SOD/catalase and the indicated concentration of myricetin for 24 

h. The cells were stained with Annexin-V-FLUOS/PI and fluorescence was 

measured by flow cytometry. The percent of cells undergoing early apoptosis and 

late apoptosis were based on the percent of cells that were Annexin-V only 

positive (early apoptosis) and the cells that were both Annexin-V and PI positive 

(late apoptosis/necrosis). Data shown are  the mean early and late 

apoptosis/necrosis of cells for (A) MDA-MB-231 and (B) MDA-MB-468 from 3 

independent experiments  ± SEM; * denotes p < 0.05 compared to DMSO 

vehicle and # denotes p < 0.05 compared to myricetin + SOD/catalase treated 

cells as determined by ANOVA with the Tukey-Kramer multiple comparisons 

post-test. For the statistical analysis the percent of cells undergoing early 

apoptosis for each treatment condition was compared separately from the 

percent of cells undergoing late apoptosis/necrosis for each condition. 
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Figure 3.20. Myricetin promotes p38 MAPK phosphorylation in mammary 
carcinoma cells. (A), (B) MDA-MB-231 and (C), (D) MDA-MB-468 cells were 

incubated for 30 min with NAC and were then incubated with the indicated 

concentration of myricetin for 30 min or 3 h. The cells were lysed, protein was 

isolated and separated by western blotting. Nitrocellulose membranes were 

probed with the indicated antibodies and appropriate secondary antibodies. Data 

shown are (A), (C) one representative western blot and (B), (D) the mean density 

of phosphorylated p38 MAPK normalized to the medium and total p38 MAPK 

early and late apoptosis/necrosis of cells from 5 (MDA-MB-231) or 3 (MDA-MB-

468) independent experiments  ± SEM; * denotes p < 0.05 and ns denotes not 

significant compared to DMSO vehicle and myricetin + NAC treatments as 

indicated, and as determined by ANOVA with the Tukey-Kramer multiple 

comparisons post-test.   
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Figure 3.21. Inhibition of p38 MAPK does not prevent myricetin-induced 
mammary carcinoma cell death. (A) MDA-MB-231 cells and (B) MDA-MB-468 

cells were incubated p38 MAPK inhibitor III (10 µM) for 30 min and then 

incubated with the in 50 µM myricetin for 24 h. The cells were stained with 

Annexin-V-FLUOS/PI and fluorescence was measured by flow cytometry. The 

percent of cells undergoing early apoptosis and late apoptosis were based on the 

percent of cells that were Annexin-V only positive (early apoptosis) and the cells 

that were both Annexin-V and PI positive (late apoptosis/necrosis). Data shown 

are the mean early and late apoptosis/necrosis of cells for (A) MDA-MB-231 and 

(B) MDA-MB-468 from 3 independent experiments  ± SEM; * denotes p < 0.05 

compared to DMSO vehicle as determined by ANOVA with the Tukey-Kramer 

multiple comparisons post-test. For the statistical analysis the percent of cells 

undergoing early apoptosis for each treatment condition was compared 

separately from the percent of cells undergoing late apoptosis/necrosis for each 

condition. 

 

 

 

 

 

 

 

 

 

 

 

 



102 

 



 103 

CHAPTER 4  

DISCUSSION 

 

 Phytochemicals are compounds found in plant-based foods that have anti-

cancer properties. In particular, the phenolic class of phytochemicals is currently 

being studied for use in cancer prevention and treatment. Myricetin is a phenolic 

phytochemical that has been shown to have anti-cancer properties for a variety 

of different types of cancer. However, there is very little research examining the 

effect of myricetin on breast cancer cells. This is the first study to examine the 

effects of myricetin on triple-negative breast cancer cells and to show that 

myricetin-induced cancer cell death is dependent on ROS formation in the 

extracellular environment.  

4.1. Myricetin is cytotoxic for breast cancer cells 

 Previous studies have shown that myricetin is cytotoxic and growth 

inhibitory for cancer cells; however, there are conflicting reports regarding the 

growth inhibitory effect of myricetin for breast cancer cells (276, 298). This study 

examined the cytotoxic effect of myricetin on breast cancer cells by first 

determining if myricetin altered the viability of a variety of mammary carcinoma 

cell lines, including human triple-negative and other mammary carcinoma cell 

lines, as well as mouse mammary carcinoma cell lines. Myricetin caused a 

decrease in cell viability (as indicated by decreased acid phosphatase activity) of 

all types of mammary carcinoma cell lines tested, including the triple-negative 

cell lines MDA-MB-231 and MDA-MB-468 in a dose-dependent manner (Figure 

3.1). This result is similar to a study by Kuntz et al. that showed myricetin to have 

an inhibitory effect on MCF-7 cell viability (298).The effect of myricetin on viable 

cell number was also compared to the effects of two other well-studied 

phytochemicals: EGCG and resveratrol, which are found in green tea and red 

wine, respectively. This is the first study to directly compare the effects of 

myricetin, EGCG, and resveratrol on breast cancer cells. Myricetin and EGCG 
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caused similar decreases in the total number of viable human triple-negative 

(MDA-MB-231 and MBA-MB-468) and mouse (4T1) mammary carcinoma cells. 

The decreases in viable cell number caused by resveratrol were significantly 

lower than the decreases caused by myricetin or EGCG (Figure 3.3). EGCG and 

resveratrol are often considered to be largely responsible for the 

chemopreventative properties of green tea and red wine observed in 

epidemiological studies (231, 299). However, this study indicates that myricetin, 

which is found in both green tea and red wine, is as effective as EGCG and more 

effective than resveratrol at decreasing viable mammary carcinoma cell number. 

EGCG, the most abundant phenolic in green tea, has a relative level that is about 

four times higher than the level of myricetin in green tea (300). The relative levels 

of myricetin and resveratrol in red wine are variable depending on the type of 

wine; some types have higher levels of resveratrol than myricetin while other 

varieties have higher levels of myricetin than resveratrol (301–303). Myricetin 

may therefore be an important component of the anticancer properties of green 

tea and red wine. This study also showed that myricetin could decrease viable 

mammary carcinoma cell number to a similar extent as two conventional 

chemotherapeutic drugs, doxorubicin and docetaxel, used in breast cancer 

treatment (Figure 3.4). 

 In addition to investigating the effects of myricetin on mammary 

carcinoma cells, this study also examined whether myricetin altered the viability 

of normal cells. Myricetin did not affect the total number of viable human dermal 

fibroblasts but did decrease the number of viable human mammary epithelial 

cells (Figure 3.2). The decrease in human mammary epithelial cell viability 

induced by myricetin may be due to increased cell death and/or decreased cell 

proliferation since the assay used to measure total cell viability (acid 

phosphatase assay) does not discriminate between the two possible 

mechanisms. Previous studies have shown that myricetin is not toxic to normal 

cells such as primary human polymorphonuclear cells and mouse peritoneal 

macrophages (269). Taken together with the results of this study, this suggests 

that for some tissue types, myricetin may alter normal cell viability while not 
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affecting other tissue types. However, in the previous studies of the effects of 

myricetin on normal cell viability an antioxidant could have been present in cell 

culture medium affecting the results, though the previous studies do not specify 

that an antioxidant was added (269). Although this study showed in vitro that 

myricetin may affect normal cell viability, in vivo studies have demonstrated that 

myricetin is safe with no toxicity observed (263, 268, 278). However, longer-term 

studies of the safety of myricetin treatment have not yet been conducted in vivo.  

 The decrease in total viable mammary carcinoma cells with myricetin 

treatment was attributable to increased cell death due to apoptosis and necrosis 

induced by myricetin, as measured by Annexin-V-FLUOS/PI staining (Figure 3.6 

and 3.7). This was in contrast to findings by Kuntz et al. that demonstrated that 

myricetin inhibited growth and proliferation of MCF-7 breast cancer cells but did 

not induce cell death; however, the experimental design and assays used by 

Kuntz et al. were different from my study and were not designed to examine cell 

death in great detail. (298). Firstly, they used caspase-3 activity as the only 

indicator of apoptosis and cell death (298). In the present study myricetin caused 

cell death in a manner that could be caspase-independent, so by using caspase-

3 activity as the only indicator of cell death Kuntz et al. ignored caspase-

independent cell death induced by myricetin. Secondly, in the study by Kuntz et 

al. the MCF-7 cell culture medium contained 1 mM sodium pyruvate (298), which, 

as shown in this study, can decrease the effect of myricetin on breast cancer cell 

viability by inhibiting ROS-dependent cell death.   

Myricetin also caused increased mitochondrial membrane permeability in 

mammary carcinoma cells (Figure 3.8 and 3.9), indicating that myricetin-induced 

cell death may be mediated through changes in the mitochondria that activate 

cell death pathways, such as the intrinsic apoptotic pathway or necroptosis. 

These results were similar to reported effects of myricetin in other types of 

cancers that showed changes to the mitochondria that promote the intrinsic 

apoptotic pathway or cause AIF release from the mitochondria to promote cancer 

cell death by necroptosis (262, 268–270). In HL-60 leukemia cells myricetin 

caused activation of caspase-3 and caspase-9, and similarly to this study, 
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increased mitochondrial permeability to promote apoptosis (269). Myricetin also 

promoted increased expression of the pro-apoptotic proteins Bax and Bad in HL-

60 cells (269). Likewise, myricetin caused increased expression of Bax in HCT-

15 colon cancer cells (262). However, myricetin did not cause activation of 

caspase-3 or caspase-9, but did cause AIF release from the mitochondria to 

promote cell death independent of caspases in HCT-15 cells (262); caspase-

independent cell death also appears to be important for myricetin-induced 

mammary carcinoma cell death as demonstrated in this study. The differing 

results of these studies indicate that myricetin can act through different 

mechanisms to promote cell death depending on the cell type. Though, in the 

study involving HL-60 cells the authors did not specify that their culture medium 

contained sodium pyruvate, whereas the study with HCT-15 cells contained 1 

mM sodium pyruvate (262, 269). If sodium pyruvate was present in one study 

and not the other, then this difference may be a contributing factor to the varying 

effects of myricetin on each cell line.  

To further delineate which cell death pathways were important for 

myricetin-induced mammary carcinoma cell death, the pan-caspase inhibitor Z-

VAD-fmk and the RIPK1 inhibitor necrostatin-1 were used in combination with 

myricetin treatment. Neither Z-VAD-fmk or necrostatin-1 treatment prevented 

myricetin-induced cell death and did not alter the proportion of cells undergoing 

early apoptosis versus late apoptosis/necrosis (Figure 3.10). This indicates that 

myricetin-induced cell death is caspase-independent and RIPK1-independent. 

However, even though cell death is often considered caspase-dependent if it is 

inhibited by Z-VAD-fmk, this assumption may not be correct. There are several 

issues with Z-VAD-fmk treatment. First, all caspases are not inhibited with equal 

efficiency by Z-VAD-fmk, and Z-VAD-fmk may have off-target effects and inhibit 

other proteins that are important for apoptosis (35, 304). Additionally, inhibition of 

caspases may prevent cell death by the apoptotic pathway but cause a shift to 

other cell death pathways such as necroptosis or necrosis (35, 56, 58, 285, 304, 

305). Further study is therefore needed to confirm if myricetin-induced cell death 

involves caspases. Co-treatment with Z-VAD-fmk and necrostatin-1 may provide 
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more information about the cell death pathways that are trigger by myricetin 

because both the necroptotic and apoptotic cell death pathways would be 

inhibited at the same time, thereby excluding possible compensation by the 

uninhibited pathway. Also, investigating caspase cleavage and subsequent 

activation by western blot or by using assays that involve monitoring cleavage of 

caspase-substrates could be used in combination with caspase inhibitors to 

reveal more about the role of caspases in myricetin-induced cell death. Myricetin 

also induced double-stranded DNA breaks to form in mammary carcinoma cells 4 

h after treatment, before significant cell death was observed (Figure 3.16). This 

finding indicates that the myricetin-induced DNA damage happens before, and 

promotes, mammary carcinoma cell death.  

 

4.2 Myricetin-induced mammary carcinoma cell death is ROS-dependent.  

 Several phytochemicals promote cancer cell death by inducing formation 

of ROS that cause cell death (199, 231, 291, 296, 297). Myricetin caused 

significant accumulation of ROS in mammary carcinoma cells 4 h after myricetin 

treatment (Figure 3.11). N-acetylcysteine (NAC) is a molecule that is a 

component of the antioxidant glutathione pathway but also has intrinsic 

antioxidant antioxidant activity (306). In this study, NAC was used as an 

antioxidant to protect cells from myricetin-induced ROS. When mammary 

carcinoma cells were pretreated with NAC and then also treated with myricetin, 

myricetin-induced apoptosis and necrosis were completely abolished (Figure 

3.12). Also, NAC prevented decreased mammary carcinoma mitochondrial 

membrane stability induced by myricetin (Figure 3.14). Myricetin-induced DNA 

damage in mammary carcinoma cells was also prevented by NAC (Figure 3.16). 

Taken together, this data indicates that myricetin-induced mammary carcinoma 

cell death is ROS-dependent. Furthermore, the antioxidant enzymes catalase 

and SOD prevented myricetin-induced death (Figure 3.18 and 3.19), supporting 

the hypothesis that myricetin induces mammary carcinoma cell death in a ROS-

dependent manner. These findings are in direct contrast to a previous study by 
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Ko et al. (269) that examined the effects of myricetin on human leukemia HL-60 

cells. In this study myricetin did not induce intracellular accumulation of ROS, as 

measured by DCFDA assay, and antioxidants such as NAC, SOD, and catalase 

did not protect HL-60 cells from myricetin-induced cell death (269). Also, in a 

study by Morales and Haza, ROS was not increased in HepG2 hepatocellular 

carcinoma cells following myricetin treatment, and the ROS levels actually 

decreased over time with myricetin treatment (270). Cancer cell lines from 

different tissues may have different sensitivities to myricetin-induced ROS 

because of differences in total antioxidant capacity. Further studies are therefore 

needed to determine if this difference exists between mammary carcinoma and 

leukemia cell lines. Differences in antioxidant capacity may also explain the 

differential effect of myricetin on the growth of human mammary epithelial cells 

and dermal fibroblasts, although there are no studies directly comparing the 

antioxidant capacity of the two cell types. The discrepancies between this study 

and the studies by Ko et al. and Morales and Haza may also be explained by 

differences in cell culture conditions since addition of the antioxidant sodium 

pyruvate (a common supplement in cell culture medium) could have a significant 

impact on ROS levels and therefore diminish the growth inhibitory effects of 

myricetin on cancer cells (as observed in Figure 3.15). In this regard, neither Ko 

et al. or Morales and Haza specify whether sodium pyruvate is present in their 

cell culture medium.  

 

4.3 Myricetin forms ROS in the extracellular environment.  

 Several phytochemicals, including many phenolics such as EGCG and 

quercetin, undergo autoxidation in cell culture medium in vitro, i.e., they are 

oxidized by dioxygen (O2), forming ROS such as H2O2 and super oxide (295, 

297, 307). Myricetin caused formation of H2O2 in cell culture medium both in the 

absence and presence of mammary carcinoma cells (Figure 3.17), which was in 

contrast to other studies that have demonstrated that H2O2 formed by 

phytochemical autoxidation is decreased in the presence of cells (296, 297). It is 
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interesting that when cells were present the level of H2O2 was slightly increased 

at the lower concentrations of myricetin, indicating that the cells may be 

contributing additional ROS along with the ROS produced by myricetin 

autoxidation (Figure 3.17). The assay used in this study to measure H2O2 was 

the Amplex® Red assay. Some phytochemicals interfere with this assay by 

reacting with HRP to make HRP more active (308). The reaction of 

phytochemicals with HRP in the Amplex® Red Assay can therefore cause the 

amount of H2O2 being produced to be overestimated (308), which could 

potentially explain the difference between this study and studies with other 

phytochemicals that show a decrease in H2O2 produced by autoxidation in the 

presence of cells using a method other than the Amplex® Red Assay (296). 

Nevertheless, myricetin has previously been shown to produce significant H2O2 

in the absence of cells (309, 310), which is consistent with the findings of my 

study. ROS formed as a result of autoxidation of phytochemicals can have 

significant effects on cancer cells in vitro (231, 294, 296). For example, H2O2 

produced by autoxidation of the phenolic phytochemicals oleuropein and 

hydroxytyrosol causes oxidative DNA damage and a decrease in viability of 

MDA-MB-231 cells (294). To examine whether the extracellular ROS produced 

by myricetin was responsible for myricetin-induced cell death, SOD and catalase 

were incubated with mammary carcinoma cells. Because of their molecular sizes, 

SOD and catalase will not cross cell membranes, unlike NAC that can cross cell 

membranes. SOD and catalase completely inhibited myricetin-induced cell death 

(Figure 3.19) and decreases in mammary carcinoma mitochondrial membrane 

stability (Figure 3.18). This finding indicates that extracellular ROS formed by 

myricetin is largely responsible for the growth inhibitory effects of myricetin on 

breast cancer cell cultures. Given that SOD plus catalase (which can quench 

extracellular ROS) and NAC (which can quench intracellular and extracellular 

ROS) inhibit myricetin-induced apoptosis to the same extent, myricetin-induced 

accumulation of intracellular ROS most likely results from the extracellular ROS 

formed by myricetin, indicating that myricetin-induced mammary carcinoma cell 

death is completely dependent on extracellular ROS formation. Similar 
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observations have been made with other phytochemicals that undergo 

autoxidation to produce ROS, including hydroxytrosol and EGCG (231, 296). In 

the case of EGCG, SOD plus catalase partially inhibited intracellular ROS 

accumulation and mitochondrial membrane decrease in lung carcinoma cells, 

whereas NAC fully inhibited it, indicating that EGCG can induce some 

intracellular ROS separately from ROS formed by its autoxidation (231).  

The composition of cell culture medium can have a large impact on the 

autoxidation reaction. A more basic pH promotes autoxidation, and sodium 

bicarbonate has been shown to be important for autoxidation in culture medium 

as it stabilizes the pH of the medium in the presence of CO2 by producing 

hydroxide ions; without sodium bicarbonate, H+ is produced, causing the pH to 

lower and preventing autoxidation (294, 297, 307). Supplementation of culture 

medium with FBS lowers the amount of H2O2 produced in culture medium by 

autoxidation of phytochemicals due to antioxidants present in FBS; although the 

amount of H2O2 is decreased, it remains significant (294). In addition, the 

presence of sodium pyruvate in culture medium can impact on the ROS 

produced from autoxidation of phytochemicals (294, 311). Sodium pyruvate is an 

antioxidant that is commonly added to cell culture media and is a component of 

DMEM/F12 medium. When the phytochemical oleuropein was added to 

DMEM/F12 medium very little H2O2 was detected compared to the amount of 

H2O2 produced when oleuropein was added to DMEM, i.e., there was five-fold 

more H2O2 produced in DMEM versus DMEM/F12 (294). The fact that sodium 

pyruvate can inhibit ROS formed by autoxidation of phytochemicals explains the 

inhibition of myricetin-induced decrease in viable cell number when sodium 

pyruvate was added to the culture medium (Figure 3.17). Since sodium pyruvate 

is a common supplement in normal cell culture medium, but not cancer cell 

culture medium, it is important to conduct all experiments in the same medium 

(as was done in this study) when comparing the effects of ROS-inducing drugs 

on normal versus cancer cells.  

Autoxidation of several phytochemicals has been observed in vitro, but 

whether or not this phenomenon occurs in vivo and its implications remain 
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unclear. In mouse xenograft models of human lung carcinoma, Li et al. found 

there was evidence of EGCG-induced oxidative stress and damage in tumors in 

vivo, resulting in reduced tumor growth (231). Whether or not the oxidative 

damage was the result of extracellular ROS or due to intracellular induction of 

ROS from EGCG treatment was unclear; however, the authors speculate that it 

was likely due to intracellular induction of ROS by EGCG (231). More research is 

needed to determine the in vivo implications of phytochemical autoxidation.  

 

4.4 Summary of the effects of myricetin on mammary carcinoma cells. 

 Myricetin caused decreases in total cell viability for several different 

mammary carcinoma cell lines, including both triple-negative and estrogen 

receptor positive human mammary carcinoma cells. Myricetin promotes 

mammary carcinoma cell death by inducing apoptosis and/or necrosis. The 

proposed model of myricetin-induced mammary carcinoma cell death in vitro is 

summarized in Figure 4.1. Myricetin is subjected to auto-oxidation in cell culture 

medium, which causes formation of ROS, including H2O2. The ROS formed as a 

result of autoxidation of myricetin can cross the cell membrane, resulting in 

increased intracellular ROS levels. Intracellular ROS promote mitochondrial outer 

membrane permeabilization, which can induce apoptosis or caspase-

independent necroptosis. Intracellular ROS also causes DNA damage that can 

lead to cell death. Furthermore, myricetin causes activation of p38 MAPK, 

potentially in a ROS-dependent manner depending on the cell line being used, 

which could contribute to cell death (109). It is likely that the ROS induced by 

myricetin promotes several cell death pathways simultaneously as both apoptotic 

and necrotic populations of cells are observed when triple-negative human 

mammary carcinoma cells are treated with myricetin.  
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4.5. Limitations of this study 

 This study, like all studies, has limitations that must be considered when 

interpreting results and applying them to future studies. This study was 

conducted using human and mouse mammary carcinoma cell lines instead of 

using cancer cells isolated from primary tumors. Use of clinical samples from 

breast tumors of patients, as well as normal tissue samples, could reveal more 

about the clinical relevance and toxicity of myricetin. Whether myricetin could 

affect viability and growth of cancer cells from patients will be important for future 

studies of myricetin as there are no previous studies that have examined the 

effects of myricetin on primary clinical tumor samples for any type of cancer. 

Also, this study was conducted using 2D monolayer culture models of mammary 

carcinoma cells, which are commonly used in studying the effects of 

phytochemicals on cancer cells. However, more relevant data is obtained from 

using in vitro models that are more representative of in vivo tumors (312, 313). 

For example, there are 3D tissue culture models of tumors, such as tumor 

spheroids, that better re-create in vivo tumor growth in vitro compared to 2D 

models; for example, the gene expression profiles of 2D and 3D tissue culture 

models are different, with the 3D models being more similar to in vivo gene 

expression (312). Several phytochemicals have been show to inhibit tumor 

spheroid growth and viability in vitro (279, 314). Thus, testing myricetin in 3D 

tissue culture models could reveal more about the anticancer properties of 

myricetin, and how autoxidation of myricetin could affect multicellular tumors.  

The tumor microenvironment is predicted to have a large impact on 

autoxidation of myricetin, but my study does not examine the impact of the tumor 

microenvironment on myricetin-induced cell death. In vivo studies are therefore 

needed to capture the complexity of the tumor microenvironment. Because this 

study only assessed the toxicity of myricetin on two normal cell lines, it is difficult 

to make generalizations about the effects of myricetin on normal cells. The 

effects of myricetin on a wider variety of normal cells from different tissue types 
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must therefore be determined. This study does not compare the effects of 

myricetin with myricetin metabolites, which may have different effects than 

myricetin on mammary cancer cells; this would be important information when 

considering the effects of myricetin on breast tumors following oral ingestion of 

myricetin. In addition, the bioavailability of myricetin in vivo must be determined 

before one can conclude whether the concentrations of myricetin used in this 

study represent clinically achievable doses. Previous studies of quercetin, a 

flavonol with a structure very similar to myricetin, suggests that the bioavailability 

is good and that the half-life is relatively long (approximately 24 h) (140, 157, 

168). Nevertheless, it is unlikely that the levels of myricetin used in this study can 

be achieved through dietary sources. Hence, the route of administration is 

important to consider when determining strategies to reach maximum levels of 

myricetin in different tissues.  

The only specific ROS produced by myricetin that this study measured 

was H2O2; however, myricetin may interfere with the Amplex® Red assay that 

was used to measure H2O2 (308). Measurement of a variety of types of ROS 

using assays other than the Amplex® Red assay, such as the ferrous ion 

oxidation-xylenol orange assay, are needed to fully understand the autoxidation 

of myricetin. Although SOD and catalase were used in combination to inhibit 

ROS in this study, examining their effects separately could reveal more about the 

type of ROS produced by myricetin autoxidation, and the type of ROS important 

for myricetin-induced cell death.  

 

4.6 Future Directions 

 This study revealed that ROS, such as H2O2, formed by myricetin 

autoxidation in cell culture medium inhibits the growth and viability of mammary 

carcinoma cells by promoting cell death. The full mechanism of myricetin 

autoxidation, the types and amounts of ROS produced, and the conditions 

affecting myricetin autoxidation were beyond the scope of this study. Further 
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investigations of the autoxidation mechanisms for myricetin are needed to better 

understand the implications of myricetin autoxidation in cell culture. In addition, 

most previous studies of the anti-cancer properties of myricetin have not 

determined whether myricetin-induced ROS is involved. It is therefore necessary 

to show that myricetin-induced ROS is an underlying cause of the effects seen in 

previous studies of myricetin and and other types of cancer. Also, comparing the 

effects of myricetin and H2O2 on both cancer and normal cell viability will indicate 

whether myricetin and H2O2 have similar effects on cells to further reveal the 

mechanisms involved in myricetin-induced cell death. 

The effects of the glycoside form of myricetin, myricitrin, on breast cancer 

cells have not been studied, and it is not known if myricitrin is subject to 

autoxidation. Since myricetin is commonly found in its glycoside form in plant-

based foods it will be important to compare the effects of myricetin and myricitrin 

on breast cancer cells in order to determine if one has better anti-cancer activity, 

or if they could work synergistically when used simultaneously. A previous study 

has shown that myricitrin induces less apoptosis in a prostate cancer cell line 

than myricetin; however, myricetin and myricitrin together have a synergistic 

inhibitory effect on prostate cancer cell growth (315).  

The preliminary in vitro effects of myricetin on breast cancer were 

investigated in this study; however, future studies should focus on in vivo studies, 

using both human xenograft and mouse mammary carcinoma cell models. 

Determining if myricetin can affect breast tumor growth and metastasis in animal 

models is important for determining whether myricetin will be effective in humans, 

as it is not known if autoxidation occurs in vivo and what its impact might be. If 

myricetin does impact tumor growth in vivo, then determining whether or not this 

effect is ROS-independent or ROS-dependent will be important for further 

developing myricetin as a therapeutic agent. Understanding the mode of action of 

myricetin in vivo is important for determining the best route of administration and 

potential interactions with other cancer therapeutics. Also, if myricetin is known to 

act in a ROS-dependent manner in vivo then monitoring for ROS-specific 

toxicities and side effects can occur. Understanding the long-term effects of 
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myricetin treatment in vivo will be necessary for revealing more about the 

therapeutic potential of myricetin.  

This study did not address the potential of myricetin to inhibit invasion and 

metastasis of breast cancer cells, although previous studies with other types 

cancer have shown that myricetin can inhibit cancer cell migration and invasion 

(250, 263, 264, 267). Since most cancer-related deaths for patients with solid 

tumors are due to metastasis, it will be important to investigate the effects of 

myricetin on metastasis of breast cancer cells and determine if the effects are 

ROS-dependent or independent. Also, the effects myricetin on immune-mediated 

cancer cell death need to be addressed. Some phytochemicals, including EGCG, 

can enhance antitumor immunity (316). In addition, H2O2 can enhance T cell 

proliferation, suggesting that myricetin could enhance immune cell activity 

against cancer cells (317). Finally, studies are needed to assess if myricetin may 

be able to act as an adjuvant to conventional breast cancer therapies, enhancing 

the effects of radiation therapy or chemotherapeutic drugs.  

 

4.7 Concluding remarks 

 Triple-negative breast cancer is a subset of breast cancer that generally 

has a worse prognosis and limited treatment options; therefore, new therapies 

are needed. This study demonstrated that myricetin decreased the viability of 

human triple-negative breast cancer cells. Myricetin caused ROS production that 

promoted breast cancer cell death. While ROS production is often associated 

with cancer promotion, ROS also have anti-cancer properties and several current 

cancer therapies act on cancer cells, at least in part, by inducing ROS (84, 85, 

117). Moreover, some studies have demonstrated that some antioxidant 

therapies targeting ROS can actually enhance tumor growth and progression by 

inhibiting the expression of the tumor suppressor p53 (318). The role of ROS in 

the anti-breast cancer properties of myricetin in vitro are apparent in this study 

but it is not known whether ROS is important for the in vivo activities of myricetin. 

The use of myricetin in a rat model of breast cancer and in other mouse cancer 
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models suggests that myricetin prevents and inhibits tumor growth and is safe to 

use in vivo as there were no signs of toxicity, even up to 200 mg/kg given orally 

every day for 16 weeks in the rat model of breast cancer (263, 268, 278). If 

myricetin is metabolized in vivo similarly to the structurally related phytochemical 

quercetin then it may have a relatively long half-life and good bioavailability 

indicating that it would be a good candidate for therapeutic development. Given 

that myricetin caused significant triple-negative breast cancer cell death in vitro, 

and was as or more effective at inhibiting breast cancer cell growth than several 

other well-studied phytochemicals, the further investigation of myricetin as a 

potential breast cancer therapeutic is warranted.  
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Figure 4.1. Proposed model of myricetin-induced mammary carcinoma cell 
death. Myricetin undergoes autoxidation in the extracellular environment to 

produce H2O2. The H2O2 can cross the cell membrane to enter the cell, where it 

causes an increase in intracellular ROS that activates signaling pathways such 

as p38 MAPK. Mitochondrial permeabilization, and DNA damage are triggered by 

ROS and culminate in causing mammary carcinoma cell death. Additionally, and 

the p38 MAPK signaling pathway is activated by ROS and may contribute to cell 

death. Addition of the antioxidant NAC or the antioxidant enzymes SOD and 

catalase can quench H2O2 thereby preventing cell death.  
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APPENDIX 

 

 

Appendix Figure 1. Z-VAD-fmk inhibits early apoptosis induced by  artesunate. 

MDA-MB-468 cells were incubated with 50 µM Z-VAD-fmk for 1 h and then 

treated with 50 µM artesunate, or DMSO (vehicle) for 24 h. At 24 h the cells were 

stained with Annexin V-FLUOS and early apoptosis was measured by flow 

cytometry.  
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Appendix Figure 2. Necrostatin-1 inhibits cell death induced by artesunate. 

HEY-1 ovarian carcinoma cells were incubated with 40 µM necrostatin-1 for 1 h 

and then treated with 50µM artesunate, or DMSO (vehicle) for 24 hr. At 48 h the 

cells were stained with Annexin V-FLUOS and PI, and total cell death was 

measured by flow cytometry.  
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Appendix Figure 3. T-cell proliferation is inhibited by p38 MAPK inhibitor III. 
A female C57/BL6 mouse (purchased from Charles River Canada, Lasalle, QC) 

was used as a source of primary T cells. The mouse was housed in the Carleton 

Animal Care Facility at Dalhousie University. The animal protocol was approved 

by the Dalhousie University Committee on Laboratory Animals. The mouse was 

euthanized by cervical dislocation and the spleen excised and homogenized. 

Magnetic bead isolation columns (Miltenyi Biotech, Auburn, CA) were used to 

isolate CD3+ T cells by negative selection and red blood cells lysed by osmotic 

shock. Cell number was determined by a trypan blue exclusion assay. The T 

cells were labeled with 2 µM Oregon Green 488 dye (Invitrogen) for 15 min, then 

2.5 × 105 cells/well were cultured (at 37°C and 5% CO2) in 96-well plates in 

RPMI-1640 culture medium (supplemented with 5% FBS, 5 mM HEPES, 100 

U/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine) without 

(unstimulated) or with 1.25 × 105 anti-CD3/anti-CD28 antibody-coated T cell 

expander beads (Invitrogen) per well, and treated with p38 inhibitor III or vehicle 

(DMSO) for 72 h. At 72 h the cell fluorescence was analyzed by flow cytometry, 

which was gated on live cells. Decreased fluorescence indicates more 

proliferation, with each fluorescent peak corresponding to a round of cell division.  
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Appendix Figure 4. Myricetin has a slight inherent fluorescence. MDA-MB-

468 cells were treated with or without myricetin for 24 h, then the cells were 

harvested and fluorescence of the cells was determined by flow cytometry for 

both the FL-1 and FL-2 flow cytometry channels. Since myricetin only caused a 

slight shift in fluorescence compared to the large shifts seen in the experiments 

involving flow cytometry in this study, this shift was considered negligible.  
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