
 

IN VITRO AND PRE-CLINICAL EVALUATION OF ANTI-METASTATIC 

ACTIVITY OF PHLORIDZIN DOCOSAHEXAENOATE (PZ-DHA) VERSUS 

TRIPLE-NEGATIVE BREAST CANCER 

 

 

 

 

 

 

by 

 

T R G Wasundara Fernando 

 

 

 

 

 

Submitted in partial fulfilment of the requirements  

for the degree of Doctor of Philosophy 

 

 

 

 

at 

Dalhousie University 

Halifax, Nova Scotia 

August 2018 

 

 

 

© Copyright by T R G Wasundara Fernando, 2018 

 



ii 

 

For my Amma and Thaththa with love.. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“There’s a way to do it better – find it.” 

-Thomas A. Edison 



iii 

 

TABLE OF CONTENTS 

 

LIST OF TABLES ........................................................................................................... xi 

LIST OF FIGURES ........................................................................................................ xii 

ABSTRACT ................................................................................................................... xvii 

LIST OF ABBREVIATIONS AND SYMBOLS USED ........................................... xviii 

ACKNOWLEDGEMENTS ........................................................................................ xxiii 

Chapter 1 : INTRODUCTION .........................................................................................1 

1.1 Cancer................................................................................................................... 1 

1.2 Breast cancer ........................................................................................................ 2 

1.2.1 Breast cancer sub-types................................................................................. 2 

1.2.2 Triple-negative breast cancer ........................................................................ 3 

1.3 TNBC chemotherapy............................................................................................ 4 

1.4 Phytochemicals..................................................................................................... 5 

1.5 Flavonoids and ω-3 fatty acids ............................................................................. 6 

1.5.1 Flavonoids ..................................................................................................... 6 

1.5.1.1 Methylation of flavonoids ..................................................................... 6 

1.5.1.2 Incorporation of flavonoids into emulsions ........................................... 7 

1.5.1.3 Enzyme-catalyzed acylation of flavonoids ............................................ 8 

1.6 Pharmacokinetics ............................................................................................... 10 

1.6.1 Bioavailability ............................................................................................. 10 

1.6.2 Phase I metabolism ..................................................................................... 11 

1.6.3 Phase II metabolism .................................................................................... 11 

1.6.4 Pharmacokinetics of flavonoids and their derivatives ................................ 12 

1.6.5 Pharmacokinetics of ω-3 fatty acids ........................................................... 13 

1.7 Cell proliferation and cytotoxicity ..................................................................... 14 

1.7.1 Breast cancer cell proliferation ................................................................... 14 



iv 

 

1.7.2 Signaling pathways involved in breast cancer cell proliferation and survival

 ……………………………………………………………………………..15 

1.7.2.1 PI3K/Akt/mTOR pathway ................................................................... 15 

1.7.2.2 MAPK pathway ................................................................................... 16 

1.7.3 In vitro and in vivo anti-proliferative and cytotoxic activity of flavonoids 

and their derivatives ................................................................................................... 17 

1.8 Metastasis ........................................................................................................... 21 

1.8.1 Breast cancer metastasis and signaling pathways involved in breast cancer 

metastasis ................................................................................................................... 21 

1.8.2 Epithelial-to-mesenchymal transition and its relevance to metastasis ........ 25 

1.8.3 In vitro and in vivo anti-metastatic activity of flavonoids and their 

derivatives .................................................................................................................. 28 

1.9 Angiogenesis ...................................................................................................... 29 

1.9.1 Pro-angiogenic and anti-angiogenic factors................................................ 29 

1.9.1.1 Pro-angiogenic factors ......................................................................... 30 

1.9.1.2 Anti-angiogenic factors ....................................................................... 32 

1.9.2 Molecular mechanisms involved in tumor-associated angiogenesis .......... 32 

1.9.3 In vitro and in vivo anti-angiogenic activity of flavonoids and their 

derivatives .................................................................................................................. 35 

1.10 Flavonoid fatty acid ester derivatives................................................................. 36 

1.11 Research hypothesis ........................................................................................... 37 

1.12 General research objective and research approach ............................................ 37 

1.13 Specific research objectives ............................................................................... 40 

Chapter 2 : MATERIAL AND METHODS ..................................................................41 

2.1 Stock solutions of test compounds ..................................................................... 41 

2.2 Chemicals and reagents ...................................................................................... 41 



v 

 

2.3 Antibodies .......................................................................................................... 43 

2.3.1 Akt, MAPK, drug transporters, small molecular Rho GTPase signaling and 

secondary antibodies .................................................................................................. 43 

2.3.2 Cell cycle .................................................................................................... 43 

2.3.3 Epithelial-to-mesenchymal transition ......................................................... 44 

2.4 Cells and cell culture conditions ........................................................................ 44 

2.4.1 Mammary carcinoma cells .......................................................................... 44 

2.4.2 Non-malignant cells .................................................................................... 45 

2.5 Mice .................................................................................................................... 46 

2.6 Software ............................................................................................................. 46 

2.7 Flow cytometry .................................................................................................. 47 

2.8 Liquid chromatography/Mass spectrometry....................................................... 47 

2.9 In vitro experiments ........................................................................................... 48 

2.9.1 Preparation of mouse hepatic microsomal enzyme extractions .................. 48 

2.9.2 Cellular uptake assay .................................................................................. 49 

2.9.3 Determination of in vitro metabolites of PZ-DHA ..................................... 49 

2.9.4 MTS assay ................................................................................................... 51 

2.9.5 MTT assay .................................................................................................. 52 

2.9.6 Annexin-V-FLUOS/PI and Annexin-V-488/PI staining ............................ 52 

2.9.7 7-AAD assay ............................................................................................... 53 

2.9.8 Oregon Green 488 staining ......................................................................... 54 

2.9.9 Cell cycle analysis....................................................................................... 54 

2.9.10 Cell cycle analysis/Ki67 staining ................................................................ 55 

2.9.11 Breast cancer spheroid formation assay ...................................................... 55 

2.9.12 Acid phosphatase assay of spheroids .......................................................... 56 



vi 

 

2.9.13 Adhesion assay............................................................................................ 56 

2.9.14 Gap closure assay ........................................................................................ 57 

2.9.15 Trans-well chemo-migration and chemo-invasion assays .......................... 57 

2.9.16 Preparation of protein-rich cell lysates ....................................................... 58 

2.9.17 Western blot analysis .................................................................................. 58 

2.9.18 In vitro angiogenesis assay ......................................................................... 59 

2.9.19 Mycoplasma test ......................................................................................... 60 

2.10 Ex vivo experiments ........................................................................................... 60 

2.10.1 Ex vivo angiogenesis assay ......................................................................... 60 

2.11 In vivo experiments ............................................................................................ 61 

2.11.1 Determination of in vivo metabolites and pharmacokinetic parameters of 

PZ-DHA …………………………………………………………………………….61 

2.11.2 PZ-DHA treatment and blood collection .................................................... 62 

2.11.3 Alanine transaminase (ALT) assay of Balb/c female mouse serum ........... 62 

2.11.4 Creatinine assay of Balb/c female mouse serum ........................................ 63 

2.11.5 4T1 mouse mammary carcinoma syngeneic metastatic model ................... 63 

2.11.6 MDA-MB-231 human breast xenograft metastatic model ......................... 64 

2.11.7 In vivo Matrigel plug assay ......................................................................... 66 

2.11.8 Cyanmethemoglobin assay ......................................................................... 66 

2.11.9 Histology ..................................................................................................... 66 

2.11.9.1 Hematoxylin and eosin staining .......................................................... 67 

2.11.9.2 Immunohistochemistry ........................................................................ 67 

2.12 Statistical analysis .............................................................................................. 68 

Chapter 3 : PHARMACOKINETICS OF PZ-DHA.....................................................69 

3.1 Introduction ........................................................................................................ 69 

3.2 Results ................................................................................................................ 70 



vii 

 

3.2.1 Determination of sub-cytotoxic concentrations of PZ, DHA and PZ-DHA to 

MDA-MB-231 cells ................................................................................................... 70 

3.2.2 PZ-DHA cellular uptake by breast cancer cells .......................................... 72 

3.2.3 PZ-DHA undergoes phase I metabolism in vitro ........................................ 74 

3.2.4 PZ-DHA undergoes phase II metabolism in vitro ...................................... 77 

3.2.5 PZ-DHA is absorbed through intraperitoneal route and undergoes phase I 

and phase II metabolism in Balb/c female mice ........................................................ 81 

3.2.6 Pharmacokinetic parameters of PZ-DHA in Balb/c female mice ............... 84 

3.2.7 PZ-DHA does not induce liver or kidney toxicity in Balb/c female mice .. 84 

3.3 Discussion .......................................................................................................... 90 

Chapter 4 : PZ-DHA IS SELECTIVELY CYTOTOXIC TO BREAST CANCER 

CELLS ..............................................................................................................................94 

4.1 Introduction ........................................................................................................ 94 

4.2 Results ................................................................................................................ 96 

4.2.1 PZ-DHA causes morphological changes in mammary carcinoma cells ..... 96 

4.2.2 PZ-DHA inhibits the metabolic activity of mammary carcinoma cells ...... 97 

4.2.3 PZ-DHA-induced cytotoxic activity is greater than PZ and DHA combined 

effect ……………………………………………………………………………104 

4.2.4 PZ-DHA induces early and late apoptosis of breast cancer cells ............. 104 

4.2.5 PZ-DHA is less cytotoxic toward non-malignant cells ............................. 107 

4.2.6 Sub-cytotoxic concentrations of PZ-DHA suppress MDA-MB-231 cell 

proliferation ............................................................................................................. 107 

4.2.7 Sub-cytotoxic concentrations of PZ-DHA inhibits the expression of Ki67 in 

MDA-MB-231 cells ................................................................................................. 110 

4.2.8 Sub-cytotoxic concentrations of PZ-DHA arrest MDA-MB-231 cell cycle at 

G2/M phase .............................................................................................................. 112 

4.2.9 PZ-DHA inhibits Akt signaling in MDA-MB-231 cells ........................... 115 



viii 

 

4.2.10 PZ-DHA inhibits MAPK signaling in MDA-MB-231 cells ..................... 118 

4.2.11 PZ-DHA inhibits stem cell-like activity of breast cancer cells ................. 118 

4.2.12 PZ-DHA is cytotoxic to paclitaxel-resistant MDA-MB-231 (MDA-MB-

231-TXL) cells ........................................................................................................ 121 

4.2.13 PZ-DHA suppresses the growth of orthotopically implanted/xenografted 

mammary carcinoma cell growth in mice ............................................................... 124 

4.3 Discussion ........................................................................................................ 128 

Chapter 5 : PZ-DHA INHIBITS THE METASTASIS OF TRIPLE-NEGATIVE 

MAMMARY CARCINOMA CELLS ..........................................................................135 

5.1 Introduction ...................................................................................................... 135 

5.2 Results .............................................................................................................. 137 

5.2.1 A sub-cytotoxic concentration of PZ-DHA inhibits the migration of MDA-

MB-231 and 4T1 cells in vitro ................................................................................ 137 

5.2.2 A sub-cytotoxic concentration of PZ-DHA inhibits TGF-β-induced 

migration by MCF-10A and MDA-MB-231 cells in vitro ...................................... 140 

5.2.3 A sub-cytotoxic concentration of PZ-DHA inhibits the expression of 

transcription factors involved in EMT of MDA-MB-231 cells ............................... 145 

5.2.4 A sub-cytotoxic concentration of PZ-DHA inhibits serum-induced invasive 

activity of MDA-MB-231 cells ............................................................................... 148 

5.2.5 A sub-cytotoxic concentration of PZ-DHA inhibits the expression of matrix 

metalloproteinases in MDA-MB-231 cells.............................................................. 148 

5.2.6 PZ-DHA does not affect the adhesion of MDA-MB-231 and 4T1 cells .. 151 

5.2.7 PZ-DHA suppresses the metastasis of 4T1 cells to the lungs of Balb/c 

female mice .............................................................................................................. 151 

5.2.8 PZ-DHA suppresses the metastasis of GFP-transfected MDA-MB-231 cells 

to the lungs of NOD-SCID female mice ................................................................. 154 

5.2.9 Immunohistochemical determination of MMP2 and CD31 expression in 

4T1 and MDA-MB-231 tumor sections .................................................................. 154 



ix 

 

5.3 Discussion ........................................................................................................ 158 

Chapter 6 : PZ-DHA INHIBITS ANGIOGENESIS ..................................................164 

6.1 Introduction ...................................................................................................... 164 

6.2 Results .............................................................................................................. 166 

6.2.1 PZ-DHA inhibits the metabolic activity of HUVECs and HMVECs ....... 166 

6.2.2 Sub-cytotoxic concentrations of PZ-DHA inhibit the proliferation of 

HUVECs and HMVECs .......................................................................................... 166 

6.2.3 Sub-cytotoxic concentrations of PZ-DHA arrest the replication of HUVECs 

at G0/G1 phase .......................................................................................................... 172 

6.2.4 Sub-cytotoxic concentrations of PZ-DHA inhibit Akt signaling in HUVECs

 …………………………………………………………………………....172 

6.2.5 A sub-cytotoxic concentration of PZ-DHA inhibits the migration of 

HUVECs .................................................................................................................. 175 

6.2.6 A sub-cytotoxic concentration of PZ-DHA inhibits in vitro and ex vivo 

angiogenesis............................................................................................................. 175 

6.2.7 Sub-cytotoxic concentrations of PZ-DHA inhibit VEGF165-induced small 

molecular Rho GTPase signaling in HUVECs ........................................................ 180 

6.2.8 PZ-DHA inhibits in vivo angiogenesis in Balb/c female mice ................. 184 

6.3 Discussion ........................................................................................................ 184 

Chapter 7 : DISCUSSION.............................................................................................190 

7.1 Summary of the major findings of the thesis research ..................................... 190 

7.1.1 Conjugation of DHA to PZ increases the cellular uptake of PZ and 

stabilization of DHA ................................................................................................ 190 

7.1.2 Pharmacokinetics of PZ-DHA .................................................................. 191 

7.1.3 Scheme of ADME of PZ-DHA ................................................................. 192 

7.1.4 PZ-DHA is selectively cytotoxic toward breast cancer cells .................... 196 



x 

 

7.1.5 Scheme of the molecular mechanisms of PZ-DHA-induced anti-

proliferative activity in TNBC cells ........................................................................ 197 

7.1.6 PZ-DHA inhibits metastasis of TNBC cells ............................................. 201 

7.1.7 Scheme of the molecular mechanisms of PZ-DHA-induced anti-metastatic 

activity in TNBC cells ............................................................................................. 203 

7.1.8 PZ-DHA inhibits angiogenesis ................................................................. 206 

7.1.9 Scheme of the molecular mechanisms of PZ-DHA-induced anti-angiogenic 

activity ……………………………………………………………………………207 

7.2 Limitations of the research ............................................................................... 211 

7.2.1 PZ-DHA cellular uptake assays ................................................................ 211 

7.2.2 In vitro experiments .................................................................................. 212 

7.2.3 In vivo experiments ................................................................................... 213 

7.3 Future directions ............................................................................................... 214 

7.3.1 Additions to the current in vitro work ....................................................... 214 

7.3.2 Additions to the current in vivo work ....................................................... 215 

7.3.3 Synergistic effect of PZ-DHA in combination with chemotherapeutic drugs

 ……………………………………………………………………………216 

7.3.4 Efficacy of PZ-DHA on breast cancer stem cell activity .......................... 217 

7.3.5 Identification of genes involved in the response of breast cancer cells to PZ-

DHA treatment as a basis for patient-oriented breast cancer treatment .................. 217 

7.3.6 Encapsulation of PZ-DHA in nanoparticles as an approach to targeted drug 

delivery ……………………………………………………………………………218 

7.4 Significance of the research and concluding remarks ...................................... 219 

APPENDIX: SUPPLEMENTARY FIGURES ............................................................220 

REFERENCES ...............................................................................................................229 

 

  



xi 

 

LIST OF TABLES 

Table 2.1. Solvent system used for LC/MS analysis ........................................................ 48 

Table 2.2. Reaction mixture used for the determination of in vitro phase I metabolism of 

PZ-DHA. ........................................................................................................................... 50 

Table 2.3. Reaction mixture used for the determination of in vitro phase II methylation of 

PZ-DHA. ........................................................................................................................... 50 

Table 2.4. Reaction mixture used for the determination of in vitro phase II 

glucuronidation of PZ-DHA. ............................................................................................ 51 

Table 2.5. Reaction mixture used for the determination of in vitro phase II sulphation of 

PZ-DHA. ........................................................................................................................... 51 

Table 2.6. Angiogenesis pattern and scoring .................................................................... 60 

Table 3.1. Pharmacokinetic parameters of PZ-DHA in Balb/c female mice .................... 84 

 



xii 

 

LIST OF FIGURES 

Figure 1.1. Basic carbon skeleton of flavonoids and chalcones ......................................... 9 

Figure 1.2. PI3K/Akt/mTOR and MAPK pathways and their crosstalk........................... 20 

Figure 1.3. Breast cancer metastatic cascade .................................................................... 24 

Figure 1.4. Signal transduction pathways involved in breast cancer cell metastasis. ....... 27 

Figure 1.5. Signal transduction pathways involved in tumor-associated angiogenesis. ... 34 

Figure 1.6. Chemical structures of PZ, DHA and PZ-DHA. ............................................ 39 

Figure 2.1. Syngeneic and xenograft mouse models of mammary carcinoma cell growth 

and metastasis. .................................................................................................................. 65 

Figure 3.1. Determination of sub-cytotoxic concentrations of PZ-DHA for MDA-MB-231 

breast cancer cells. ............................................................................................................ 71 

Figure 3.2. PZ-DHA is absorbed by mammary carcinoma cells and non-malignant 

mammary epithelial cells. ................................................................................................. 73 

Figure 3.3. Protein assay of mouse liver microsome preparation. .................................... 75 

Figure 3.4. PZ-DHA undergoes phase I metabolism in the presence of freshly prepared 

mouse liver microsomes. .................................................................................................. 76 

Figure 3.5. PZ-DHA undergoes phase II methylation in the presence of freshly prepared 

mouse liver microsomes. .................................................................................................. 78 

Figure 3.6. PZ-DHA undergoes phase II glucuronidation in the presence of freshly 

prepared mouse liver microsomes. ................................................................................... 79 

Figure 3.7. PZ-DHA undergoes phase II sulphation in the presence of freshly prepared 

mouse liver microsomes. .................................................................................................. 80 

Figure 3.8. Intraperitoneal administration of PZ-DHA results in absorption into the 

systemic circulation of Balb/c female mice. ..................................................................... 82 

Figure 3.9. Organ distribution of PZ-DHA and its metabolites in Balb/c female mice. .. 83 

Figure 3.10. PZ-DHA does not induce liver or kidney toxicity in Balb/c female mice. .. 86 

Figure 3.11. Correlation of body weight to liver and kidney function of PZ-DHA-treated 

Balb/c female mice. .......................................................................................................... 87 

Figure 3.12. Chemical structures of potential phase I metabolites of PZ-DHA. .............. 88 

Figure 3.13. Chemical structures of potential phase II metabolites of PZ-DHA. ............. 89 



xiii 

 

Figure 4.1. PZ-DHA induces morphological changes in mammary carcinoma cells in 

vitro. ................................................................................................................................ 100 

Figure 4.2. PZ-DHA inhibits the metabolic activity of mammary carcinoma cells in a 

concentration- and time-dependent manner. ................................................................... 103 

Figure 4.3. PZ-DHA-induced In vitro cytotoxic activity in MDA-MB-231 cells is greater 

than the effect of combined PZ and DHA. ..................................................................... 105 

Figure 4.4. PZ-DHA induces early and late apoptosis/necrosis of MDA-MB-231 cells.

......................................................................................................................................... 106 

Figure 4.5. PZ-DHA does not kill non-malignant cells. ................................................. 108 

Figure 4.6. Sub-cytotoxic concentrations of PZ-DHA inhibit the proliferation of MDA-

MB-231 cells in vitro. ..................................................................................................... 109 

Figure 4.7. A sub-cytotoxic concentration of PZ-DHA suppress the expression of Ki67 

proliferation marker in MDA-MB-231 cells in vitro. ..................................................... 111 

Figure 4.8. A sub-cytotoxic concentration of PZ-DHA arrests MDA-MB-231 cell 

replication at G2/M phase. ............................................................................................... 113 

Figure 4.9. A sub-cytotoxic concentration of PZ-DHA down-regulates the expression by 

MDA-MB-231 cells of cell cycle proteins involved in G2/M progression. .................... 114 

Figure 4.10. A sub-cytotoxic concentration of PZ-DHA inhibits PI3K/Akt/mTOR 

pathway in vitro. ............................................................................................................. 116 

Figure 4.11. A concentration of PZ-DHA that is cytotoxic to MDA-MB-231 cells does 

not affect the morphology of MCF-10A cells; a sub-cytotoxic concentration of PZ-DHA 

does not inhibit the PI3K/Akt/mTOR pathway in MCF-10A cells in vitro. ................... 117 

Figure 4.12. A sub-cytotoxic concentration of PZ-DHA inhibits MAPK signaling in vitro.

......................................................................................................................................... 119 

Figure 4.13. PZ-DHA inhibits spheroid formation by breast cancer cells in vitro. ........ 120 

Figure 4.14. PZ-DHA inhibits the metabolic activity of paclitaxel-resistant MDA-MB-

231 (MDA-MB-231-TXL) breast cancer cells in a concentration- and time-dependent 

manner............................................................................................................................. 122 

Figure 4.15. PZ-DHA kills paclitaxel-resistant MDA-MB-231 (MDA-MB-231-TXL) 

breast cancer cells. .......................................................................................................... 123 



xiv 

 

Figure 4.16. Intraperitoneal administration of PZ-DHA inhibits 4T1 tumor growth in 

Balb/c mice. .................................................................................................................... 125 

Figure 4.17. Intraperitoneal administration of PZ-DHA inhibits GFP-tagged MDA-MB-

231 tumor growth in NOD-SCID mice. .......................................................................... 126 

Figure 4.18. PZ-DHA induces necrosis and decreases Ki67 expression of 4T1 and MDA-

MB-231 tumors. .............................................................................................................. 127 

Figure 5.1. A sub-cytotoxic concentration of PZ-DHA inhibits the migration of 4T1 and 

MDA-MB-231 cells in vitro in gap-closure assays. ....................................................... 138 

Figure 5.2. A sub-cytotoxic concentration of PZ-DHA inhibits serum-induced 

chemotactic migration of MDA-MB-231 cells in vitro in trans-well cell migration assays.

......................................................................................................................................... 139 

Figure 5.3. A sub-cytotoxic concentration of PZ-DHA inhibits baseline expression of 

small Rho GTPase in MDA-MB-231 cells but not in MCF-10A cells in vitro. ............. 142 

Figure 5.4. A sub-cytotoxic concentration of PZ-DHA inhibits TGF-β-induced migration 

by MDA-MB-231 and MCF-10A cells in vitro. ............................................................. 144 

Figure 5.5. A sub-cytotoxic concentration of PZ-DHA inhibits the expression of 

transcription factors involved in EMT of MDA-MB-231 cells in vitro. ........................ 146 

Figure 5.6. A sub-cytotoxic concentration of PZ-DHA reverses the EMT-induced 

cadherin switch in MDA-MB-231 cells in vitro. ............................................................ 147 

Figure 5.7. A sub-cytotoxic concentration of PZ-DHA inhibits serum-induced invasion of 

MDA-MB-231 cells in vitro. .......................................................................................... 149 

Figure 5.8. A sub-cytotoxic concentration of PZ-DHA inhibits the expression MMP2 in 

MDA-MB-231 cells in vitro. .......................................................................................... 150 

Figure 5.9. A sub-cytotoxic concentration of PZ-DHA does not inhibit the adhesion of 

MDA-MB-231 cells to HUVECs.................................................................................... 152 

Figure 5.10. Intraperitoneal administration of PZ-DHA suppresses the metastasis of 

orthotopically implanted-4T1 cells to the lungs of Balb/c mice. .................................... 153 

Figure 5.11. Intraperitoneal administration of PZ-DHA suppresses the metastasis of 

orthotopically xenografted-MDA-MB-231 cells to the lungs of NOD-SCID mice. ...... 155 

Figure 5.12. PZ-DHA decreases the expression of MMP2 and CD31 in 4T1 and MDA-

MB-231 tumors. .............................................................................................................. 157 



xv 

 

Figure 6.1. PZ-DHA, at high concentrations, inhibits the metabolic activity of HUVECs 

and HMVECs in vitro. .................................................................................................... 167 

Figure 6.2. Determination of sub-cytotoxic concentrations of PZ-DHA for HUVECs in 

vitro. ................................................................................................................................ 169 

Figure 6.3. Determination of sub-cytotoxic concentrations of PZ-DHA for HMVECs in 

vitro. ................................................................................................................................ 170 

Figure 6.4. Sub-cytotoxic concentrations of PZ-DHA inhibit the proliferation of 

HUVECs and HMVECs in vitro. .................................................................................... 171 

Figure 6.5. A sub-cytotoxic concentration of PZ-DHA arrests HUVEC replication at 

G0/G1 phase. .................................................................................................................... 173 

Figure 6.6. A sub-cytotoxic concentration of PZ-DHA inhibits Akt signaling in HUVECs.

......................................................................................................................................... 174 

Figure 6.7. A sub-cytotoxic concentration of PZ-DHA inhibits the migration of HUVECs 

in vitro. ............................................................................................................................ 177 

Figure 6.8. A sub-cytotoxic concentration of PZ-DHA inhibits in vitro tube formation by 

HUVECs and HMVECs. ................................................................................................ 178 

Figure 6.9. A sub-cytotoxic concentration of PZ-DHA inhibits ex vivo angiogenesis from 

rat aortas. ......................................................................................................................... 179 

Figure 6.10. A sub-cytotoxic concentration of PZ-DHA inhibits endogenous and VEGF-

induced small GTPase signaling in HUVECs. ............................................................... 182 

Figure 6.11. Systemic administration of PZ-DHA suppresses VEGF165- and bFGF-

induced angiogenesis in Balb/c female mice. ................................................................. 183 

Figure 7.1. Proposed scheme for the fate of PZ-DHA upon intraperitoneal administration 

into Balb/c female mice .................................................................................................. 195 

Figure 7.2. Proposed scheme for PZ-DHA-induced anti-proliferative activities in TNBC 

cells in vitro..................................................................................................................... 200 

Figure 7.3. Proposed scheme for PZ-DHA-induced anti-metastatic activities in TNBC 

cells in vitro..................................................................................................................... 205 

Figure 7.4. Proposed scheme for the anti-angiogenic activities of PZ-DHA in vitro. .... 209 

 

 

 



xvi 

 

Supplementary Figure 1. HPLC chromatogram of standard PZ, DHA and PZ-DHA used 

for in vitro and in vivo experiments. ............................................................................... 220 

Supplementary Figure 2. Chromatograms of in vitro PZ-DHA phase II metabolite 

formation control experiments. ....................................................................................... 221 

Supplementary Figure 3. PZ-DHA inhibits the metabolic activity of MDA-MB-231 

human triple- negative breast cancer cells in a concentration- and time-dependent manner 

(Adapted from my MSc thesis) ....................................................................................... 223 

Supplementary Figure 4. Detection of GFP-tagged MDA-MB-231 cells using flow 

cytometry. ....................................................................................................................... 224 

Supplementary Figure 5. Mitomycin C inhibits the proliferation of MDA-MB-231 cells in 

vitro. ................................................................................................................................ 225 

Supplementary Figure 6. Mitomycin C inhibits the proliferation of 4T1 cells in vitro. . 226 

Supplementary Figure 7. Confirmation of TGF-β signaling in MCF-10A non-malignant 

mammary epithelial cells. ............................................................................................... 227 

Supplementary Figure 8. MDA-MB-231 mammospheres lack definite margins. .......... 228 

 

  



xvii 

 

ABSTRACT 

The World Health Organization identifies breast cancer as the most common cancer 

among women worldwide. Triple-negative breast cancer (TNBC) lacks receptors for 

estrogen (ER), progesterone (PR), and human epidermal growth factor 2 (HER2); 

therefore, TNBC does not respond to hormone- or HER2-targeted therapy. Even though 

TNBC responds initially to chemotherapy, these cells eventually develop resistance to 

chemotherapy and metastasize to distant organs. Therefore, research is continued to 

identify novel remedies to treat TNBC more effectively. Phloridzin docosahexaenoate 

(PZ-DHA) is a novel polyphenol fatty acid ester derivative that combines a flavonoid 

precursor compound known as phloridzin (PZ) with an omega-3 fatty acid known as 

docosahexaenoic acid (DHA) through an acylation reaction catalyzed by lipase B enzyme 

extracted from Candida antarctica. The current project was designed to investigate the 

pharmacokinetic parameters, anti-proliferative, anti-metastatic, and anti-angiogenic 

activities of PZ-DHA using in vitro, ex-vivo and in vivo models of breast cancer. PZ-

DHA improved the cellular uptake of PZ and intracellular stability of DHA. PZ-DHA 

was absorbed following intraperitoneal administration into Balb/c female mice and 

underwent phase I and II metabolism. PZ-DHA and its metabolites were readily 

distributed throughout the body. PZ-DHA was selectively cytotoxic to mammary 

carcinoma cells, including TNBC cells (MDA-MB-231, MDA-MB-468, 4T1), and 

showed minimum cytotoxic activity against non-malignant cells (MCF-10A mammary 

epithelial cells and human dermal fibroblasts). Sub-cytotoxic concentrations of PZ-DHA 

attenuated the proliferation of MDA-MB-231 cells by arresting the cell cycle at G2/M, 

and inhibiting protein kinase B (Akt) and mitogen activated protein kinase signaling. PZ-

DHA inhibited the migration, invasion, TGF-β-induced small molecular Rho GTPase 

signaling, and expression of transcription factors (β-catenin, Slug and ZEB1) involved in 

epithelial-to-mesenchymal transition. Furthermore, PZ-DHA inhibited the expression of 

MMP2 and increased E-cadherin levels in MDA-MB-231 cells. Intraperitoneal 

administration of PZ-DHA inhibited the growth and metastasis of orthotopically 

implanted 4T1 and MDA-MB-231 cells to the lungs of Balb/c and NOD-SCID female 

mice, respectively, as well as suppressing the expression of Ki67, MMP2 and CD31in 

primary tumors. Sub-cytotoxic concentrations of PZ-DHA suppressed the proliferation of 

human umbilical vein endothelial cells (HUVEC) and human microvascular endothelial 

cells (HMVEC), and arrested HUVECs at G0/G1. Furthermore, PZ-DHA blocked tube 

formation by HUVECs and HMVECs in vitro, and vessel sprouting by thoracic aortic 

sections harvested from Wistar rats. PZ-DHA-induced inhibitory effects on Akt and 

vascular endothelial growth factor (VEGF165)-stimulated Rho GTPase signaling in 

HUVECs was also documented. Intraperitoneal administration of PZ-DHA inhibited 

angiogenesis within VEGF165- and basic fibroblast growth factor (bFGF)-containing 

Matrigel plugs implanted into Balb/c female mice, confirming anti-angiogenic activity of 

PZ-DHA. These findings provide strong evidence for PZ-DHA-mediated inhibition of 

TNBC cell metastasis by inhibiting multiple aspect of the process; therefore, PZ-DHA 

shows promise as a therapeutic agent to inhibit the progression of TNBC in patients.
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CHAPTER 1 : INTRODUCTION 

1.1 Cancer 

According to World Health Organization, cancer is the second leading cause of deaths 

worldwide and the global cancer burden is expected to rise to 21.7 million new cancer 

cases and 13 million cancer-caused deaths by the year 2030 (WHO, 2018). Cancer is a 

collection of diseases driven by wide genomic abnormalities such as aberrant and 

constitutive signaling of cell proliferation, growth and survival. Therefore, cancers are 

often self-sufficient and characterized by uncontrolled-cell division and potential to 

spread to other parts of the body (Hanahan and Weinberg, 2000). Cancer is a leading 

cause of deaths in Canada; it was estimated 80,800 cancer-related deaths would occur in 

the year 2017 (Canadian Cancer Statistics, 2017a). Cancer statistics are continuously 

growing, and 206,200 new cancer cases were expected in Canada in 2017. Lung, breast, 

colorectal and prostate are the most common cancers in Canada; these cancers account 

for 50% of all new cancer cases (Canadian Cancer Statistics, 2017a). 

In the year 2000, Hanahan and Weinberg detailed six biological capabilities that a cancer 

acquires during its development (Hanahan and Weinberg, 2000). The scope of this 

concept was expanded by introducing 2 emerging and 2 enabling additional capabilities 

in 2011 (Hanahan and Weinberg, 2011). Currently, these are recognized as “Ten 

hallmarks of cancer”; namely, sustained proliferative signaling, evasion of growth 

suppressors, invasion and metastasis, replicative immortality, angiogenesis, resistance to 

cell death, avoidance of immune destruction, tumor-promoting inflammation, genome 

instability and mutation, and deregulation of cellular energetics (Hanahan and Weinberg, 

2000, 2011). The history of cancer research includes many discoveries over the past 

century; however, during the past two decades, remarkable contributions have been made 

in light of the influence of cancer hallmark identification on recent advances in cancer 

research (Burney and Al-Moundhri, 2008; Chap and Patel, 2011; Weinstein and Case, 

2008). 
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1.2 Breast cancer 

Breast cancer is a malignancy that originates from the epithelial cells of mammary ducts 

(Polyak, 2011). It is the leading type of cancer among women worldwide and the leading 

disability-adjusted life-years as well (Fitzmaurice et al., 2015). Breast cancer also affects 

men (Yalaza et al., 2016); however, the female gender is one of the top-established breast 

cancer risk factors (Anothaisintawee et al., 2013). Breast cancer is responsible for 13% of 

cancer-associated deaths among Canadian women; it was estimated that 26,300 Canadian 

women would be diagnosed with breast cancer and 5,000 would die from the disease in 

2017 (Canadian Cancer Statistics, 2017a). 

Breast cancer is an extremely heterogenous disease (Polyak, 2011; Rivenbark et al., 

2013; Song et al., 2016; Turashvili and Brogi, 2017). This heterogeneity is the result of 

multiple clinical and histopathological forms. Heterogeneity is observed among patients 

(inter-tumor heterogeneity), as well as within a patient (intra-tumor heterogeneity). 

Clinically, breast cancer is categorized into stages I-IV. Stage I is benign and restricted to 

breast tissue while stage IV represents the most advanced and aggressive metastatic 

stage. Biomarker heterogeneity of breast cancers is based on the expression of estrogen 

receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 

(HER2) (Rivenbark et al., 2013; Turashvili and Brogi, 2017). Differential expression of 

these biomarkers provides the base for molecular subtype classification of breast cancers 

(Cancer Genome Atlas Network, 2012; Eroles et al., 2012). 

1.2.1 Breast cancer sub-types 

Breast cancer is divided into 6 different subtypes (luminal A, luminal B, HER2-enriched, 

basal-like, claudin-low and normal breast-like) based on the expression patterns of 

molecular markers such as ER, PR, HER2, p53 and the proliferation marker Ki67 (Eroles 

et al., 2012; Goldhirsch et al., 2011; Voduc et al., 2010). In addition to different gene 

expression profiles, breast cancer subtypes demonstrate substantial differences in the 

regulation of cell cycle checkpoints, responses to chemotherapy, and metastatic patterns. 

Bower et al. (2017) suggest that breast cancer cells grown in culture show defects in 

DNA synthesis and subsequent G2/M transition, regardless of the subtype. Luminal B 

breast cancer cells show impairment of the decatenation G2 checkpoint while basal-like 
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breast cancer cells show defects in the spindle assembly checkpoint. Both of these defects 

are related to the G2/M checkpoint, even though distinct from each other at the molecular 

level (Bower et al., 2017). Claudin-low breast cancer cells and basal-like breast cancer 

cells show chromatin cohesion defects (Bower et al., 2017). Carey et al. (2007) suggest 

that patients suffering from HER2-enriched and basal-like (ER-, PR- and HER2-) breast 

cancers show the greatest initial clinical response to anthracycline-based chemotherapy 

when compared to luminal breast cancer; however, these two subtypes show the worst 

distant disease-free survival and overall survival. The poor prognosis of HER2-enriched 

and basal-like breast cancers is due to relapse with residual disease (Carey et al., 2007). 

The metastatic pattern and local relapse vary considerably among breast cancer subtypes. 

The luminal A subtype has the best prognosis and lowest rate of regional relapse and 

metastasis. With the breast conservation therapy, HER2-enriched and basal-like tumors 

show an increased risk of regional recurrence. Luminal B, HER2-enriched and basal-like 

breast caners exhibit an elevated risk of local and regional relapse following mastectomy 

(Voduc et al., 2010). A study conducted by Kennecke et al., (2010) using archived data of 

breast cancer patients between 1986-1992 suggests that breast cancer for the most part 

spreads to the bones, regardless of disease subtype. Luminal A and HER2-enriched breast 

cancers are associated with brain, liver and lung metastases. Basal-like breast cancers 

show a significantly higher rate of secondary metastasis to the brain and lungs and 

reduced metastasis to the liver and bones (Kennecke et al., 2010). 

1.2.2 Triple-negative breast cancer 

Triple-negative breast cancer (TNBC) is an aggressive type of breast cancer with poor 

prognosis which accounts for 15-20% of all invasive breast cancers (Khalifa et al., 2016; 

Pistelli et al., 2013). TNBC cells show a negative pattern for ER, PR and HER2 (similar 

to basal-like subtype) staining in immunohistochemistry; therefore, TNBC patients do not 

benefit from endocrine therapy or HER2-targeted therapy. This lack of targets leaves 

TNBC patients who relapse following chemotherapy with only limited treatment options 

(Hudis and Gianni, 2011; Rampurwala et al., 2016; Santuario-Facio et al., 2017). 

Recurrent TNBC is often associated with aggressive metastasis and death. In addition, 

TNBC patients experience early onset of the disease and typically have a family history 
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of breast cancer, suggesting a possible linkage to multiple genetic mutations (Hahnen et 

al., 2017). The many genetic susceptibilities to TNBC include highly penetrant, germline 

mutations in breast cancer susceptibility gene 1 and 2 (BRCA1 and BRCA2). In fact, 

70% and 20% of women who carry mutations in BRCA1 and BRCA2, respectively, 

develop breast cancers showing triple negative phenotype (Foulkes et al., 2010). TNBC is 

also associated with rarely mutated breast cancer predisposition genes such as partner and 

localizer of BRCA2 (PALB2) and Fanconi anemia complementation group M (FANCM) 

(Cybulski et al., 2015; Easton et al., 2015; Kiiski et al., 2014). 

1.3 TNBC chemotherapy 

Although the treatment of early-diagnosed cancers is associated with a better outcome, 

the cost of cancer treatment is extremely high regardless of the disease stage. A survey 

conducted by de Oliveira and colleagues suggest that the cost of cancer care in Canada 

was $ 2.9 billion in 2005 and it rose steadily, leading to a cost of $ 7.5 billion in 2012. 

Most of the expenses are associated with chemotherapy and radiation therapy (de 

Oliveira et al., 2018). The prognosis of hormone receptor-positive breast cancers and 

HER2-positive breast cancer is satisfactory, as these two types of cancers respond to ER- 

and HER2-targated therapies, respectively (Callahan and Hurvitz, 2011; Lumachi et al., 

2013). However, treatment of TNBC still relies on surgical procedures and non-specific 

chemotherapeutic strategies such as anthracyclines or taxanes (André and Zielinski, 

2012) and/or a combination of all these approaches along with radiation therapy (Yagata 

et al., 2011). Although TNBC cells lack the therapeutic targets of ER or HER2, the 

suitability of other potential targets has been evaluated. In fact, anti-vascular endothelial 

growth factor (VEGF) therapy, anti-transforming growth factor (TGF)-β treatment, TGF-

βRIII-targeted therapy, fibroblast growth factor (FGF)-targeted therapy, and poly(ADP-

ribosyl)ation polymerase (PARP)-targeted therapy have been investigated (Bhola et al., 

2013; Dent, 2009; Jovanović et al., 2014; Pal and Mortimer, 2009; Sharpe et al., 2011). 

Taking a different approach, another study shows that targeting DNA double strand 

repair mechanisms may be a promising approach to the treatment of TNBC (Song et al., 

2013). In the search for novel treatment targets in TNBC, the phosphoinositide 3-kinase 

(PI3K)/ protein kinase B (Akt)/ mammalian target of rapamycin (mTOR) signaling 

pathway has received distinct attention. PI3K/Akt/mTOR-targeted therapies have now 
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progressed to phase II clinical trials and show promise as a treatment modality for TNBC 

(Dey et al., 2017). p53 mutations are frequently observed in TNBC (Dang and Peng, 

2013; Davion et al., 2012). Another growing area of research relating to therapy for 

TNBC is p53-targeted treatment (Synnott et al., 2017). The combination of afore-

mentioned therapies is also being developed as treatment for metastatic TNBC (Turner et 

al., 2013). 

1.4 Phytochemicals 

Plant secondary metabolites (also known as phytochemicals) are not essential for plant 

cell metabolism and basic physiological functions such as growth, respiration and 

reproduction (Campos-Vega and Oomah, 2013; Jenzer Bern and Sadeghi Bern, 2016; 

Zhao et al., 2005). Phytochemicals form an extremely heterogenous group and are found 

in relatively low abundance compared to primary substances that are necessary for plant 

cell metabolism and function (Bourgaud et al., 2001). The majority of phytochemicals 

exhibit strong colors and/or fragrances. Multiple functions of phytochemicals have been 

identified. For example, they serve as a defense against pathogens, insects and 

herbivores, and function as metal transporting agents, agents of symbiosis, sexual 

hormones and differentiation effectors (Bennett and Wallsgrove, 1994; Bourgaud et al., 

2001; Waterman, 2007; Zhao et al., 2005). The wide-ranging roles of phytochemicals in 

plants have fueled an interest in investigating them for potential benefits for human 

health. Phytochemicals are categorized into many sub-groups that include alkaloids, 

polyphenols, saponins, tannins, terpenoids and thiols (Campos-Vega and Oomah, 2013; 

Jenzer Bern and Sadeghi Bern, 2016).  

Beneficial effects and mechanisms of action of phytochemicals in the prevention and 

treatment of chronic diseases such as cancer, cardiovascular disease, diabetes and 

neurodegenerative diseases have been extensively studied (George et al., 2017; Guhr and 

Lachance; Heneman, 2008; Kumar Mukhopadhyay et al., 2012; Leitzmann, 2016; Liu, 

2003; Rao and Ali, 2007; Zhang et al., 2015a). Phytochemicals mediate their biological 

activities by modulating oxidative stress, gene function regulation, gap-junction 

communication, hormone and immune modulation, carcinogen metabolism, and 

alteration of metabolic pathways by inducing phase II enzymes (Rao and Ali, 2007). In 
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spite of the fact that phytochemicals are increasingly being accepted as health-promoting 

agents, their clinical applications are limited due to reduced bioavailability resulting from 

poor cellular uptake and interactions with other food components at the absorption site 

(Abourashed, 2013; Epriliati and Ginjom, 2012; Holst and Williamson, 2008; Phan et al., 

2016). Therefore, much recent phytochemical-related research is focused on increasing 

phytochemical bioavailability and/or phytochemical delivery to target tissues (Aqil et al., 

2013; Wang et al., 2014a). 

1.5 Flavonoids and ω-3 fatty acids 

1.5.1 Flavonoids 

Even though flavonoids show potent activity against many types of cancer in vitro and in 

vivo, a major limitation to their clinical application is their poor penetration through 

biological barriers. Three different approaches that have been used to improve the 

cellular uptake and bioavailability of flavonoids are discussed in the subsequent sections 

of this chapter. 

1.5.1.1 Methylation of flavonoids 

Methylation of flavonoids has been reported by many research groups to improve 

bioavailability and/or bioactivity (Koirala et al., 2016; Wen and Walle, 2006). For 

example, O-methylation at the free hydroxyl groups and C-methylation at the carbon 

skeleton dramatically increases the metabolic stability of flavonoids and chalcones 

(Koirala et al., 2016) (Figure 1.1). Methylation improves the bioavailability of flavonoids 

by increasing their lipophilicity and, interestingly, in some cases the pharmacological 

activities remain unchanged following methylation. For example, 7-O-methylation of 

genistein does not alter the anti-cancer and anti-angiogenic activities of genistein; 

however, daidzein shows better anti-cancer activity following similar methylation 

(Koirala et al., 2015). Methylated-derivatives of 7,8-dihysroxyflavone and 7-hydroxy-8-

methoxyflavone show improved and prolonged anti-oxidant and cytoprotective activities 

in human umbilical vein endothelial cells (HUVECs) when compared to the parent 

flavone (Koirala et al., 2014). Similarly, 3'-O-methylquercetin shows increased 

antioxidant activity by increasing quercetin retention in human plasma (Manach et al., 

1998). Methylation causes the hydroxyl groups of flavonoids to become unavailable for 
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any further phase II conjugation reactions (i.e., glucuronidation and sulphation). This 

increases their metabolic stability and improves intestinal absorption as well (Walle, 

2009). Wen and Walle, (2006) report that the depletion of 7-hydroxyflavone, chrysin, and 

apigenin as glucuronides and sulphides is significantly greater than their respective 

methylated-derivatives, 7-methoxyflavone, 5,7-dimethoxyflavone and 5,7,4’-

trimethoxyflavone, in the presence of pooled human liver S9 fractions (Wen and Walle, 

2006). Furthermore, methylation also increases the transport of 7-hydroxyflavone, 

chrysin, and apigenin across Caco-2 intestinal cells, suggesting enhanced potential for 

intestinal absorption (Wen and Walle, 2006). 

1.5.1.2 Incorporation of flavonoids into emulsions 

Another method of improving the bioavailability and the shelf life of flavonoids is their 

incorporation into emulsions (Munin and Edwards-Lévy, 2011), which improves their 

bioavailability without making modifications to the chemical structure of flavonoids. 

Studies show that encapsulation of flavonoids into micro/nano-emulsions improves their 

stability and bioavailability as a topical application. For example, when incorporated into 

emulsions, quercetin and 3-O-methylquercetin show similar absorption through pig ear 

skin; interestingly, permeation through the skin is higher when the emulsion surface is 

positively-charged (Fasolo et al., 2009). Akhtar et al. (2014) noted that rutin (quercetin-3-

rutinoside) is successfully incorporated into the internal aqueous phase of a water-in-oil-

in-water (W/O/W) emulsion, resulting in improved droplet size of the emulsion. 

Incorporation of flavonoids into emulsions has been performed using pure flavonoid 

compounds, as well as plant extracts containing flavonoids. O/W emulsion of an extract 

containing polyphenols from Hippophae rhamnoides and Cassia fistula shows 

satisfactory anti-oxidant activity and improved shelf life, suggesting its suitability for 

topical application (Khan et al., 2013a). In addition, the incorporation of quercetin alone, 

as well a quercetin-rich ethanolic extract of Achyrocline satureioides, into an emulsion 

preserves the anti-oxidant activity quercetin, and results in a higher accumulation in pig 

skin when applied as an emulsion of extract compared to an emulsion of pure quercetin 

(Zorzi et al., 2016). Since the antioxidant activity of flavonoids is preserved and 

improved in emulsions, this method is used as an alternative method of enhancing the 
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emulsion system stability by preventing lipid oxidation (Luo et al., 2011; Rupasinghe and 

Yasmin, 2010; Yang et al., 2015a; Zorzi et al., 2016). 

1.5.1.3 Enzyme-catalyzed acylation of flavonoids 

Enzyme-catalyzed acylation is a well practiced approach to improving the 

physicochemical properties of flavonoids. However, it is important to assure that the 

biological activities of the flavonoids are not compromised by the structural modification 

introduced by acylation. This is achieved by preserving regioselectivity during the 

transformation (Chebil et al., 2006; De Oliveira et al., 2009). The acylation of flavonoids 

is catalyzed by various enzymes. Lipase B enzyme from Candida antarctica (CA-LB) is 

an excellent biocatalyst that is associated with higher regioselectivity (Katsoura et al., 

2006; Poojari and Clarson, 2009; Ziaullah et al., 2013). Acylation of flavonoid glycosides 

occurs with all lipases and subtilisin; however, flavonoid aglycone acylation is possible 

only with Pseudomons cepacia lipase and carboxylesterase (Chebil et al., 2006). Further 

mechanisms and details on the acylation of flavonoids using fatty acids as acyl donors 

will be detailed in Section 1.10. 
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Figure 1.1. Basic carbon skeleton of flavonoids and chalcones 

(A) The basic carbon skeleton of flavonoids is composed of the ring A, ring B and the 

three-carbon bridge at the middle forming ring C. (B) The middle ring C is partially 

closed with or without the Cα-Cβ double bond in chalcones. C3, C4, C2’, C4’ and C6’ are 

considered as the most potential sites to undergo conjugation reactions in chalcones. 
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1.6 Pharmacokinetics 

Pharmacokinetics is a distinct branch of pharmacology that is dedicated to understanding 

absorption, distribution, metabolism and excretion (ADME) of drugs and xenobiotics 

(Benet, 1993). The importance of pharmacokinetics in relation to flavonoids and ω-3 

fatty acids are discussed below. 

1.6.1 Bioavailability 

Bioavailability is one of the principle pharmacokinetic parameters that refers to the 

fraction of administered drug dose available in the systemic circulation in its un-changed 

form (Griffin et al., 2013). Flavonoids mainly exist as glucosides in plants; their 

bioavailability following oral administration has been studied extensively (Pikulski and 

Brodbelt, 2003; Xiao, 2017). The bioavailability of dietary flavonoids is not impressive, 

mainly due to their rapid metabolism and poor cellular uptake (Jiang and Hu, 2012). 

Orally administered flavonoid glycosides are readily hydrolysed by lactase phloridzin 

hydrolase (LPH) enzyme in the brush-border of the small intestine (Day et al., 2000a) or 

by other lipases produced by gut microflora (Bokkenheuser et al., 1987). This initial 

hydrolysis favors the intestinal uptake of flavonoids by decreasing their hydrophilicity; 

however, free-flavonoids are highly susceptible to phase II conjugation reactions when 

compared to glycosides (Nemeth et al., 2003). Dietary intake of different flavonoid 

subgroups shows varying degrees of absorption and bioavailability. In general, the 

bioavailability of isoflavones is the greatest among all flavonoid subfamilies. Flavanols 

and flavanones show intermediate bioavailability while the absorption and bioavailability 

of anthocyanins and proanthocyanidins is extremely poor (Viskupičová et al., 2008). 

Another parameter that affects the bioavailability of flavonoids is related to efflux 

transporters. Studies suggest that flavonoids serve as substrates for ATP-binding cassette 

(ABC) transporters such as P-glycoprotein (Pgp), multi-drug resistant protein2 (MRP2) 

and breast cancer resistant protein (BCRP) (An et al., 2011; Jiang and Hu, 2012; Liu et 

al., 2002; Petri et al., 2003). Efflux of flavonoids thorough these transporters further 

reduces their bioavailability. 
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1.6.2 Phase I metabolism 

The metabolism of most drugs/xenobiotics begins with phase I biotransformation (often 

referred as intermediary metabolism). Phase I reactions include de novo formation or 

exposure of functional groups on drugs/xenobiotics, resulting in increased hydrophilicity 

and/or polarity. These reactions are governed by cytochrome-p450 (CYP450) acting as 

monooxygenases, dioxygenases and hydrolases (Omiecinski et al., 2011; Zanger and 

Schwab, 2013). There are 18 mammalian CYP450 families that encode 57 genes in 

human genome (Nebert et al., 2013; Zanger and Schwab, 2013). Despite of the existence 

of many CYP450 families, only CYP1, CYP2, CYP3 and CYP4 family genes are 

responsible for encoding enzymes involved in drugs/xenobiotics metabolism, hence other 

14 gene families are involved in the metabolism of endogenous compounds such as 

amino acids, steroids, and bile acids (Lewis, 2003; Nebert et al., 2013; Zanger et al., 

2008). CYP450 enzymes catalyze either detoxification and/or bioactivation of 

drugs/xenobiotics by hydrolysis, reduction, N- and O-dealkylation, aliphatic and aromatic 

hydroxylation, N- and S-oxidation, and deamination (Matsuo et al., 2008; Omiecinski et 

al., 2011). CYP450 enzymes are mainly located in the endoplasmic reticulum of 

hepatocytes; however, they are widely distributed in other tissues such as intestine and 

kidneys (Omiecinski et al., 2011). The metabolism of drugs/xenobiotics by hepatic 

microsomal CYP450 enzymes is coupled with an electron donor enzyme known as 

NADPH–cytochrome P450 oxidoreductase; hence, phase I biotransformation reactions 

are NADPH-dependent (Riddick et al., 2013). 

1.6.3 Phase II metabolism 

Phase II metabolism processes drugs/xenobiotics into easily excretable forms; therefore, 

phase II reactions (also known as conjugation reactions) play a leading role in 

detoxifying transformations (Jancova and Siller, 2012; Jancova et al., 2010). However, 

the resulting conjugates of phase II metabolism may also be more toxic metabolites or 

more potent forms of the parent drug. Phase II metabolizing enzymes are mostly 

transferases such as methyltransferases (MTs), UDP-glucuronosyltransferases (UGTs), 

sulfotransferases (SULTs), N-acetyltransferases (NATs) and glutathione S-transferases 

(GSTs) (Jancova and Siller, 2012). 
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1.6.4 Pharmacokinetics of flavonoids and their derivatives 

Pharmacokinetics of flavonoids is a complex field of study. There are well-established 

and widely-accepted principles related to the pharmacokinetics of flavonoids; 

nevertheless, significant controversy exits regarding flavonoid metabolism and 

absorption. 

CYP450 enzymes induce the oxidation and hydroxylation of drugs/xenobiotics; thus, 

phase-I reactions increase the hydrophilicity of substances. Therefore, phase I reactions 

are considered as essential transformations prior to phase II reactions. However, it is well 

recognized that flavonoids are capable of directly undergoing phase II conjugation 

reactions without the need for CYP450-mediated pre-preparation (Jiang and Hu, 2012). 

Oliveira et al. (2002) report that quercetin and kaempferol undergo UGT isoform, 

UGT1A9-mediated phase II glucuronidation reactions, and absorption through the 

intestinal epithelium in the glycoside form (Oliveira et al., 2002). Quercetin and luteolin 

undergo regioselective phase II glucuronidation in the presence of rat and human liver 

and intestinal microsomes (Boersma et al., 2002); however, Day et al. (2000) suggest that 

the site of glucuronidation largely affects the biological activity of the resulting 

conjugates. Phloretin (PT), a flavonoid found in apples and apple-derived products, 

undergoes phase II glucuronidation and sulphation reactions and excreted in the urine of 

male Wistar rats. In contrast, the absence of unchanged, or conjugated metabolites of its 

glucoside, phloridzin (PZ), in the plasma following oral administration suggests rapid 

hydrolysis of PZ, resulting in PT (Crespy et al., 2001). A sub-group of flavonoids, 

epicatechins and catechins produce O-methylated- and glucuronidated- metabolites 

following perfusion into rat intestinal tissues (Kuhnle et al., 2000). Donovan et al. (2001) 

suggest that such methylation is also possible in the rat liver. Walle (2009) suggests that 

methylated-flavonoids are metabolically stable and do not undergo further conjugation 

reactions. In contrast, three isoforms of O-methylated chalcones, flavokawains 

(flavokawain A, B and C) continue to produce metabolites through phase I hydroxylation 

and phase II glucuronidation in the presence of human liver microsomes, suggesting that 

further conjugation may be possible when additional hydroxyl groups are introduced 

(Zenger et al., 2015). The pharmacokinetics and metabolism of flavonoids has been 
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studied widely; however, to the best of my knowledge, the pharmacokinetics or the 

metabolism of novel flavonoid derivatives is not reported in the literature. 

1.6.5 Pharmacokinetics of ω-3 fatty acids 

In this section, the pharmacokinetics of ω-3 fatty acid is outlined, giving specific 

attention to docosahexaenoic acid (DHA). ω-3 fatty acids possess many health benefits, 

including anti-cancer activities, and play a role in growth and development of crucial 

tissues in the brain, retina, testis and ovaries (Esmaeili et al., 2015; Innis, 2007; Nehra et 

al., 2012; Querques et al., 2011). DHA, an ω-3 fatty acid, is readily absorbed by cells 

(D’Eliseo and Velotti, 2016; Glatz and van der Vusse, 1996); however, little is known 

about its stability in cells. Park et al. (2016) showed that DHA is available in MCF-7, 

human breast cancer cells and HepG2, human liver cancer cells at 24h post-treatment 

(Park et al., 2016). A phase I randomized clinical trial conducted including 42 adult 

males showed that the area under the curve (AUC0-72) for DHA is lower in the before 

meal condition in comparison to the after meal condition, suggesting that the absorption 

of DHA is dependent on the timing of its administration relative to food intake (Shimada 

et al., 2017). ω-3 fatty acids serve as substrates for CYP450 enzymes (phase I 

metabolism); therefore, the metabolism (hydroxylation and epoxidation) of ω-fatty acids, 

including DHA, is mainly mediated through several isoforms of CYP450 (Arnold et al., 

2010). Fer et al. (2008) reported that DHA functions as an alternative substrate in 

arachidonic acid metabolism by two isoforms of CYP family 4 enzymes, CYP4F2 and 

CYP4F3B. These authors suggest that the physiological activities of DHA may be 

attributed to the synthesis of active hydroxylated metabolites (Fer et al., 2008a). Another 

study from the same group shows that DHA is effectively epoxidised by CYP2C9, 

CYP2C19 and CYP1A2 (Fer et al., 2008b). Furthermore, an early study conducted by 

VanRollins and co-workers shows that in the presence of rat liver microsomes, DHA 

undergoes hydroxylation, epoxidation and lipoxygenase-like hydroxylation, suggesting 

the involvement of CYP450 monooxygenases in the phase I metabolism of DHA 

(VanRollins et al., 1984). The excretion patterns of DHA are not well discussed in 

literature. One study suggests that the lipid peroxidation-derived products produced 

following administration of DHA to osteogenic disorder shionogi rats undergoes 
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conjugation with glutathione in the liver and is excreted as mercapturic acid in urine 

(Sekine et al., 2007). 

1.7 Cell proliferation and cytotoxicity 

1.7.1 Breast cancer cell proliferation 

Like any other malignant cell type, breast cancer cells multiply uncontrollably. The 

uncontrolled division of cancer cells is explained by the collective contribution of four 

hallmarks outlined by Hanahan and Weinberg (2000). Firstly, the self sufficiency in 

growth signals or sustained proliferation signals within the tumor cells leads to 

continuous cell proliferation. Secondly, cancer cells evade growth suppressors by being 

refractory to anti-growth signals. Thirdly, the replicative immortality of cancer cells, 

allows them to proliferate limitlessly. Finally, cancer cells evade apoptosis by resisting 

cell death signals. 

Production of new daughter cells by cell division is strictly controlled by the kinases 

which regulate the progression of a cell through the cell cycle. Therefore, the major 

events of the cell cycle, DNA replication, mitosis and mitotic exit, take place once per 

cycle. The cell cycle is composed of 4 phases, gap 0 (G0), gap 1 (G1), synthesis (S), gap 2 

(G2) and mitosis (M) (Israels and Israels, 2000). A cell in G0, the resting phase of the cell 

cycle, enters the G1 phase when it is ready to undergo cell division. The transition of a 

cell through the cell cycle is mediated through the action of cyclins and cyclin-dependent 

kinases (CDKs) specific to each phase; the activation of the CDK cascade is regulated by 

transcriptional and non-transcriptional mechanisms (Cho et al., 2001; Dominguez-Sola et 

al., 2007; Mester and Redeuilh, 2008; Romanel et al., 2012). Type D cyclin-activated 

CDK4 and CDK6 initiate the formation of Cyclin D-CDK4 and/or cyclin D-CDK6 

complexes, leading to the completion of G1 phase by a cell. Cyclin D1 and E serve as the 

early response proteins to treatment which regulate the proliferation of breast cancer cells 

(Caldon et al., 2006). Recent studies show that the inhibition of CDK4/6 is an attractive 

target to control the growth of ER+ breast cancer cells (Finn et al., 2009, 2015; Mayer, 

2015). The irreversible transition of cells from one phase to the next is controlled by 

positive-feedback loops; this concept is explained as “all-or-nothing switch into mitosis” 

by O’Farrell in 2001 (O’Farrell, 2001). As such, CDK-induced post translational 
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inhibition of its inhibitors (e.g., Wee1) and stimulation of stimulators (e.g., Cdc25) leads 

to the activation of cyclin-CDK complexes and fuels the progression of the cell through 

the entire cell cycle (O’Farrell, 2001; Romanel et al., 2012). Preparation of a cell for S 

phase DNA synthesis begins at the end of the G1 phase; the cyclinA-CDK2 and/or 

cyclinE-CDK2 complex mediates DNA replication machinery of the cell following S-

phase entry (Woo and Poon, 2003). Bi et al. (2015) demonstrated that the inhibition of 

cyclinE-CDK2 and cyclinA-CDK2 complex formation controls the proliferation of ER+ 

MCF-7 and T-47D breast cancer cells (Bi et al., 2015). In addition, loss or deletions of 

endogenous CDK inhibitors such as retinoblastoma (Rb), p16INK4, p21WAF1, and p27KIP1 

are commonly seen in breast cancer cells, suggesting an uncontrolled G2 entry of these 

cells and activation of cyclinB-CDK1 complex (Fernández et al., 1998). The proliferation 

of ER+ breast cancer cells is mainly regulated through the phosphorylation of hormone 

receptors following binding of estrogen (Gross and Yee, 2002). Insulin-like growth factor 

(IGF)-driven proliferation is observed in most of the breast cancer cells, regardless of the 

molecular subtype (Christopoulos et al., 2015; Mester and Redeuilh, 2008; Yang and 

Yee, 2012; Yerushalmi et al., 2012).  Therefore, IGF receptor-mediated activation of 

downstream PI3K/Akt/mTOR and mitogen-activated protein kinase (MAPK) signaling 

pathways is responsible for the proliferation of many breast cancer subtypes (Elumalai et 

al., 2014; Gooch et al., 1999; Voudouri et al., 2015). 

1.7.2 Signaling pathways involved in breast cancer cell proliferation and survival 

1.7.2.1 PI3K/Akt/mTOR pathway 

Among the many pathways that are actively involved in breast cancer cell proliferation, 

PI3K/Akt/mTOR signaling receives special attention as a potential target for novel 

therapies. The PI3K/Akt/mTOR pathway also plays an important role in endocrine 

resistance of breast cancers (Araki and Miyoshi, 2018; Hasson et al., 2013; Nicolini et al., 

2015). Activation of PI3K/Akt/mTOR signaling pathway induces cell proliferation, 

survival and protein synthesis (Figure 1.2); therefore, over activation of this pathway is 

observed in many cancer types (Khan et al., 2013b; Pópulo et al., 2012). The 

PI3K/Akt/mTOR pathway is activated via trans-membrane receptors such as integrins, 

cytokine receptors, G-protein coupled receptors, and B and T cell antigen receptors; 
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however, aberrant Akt signaling in cancer cells is mainly mediated through receptor 

tyrosine kinases (RTK) (Arcaro and Guerreiro, 2007; Fruman et al., 2017; Juntilla and 

Koretzky, 2008; New et al., 2007; Wu et al., 2016a). The binding of a growth factor 

molecule to the extracellular domain of the RTK induces receptor dimerization and sends 

signals to the intracellular domain. Following heterogeneous auto-phosphorylation of 

receptor monomers at the intracellular domain, the intracellular docking site is activated 

and PI3K is recruited to the docking site (Hubbard and Miller, 2007; Ullrich and 

Schlessinger, 1990). Binding of PI3K to phosphorylated RTK via p85 regulatory subunit 

activates PI3K-mediated synthesis of phosphatidylinositol-3,4,5-trisphosphate (PIP3) 

from phosphatidylinositol-4,5-bisphosphate (PIP2) (Fruman, 2010; Jimenez et al., 2002). 

PIP3 functions as a membrane-bound docking site for proteins such as Akt that contain a 

pleckstrin-homology (PH)-domain. Akt is then translocated to the plasma membrane and 

phosphorylated by phosphoinositide-dependent kinase-1 (PDK1) (Blind et al., 2014; Hay 

and Sonenberg, 2004; Khan et al., 2013b). Following phosphorylation of Akt at Ser473 

and Thr308, several downstream signaling molecules are activated, one of which is 

mTOR. Phosphorylation of mTOR at Ser2448 induces the proliferation and survival of 

cells via p70S6 (Chiang and Abraham, 2005). PTEN (Phosphatase and Tensin homolog) 

acts as a negative regulator of PI3K/Akt/mTOR signaling by buffering PI3K-induced 

PIP3 production; therefore, PTEN is lost in many cancers. PTEN reverses the conversion 

of PIP2 to PIP3 and thereby inhibits the progression of Akt signaling (Chalhoub and 

Baker, 2009; Georgescu, 2010). 

1.7.2.2 MAPK pathway 

The MAPK pathway is another well-characterized pathway that regulates mammalian 

cell proliferation. There are three major MAPK signaling cascades; extracellular signal-

regulated kinase (ERK), p38 MAPK and Jun N-terminal kinase (JNK) (Widmann et al., 

1999; Zhang and Liu, 2002). All three MAPK are activated by growth factors and 

cytokines; p38 MAPK and JNK also mediate stress-induced cellular responses (León-

González et al., 2015). MAPK cascades are composed of at least three proteins 

(MAPKKK: MAPK kinase kinase, MAPKK: MAPK kinase and MAPK); the successive 

activation of these proteins leads to critical cellular events such as cell proliferation, 

differentiation, inflammation, stress response and apoptosis (Zhang and Liu, 2002). In 
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general, activation of ERK1/2 sends mitogenic signals to induce cell proliferation and 

survival. However, some studies show that the activation of ERK results in apoptosis 

signals that induce cell death (Mebratu and Tesfaigzi, 2009). Tang et al. (2002) suggest 

that the activation of ERK1/2 following minor damage to DNA causes cell cycle arrest in 

order to promote DNA repair whereas extensive DNA damage-induced ERK1/2 

activation stimulates apoptosis (Tang et al., 2002). Since the scope of the current project 

is to evaluate the anti-proliferative effects of test compounds at a sub-cytotoxic 

concentration at which only minor DNA damage is likely, the role of ERK on cell 

proliferation is discussed. Activation of ERK signaling is initiated by binding of a growth 

factor to the extracellular domain of RTK. Activated RTK undergoes receptor 

dimerization and membrane-bound GTPase (RAS) protein communicates with the 

intracellular domain of RTK via growth factor receptor-bound protein 2 (GRB2) and son 

of sevenless protein (SOS). Activated RAS acts on downstream signaling molecules that 

activate the three proteins of the ERK cascade; MAPKKK: rapidly accelerated 

fibrosarcoma protein 1 (RAF1), MAPKK: MAPK/ERK kinase (MEK) and MAPK: 

ERK1/2. All three of these proteins interact with the scaffolding protein, kinase 

suppressor of RAS (KSR) (Mebratu and Tesfaigzi, 2009; Morrison, 2001; Raabe and 

Rapp, 2002). Activated ERK1/2 then translocates into the nucleus; in the nucleus, the 

transcription factor ELK is activated, leading to cell proliferation (Mebratu and Tesfaigzi, 

2009). Persistent activity of ERK1/2 is essential for the progression of cells through G1; 

however, rapid inactivation of ERK1/2 is required at the G1/S transition (Meloche, 1995; 

Yamamoto et al., 2006). 

1.7.3 In vitro and in vivo anti-proliferative and cytotoxic activity of flavonoids and 

their derivatives 

Anti-proliferative activity of flavonoids as well as flavonoid-rich plant extracts is a 

widely studied topic. Flavonoid-induced growth inhibitory effects have been 

demonstrated using in vitro cell cultures as well as animal models of various cancers. 

Flavonoids exert these anti-proliferative activities through several mechanisms, including 

inhibition of the kinase activity of cell proliferation and survival pathway proteins and/or 

stimulation of signaling pathways involved in cell death and apoptosis (Amawi et al., 

2017; Batra and Sharma, 2013; Brownson et al., 2002; Zhu et al., 2015). Interestingly, 
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some flavonoid-induced cytotoxic and anti-proliferative effects are selective toward 

malignant cells (Chiang et al., 2006). These aspects are detailed in this section. 

Quercetin, a well-known plant flavanol, inhibits the proliferation of HA22T and VGH 

human hepatocellular carcinoma cells by arresting cell cycle progression at S phase 

(Chang et al., 2009). Furthermore, reactive oxygen species are involved in the quercetin-

induced death of hepatocellular carcinoma cells and a potential synergistic activity of 

quercetin during its concurrent use with paclitaxel (Chang et al., 2009). Quercetin 

suppresses the proliferation of MDA-MB-231 human TNBC cells by arresting the cell 

cycle at G0/G1 phase through the JNK/FoxO3a axis (Nguyen et al., 2017). Triantafyllou 

et al. (2007) reported that quercetin stabilizes hypoxia inducible factor-1 α (HIF1α) in 

HeLa human cervical cancer cells, although cell proliferation is inhibited via ion-

chelation (Triantafyllou et al., 2007). Quercetin also increases HIF1α expression in 

HepG2 cells and decreases cell proliferation by increasing the expression of CDK 

inhibitor p21WAF in a HIF1α-dependent manner (Bach et al., 2010). PT selectively 

inhibits the proliferation of MDA-MB-231 breast cancer cells without causing cytotoxic 

effects to MCF-10A non-malignant mammary epithelial cells. PT-induced inhibition of 

glucose transporters (GLUT2) in MDA-MB-231 cells stimulates cell cycle arrest. An 

inhibitory effect of PT on the MDA-MB-231 xenograft growth in Balb/c nude mice has 

also been reported (Wu et al., 2018). In agreement with these findings, our previous work 

suggests that intra-tumoral administration of the aglycone of PZ, PT inhibits MDA-MB-

231 xenograft growth in non-obese severe-combined immune deficient (NOD-SCID) 

(Fernando et al., 2016). Apigenin, another dietary flavonoid, selectively inhibits the 

growth of HepG2, Hep3B, and PLC/PRF/5 human hepatocellular carcinoma cells, but not 

BNL CL.2 normal mouse hepatocytes, and  induces the apoptosis of HepG2 cells and 

increases accumulation of cells in the G2/M phase through a p53/p21WAF related 

mechanism (Chiang et al., 2006). Another study suggests that apigenin induces the 

apoptosis of SW480 human colorectal cancer cells and suppresses the growth of GFP 

transfected-SW480 xenografts in Balb/c nude male mice (Wang et al., 2011). The 

cytotoxic effect of apigenin on tamoxifen- and fulvestrant-resistant MCF-7 cells suggests 

an inhibitory activity against drug-resistant cells (Long et al., 2008). Similar to quercetin, 

apigenin also acts synergistically with paclitaxel to kill HeLa cervical cancer cells, A549 
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human lung epithelial carcinoma cells, and Hep3B liver cancer cells (Xu et al., 2011). 

Quercetin inhibits the growth of MCF-7 breast xenografts in Balb/c nude mice and 

promotes tumor necrosis (Zhao et al., 2016). Nelson and Falk (1993) report that 

intraperitoneal administration of PT and PZ inhibits the growth of mouse mammary 

carcinoma cells grown in Fisher 344 female rats (Nelson and Falk, 1993). Morin, a 

flavonoid that shows anti-oxidant and anti-cancer activities, inhibits Akt signaling in 

MDA-MB-231 breast cancer cells and suppresses MDA-MB-231 xenograft growth in 

athymic nude mice (Jin et al., 2014). Chalcones, a group of flavonoid precursors, inhibit 

the growth of MCF-7 and MDA-MB-231 breast cancer cells by arresting these cells at 

G2/M phase of the cell cycle (Hsu et al., 2006). Chalcone compounds have also been 

widely subjected to chemical modifications to create derivatives that are biologically 

more potent. A series of chalcone and bis-chalcone derivatives produced by 

Modzelewska and co-workers by incorporating boronic acid moieties, selectively inhibit 

the growth of MDA-MB-231 and MCF-7 cells without harming non-malignant MCF-

10A and MCF-12A mammary epithelial cells (Modzelewska et al., 2006). Another series 

of heteroaryl chalcone derivatives show increased-anti-cancer activity toward MDA-MB-

231 and MDA-MB-468 TNBC cells; this activity is 3-7-fold higher on cancer cells in 

comparison to normal cells (Solomon and Lee, 2012).  
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Figure 1.2. PI3K/Akt/mTOR and MAPK pathways and their crosstalk. 

Akt: protein kinase B; AP: activator protein; c-RAF: proto-oncogene serine/threonine-

protein kinase; ELK: Ets-like protein-1; ERK: extracellular signal-regulated kinase; 

GRB2: growth factor receptor-bound protein 2; GSK3-β: glycogen synthase kinase 3-β; 

MEK: mitogen-activated protein kinase kinase; mTOR: mammalian target of rapamycin; 

PDK1: phosphoinositide-dependent kinase-1; PI3K: phosphoinositide 3-kinase; PIP2: 

phosphatidylinositol-4,5-bisphosphate; PIP3: phosphatidylinositol-3,4,5-trisphosphate; 

PTEN: phosphatase and tensin homolog; RAS: small molecular GTPase family proteins; 

RTK: receptor tyrosine kinase; SOS: son of sevenless. 
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1.8 Metastasis 

1.8.1 Breast cancer metastasis and signaling pathways involved in breast cancer 

metastasis 

Metastatic disease is the most advanced stage of cancer and it is responsible for about 

90% of cancer related-deaths (Chaffer and Weinberg, 2011; Seyfried and Huysentruyt, 

2013). Metastasis is a two-phased process and each phase is composed of several 

interrelated-steps. During the first phase of metastasis, cancer cells become disseminated 

from a primary cancer site and translocate to a distant site; the second phase begins with 

the initiation of secondary metastatic lesions by the proliferation of translocated cancer 

cells (Chaffer and Weinberg, 2011). The breast cancer metastatic cascade is composed of 

several vital steps; the failure to complete any of these steps blocks metastasis (Figure 

1.3). During this process, several changes take place in the cancer cells that allow cancer 

cells to increase their motility (Olson and Sahai, 2009). One such well-recognized 

processes is known as epithelial-to-mesenchymal transition (EMT); this process is 

detailed in Section 1.8.2. The motile breast cancer cells that detach from the primary 

tumor initiate the metastatic cascade. Migration of detached cells through the basement 

membrane and the ECM is facilitated by the proteolytic activity of matrix 

metalloproteinases (MMPs), cathepsins and plasmin secreted by cancer cells, as well as 

the stromal cells in the tumor microenvironment (Andreasen et al., 2000; Gialeli et al., 

2011; Kessenbrock et al., 2010; Rabbani and Mazar, 2001; Tan et al., 2013; Withana et 

al., 2012). The disseminated cancer cells are carried throughout the body by lymph and 

blood vessels (Paduch, 2016). Pro-angiogenic factors secreted by cancer cells and stromal 

cells induce the formation of new blood vessels around the growing tumor; this process is 

known as angiogenesis. Motile, aggressive cancer cells invade the tumor-associated 

blood vessels via a process known as intravasation (Chiang et al., 2016). Tumor cells in 

the circulation (circulating tumor cells: CTC) survive by evading anoikis and travel to 

distant organs to initiate secondary metastases. Breast cancer mainly metastasizes into the 

bones, lungs, liver and brain (Kimbung et al., 2015; Scully et al., 2012). Studies suggest 

that the sites of secondary relapse of breast cancer are pre-programmed through distinct 

mechanisms. These mechanisms involve the communication of CTC-bound ligands with 

their respective receptors located in the pre-metastatic niches at the secondary site 
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(Valastyan and Weinberg, 2011). At the secondary site, CTCs undergo extravasation and 

re-establish the epithelial phenotype through mesenchymal-to-epithelial transition 

(MET), followed by initiation of cell proliferation to generate micrometastases (Yao et 

al., 2011a). 

Given the complexity of the breast cancer metastatic process, it follows that metastasis 

involves several different signaling pathways (Figure 1.4). Myc, TGF-β and Src are well 

known signaling molecules involved in cancer metastasis. Bones are one of the targets of 

breast cancer metastasis. In addition to the important role of TGF-β in initiating EMT 

(Beck et al., 2001; Miettinen et al., 1994), TGF-β is critical for breast cancer metastasis to 

the bone (Kang et al., 2003). The main roles of TGF-β in breast cancer bone metastasis 

include production of osteoclasts, secretion of IL-11 and increased expression of MMPs 

(Duivenvoorden et al., 1999; Kang et al., 2005; Roodman, 2004). Another significant site 

of breast cancer metastasis are the lungs; TNBC cells show a greater tendency to 

metastasize into lungs (Anders and Carey, 2009).  The three main signaling pathways 

involved in breast cancer metastasis to the lungs involve Notch, Wnt and Hedgehog (Jin 

et al., 2018). Although the mechanisms by which Notch signaling regulates breast cancer 

metastasis to the lungs is not yet fully understood, McGovern et al. (2009) suggest that 

establishment of lung niches for un-transformed stem-cell like cells from a primary breast 

tumor is mediated through Notch signaling. The role of Wnt/β-catenin signaling in EMT 

is a well-established concept (Katsuno et al., 2013; Leight et al., 2012). Pre-clinical and 

clinical studies suggest a link between Wnt/β-catenin activation and lung metastasis in 

TNBC (Dey et al., 2013; Howe et al., 2003). Hedgehog signaling is highly dysregulated 

in breast cancer; Arnold et al. (2017) suggest that co-activation of Hedgehog signaling 

with Wnt/β-catenin is associated with poor clinical outcomes and metastasis in TNBC 

patients (Arnold et al., 2017). The third most common site of breast cancer metastasis is 

the liver. Breast cancer metastasis to the liver is also regulated by TGF-β signaling. 

However, the formation of pre-metastatic niches are mainly governed by MAPK, NF-κB 

and VEGF signaling during the metastasis of breast cancer cells to the liver (Arnold et 

al., 2017). Breast cancer metastasis to the brain is mainly driven by epidermal growth 

factor receptor (EGFR) and HER2 signaling. The overexpression of MMPs and 
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heparanase through the activation of EGFR and HER2 provides circulating breast cancer 

cells with the ability to cross the blood-brain-barrier (BBB) (Sirkisoon et al., 2016). 
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Figure 1.3. Breast cancer metastatic cascade 

Malignant transformation of the breast epithelium is known as a breast cancer. Breast 

cancer cells undergo EMT and enter tumor-associated vasculature following invasion 

through the basement membrane and extra-cellular matrix. The circulating breast cancer 

cells travel to distant organs such as bones, lungs, liver and brain. At these secondary 

sites, malignant cells undergo mesenchymal-to-epithelial transformation and form 

secondary metastatic lesions. 

EMT, epithelial-to-mesenchymal transformation; MET, mesenchymal-to-epithelial 

transformation 
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1.8.2 Epithelial-to-mesenchymal transition and its relevance to metastasis 

As the name implies, EMT refers to the phenotypic transformation of epithelial cells such 

that they gain a mesenchymal-like phenotype. During this transformation, epithelial 

makers are gradually lost while more mesenchymal markers are expressed. EMT is not 

completely a pathological process as type 1 EMT is associated with embryogenesis and 

organ development; however, this process does not cause pathological conditions such as 

fibrosis and does not result in an invasive phenotype as in metastasis (Kalluri and 

Weinberg, 2009; Kim et al., 2014; Zeisberg and Neilson, 2009). Type 2 EMT is activated 

as a response to tissue trauma and inflammatory injury such as wound healing, tissue 

regeneration and fibrosis (Tennakoon et al., 2015; Xu and Dai, 2012). Cells undergoing 

type 3 EMT acquire an invasive phenotype; therefore, this type of transformation is 

commonly associated with migration and metastasis of malignant cells (Brabletz et al., 

2018; Heerboth et al., 2015; Zeisberg and Neilson, 2009). The main focus of this section 

is type 3 EMT and its relevance to metastasis. The role of EMT in the context of cancer is 

not restricted to metastasis or the generation of the invasive mesenchymal phenotype. 

Many researchers suggest that EMT plays a critical role in almost all the phases of tumor 

progression, including tumor initiation, growth, invasion, dissemination, metastasis, and 

the development of resistance to chemotherapy (Brabletz et al., 2018; Fischer et al., 2015; 

Nieto et al., 2016; Zheng et al., 2015). Nieto et al. (2016) explain that the transition of an 

epithelial cell to a mesenchymal form progresses through two thermodynamically 

unstable intermediate phenotypes, EM1and EM3, and one stable intermediate phenotype 

known as EM2 (Nieto et al., 2016). Epithelial cells possess two molecularly distinct 

domains associated with the cell membrane, namely, apical domain and basolateral 

domain (Lee and Streuli, 2014). These domains play a significant role in the maintenance 

of the apical-basal polarity of epithelial cells through the cell-cell, cell-basement 

membrane and cell-ECM interactions. At the initial steps of EMT, cell surface epithelial 

markers such as E-cadherin and zonula occludens-1 are downregulated, leading to the 

loss of tight junctions, adherens junction and desmosomes (Nieto et al., 2016; Zeisberg 

and Neilson, 2009). The progressive loss of epithelial markers is followed by the 

increased expression of EMT transcription factors such as Snail, Slug, ZEB1, and Twist 
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(Ganesan et al., 2016; Lee and Streuli, 2014; Siletz et al., 2013). Stabilization of 

cytoskeletal markers such as β-catenin and vimentin, together with upregulation of 

acquired cell surface proteins such as N-cadherin, leads to the establishment of the 

mesenchymal phenotype, which demonstrates complete loss of apical-basal polarity and 

acquisition of new front-back polarity (Ganesan et al., 2016; Zeisberg and Neilson, 

2009). Recent studies show that the post-translational modifications of EMT transcription 

factors also play a significant role during tumor metastasis (Chang et al., 2016; Serrano-

Gomez et al., 2016). Epithelial cells which complete the entire EMT process become 

detached from the primary tumor, mostly as single motile cells (Jolly et al., 2017a; Thiery 

and Lim, 2013). The disseminated tumor cells then invade into the circulation following 

degradation of the ECM by the proteolytic activity of MMPs (Kessenbrock et al., 2010). 

In addition to the EMT-mediated phenotypic transformation of epithelial cells, small 

molecular Rho GTPases (RhoA, Rac1 and Cdc42)-driven cytoskeletal changes play a 

critical role in cancer cell migration (Edlund et al., 2002; Hou et al., 2013; Raftopoulou 

and Hall, 2004). At the secondary relapsing site, mesenchymal-like tumor cells undergo 

reciprocal MET and establish secondary micrometastases (Banyard and Bielenberg, 

2015; Tsai and Yang, 2013). 

Even though, the critical role of EMT in tumor metastasis is widely accepted, two recent 

studies conducted using mouse models of pancreatic cancer and breast cancer suggest 

that EMT is not necessarily required for metastasis (Fischer et al., 2015; Zheng et al., 

2015). In a subsequent article, Jolly et al. (2017) note that the extent of the involvement 

of EMT in metastasis is related to the pattern of cancer cell dissemination and migration. 

Hence, metastasis is highly dependent on EMT during single cell dissemination whereas 

EMT is not necessary for collective dissemination and/or cluster-based migration of 

metastatic cells (Jolly et al., 2017b). 
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Figure 1.4. Signal transduction pathways involved in breast cancer cell metastasis. 

APC: Adenomatous polyposis coli; E-cadherin: E-type calcium-dependent adhesion; 

GSK3β: Glycogen synthase kinase 3-β; Cdc42, Rac1/2/3 and RhoA: Small GTPases; 

ROCK: Rho-associated protein kinase; TGF-β: Transforming growth factor-β; TGFβR: 

Transforming growth factor-β receptor; ZEB1: Zinc finger E-box-binding homeobox 1. 
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1.8.3 In vitro and in vivo anti-metastatic activity of flavonoids and their derivatives  

The ability of flavonoids to act on various signaling pathways and their subsequent 

convergent activity toward the inhibition of the cellular motility and invasiveness of 

cancer cells reveals blockade of the metastatic cascade at several levels. In this section, 

the effect of some flavonoids and their structurally modified derivatives on cancer 

metastasis and related signaling pathways is presented.  

Quercetin and luteolin inhibit invasiveness of aggressive human A431-III epidermal 

carcinoma cells by down-regulating the expression of EMT transcription factors and 

reversing the EMT-induced cadherin switch (Lin et al., 2011). In another study, quercetin 

was found to inhibit the migration and invasion of cultured SAS human oral carcinoma 

cells by suppressing the expression of MAPK and PI3K-related Rho GTPases, and 

MMP2 and 9, respectively (Lai et al., 2013). Piantelli et al. (2006) reported that 

intraperitoneal administration of quercetin and apigenin inhibits the colonization of 

intravenously injected B16-BL6 metastatic mouse melanoma cells into the lungs of 

C57BL/6N mice. Furthermore, the inhibition of tumor necrosis factor α (TNF-α)-induced 

vascular cell adhesion protein 1 (VCAM-1) by HUVECs suggests that flavonoid-

mediated anti-metastatic activity is related to the inhibition of cancer cell-endothelium 

interactions (Piantelli et al., 2006). A dihydroxyflavone know as chrysin attenuates the 

hypoxia-induced expression of VEGF and signal transducer and activator of transcription 

3 (STAT3) without affecting HIF1α protein levels in 4T1 mouse mammary carcinoma 

cells. Oral administration of chrysin to 4T1 tumor-bearing Balb/c mice causes a 

significant reduction in lung colonization by 4T1 cells (Lirdprapamongkol et al., 2013). 

Morin, an anti-cancer flavonoid, inhibits the invasiveness of MDA-MB-231 cells by 

suppressing MMP2 expression; morin-induced downregulation of N-cadherin in MDA-

MB-231 TNBC cells has a negative effect on EMT (Jin et al., 2014). Baicalein, a 

flavonoid used in Chinese herbal medicine, inhibits the migration and invasion of MDA-

MB-231 cells by inhibiting the expression of MMP2 and MMP9 in a concentration-

dependent manner (Wang et al., 2010b). Chen et al. 2016 show that 3,6-dihydroxyflavone 

inhibits the migration and invasion of both ER+ and TNBC cells, and reverses EMT of 

MDA-MB-231 cells through negative regulation of Notch signaling. Administration of 

3,6-dihydroxyflavone suppresses lung colonization by GFP transfected-MDA-MB-231 
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TNBC cells injected into the tail vain of Balb/c nude female mice (Chen et al., 2016). A 

novel flavonoid derivative known as VI-14 inhibits the adhesion, migration and invasion 

of MDA-MB-231 and MDA-MB-435 breast cancer cells by suppressing MMP activity of 

breast cancer cells. VI-14-induced upregulation of tissue inhibitor of metalloproteinase 1 

and 2 together with inhibition of MAPK pathway components (ERK, JNK and p38) and 

NF-κB activation in MDA-MB-231 cells also has negative regulatory effects on breast 

cancer metastasis (Li et al., 2012). 

1.9 Angiogenesis 

Angiogenesis, the formation of new blood vessels and capillaries from existing 

vasculature, is a process that takes place during normal physiological states such as 

embryogenesis, wound healing and cyclic changes of the female reproductive system 

(Ferrara, 2001; Góth et al., 2003; Kurz; Mustafa et al., 2012; Seaman et al., 2007). 

However, angiogenesis also plays a significant role in pathological processes such as 

diabetic retinopathy, wound healing, and tumor progression and metastasis (Góth et al., 

2003; Papetti and Herman, 2002; Seaman et al., 2007). Continuous supply of nutrients 

and hematogenic dissemination of cancer cells from a primary tumor is dependent on the 

formation of new capillaries around a growing tumor. The process of angiogenesis is 

composed of several steps that take place in a progressive order. The basement membrane 

of existing blood vessels and stromal matrix is degraded  as  a result of increased protease 

activity (Lamalice et al., 2007; Nishida et al., 2006). Pro-angiogenic signals promote the 

migration of the endothelial cells toward an angiogenic stimulus and the proliferation of 

endothelial cells leads to the formation of solid endothelial cell sprouts in the stromal 

space (Brooks, 1996; McMahon, 2000; Tahergorabi and Khazaei, 2012). Endothelial 

cells rearrange and organize into capillary tubes and the formation of tight junctions 

stabilizes newly formed capillaries. A new basement membrane is formed, completing 

the angiogenic process (Klagsbrunl and Moses, 1999; Mojzis et al., 2008). 

1.9.1 Pro-angiogenic and anti-angiogenic factors 

Angiogenesis, one of the hallmarks of cancers (Hanahan and Weinberg, 2000, 2011), 

requires an intricate balance between the molecular mediators of angiogenesis, i.e., pro-

angiogenic and anti-angiogenic factors. Pro- and anti-angiogenic factors are secreted by 
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endothelial cells, cancer cells and surrounding stromal cells (Papetti and Herman, 2002). 

There are many soluble and membrane-bound pro-angiogenic factors that have distinct 

contributions to both physiological and pathological angiogenesis. 

1.9.1.1 Pro-angiogenic factors 

Soluble pro-angiogenic factors such as VEGF, FGF, epidermal growth factor (EGF), 

platelet-derived endothelial growth factor (PDGF), TGF-α and TGF-β, angiogenin, 

estrogen, interleukin-8 (IL-8), TNF-α and prostaglandins, as well as membrane-bound 

pro-angiogenic factors such as integrins, VE-cadherin and ephrins, induce the 

proliferation, growth and differentiation of endothelial cells (Knoll et al., 2004; Marjon et 

al., 2004; Papetti and Herman, 2002; Tonini et al., 2003). 

VEGF is the most well-defined, soluble pro-angiogenic factor. There are at least 5 

members of the human VEGF family identified to date, namely, VEGF-A, VEGF-B, 

VEGF-C, VEGF-D, and placental growth factor, which is also distantly related to the 

PDGF family (Christinger et al., 2004; Heloterä and Alitalo, 2007; Holmes and Zachary, 

2005). VEGF-A is the most potent pro-angiogenic factor, and is thus considered to be the 

prototypical VEGF family member, existing in 6 isoforms (VEGF121, VEGF145, VEGF165, 

VEGF183, VEGF189 and VEGF206,) (Holmes and Zachary, 2005; Papetti and Herman, 

2002). VEGF165 is the most common isoform secreted into the extracellular environment 

(Fearnley et al., 2016; Nowak et al., 2010; Papetti and Herman, 2002; Park et al., 1993; 

Perrot-Applanat, 2012). Pro-angiogenic activities of VEGF are mediated through binding 

to VEGF receptors (VEGFR1, VEGFR2 and VEGFR3) (Abhinand et al., 2016; Shibuya, 

2011). Both VEGFR1 (fms-like tyrosine kinase-1; FLT1) and VEGFR2 (kinase insert 

domain receptor; KDR/ fetal liver kinase1; FLK1) regulate angiogenesis; however, 

VEGFR1 is a kinase-impaired RTK whereas VEGFR2 is a receptor with high kinase 

activity (O’Reilly et al., 1997; Shibuya, 2006; Yancopoulos et al., 2000). VEGFR3 

(FLT4) mainly regulates lymphangiogenesis (Jussila and Alitalo, 2002). The 

VEGFA/VEGFR2 axis functions as the most prominent signaling cascade regulating 

cellular events related to angiogenesis. VEGFA mediates its pro-angiogenic activities by 

inducing endothelial cell proliferation, survival, migration, microvascular permeability, 

and MMP2 secretion (Lohela et al., 2009; Olsson et al., 2006; Smith et al., 2015). 
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VEGFA-mediated activation of VEGFR2 begins with the autophosphorylation of 

tyrosine residues in the cytoplasmic domain of VEGFR2 (Tyr801), followed by Tyr1054 

and Tyr1059 (Kendall et al., 1999; Shibuya, 2010). Increased kinase activity of VEGFR2 

activates downstream signaling pathways, including Akt/mTOR, p38MAPK, ERK and 

Rho GTPases (Gerber et al., 1998; Gingras et al., 2000; Jopling et al., 2009; Koch and 

Claesson-Welsh, 2012; dela Paz et al., 2013; Soumya et al., 2016). Activation of these 

molecular pathways sends mitogenic signals that promote endothelial cell survival and 

proliferation. 

The FGF family is composed of 18 secreted proteins, FGF1–FGF10 and FGF16–FGF23 

(Beenken and Mohammadi, 2009). FGFs regulate multiple cellular functions by binding 

to tyrosine kinase FGF receptors (FGFR; FGFR1-FGFR4) (Ornitz and Itoh, 2015; Zhang 

et al., 2006). FGF was identified as a growth factor that regulates developmental 

processes during early vertebrate embryogenesis (Balasubramanian and Zhang, 2016; 

Ornitz and Itoh, 2015). Cell proliferation, differentiation, and survival are also regulated 

by FGFs (Beenken and Mohammadi, 2009; Demo et al., 1994; Fukumoto, 2008; Ornitz 

and Itoh, 2015; Yun et al., 2010). FGF1 and FGF2 (also known as basic FGF; bFGF) are 

important proangiogenic agents in wound healing; in particular, FGF2 is a highly potent 

angiogenesis inducer (Broadley et al., 1989; Greenhalgh et al., 1990; Murakami and 

Simons, 2008; Yang et al., 2015b). Inhibition of VEGF signaling affects the initiation of 

angiogenesis; in contrast, defects in FGF signaling predominantly impair the maintenance 

of tumor angiogenesis (Compagni et al., 2000). Binding of FGF to FGFR1 induces 

receptor dimerization and autophosphorylation of FGFR1. During the first phase of 

FGFR1 activation, a sequential phosphorylation of 6 tyrosine residues (Tyr653 followed 

by Tyr583, Tyr 463, Tyr766, Tyr585 and Tyr654) at the kinase domain is required for 

full kinase activity of FGFR1. Active FGFR1 then activates two downstream pathways, 

RAS/RAF and PI3K/Akt, and sends mitogenic signals to induce proliferation and 

survival of endothelial cells (Furdui et al., 2006; Itoh and Ornitz, 2011; Lonic et al., 2008; 

Mohammadi et al., 1996; Oladipupo et al., 2014; Sarabipour and Hristova, 2016; 

Suhardja and Hoffman, 2003). During phase 2 of FGFR1 activation, two additional 

tyrosine residues (Tyr677 and Tyr766) are phosphorylated; this additional 

phosphorylation event is required for the activation of STAT3 and phospholipase Cγ 
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(PLCγ) pathways (Dudka et al., 2010; Lonic et al., 2008; Mohammadi et al., 1991, 1996; 

Ornitz and Itoh, 2015). FGF exerts its proangiogenic effects by regulating endothelial cell 

proliferation, migration, protease production and expression of integrins and cadherin 

(Javerzat et al., 2002). 

1.9.1.2 Anti-angiogenic factors 

The three major anti-angiogenic factors are thrombospodin (TSP), angiostatin (AGS) and 

endostatin (Huang and Bao, 2004). The two major isotypes of TSP, TSP1 and TSP2, are 

potent endogenous inhibitors of angiogenesis that exert their action through CD36, CD47 

and integrins. TSPs antagonize pro-angiogenic effects of VEGF and inhibit endothelial 

cell proliferation, survival, and migration (Bornstein, 2009; Lawler, 2002; Lawler and 

Lawler, 2012; Mirochnik et al., 2008). AGS, a cleavage protein of plasminogen, is 

another endogenous anti-angiogenic factor that causes tumor vasculature regression, 

leading to tumor growth inhibition; however, prolonged treatment is required for a 

successful outcome (Dell’Eva et al., 2002; Jendraschak and Sage, 1996). Endostatin, a 

fragment protein of collagen XVIII, also inhibits tumor growth by directly inhibiting 

tumor-associated angiogenesis (O’Reilly et al., 1997). Kim et al. (2002) suggest that 

endostatin induces anti-angiogenic activities by blocking VEGF-mediated MAPK and 

p125 activation. These endogenous anti-angiogenic agents have been considered for 

possible use in the treatment of breast cancer (Castañeda-Gill and Vishwanatha, 2016). 

1.9.2 Molecular mechanisms involved in tumor-associated angiogenesis 

Pro-angiogenic factors released by the tumor cells and tumor-associated fibroblasts 

induce the formation of new blood vessels that continue to supply fresh oxygen and 

nutrients to the growing tumor. Stabilization of HIF under hypoxic conditions induces the 

synthesis of VEGF (Liu et al., 2012), the most potent pro-angiogenic factor released by 

tumor cell or stromal cells in the tumor microenvironment (McMahon, 2000). Secreted 

VEGF exerts pro-angiogenic effects on endothelial cells of the tumor-associated 

vasculature mainly through VEGFR2 (Koch and Claesson-Welsh, 2012; Stacker and 

Achen, 2013). VEGFR2 is a tyrosine kinase receptor; therefore, its activation leads to 

many downstream signaling pathways, including Akt (Abid et al., 2004; Ahmed and 

Bicknell, 2009; D ’angelo et al., 1995; Gerber et al., 1998). Downstream effects of Akt 
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activation were detailed in Section 1.7.2.1 and its relevance to angiogenesis is detailed in 

Figure 1.5. In addition, VEGF suppresses the apoptotic death of endothelial cells through 

a mechanism mediated by PI3K (Gerber et al., 1998). Collectively, the activation of cell 

survival pathways and inhibition of apoptotic pathways leads to the proliferation and 

survival of endothelial cells. Therefore, VEGF signaling is an attractive target in the 

development of anti-angiogenic drugs such as bevacizumab. VEGF binds to other 

tyrosine kinase receptors such as TIE and also interacts with angiopoietin-1 / angiopoietin 

receptor-2 (TIE2) signaling pathway (Singh et al., 2009a). Endothelial cell proliferation 

and survival is mediated through Ang-1/TIE2 pathway when the VEGF signaling 

pathway is blocked (Huang et al., 2009). 

bFGF is another potent pro-angiogenic factor that is released by tumor stromal cells. The 

angiogenic activity of bFGF is mediated through VEGF-independent mechanisms; 

tumor-associated fibroblasts serve as an important source of secreted bFGF (Shiga et al., 

2015; Zhang et al., 2010). Tumor-associated fibroblasts in TNBC tumors express higher 

levels of bFGF in comparison to hormone receptor-positive breast cancer cells; therefore, 

the angiogenic signaling network in TNBC is more powerful (Fabris et al., 2010; 

Giulianelli et al., 2008). Phosphorylation of FGFR following binding of bFGF leads to 

the activation of downstream Akt and MAPK signaling pathways, leading to the 

proliferation and survival of endothelial cells (Figure 1.5) (Hadari et al., 2001; Holgado-

Madruga et al., 1997; Ong et al., 2000). Tumor-associated fibroblasts also express IL-6, 

which triggers defective angiogenesis, increasing the formation of irregular blood vessels 

(Gopinathan et al., 2015). 
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Figure 1.5. Signal transduction pathways involved in tumor-associated angiogenesis. 

Akt: protein kinase B; AP: activator protein; Cdc42, Rac1/2/3 and RhoA: Rho family 

Small GTPases; CRE: cAMP (cyclic adenosine monophosphate) response element; 

CREB: cAMP (cyclic adenosine monophosphate) response element binding protein; 

GSK3-β: glycogen synthase kinase 3-β; HIF: hypoxia-inducible factor; HRE: hypoxia 

response element; MEK: mitogen-activated protein kinase kinase; mTOR: mammalian 

target of rapamycin; p21: cyclin-dependent kinase inhibitor 1; PDK1: phosphoinositide-

dependent kinase-1; PI3K: phosphoinositide 3-kinase; PIP2: phosphatidylinositol-4,5-

bisphosphate; PIP3: phosphatidylinositol-3,4,5-trisphosphate; PTEN: phosphatase and 

tensin homolog; ROCK: Rho-associated protein kinase; RTK: receptor tyrosine kinase; 

VEGF: vascular endothelial growth factor; VEGFR2: vascular endothelial growth factor 

receptor 2. 
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1.9.3 In vitro and in vivo anti-angiogenic activity of flavonoids and their derivatives 

Before considering the in vitro and in vivo anti-angiogenic activity of flavonoids, it is 

important to note that in some cases, both pro-angiogenic and anti-angiogenic activities 

have been attributed to the same compound. These opposite effects are directly related to 

the concentrations of flavonoids used in the cell cultures or in animal models of 

angiogenesis; concentration-dependent effects on oxidative-stress may play a role in 

flavonoid-induced pro- and anti-angiogenic effects (Diniz et al., 2017). 

Quercetin inhibits the proliferation and differentiation of pulmonary arterial endothelial 

cells by inhibiting the activation of Akt and ERK1/2 signaling pathways (Huang et al., 

2017). In vitro, quercetin reduces VEGF-induced migration and tube formation by 

HUVECs and inhibits in vivo angiogenesis in Matrigel plug assay. Quercetin also 

attenuates PC3 human prostate tumor-associated angiogenesis in Balb/cA nude male 

mice by inhibiting the Akt/mTOR/p70S6K pathway (Pratheeshkumar et al., 2012). 

Quercetin-induced anti-angiogenic activity in MCF-7 xenograft-bearing Balb/c nude 

female mice causes a reduction in calcineurin activation, as well as reduced expression of 

VEGF, and VEGFR2 in the xenografts (Zhao et al., 2016). Green tea catechins inhibit in 

vitro angiogenesis by bovine aortic endothelial cells and human microvascular 

endothelial cells by inhibiting the expression of VEGFR2, suggesting that catechin-

induced anti-angiogenic activity is VEGF-dependent (Lamy et al., 2002). Another study 

suggests that green tea catechins and apple procyanidins also block the VEGF-VEGFR2 

signaling axis in HUVECs, thereby inhibiting in vitro angiogenesis (Moyle et al., 2015). 

Further experiments from the same research group suggest that the galloyl group in the 

C3 position of catechins is strongly related to its VEGFR2 inhibitory effects (Cerezo et 

al., 2015). Another well studied aspect of angiogenesis is the role of Rho GTPases in 

tumor-associated angiogenesis (Bryan and D’Amore, 2007; van der Meel et al., 2011; 

Van Nieuw Amerongen et al., 2003; Soga et al., 2001). Treatment of HUVECs with 

morelloflavone, an anti-oxidant biflavonoid, inhibits endothelial cell proliferation and 

arrests the cell cycle at G2/M. Morellofavone does not affect VEGFR2 activity; rather, 

morellofavone largely inhibits VEGF-induced ERK activation. In addition, 

morelloflavone inhibits VEGF-stimulated Rho GTPase activation (RhoA-GTP and Rac1-

GTP) and VEGF-induced angiogenesis in C57BL/6 mice. Intraperitoneal administration 
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of morelloflavone to PC3 prostate xenograft-bearing male SCID mice results in reduced 

tumor growth and the reduction blood vessel number in tumors, indicating the in vivo 

efficacy of morelloflavone (Pang et al., 2009). Flavokawain B, one of the three major 

chalcones present in Piper excelsum (kawakawa plant), inhibits in vitro angiogenesis by 

brain endothelial cells, as well as in vivo angiogenesis in zebrafish (Rossette et al., 2017). 

Albini et al. (2006) demonstrated that xanthohumol, a major flavonoid found in Humulus 

lupulus, inhibits the angiogenesis-related cellular activities of HUVECs by inhibiting NF-

κB signaling and Akt activation (Albini et al., 2006). A series of xanthohumol derivatives 

synthesized by inserting additional functional groups into the B ring improves its 

antiangiogenic activity, as demonstrated by reduced HUVEC proliferation, migration, 

adhesion to fibronectin and tube formation in vitro (Nuti et al., 2017). A flavonoid 

precursor derivative known as 4-hydroxychalcone attenuates in vitro angiogenesis by 

HUVECs and human foreskin microvascular endothelial cells via inhibition of ERK 

signaling (Varinska et al., 2012). 

1.10 Flavonoid fatty acid ester derivatives 

The use of saturated and mono- or poly-unsaturated fatty acids as the acyl donors in the 

flavonoid esterification reactions in the presence of CA-LB is known to result in highly 

regioselective acylated-flavonoids. A molecular modeling study conducted by De 

Oliveira and colleagues proves the CA-LB-induced regioselectivity in flavonoid 

acylation occurs at an atomic level. (De Oliveira et al., 2009). This method has been 

widely used to synthesize flavonoid fatty acid esters; some of these novel derivatives 

show improved pharmacological activities, including anti-cancer activity. Mello et al. 

(2006) report that oleic-, linoleic-, and γ-linoleic acid-acylated rutin and naringin 

derivatives inhibit VEGF secretion by K562 lymphoblastoma cells more effectively than 

the parent compounds (Mellou et al., 2006). Acylation of the 4’-O position of rutin with 

oleic acid increases the compound’s anti-oxidant activity (Katsoura et al., 2006). Fatty 

acid acylated-isoquercitrin shows increased anti-oxidant activity and xanthine oxidase 

inhibitory effect compared to parent compounds. Furthermore, the panel of novel 

derivatives show improved anti-proliferative effects against Caco-2 human colon cancer 

cells than that of isoquecitrin (Salem et al., 2010). Ardhaoui et al. (2004) suggest that 

CA-LB catalyses the acylation of flavonoid glycosides, rutin, esculin and hesperidin but 
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not flavonoid aglycone, quercetin (Ardhaoui et al., 2004). Ziaullah and co-workers 

suggest that acylation of PZ and isoquecitrin with long chain fatty acids increases their 

tyrosinase inhibitory activity, as well as anti-oxidant activity relative to parent flavonoids 

(Ziaullah et al., 2013). Another study from the same researchers suggest that acylation of 

quercetin-3-O-glucoside with long chain fatty acids improves anti-oxidant activity and, 

thereby, decreases the lipid oxidation (Warnakulasuriya et al., 2014). 

1.11 Research hypothesis 

I hypothesize that PZ-DHA, and/or its active phase I/phase II metabolites inhibit the 

metastasis of triple negative-mammary carcinoma cells by inhibiting their proliferation, 

invasion and EMT and/or tumor-associated angiogenesis. 

1.12 General research objective and research approach 

The general objective of this research is to evaluate the effect of PZ-DHA and its 

potential metabolites on three different aspects of metastasis; tumor cell proliferation, 

phenotypic transformation and metastasis of tumor cells, and tumor-associated 

angiogenesis, using in vitro cell cultures and in vivo mouse models of breast cancer. 

Phloridzin docosahexaenoate (PZ-DHA) (Figure 1.6C), a fatty acid ester derivative of 

polyphenol combines PZ (Figure 1.6A), a flavonoid precursor abundantly found in apple 

peels, and DHA (Figure 1.6B), an ω-3-fatty acid, through an acylation reaction (Ziaullah 

et al., 2013). It was expected that the conjugation of PZ with DHA would improve the 

cellular uptake of PZ and suppress the auto-oxidation of DHA. Previous work has shown 

that PZ-DHA inhibits the in vitro growth of HepG2 human hepatocellular carcinoma cells 

and THP1 acute monocytic leukemia cells without any harmful effects to non-malignant 

HP-F human hepatocytes and RTCP10 rat hepatocytes (Nair et al., 2014). Another study 

suggests that PZ-DHA is cytotoxic to chronic myelogenous leukemia cells (K562) and 

acute T cell leukemia cells (Jurkat) in vitro and inhibits the growth of Jurkat cell 

xenografts in zebrafish (Arumuggam et al., 2017). PZ-DHA also inhibits 

lipopolysaccharide-induced pro-inflammatory responses by THP-1-derived macrophages 

in vitro (Sekhon-Loodu et al., 2015). PZ-DHA-induced cytotoxic effects on MDA-MB-

231 TNBC cells were evaluated during my MSc thesis research, which found that PZ-

DHA selectively kills breast cancer cells without affecting the viability of normal non-
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malignant human mammary epithelial cells (Fernando, 2014; Fernando et al., 2016). In 

addition, I found that intra-tumoral administration of cytotoxic doses of PZ-DHA inhibits 

the growth of MDA-MB-231 xenografts in NOD-SCID female mice (Fernando, 2014; 

Fernando et al., 2016). Data from these previous studies was used to inform the design of 

the current project, which evaluated the pharmacokinetic parameters, anti-proliferative, 

anti-metastatic, and anti-angiogenic activity of PZ-DHA at sub-cytotoxic concentrations. 

Furthermore, the effect of PZ-DHA on various signaling pathways in non-malignant 

mammary epithelial cells, mammary carcinoma cells and endothelial cells was also tested 

using the same sub-cytotoxic concentrations. 
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Figure 1.6. Chemical structures of PZ, DHA and PZ-DHA. 

(A) Phloridzin, PZ: C21H24O10, MW=436.413 g/mol, 1-[2,4-dihydroxy-6-

[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxyphenyl]-3-(4-

hydroxyphenyl)propan-1-one (B) Docosahexaenoic acid, DHA: C22H32O2, MW=328.496 

g/mol, (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaenoic acid (C) Phloridzin 

docosahexaenoate, PZ-DHA: C43H54O11, MW=746.88 g/mol, (6-{3,5-dihydroxy-2-[3-(4- 

hydroxyphenyl)propanoyl]phenoxy}-3,4,5-trihydroxytetra- hydro-2H-pyran-2-yl)methyl 

(4Z,7Z,10Z,13Z,16Z,19Z)- 4,7,10,13,16,19-docosahexaenoate. 
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1.13 Specific research objectives 

Specific research objectives were as follows. 

Chapter 3: 

1. To identify the in vitro metabolites of PZ-DHA by combining PZ-DHA with 

freshly prepared mouse hepatic microsomes. 

2. To establish the pharmacokinetic parameters, organ distribution and in vivo 

metabolites of PZ-DHA by intraperitoneal administration of PZ-DHA into Balb/c 

female mice. 

Chapter 4: 

1. To determine the cytotoxic activity of high dose PZ-DHA and the anti-

proliferative effect of a sub-cytotoxic concentration of PZ-DHA using triple 

negative and ER+ mammary carcinoma cells. 

2. To determine the tumor suppressor activity of PZ-DHA using Balb/c and NOD-

SCID female mice orthotopically implanted/xenografted with mouse and human 

mammary carcinoma cells, respectively. 

Chapter 5: 

1. To evaluate the effect of PZ-DHA on the migration and invasion of mouse and 

human mammary carcinoma cells using cell culture systems. 

2. To assess the in vivo effect of PZ-DHA on the metastasis of orthotopically 

implanted/xenografted mammary carcinoma cells to the lungs of Balb/c and 

NOD-SCID female mice. 

Chapter 6: 

1. To establish the inhibitory effects of PZ-DHA on proliferation, migration and tube 

formation by umbilical (large) vein and capillary (small) endothelial cells. 

2. To determine the effect of PZ-DHA on in vivo angiogenesis using Balb/c female 

mice implanted with pro-angiogenic factor-containing Matrigel plugs. 
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CHAPTER 2 : MATERIAL AND METHODS 

2.1 Stock solutions of test compounds 

Stock solutions of PZ, DHA and PZ-DHA used for all in vitro assays were made in 

DMSO at 40 mM (final DMSO concentration in cell cultures: ≤ 0.075% v/v) and stored 

at -20°C in 100 µL aliquots. Stock solutions for MTS assay, MTT assay, 7-AAD assay, 

cellular uptake assay and breast cancer spheroid assay were made in DMSO at 100 mM 

(final DMSO concentration in cell cultures: ≤ 0.05% v/v and final DMSO concentration 

in in vitro metabolite studies: 0.3% v/v) and stored in -20°C in 100 µL aliquots. PZ-DHA 

stock solutions used for in vivo experiments were made in DMSO at 150 mg/mL (final 

DMSO concentration in intraperitoneal injection, 6.8% v/v) and stored at -20°C in 75.25 

µL aliquots. 

2.2 Chemicals and reagents 

The HRP/DAB detection system was purchased from Agilent Technologies (Mississauga, 

ON). Di-potassium hydrogen orthophosphate (K2HPO4), potassium dihydrogen 

orthophosphate (KH2PO4), and potassium chloride (KCl) were purchased from BDH 

chemicals (Mississauga, ON). MACH 4 MR AP polymer, mouse-on-mouse HRP 

polymer, Rodent block M, and Vulcan fast red chromogen kit 2 were purchased from 

Biocare Medical (Markham, ON). Bradford assay reagent and precision protein ladder 

were purchased from Bio-Rad Laboratories, Inc. (Mississauga, ON). Acrylamide/bis-

acrylamide 30% solution 29:1, ammonium persulphate (APS), dimethyl sulfoxide 

(DMSO), ethylene glycol tetraacetic acid (EGTA), glycerol, glycine, paraformaldehyde 

(PFA), sodium dodecyl sulfate (SDS), sucrose, tetramethylethylenediamine (TEMED), 

Tris base, and Tween-20 were purchased from BioShop Canada Inc. (Burlington, ON). 

Alamethicin, Glucuronic acid, and phenol red-free Matrigel were obtained from Corning 

Life Sciences (Tewkbury, MA). Cell viability dye 7-aminoactinomycin (7-AAD) solution 

was purchased from eBioscience Inc. (San Diego, CA). Di-sodium hydrogen phosphate 

(Na2HPO4) and ethylene diamine tetraacetic acid (EDTA) were purchased from EM 

Industries Inc. (Hawthorne, NY). Calcium chloride (CaCl2) and sodium orthovanadate 

(Na3VO4) were purchased from EMD Chemicals, Inc. (Gibbstown, NJ). Sodium acetate 

(CH3COO-Na+), sodium hydroxide (NaOH), Triton-X-100 were purchased from Fisher 
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Scientific Canada (Ottawa, ON). Annexin-V-488, B27 serum-free supplement, 

Dulbecco’s Modified Eagle’s Medium (DMEM), F12, F12/DMEM, fetal bovine serum 

(FBS), L-glutamine, N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES), 

Oregon Green 488, penicillin-streptomycin (Pen-strep) solution, propidium iodide (PI), 

TryPLE Express, and trypsin [0.25% with EDTA (1×)] were obtained from Life 

Technologies Inc. (Burlington, ON, Canada). Endothelial basal medium 

(EBM)/supplements, fibroblast basal medium (FBM)/supplements and mycoplasma kit 

were purchased from Lonza Inc. (Walkersville, MD). Docosahexaenoic acid (DHA) was 

purchased from Nu-Chek Prep Inc (Elysian, MN). Human basic fibroblast growth factor 

(bFGF), human epidermal growth factor (EGF), human transforming growth factor-β 

(TGF-β), human tumor necrosis factor-α (TNF-α), and human vascular endothelial 

growth factor-165 (VEGF165) were purchased from PeproTech (Rocky Hill, NJ). Cell 

viability assay dye 5-[3-(carboxymethoxy) phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-

sulfophenyl)-2H-tetrazolium inner salt (MTS) was purchased from Promega (Madison, 

WI). RNase was obtained from Qiagen Inc. (Mississauga, ON, Canada). Annexin-V-

FLUOS and NADPH were obtained from Roche Diagnostics (Laval, QC). Diff-Quik 

staining kit was purchased from Siemens Healthcare Diagnostics (Los Angeles, CA). 

Trypan blue dye (0.4%), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), 30% Brij 23 solution, 3'-phosphoadenosine-5'-phosphosulfate (PAPS), 6-

thioguanine, acetone, acetonitrile, ammonium chloride (NH4Cl), aprotinin, bovine 

insulin, bovine serum albumin (BSA), collagenase from Clostridium histolyticum, 

DNAse I from bovine pancreas, Drabkin’s reagent, elastase from porcine pancreas, 

formic acid, Hank’s balanced salt solution (HBSS), human hemoglobin, hydrocortisone, 

isopropanol, leupeptin, methanol, mitomycin C from Streptomyces caespitosus, Nonidet 

P-40 (NP-40), paclitaxel (TXL), pepstatin A, phenazine methosulfate 

(PMS),phenylmethylsulfonyl fluoride (PMSF), phloridzin (PZ), phosphatase substrate, 

phosphate-buffered saline (PBS), porcine gelatine, potassium biocarbonate (KHCO3), 

puromycin, quercetin, S-adenosylmethionine (SAM), sodium azide (NaN3), sodium 

deoxycholate and sodium fluoride (NaF) were purchased from Sigma-Aldrich (Oakville, 

ON). 
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2.3 Antibodies 

2.3.1 Akt, MAPK, drug transporters, small molecular Rho GTPase signaling and 

secondary antibodies 

Anti-total-PTEN rabbit monoclonal antibody (Ab) (#9188), anti-phospho-PTEN (Ser380) 

rabbit monoclonal Ab (#9188), anti-total-Akt rabbit monoclonal Ab (#9272), anti-

phospho-AKt (Ser473) rabbit monoclonal Ab (#4060), anti-phospho-Akt (Thr308) rabbit 

monoclonal Ab (#13038), anti-total-PDK1 rabbit monoclonal Ab (#3062), anti-phospho-

PDK1 (Ser241) rabbit monoclonal Ab (#3438), anti-total-GSK-3β rabbit monoclonal Ab 

(#12456), anti-phospho- GSK-3β (Ser9) rabbit monoclonal Ab (#5558), anti-total-mTOR 

rabbit monoclonal Ab (#2983), anti-phospho-mTOR (Ser2448) rabbit monoclonal Ab 

(#5536), anti-total-cRAF rabbit monoclonal Ab (#9422), anti-phospho-cRAF (Ser259) 

rabbit monoclonal Ab (#9421), anti-total-ERK1/2 rabbit monoclonal Ab (#4695), anti-

phospho-ERK1 (Thr202)/ERK2(Thy204) rabbit monoclonal Ab (#4370), anti-total-

CREB rabbit monoclonal Ab (#9197), phospho-CREB (Ser133) rabbit monoclonal Ab 

(#9198), anti-RhoA rabbit monoclonal Ab (#2117), anti-RhoB rabbit monoclonal Ab 

(#2098), anti-RhoC rabbit monoclonal Ab (#3430), anti-Rac1/2/3 rabbit monoclonal Ab 

(#2465), anti-Cdc42 rabbit monoclonal Ab (#2466), anti-Rac1/Cdc42 (Ser71) rabbit 

monoclonal Ab (#2461), anti-total-Smad3 rabbit monoclonal Ab (#9523), anti-phospho-

Smad3 (Ser423/425) rabbit monoclonal Ab (#9520), HRP-conjugated rabbit anti-β-actin 

(#12620), anti-α tubulin rabbit monoclonal Ab (#5335), HRP-conjugated donkey anti-

rabbit (#7074) and goat anti-mouse IgG Ab were purchased from Cell Signaling 

Technology Inc. (Danvers, MA). Anti-Ki67 rabbit monoclonal Ab (Ab15580) was 

purchased from Abcam Inc. (Toronto, ON). Anti-phospho-GSK3β (Tyr216) Ab (05-413) 

was purchased from Millipore Sigma (Oakville, ON). FITC-conjugated anti-Ki67 Ab 

(652410) was obtained from eBioscience Inc. (San Diego, CA). 

2.3.2 Cell cycle 

Anti-cyclin D3 mouse monoclonal Ab (#2936), anti-cyclin B1 mouse monoclonal Ab 

(#4135), anti-CDK4 rabbit monoclonal Ab (#12790), anti-CDK2 rabbit monoclonal Ab 

(#2546), and anti-ABCG2 rabbit monoclonal Ab (#4477) were purchased from Cell 

Signaling Technology (Danvers, MA). Anti-cyclin A2 mouse monoclonal Ab (05-374SP) 
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and anti-CDK1 rabbit monoclonal Ab (06-923SP) were obtained from Millipore Sigma 

(Oakville, ON). Anti-MRP1 mouse monoclonal Ab (SC-18835) was purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA). 

2.3.3 Epithelial-to-mesenchymal transition 

Anti-slug rabbit monoclonal Ab (#9585), anti-β-catenin rabbit monoclonal Ab (#8480), 

anti-TCF8/ZEB1rabbit monoclonal Ab (#3396), anti-vimentin rabbit monoclonal Ab 

(#5741), anti-pan-cadherin rabbit monoclonal Ab (#4073) were purchased from Cell 

Signaling Technology (Danvers, MA). Anti-MMP2 mouse monoclonal Ab (ab86607) 

was purchased from Abcam Inc. (Toronto, ON). 

2.4 Cells and cell culture conditions 

Two human TNBC cell lines (MDA-MB-231 and MDA-MB-468), one mouse triple-

negative mammary carcinoma cell line (4T1), two human ER+ breast cancer cell lines 

(MCF-7 and T-47D), one paclitaxel resistant-human TNBC cell line (MDA-MB-231-

TXL), one green fluorescence protein (GFP)-transfected human TNBC cell line (GFP-

MDA-MB-231), non-malignant mammary epithelial cells (MCF-10A), human dermal 

fibroblasts (HDF) and two primary human endothelial cell types, human umbilical vein 

endothelial cells (HUVEC) and human microvascular vein endothelial cells (HMVEC), 

were used in this project. For cryopreservation of all cells, DMEM basal medium 

supplemented with 5 mM HEPES (pH 7.4), 2 mM L-glutamine, 100 U/mL penicillin and 

100 μg/mL streptomycin, 20% v/v heat inactivated FBS and 10% v/v DMSO were used 

and cells were stored in the vapour phase of liquid nitrogen. DMEM basal medium 

supplemented with 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin 

and 10% v/v heat inactivated FBS was used for thawing cryopreserved cells. All cell 

lines were routinely tested for mycoplasma contamination throughout the project. 

2.4.1 Mammary carcinoma cells 

MDA-MB-231 and GFP-MDA-MB-231 cells were obtained from Dr. S. Drover 

(Memorial University of Newfoundland, St. John’s, NL) and Dr. Paola Marcato 

(Dalhousie University, Halifax, NS), respectively. MCF-7 and MDA-MB-231-TXL cells 

were provided by Dr. K. Goralski (Dalhousie University, Halifax, NS). 4T1 mouse 
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mammary carcinoma cells were obtained from Dr. D. Waisman (Dalhousie University, 

Halifax, NS). T-47D cells were provided by Dr. J. Blay (Dalhousie University, Halifax, 

NS). MDA-MB-468 cells were obtained from Dr. P. Lee (Dalhousie University, Halifax, 

NS). Mammary carcinoma cell lines were authenticated by short tandem repeat analysis 

conducted by American Type Culture Collection (ATCC; Manassas, VA) (MDA-MB-

231, MDA-MB-468, and MCF-7) and DDC Medical DNA Diagnostic Center (Fairfield, 

OH) (4T1 and T-47D). DMEM basal medium supplemented with 10% v/v heat-

inactivated FBS, 5 mM HEPES (pH 7.4), 2 mM L-glutamine, 100 U/mL penicillin and 

100 μg/mL streptomycin was used as the growing medium (cDMEM) for all mammary 

carcinoma cell lines. To facilitate the selective growth of GFP-transfected MDA-MB-231 

cells, cDMEM was supplemented with 0.25 µg/mL puromycin. MDA-MB-231-TXL cell 

cultures were maintained in cDMEM containing 0.4 µg/mL paclitaxel. All malignant cell 

cultures were maintained at 37oC in a humidified incubator supplied with 10% CO2 

(NuAire, Plymouth, MN). Cells were sub-cultured every 3-4 days (~ 90% confluency) in 

1:1, 1:2, 1:3, 1:4, 1:5 or 1:6 ratio except 4T1 and MDA-MB-231-TXL cells for which 

sub-culturing was performed every 2-3 and 4-5 days, respectively. Adherent cells were 

trypsinized using 0.25% (w/v) Trypsin - 0.53 mM EDTA solution as the dissociation 

solution. Trypsinization was ceased by adding the respective growth media. Detached 

cells were carefully aspirated and sub-cultured into T-75 culture flasks. Cells used for in 

vitro and in vivo experiments were consistently 95-100% viable by Trypan blue staining. 

2.4.2 Non-malignant cells  

HDFs were purchased from Lonza Inc. (Walkersville, MD) and grown in fibroblast basal 

medium supplemented with FBS, insulin, recombinant human bFGF, and gentamicin 

sulfate & amphotericin B, according to instructions given by Lonza Inc. MCF-10A cells 

were obtained from Dr. P. Marcato (Dalhousie University, Halifax, NS) and grown in 

F12/DMEM (1:1) medium supplemented with 10% horse serum, 0.02 µg/mL EGF, 0.5 

µg/mL hydrocortisone, 10 µg/mL bovine insulin, 100 U/mL penicillin and 100 µg/mL 

streptomycin. HUVECs and HMVECs were purchased from Lonza Inc. and grown in 

0.1% gelatin-coated 6-well plates, 10 mm Petri dishes or T-75 culture flasks. Cells were 

maintained in endothelial basal medium supplemented with FBS, recombinant human 

bFGF, ascorbic acid, recombinant long R3-IGF1, recombinant human EGF, recombinant 
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human VEGF, heparin, hydrocortisone, and gentamicin sulfate & amphothericin B 

according to instructions provided by Lonza Inc (EGM). All non-malignant cells were 

maintained at 37oC in a humidified incubator supplied with 5% CO2. Cells were sub-

cultured every 4-5 days (~ 90% confluency). Adherent cell monolayers were washed 

using 1×PBS and trypsinized using 0.25% (w/v) Trypsin - 0.53 mM EDTA solution as 

the dissociation solution. Trypsinization was ceased by adding respective growth media 

and traces of trypsin were eliminated before sub-culturing. Cells used for in vitro 

experiments were consistently 95-100% viable by Trypan blue staining. 

2.5 Mice 

Ethical approval for animal use was obtained from the Dalhousie University Committee 

on Laboratory Animals. Six to eight-weeks-old C57BL/6, Balb/c and NOD-SCID mice 

were purchased from Charles River Canada (Lasalle, QC) and housed in the Carlton 

Animal Care Facility, Tupper Medical Building of Dalhousie University. C57BL/6 and 

Balb/c mice were fed with regular rodent chow, and water was supplied ad libitum. 

NOD-SCID mice were housed under sterile conditions, fed with sterile rodent chow and 

sterile water was supplied ad libitum. 

2.6 Software 

All chemical structures reported in this thesis were generated using ChemSketch 2015 

software (version 2: C10E41; Advanced Chemistry Development Labs, Toronto, ON). 

Collection and analysis of UPLC/MS data was performed using MassLynx control 

software (version 4.0, Waters Limited, Mississauga, ON). All statistical analyses, 

generation of bar charts and scattered plots presenting data were performed using 

GraphPad prism software (version 5; La Jolla, CA). Data obtained in the form of 

photographs (except in vitro angiogenesis assay) were quantified using ImageJ software 

(National Institute of Health, Ottawa, ON). Collection of flow cytometric data was 

performed using BD CellQuest™ software (version 3.3; BD Biosciences, Mississauga, 

ON) and data were analyzed using FCS Express software (version 3.0; De Novo 

Software, Thornhill, ON), with the exception of cell cycle analysis which was analyzed 

using ModFit LT software (Verity Software House, Topsham, ME). Quantification of 

protein concentrations was carried out using SoftMax software (version Pro 4.3 15; 
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Molecular Devices). Western blots developed using X-ray film exposure were quantified 

using Image Studio Digits™ software (version 4.0; Lincoln, NE) and blots developed 

using Bio-Rad Chemidoc system were analyzed using Bio-Rad Image Lab™ software 

(version 6.0; Bio-Rad Laboratories, Mississauga, ON). 

2.7 Flow cytometry 

Fluorescence of fluorochrome-labeled or GFP-tagged-cells was measured using a 

FACSCalibur flow cytometer (BD Biosciences, Mississauga, ON) equipped with BD 

CellQuest™ software. Appropriate unstained and/or single dye-stained control cells were 

used in assays involving cells co-stained with two different fluorochromes or dyes with 

overlapping emission spectra, and data acquisition was corrected using the compensation 

option. A minimum of 1 × 104 cells was collected for flow cytometric analysis. Cell 

counts were gated on the live cell population on FSC-H versus SSC-H plot and linked to 

relevant acquisition plots, except for Annexin-V-FLUOS/PI, Annexin-V-488/PI, 7-AAD 

staining and GFP-tagged-MDA-MB-231 cell analysis in NOD-SCID mouse lungs in 

which all cells were counted. The threshold was set to 52 on FSC-H for all assays, except 

for the cell cycle analysis coupled with or without Ki67 staining, in which a threshold of 

20 on FL2-H was set. 

2.8 Liquid chromatography/Mass spectrometry 

PZ-DHA and/or PZ-DHA metabolites in malignant/non-malignant epithelial cell lysates, 

in vitro microsome enzyme reaction mixtures and mouse serum aliquots were determined 

using UPLC-ESI-MS/MS instrument (Waters Limited, Mississauga, ON). All mass 

spectroscopic analyses were performed using mass scan (MS; identification of 

unknowns) and single ion monitoring (SIM; quantification of PZ, DHA, PZ-DHA, and 

quercetin) modes of a Waters H-class UPLC separations module coupled with a 

Micromass Quattro micro API MS/MS system and MassLynx V4.0 control software. An 

Allure biphenyl (100 mm × 2.5 mm, 5.0 µm) column (Restek Pure Chromatography, 

Bellefonte, PA) and a flow rate of 0.3 mL/min was employed. ESI- mode with a capillary 

voltage of 3000 V and a nebulizer gas (N2) temperature of 375C were used. A volume of 

2 µL sample was injected and the retention times were recorded using the solvent system 

detailed in Table 2.1. 
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Table 2.1. Solvent system used for LC/MS analysis 

Time (min) 

Solvent gradient (% in mixture) 

0.1% v/v Formic 

acid in water 

0.1% v/v Formic 

acid in acetonitrile 

0 

10 

14 

17 

18 

20 

50 

30 

0 

0 

50 

50 

50 

70 

100 

100 

50 

50 

 

2.9 In vitro experiments 

2.9.1 Preparation of mouse hepatic microsomal enzyme extractions 

Mouse hepatic microsomes were freshly isolated from the livers of 2-6 month-old 

C57BL/6 female mice, and the entire extraction procedure was carried out at 4°C. Freshly 

harvested livers were snap frozen in liquid nitrogen and stored at -80°C. For microsome 

extraction, frozen livers were slowly thawed on ice and minced using sterile scalpel and 

forceps in 6-well plates. Minced livers were homogenized in KCl/Sucrose phosphate 

buffer (0.154 M KCl, 0.25 M sucrose in 50 mM potassium phosphate buffer 

(K2HPO4/KH2PO4) (PPB), pH 7.5), using a hand-held homogenizer. Cell/tissue debris 

were separated out by centrifuging homogenized livers at 12,000 ×g for 22 min at 4°C 

(Avanti J30I centrifuge, Beckman Coulter, Kraemer Blvd. Brea, CA). The supernatant 

was collected and centrifuged at 100,000 ×g for 70 min at 4°C (Avanti J30I centrifuge, 

Beckman Coulter, Kraemer Blvd. Brea, CA). The pellet was gently rinsed using 50 mM 

PPB and resuspended in glycerol/phosphate buffer (20% glycerol (v/v), 80% 0.1 M PPB 

pH 7.5). The protein concentration was determined using a Bradford assay (R2=1.00) and 

SoftMax software (version Pro 4.3 15; Molecular Devices) and microsomes were stored 

in 900 µL aliquots at -80°C. 
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2.9.2 Cellular uptake assay 

Cells (MDA-MB-231, MDA-MB-468, 4T1, MCF-7, and MCF-10A) were seeded at a 

density of 3 × 105 cells (MDA-MB-231, MDA-MB-468, MCF-7, and MCF-10A) or 1 × 

105 cells (4T1) /T-75 flask. The cells were cultured overnight to promote cell adhesion. 

Adherent cells were treated with 20 μM of PZ, DHA or PZ-DHA and cultured for 72 h at 

37°C. The supernatant was carefully removed, and cell monolayers were washed with 

cold 1×PBS. Cells were harvested using TrypLE Express and washed thoroughly with 

cold 1×PBS. Cell pellet was resuspended in 3 mL of cold acetone containing 0.05 mg/mL 

quercetin as the internal standard, and immediately transferred into glass scintillation 

vials, and incubated overnight at 4°C. Cell lysates were collected by centrifugation at 

14,000 ×g for 15 min at 4°C and samples were concentrated by evaporating acetone 

under a stream of nitrogen gas. Dry pellets were reconstituted in 300 µL methanol and 

filtered through a 0.22 µm nylon filter, and 200 µL of the filtered lysate was transferred 

to HPLC inserts placed in an HPLC vial. Sample was analysed using a UPLC/ESI/MS 

system (see Supplementary Figure 1 for chromatograms). Cell uptake was quantified 

using standard curves of PZ (R2=0.99), DHA (R2=0.98) or PZ-DHA (R2=0.99) made in 

methanol. 

2.9.3 Determination of in vitro metabolites of PZ-DHA 

Potential in vitro phase I and phase II metabolites of PZ-DHA were detected by 

incubating PZ-DHA in the presence of freshly-prepared mouse hepatic microsome 

preparations. Phase I metabolites were determined by incubating 300 µM PZ-DHA with 

100 mM NADPH in the presence of mouse hepatic microsome for 1 h at 37°C (Table 

2.2). Phase II methylation (Table 2.3), glucuronidation (Table 2.4) and sulphation (Table 

2.5) of PZ-DHA was determined by incubating 300 µM PZ-DHA with 1 mM SAM, 2 

mM UDP-glucuronic acid (UDPGA) and 0.5 mM PAPS, respectively, in the presence of 

freshly prepared mouse hepatic microsome for 1 h at 37°C (see Supplementary Figure 2 

for chromatograms of control experiments). To assess the efficiency of the metabolic 

process, controls were incubated in parallel to the test. Reactions were terminated by 

adding a mixture of 4 mL ice-cold acetonitrile:acetone (80:20) containing 0.05 mg/mL 

quercetin as the internal standard. Proteins were precipitated by incubating the reaction 
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mixture at 4°C overnight and separated by centrifuging at 14,000 ×g for 15 min at 4°C. 

Supernatants were concentrated under nitrogen flush, filtered and PZ-DHA and/or PZ-

DHA metabolites were identified using UPLC/ESI/MS analysis. 

Table 2.2. Reaction mixture used for the determination of in vitro phase I 

metabolism of PZ-DHA. 

DMSO: Dimethyl sulfoxide; NADPH: Nicotinamide adenine dinucleotide phosphate; 

PPB: Potassium phosphate buffer; PZ-DHA: Phloridzin docosahexaenoate. 

 

Sample ID 

Components of the reaction mixture (*Final concentration) 

PZ-DHA 

in DMSO 

(*300 µM) (µL) 

Mouse hepatic 

microsomes 

(*3 mg/mL) 

(µL) 

NADPH in PPB  

(*100 mM) 

(µL) 

PPB (µL) 

Test 6 334 100 1560 

Control 1 - 334 100 1566 

Control 2 6  - 100 1894 

Control 3 6 334 - 1660 

Control 4 6 - - 1994 

Table 2.3. Reaction mixture used for the determination of in vitro phase II 

methylation of PZ-DHA. 

DMSO: Dimethyl sulfoxide; PZ-DHA: Phloridzin docosahexaenoate; SAM: S-(5′-

Adenosyl)-L-methionine chloride. 

 

Sample ID 

Components of the reaction mixture (*Final concentration) 

PZ-DHA 

in DMSO 

(*300 µM) (µL) 

Mouse hepatic 

microsomes 

(*3 mg/mL) 

(µL) 

SAM in purified 

water  

(*1 mM) (µL) 

Purified 

water 

(µL) 

Test 6 334 200 1460 

Control 1 - 334 200 1466 

Control 2 6  - 200 1894 

Control 3 6 334 - 1660 
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Table 2.4. Reaction mixture used for the determination of in vitro phase II 

glucuronidation of PZ-DHA. 

DMSO: Dimethyl sulfoxide; PZ-DHA: Phloridzin docosahexaenoate; UDPGA: UDP-

glucuronic acid. 

 

Sample 

ID 

Components of the reaction mixture (*Final concentration) 

PZ-DHA 

in DMSO 

(*300 µM) 

(µL) 

Mouse hepatic 

microsomes 

(*6 mg/mL) 

(µL) 

UDPGA – 

Sol A 

(*2 mM) 

(µL) 

Buffer with 

Alamethicin – 

Sol B (*25 

µg/mL) (µL) 

Purified 

water 

(µL) 

Test 6 334 160 400 1100 

Control 1 - 334 160 400 894 

Control 2 6  - 160 400 1434 

Control 3 6 334 - 400 1260 

 

Table 2.5. Reaction mixture used for the determination of in vitro phase II 

sulphation of PZ-DHA. 

DMSO: Dimethyl sulfoxide; PAPS: Adenosine 3′-phosphate 5′-phosphosulfate lithium 

salt hydrate; PZ-DHA: Phloridzin docosahexaenoate. 

 

Sample ID 

Components of the reaction mixture (*Final concentration) 

PZ-DHA 

in DMSO 

(*300 µM) (µL) 

Mouse hepatic 

microsomes 

(*3 mg/mL) 

(µL) 

PAPS in 

purified water 

(*0.5 mM) (µL) 

Purified 

water 

(µL) 

Test 6 334 200 1460 

Control 1 - 334 200 1466 

Control 2 6  - 200 1894 

Control 3 6 334 - 1660 

 

2.9.4 MTS assay 

The metabolic activity of drug-treated human triple-negative, mouse triple-negative, 

human estrogen receptor-positive mammary carcinoma cells and non-malignant 
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mammary epithelial cells was measured using MTS assays (Fernando et al., 2016). Cells 

were seeded at the optimum density and cell attachment was supported by overnight 

culture. Adherent cells were treated with PZ, DHA, PZ-DHA (10, 50, 75, 100, 150 and 

200 µM), vehicle control or medium control alone and cultured at 37°C for 3, 6, 12, 18 

and 24 h. At the end of the incubation, 10 µL of combined MTS/PMS reagent (333 

μg/mL MTS and 25 μM PMS) was added and incubated at 37°C for 3 h. The absorbance 

was measured at 490 nm using a microplate reader (BMG-LABTECH, Ortenberg, 

Germany) and the % metabolic activity was determined using the formula (2.1), where, 

AT: absorbance of cells treated with drugs; ATB: absorbance of treatment blank; AC: 

absorbance of cells treated with vehicle control; ACB: absorbance of vehicle blank. 

% Relative metabolic activity =  (𝐴𝑇 − 𝐴𝑇𝐵 𝐴𝐶 − 𝐴𝐶𝐵)  ×⁄ 100 -----------(2.1) 

2.9.5 MTT assay 

The inhibitory effect of PZ-DHA and its parent compounds on the growth of MDA-MB-

231-TXL cells (in comparison to parent MDA-MB-231) and endothelial cells (HUVECs 

and HMVECs) was tested using MTT assays (Greenshields et al., 2015). Cells were 

seeded in flat-bottom 96-well plates. MDA-MB-231 and MDA-MB-231-TXL cells were 

treated with PZ, DHA, PZ-DHA at 25, 50 and 100 µM and endothelial cells were treated 

with 10, 20, 30 and 40 µM drug concentrations for various times. At the end of the 

treatment, 10 µL of MTT reagent was added (454 μg/mL) and incubated at 37°C for 3 h. 

Formazan crystals were collected by centrifuging plates at 1400 ×g for 5 min. The 

supernatant was removed, and formazan crystals were dissolved in 100 µL of DMSO. 

The absorbance was measured at 570 nm using an Expert microplate reader (Admiral 

Place, Guelph, ON) and the % metabolic activity was determined using the formula, 

(2.2), where, AT: absorbance of cells treated with drugs; AC: absorbance of cells treated 

with vehicle control. 

% Relative metabolic activity =  (𝐴𝑇 𝐴𝐶) ×⁄ 100 -----------(2.2) 

2.9.6 Annexin-V-FLUOS/PI and Annexin-V-488/PI staining 

Induction of early apoptosis and late apoptosis/necrosis by PZ-DHA and its parent 

compounds was determined using Annexin-V-FLUOS/PI (MDA-MB-231, HDF, and 
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MCF-10A) or Annexin-V-488/PI (MDA-MB-231-TXL) staining (Greenshields et al., 

2015). Cells grown in monolayers were seeded at a density of 5 × 104 (48 and 72 h) or 1 

× 105 (24 h) cells per well in 6-well plates and cultured overnight at 37°C to induce cell 

adhesion. Adherent cells were treated with 50 μM of PZ, DHA, PZ-DHA, vehicle control 

or medium control alone at 37°C for 24-72 h. Cells grown in monolayers were harvested 

using TrypLE express and combined with their respective medium. Cells were 

centrifuged and rinsed with 1×PBS and incubated with Annexin-V-FLUOS or Annexin-

V-488 (1 μg/mL) and PI (1 μg/mL) in staining buffer (10 mM HEPES, 10 mM NaCl, and 

5 mM CaCl2) at room temperature for 15 min. Flow cytometric analysis was performed 

using a FACSCalibur instrument (BD Bioscience, Mississauga, ON) on detectors, FL1 

and FL2. Cells (1 × 104) were counted per sample, and both live and dead cells were 

included in counts. 

2.9.7 7-AAD assay 

All in vitro cellular uptake, anti-proliferative, anti-metastatic and anti-angiogenic assays 

were performed using sub-cytotoxic concentrations of PZ, DHA, and PZ-DHA. The sub-

cytotoxic concentration ranges of PZ-DHA and parent compounds toward MDA-MB-231 

cells, HUVECs and HMVECs were determined using flow cytometric assay of 7-AAD-

stained cells (Fernando et al., 2016). 7-AAD distinguishes dead cells from viable cells by 

intercalating between cytosine and guanine bases of DNA of dead cells (Philpott et al., 

1996; Schmid et al., 1992). MDA-MB-231 cells, HUVECs or HMVECs were plated at a 

density of 5 × 104 cells per well in 6-well plates. The cells were cultured overnight to 

induce cell adhesion. Adherent cells were treated with 10, 20, 30, 40 and 50 μM of PZ, 

DHA, PZ-DHA, vehicle control or medium control alone and cultured for 72 h. Cells 

were harvested using TrypLE Express, washed and resuspended in 1×PBS. Cells in PBS 

were incubated with 5 μL of 7-AAD viability staining solution (eBioscience Inc. San 

Diego, CA) at room temperature for 5 min. Flow cytometric analysis was performed 

using a FACSCalibur instrument (BD Bioscience, Mississauga, ON) on the detector, 

FL3. Cells (1 × 104 cells/sample) were counted; both live and dead cells were included in 

counts. 
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2.9.8 Oregon Green 488 staining 

Sub-cytotoxic antiproliferative activity of PZ-DHA on MDA-MB-231 cells, HUVECs 

and HMVECs was measured using Oregon Green 488 dye and flow cytometry 

(Greenshields et al., 2015). Cells were synchronized to G0 phase by incubating the cell 

monolayers in serum-free medium for 20 h. Synchronized cells were plated in 6-well 

plates at a density of 5 × 104 cells/well. Cells were cultured overnight to promote cell 

adhesion. Adherent cells were stained with 1.25 µM Oregon Green 488 (Life 

Technologies Inc., Burlington, ON) in serum-free DMEM for 45 min. Oregon Green 488-

stained cells were incubated in respective complete growth medium for 2 h to induce cell 

recovery and cells in two wells were harvested using TrypLE Express and fixed in 1% 

paraformaldehyde for future use as a reference. The remainder of the cells were treated 

with sub-lethal concentrations (10, 20 and 30 µM) of PZ, DHA, PZ-DHA, vehicle or 

medium control alone and cultured in the dark for 72 h. Cells were harvested using 

TrypLE Express, washed using 1×PBS and the flow cytometric analysis was performed 

using a FACSCalibur instrument (BD Bioscience, Mississauga, ON) on the detector, 

FL1. Cells (1 × 104) were counted and only the live cells were included in counts. The 

number of cell divisions (n) took place was calculated using the formula (2.3), where, MF 

is the mean fluorescence. 

𝑀𝐹𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 2𝑛 × 𝑀𝐹𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡-----------(2.3) 

2.9.9 Cell cycle analysis 

Anti-proliferative activity of PZ-DHA on MDA-MB-231 and HUVEC cells were further 

studied by conducting cell cycle analysis (Greenshields et al., 2015; Smith et al., 2016). 

Synchronized cells were seeded and cultured overnight to promote cell attachment. 

Attached cells were treated with sub-cytotoxic concentrations (10, 20 and 30 µM) of PZ, 

DHA, PZ-DHA, vehicle or medium control and cultured for 72 h.  At the end of culture, 

cells were harvested using TrypLE Express, centrifuged at 500 ×g, rinsed with ice-cold 

1×PBS, and resuspended in ice-cold 1×PBS. While vortexing, ice-cold 70% ethanol was 

flowed slowly, drop-by-drop and incubated for at least 24 h at -20°C to support fixing. 

Fixed cells were washed with 1×PBS and resuspended in cell cycle solution (0.1% v/v 

Triton-X-100 and 2 μL/mL DNA-free Rnase A in 1×PBS) containing 20 μL/mL PI and 
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incubated for 30 min at room temperature. Flow cytometric analysis was performed using 

a FACSCalibur instrument (BD Bioscience, Mississauga, ON) on FL2A and FL2W. Cells 

(1 × 104) were counted per sample and counts were gated on the FL2A vs FL2W plot to 

eliminate cell aggregates. 

2.9.10 Cell cycle analysis/Ki67 staining 

Synchronized-MDA-MB-231 cells were seeded and cultured overnight to allow for 

adherence. Adherent cells were treated with PZ, DHA, PZ-DHA (30 μM), vehicle control 

or medium control for 72 h. Cells were harvested, washed and resuspended in ice-cold 

PBS. While vortexing, ice-cold 70% ethanol was slowly flowed and incubated for at least 

24 h at −20°C to promote cell fixation. Ethanol was removed by centrifugation, and the 

fixed cells were washed thoroughly with staining buffer (PBS with 1% FBS and 0.09% 

NaN3). Cells were incubated for 30 min at room temperature with 2.5 μg/mL FITC-

conjugated anti-Ki67 antibodies in staining buffer. Cells were again washed thoroughly 

to remove excess antibodies and resuspended in cell cycle solution (0.1% Triton X-100 in 

PBS containing, 0.02 mg/ml PI and 0.2 mg/ml of DNA-free Rnase A) and incubated for 

another 30 min at RT. Flow cytometric analysis was performed using a FACSCalibur 

instrument (BD Bioscience, Mississauga, ON) on FL1, FL2A, and FL2W. Cells (1 × 104) 

were counted per sample and only single cells were included in counts by gating on the 

FL2A vs FL2W plot to eliminate cell aggregates. 

2.9.11 Breast cancer spheroid formation assay 

MCF-7 cells (1 × 104 cells) were grown in ultra-low adherent cell culture plates in 

spheroid growth medium (F12 medium supplemented with 20 ng/mL bFGF, 20 ng/mL 

EGF, 100 U/mL penicillin, 100 μg/mL streptomycin and B27 serum-free supplement) for 

48 h and treated with PZ, DHA, PZ-DHA (50 µM), vehicle control or medium control 

alone for 72 h. Following culture, spheroids were photographed using a phase contrast 

microscope (Nikon eclipse TS 100 phase contrast microscope, Melville, NY) and the 

viability of cells in spheroids was determined using an acid phosphatase assay 

(Greenshields et al., 2015, 2017). 



56 

 

2.9.12 Acid phosphatase assay of spheroids 

The viability of drug-treated MCF-7 cells in breast cancer spheroids was measured using 

acid phosphatase assay. The acid phosphatase assay measures the phosphatase enzyme 

activity of live cells. This assay was chosen over an MTS assay because the acid 

phosphatase assay buffer lyses the cells prior to analysis, allowing determination of the 

total phosphatase activity of cells in the entire spheroid population. In contrast, the MTS 

assay reagent mixture would not reach the cells in the core of the spheroids. For acid 

phosphatase assays, spheroids were washed using 1×PBS and resuspended in 1 mL acid 

phosphatase assay solution (0.1 M sodium acetate at pH 5.5, 0.1% Triton-X-100, 4 

mg/mL phosphatase substrate) and incubated for 2 h at 37°C in the dark. The reaction 

was stopped by adding 25 μL 1 N NaOH. Absorbance was measured at 405 nm and % 

acid phosphatase activity was determined as in formula (2.4), where, AT: absorbance of 

cells treated with drugs; AC: absorbance of cells treated with vehicle control; AB: 

absorbance of the blank. 

% Relative acid phosphatase activity =  (𝐴𝑇 − 𝐴𝐵 𝐴𝐶 − 𝐴𝐵)  ×⁄ 100 -----------(2.4) 

2.9.13 Adhesion assay 

The effect of PZ, DHA, and PZ-DHA on the interaction of breast cancer cells with 

endothelial cells was modeled by studying the in vitro adhesion of GFP-tagged MDA-

MB-231 cells to HUVECs grown as a monolayer in 0.1% w/v gelatine-coated 12-well 

plates. GFP-tagged MDA-MB-231 cells were seeded in 6-well plates and cultured 

overnight at 37°C to promote cell attachment. Adherent GFP-MDA-MB-231 cells were 

treated with 20 µM of PZ, DHA, PZ-DHA, vehicle or medium control and cultured for 

24 h. Confluent HUVEC monolayers were activated by 20 ng/mL TNF-α treatment for 4 

h. Activated HUVECs were incubated with 1% w/v BSA prepared in 1×PBS for 15 min 

at 37°C to block any non-specific binding sites. PZ-, DHA-, PZ-DHA-, vehicle- or 

medium-treated GFP-MDA-MB-231 cells were detached and seeded onto HUVEC 

monolayers at a 5×104 cells/well density and incubated for 30 min at 37°C. At the end of 

the incubation, the supernatant was removed and the HUVEC monolayer was carefully 

rinsed with PBS. All cells were detached using TryPLE Express and GFP-expressing 

MDA-MB-231 cells were detected using a SSC-H vs FL1 plot of a FACSCalibur 
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instrument (BD Bioscience, Mississauga, ON). Only live cells (1×104) were included in 

counts. 

2.9.14 Gap closure assay 

The ability of PZ-DHA and its parent compounds to inhibit the migration of mammary 

carcinoma cells and endothelial cells were first tested using the gap closure assay 

(Doucette et al., 2013; Greenshields et al., 2015). In the gap closure assay, MDA-MB-

231 cells (104 cells/well), 4T1 cells (8 × 103 cells/well) and HUVECs (104 cells/well) 

were seeded in cell culture inserts (ibidi GmbH, Martinsried, Germany) placed in 6-well 

plates. Cells were cultured overnight at 37°C to support cell adhesion, and monolayers 

were treated with mitomycin C for 2 h (MDA-MB-231: 10 µM, 4T1: 20 µM, HUVEC: 

10 µM) to suppress the proliferation of cells. Cells were allowed to recover overnight and 

treated with 20 µM of PZ, DHA, PZ-DHA (MDA-MB-231 and 4T1) or 10 µM PZ, DHA, 

PZ-DHA (HUVEC), vehicle or respective medium control alone for 24 h. At the end of 

the treatment, inserts were carefully removed exposing a “gap” and monolayers were 

washed with 1×PBS. Treatments were continued, and the gap was photographed until the 

gap was completely closed by medium-treated control cells (Nikon Eclipse TS 100 phase 

contrast microscope, Melville, NY). Images were quantified using ImageJ software and 

% number of cells migrated toward the gap were determined and normalized to the 

medium control. 

2.9.15 Trans-well chemo-migration and chemo-invasion assays 

Chemotactic migration and invasion of MDA-MB-231 cells, TGF-β-induced MCF-

10A/MDA-MB-231 migration, and HUVEC migration toward serum was studied using 

chemotaxis chamber assays (Zhou et al., 2014). Cells were seeded and cultured overnight 

to allow cell adhesion. Adherent cells were treated with 10 μM (HUVEC) or 20 μM 

(MDA-MB-231 and MCF-10A) of PZ, DHA, PZ-DHA, vehicle control or medium 

control alone for 24 h and treatments were continued in serum-free medium for another 6 

h (MDA-MB-231 and HUVEC) or 12 h (MCF-10A). When studying TGF-β-induced 

MCF-10A/MDA-MB-231 migration, cells were pre-treated with 10 ng/mL TGF-β for 24 

h and followed by 5 ng/mL TGF-β in the presence of test compounds. At the end of the 

treatment, cells were harvested using TryPLE Express, resuspended in warm serum-free 
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medium at 1 × 106 cells/mL density, and 50 µL of cell suspension was loaded to the wells 

of the of the top chamber. Cells were allowed to migrate through an 8 µm porous 

membrane for 22 h and migrated cells were stained using a Diff-Quik™ staining set 

(Siemens Healthcare Diagnostics, Los Angeles, CA). Stained cells were photographed 

(Nikon eclipse TS 100 phase contrast microscope, Melville, NY) and % migrated cells 

were quantified using ImageJ software and normalized to the medium control. 

2.9.16 Preparation of protein-rich cell lysates 

Whole cell lysates were prepared using MDA-MB-231 cells, MDA-MB-231-TXL cells, 

MCF-10A cells or HUVECs treated with 10 or 20 μM of PZ, DHA, PZ-DHA, vehicle 

control or medium control alone for 24 or 72 h. Harvested cells were incubated in ice-

cold lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 50 mM Na2HPO4, 0.25% sodium 

deoxycholate (w/v), 0.1% Nonidet P-40 (v/v), 5 mM ethylenediaminetetraacetic acid and 

5 mM  ethylene glycol tetraacetic acid) containing freshly added protease inhibitors (100 

μM Na3VO4, 10 mM NaF, 1 mM phenylmethylsulfonylfluoride (freshly added), 10 

μg/mL aprotinin, 5 μg/mL leupeptin, 10 μM phenylarsine oxide, 1 mM dithiothreitol and 

5 μg/mL pepstatin) for 15 min. Cell lysates were separated by centrifugation at 14,000 ×g 

for 10 min at 4°C, and the protein concentration was determined by Bradford protein 

assay (R2=0.99-1.00). After adding SDS PAGE sample buffer, protein samples were 

stored at -80°C. 

2.9.17 Western blot analysis 

The effect of PZ-DHA on PI3K/Akt/mTOR, MAPK signaling pathways, small molecular 

Rho GTPase signaling, expression of cell cycle proteins, drug efflux transporters and 

transcription factors involved in EMT pathway was investigated using western blot 

analysis. Protein-rich cell lysates (10 -40 µg proteins) were loaded into 7.5, 10, 12 or 

15% SDS polyacrylamide gels, as appropriate for the protein being studied. Proteins were 

transferred to nitrocellulose membranes, and blots were incubated in 5% non-fat milk or 

5% BSA prepared in Tween-TBS [0.25 M Tris (pH 7.5), 150 mM NaCl and 0.2% 

Tween-20] for 1 h to block nonspecific binding. Blots were probed overnight at 4°C with 

primary Ab against phospho-PTEN (Ser380), phospho-PDK1 (Ser241), phospho-Akt 

(Ser473/Thr308), phospho-mTOR (Ser2448), phospho-GSK3-β (Ser9), phospho-GSK3-β 
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(Tyr216), phpspho-cRAF (Ser259), phospho-ERK1/2 p44 (Thr202)/p42 (Tyr204), 

phospho-CREB (Ser 133), total-PTEN, total-PDK1, total-Akt, total-mTOR, total-GSK3-

β, total-RAS-GRF1, total-cRAF, total-ERK1/2 p44/p42, and CREB to test the effect of 

PZ-DHA and its parent compounds on Akt and MAPK signaling pathways. The effect of 

test compounds on cell cycle progression was tested by probing blots with Ab against 

CDK1, CDK2, CDK4, cyclinA2, cyclinB1 and cyclinD3. PZ-DHA-mediated expression 

of drug efflux transporters were tested by probing the blots with Ab against ABCG2 and 

MRP1. PZ-DHA-induced changes to the transcription factors involved in EMT of breast 

cancer cells was determined by probing blots with Ab against ZEB1, β-catenin, slug1, 

vimentin, pan-cadherin and MMP2. The effect of PZ-DHA on the expression of small 

molecular Rho GTPases was determined by probing blots with Ab against RhoA, Cdc42, 

and Rac1/2/3. Then the blots were washed thoroughly with 0.05% Tween-TBS and 

probed with HRP-conjugated donkey anti-rabbit or goat anti-mouse IgG Ab for 1 h at 

room temperature. Even protein loading was confirmed by probing the blots with HRP-

conjugated rabbit anti-actin Ab or primary Ab against α-tubulin followed with HRP-

conjugated donkey anti-rabbit IgG Ab. The proteins of interest were visualized by X-ray 

film exposure or ChemidocTouch™ imaging system (Bio-Rad Laboratories, Mississauga, 

ON). 

2.9.18 In vitro angiogenesis assay 

When grown on a Matrigel matrix, endothelial cells differentiate to form tubule-like 

structures that create a polygonal network. The in vitro angiogenesis assay was 

performed using commercially available in vitro angiogenesis ECMatrix™ assay kit 

(EMD Millipore, Temecula, CA), according to manufacturer’s instructions. Briefly, 9 

parts of the Matrigel matrix was mixed with one part of the diluent buffer and 10 µL of 

the mixture was added into the inner well of the µ-slide angiogenesis plate (ibidi GmbH, 

Martinsried, Germany). The plate was incubated at 37°C for 1 h. HUVECs or HMVECs 

(7500 cells) treated with 10 µM (HMVECs) or 20 µM (HMVECs) PZ, DHA, PZ-DHA, 

vehicle control or medium control alone for 72 h were resuspended in 50 µL of EGM and 

seeded onto polymerized ECMatrix. Tube formation by HUVECs and HMVECs was 

monitored and photographed after 6 h and 4 h, respectively. Images were analyzed as 

detailed in table 2.6. 
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Table 2.6. Angiogenesis pattern and scoring 

Pattern of endothelial cell arrangement Angiogenesis score 

Well separated individual cells. 

Cells begin to migrate and align themselves. 

Capillary tubes visible; no sprouting. 

Sprouting of new capillary tubes visible. 

Closed polygons begin to form. 

Complex mesh-like structures develop. 

0 

1 

2 

3 

4 

5 

2.9.19 Mycoplasma test 

Apart from routine mycoplasma assays, rodent pathogen-free MDA-MB-231 and 4T1 

cells used for in vivo experiments were specifically tested for mycoplasma prior to 

inoculation into mice. The mycoplasma test was performed per the manufacturer’s 

instructions (MycoAlert® Mycoplasma detection kit, Lonza, Rockland, ME) the day 

before subcutaneous injection of cells. Briefly, culture medium (50 µL) was incubated 

with 50 μL of reagent for 5 min at room temperature and luminescence was read on a 

luminator and recorded the reading as “A”. The substrate (50 µL) was added to the 

reaction mixture and incubated for another 10 min at room temperature and recorded the 

second reading, “B” on luminator. The ratio of B⁄A>1.2 considered to indicate 

mycoplasma contamination. 

2.10 Ex vivo experiments 

2.10.1 Ex vivo angiogenesis assay 

The ex vivo angiogenesis assay was conducted as previously described with minor 

modifications (Bauer et al., 2000; Béliveau et al., 2002). Thoracic aortas from adult male 

Wistar rats were harvested. The inside and outside of the aortas were cleaned using sterile 

saline and aortas were sectioned into 1×3 mm sections. Sectioned aortas were then placed 

in a 48-well plate coated with 100 µL growth factor-reduced phenol red-free Matrigel and 

incubated in a humidified incubator supplied with 5% CO2 at 37°C for 1 h. Aorta sections 

were covered with another 100 µL Matrigel and incubation was continued for another 30 

min. Matrigel was covered with 200 µL EGM and incubated overnight at 37°C (day 0). 
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On day 1, aorta sections embedded in Matrigel was treated with PZ, DHA, PZ-DHA (20 

µM), vehicle alone or medium alone for 8 days. Medium/treatment was changed on day 

4. Development of tubules from aortic endothelium was monitored and photographed on 

day 5 and 8. 

2.11 In vivo experiments 

2.11.1 Determination of in vivo metabolites and pharmacokinetic parameters of PZ-

DHA 

Pharmacokinetic parameters and in vivo generation of PZ-DHA metabolites were studied 

using Balb/c female mice. Mice were randomly divided in to six groups (n=4) and PZ-

DHA (100 mg/kg) was administered by intraperitoneal injection. Blood (800 µL) 

collection was performed by cardiac puncture, at six different time points (t=15, 30, 60, 

90, 120 and 240 min). At the end of blood collection, mice were euthanized by cervical 

dislocation and organs (liver, lungs, kidneys, spleen and brain) were harvested. Blood 

samples were allowed to clot by leaving undisturbed at room temperature for 1 h and 

serum was separated by centrifuging at 2,000 ×g for 10 min at 4°C. Serum was carefully 

removed and stored on ice until further processing. Serum proteins were precipitated by 

incubating an aliquot of serum (500 µL) with a mixture of acetonitrile:acetone (80:20) (1 

mL) containing 0.1 mg/mL quercetin (internal standard) at 4°C overnight. The 

supernatant was separated by centrifuging at 14,000 ×g for 10 min at 4°C. Excess solvent 

was evaporated using nitrogen flush to obtain a 200 µL volume, which was mixed with 

200 µL methanol and filtered. The filtrate (200 µL) was transferred into HPLC inserts, 

and PZ-DHA and/or PZ-DHA-metabolites were identified using a UPLC-ESI-MS/MS 

instrument (Waters Limited, Mississauga, ON). A calibration curve (R2=0.99) generated 

using a standard series of PZ-DHA concentrations prepared in mouse serum (spiked with 

0.1 mg/mL quercetin) was used for quantification of PZ-DHA. Organs were stored in 

individual Eppendorf tubes and flash frozen by immersing in liquid nitrogen for 10-15 

sec before storing at -80°C until further processing. Organs were thawed on ice, weighed 

and homogenized in PBS (1:5 w/v). Supernatants were collected by centrifugation at 

14,000×g for 15 min at 4°C. Proteins were precipitated by incubating 1 volume of 

homogenate with 2 volumes of acetonitrile:acetone (80:20) containing 0.1 mg/mL 
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quercetin (internal standard) at 4°C overnight. Supernatants were treated as explained 

above, and PZ-DHA and/or PZ-DHA-metabolites were identified. 

2.11.2 PZ-DHA treatment and blood collection 

Saline or PZ-DHA (100 mg/kg, a dose typically used to investigate the pharmacological 

activities of phytochemicals (Gallo et al., 2008; Hashemzaei et al., 2017; Rahman et al., 

2017)) was administered by intraperitoneal injection to 8-week old Balb/c female mice 

every second day for 9 days (5 doses). Body weights were recorded, and on day 10, blood 

(500 µL) was collected by cardiac puncture. Blood was allowed to clot by incubating at 

room temperature for 1 h and clot was removed by centrifuging at 2,000 ×g for 10 min at 

4°C. Serum was carefully separated and alanine transaminase (ALT) and creatinine 

assays were performed. 

2.11.3 Alanine transaminase (ALT) assay of Balb/c female mouse serum 

The effect of PZ-DHA on the liver function of Balb/c female mice was tested using ALT 

activity assay of mouse serum (Cayman Chemical, Ann Arbor, MI). ALT is an enzyme 

abundantly found in liver; however, under certain disease conditions that cause liver 

damage, ALT is released into blood resulting in elevated serum ALT (Kim et al., 2008; 

Limdi and Hyde, 2003; Pratt and Kaplan, 2000). Crystalline L-alanine and porcine heart 

ALT were used as the ALT substrate and ALT positive control, respectively. Both 

substances were dissolved in ALT assay buffer (100 mM Tris-HCl, 10 mM sodium 

bicarbonate, 0.1 mM pyridoxal-5-phosphate and 0.01% sodium azide). NADH and LDH 

dissolved in ALT assay buffer were used as co-factors for the reaction. The assay was 

performed in a 96-well plate. L-alanine (150 µL), co-factor mixture (20 µL), porcine 

heart ALT or serum samples (20 µL) were added to wells and incubated at 37°C for 15 

min. The reaction was initiated by adding 20 µL of 150 mM α-ketoglutarate, and 

absorbance was measured at 340 nm once every minute for a period of 5 min. The rate of 

change in absorbance at 340 nm (ΔA340) was determined using a calibration curve 

(R2=0.99), and ALT enzyme activity was determined using the formula (2.5), where, ε is 

the extinction coefficient of NADH. 

ALT activity (
U

mL
) =  

∆𝐴340/ min  ×0.21 𝑚𝐿

𝜀 𝑚𝑀−1𝑐𝑚−1 ×0.02 𝑚𝐿
 -----------(2.5) 
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2.11.4 Creatinine assay of Balb/c female mouse serum 

Creatinine is the breakdown product of creatine metabolism in muscles and creatinine 

clearance is often used for clinical measurement of renal function (Brater, 2002; Chu et 

al., 2016; Waikar and Bonventre, 2009; Zhang et al., 2015b). Therefore, a creatinine 

assay was used to determine the effect of PZ-DHA on the renal function of Balb/c female 

mice (Cayman Chemical, Ann Arbor, MI). A standard curve of creatinine was generated 

using a 20 mg/dL creatinine stock made in water. Creatinine standard or serum samples 

(15 µL) was diluted in 100 µL of assay reaction buffer (sodium borate, creatinine 

surfactant, and 1M sodium hydroxide solution) in a 96-well plate. Timing was begun 

immediately after adding 1.2% picric acid (100 µL), and absorbance was measured at 492 

nm after 1 min and 7 min. Adjusted ΔOD was determined according to formula (2.6), and 

a creatinine calibration curve was generated. Creatinine concentration in samples was 

determined using the calibration curve (R2=0.98). 

∆𝑂𝐷 =  𝐴492 (7 𝑚𝑖𝑛) − 𝐴492 (1 𝑚𝑖𝑛) -----------(2.6) 

2.11.5 4T1 mouse mammary carcinoma syngeneic metastatic model 

4T1-implanted Balb/c mice are a well-established syngeneic model of mammary 

carcinoma cell metastasis. Inoculation of 4T1 cells was carried out as detailed in Figure 

2.1A, with minor modifications (Abu et al., 2015; Lai et al., 2012). Rodent pathogen and 

mycoplasma-free highly aggressive 4T1 mouse mammary carcinoma cells were thawed 

from liquid-nitrogen five days before implantation and cultures were maintained in 

cDMEM. Cells were maintained on ice to achieve the maximum viability, and 105 cells in 

50 µL of sterile PBS were injected into the left inguinal mammary fat pad of Balb/c 

female mice (Day 0). On day 8, mice were randomly assigned into two groups (n=9) and 

intraperitoneal administration of saline or PZ-DHA (100 mg/kg) was started. Altogether, 

5 doses of saline or PZ-DHA was administered every other day (Day 8, 10, 12, 14 and 

16) for 9 days. Body weights and tumor volumes were recorded at the time of treatment. 

Tumor volume was calculated per the formula (2.7), where L is the longest tumor 

diameter and P is the diameter perpendicular to the longest diameter measured using a 

digital caliper. Mice were monitored for another day and euthanized on day 17. Mice and 

their primary 4T1 tumors were excised and photographed. The primary tumors were 



64 

 

weighed and fixed in 10% v/v acetate-buffered formalin. Lungs were harvested and 

finely minced in 1 mL Hank’s balanced salt solution (HBSS). Minced lungs were 

dissociated in digestion buffer (0.75 mg/mL collagenase from Clostridium histolyticum, 

0.25 mg/mL DNAse I from bovine pancreas and 0.05 mg/mL elastase from porcine 

pancreas) at 37°C for 1 h. Cell homogenate was passed through a 40 µm cell strainer and 

rinsed with HBSS. The cell suspension was centrifuged at 500 ×g for 5 min. The cell 

pellet was resuspended in cDMEM supplemented with 6-thioguanine (60 µM) cultured in 

petri dishes at 1/10, 1/50, 1/250 and 1/500 dilutions. Petri dishes were incubated at 37°C 

for 14 days, and 4T1 colonies were visualized using 0.4% w/v crystal violet stain 

prepared in 25% methanol. 

 𝑇𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝐿 × 𝑃2 -----------(2.7) 

2.11.6 MDA-MB-231 human breast xenograft metastatic model 

The anti-metastatic activity of PZ-DHA was further tested using NOD-SCID mice 

xenografted with GFP-MDA-MB-231 cells, as detailed in Figure 2.1B. Mouse pathogen-

free GFP-tagged MDA-MB-231 cells were tested for mycoplasma contamination on the 

day before xenografting into NOD-SCID mice. MDA-MB-231 cells were placed on ice 

before xenografting, and 2 × 106 cells in 50 µL PBS mixed with 50 µL Matrigel were 

injected into the left inguinal mammary fat pad of NOD-SCID mice (Day 0). On day 21, 

mice were randomly divided into two groups (n=10) and intraperitoneal administration of 

saline or PZ-DHA (100 mg/kg) was started. Altogether, mice received 20 doses of saline 

or PZ-DHA every other day for 39 days (Day 21, 23, 25, …, 55, 57 and 59). Body 

weights and tumor volumes were measured at the time of treatment as described above 

and mice were euthanized on day 60. Primary tumors were processed as described above 

and lungs were harvested to quantify metastasis. Lungs were mechanically dissociated 

using a sterile scalpel and passed through a 40 µm cell strainer to obtain a single-cell 

suspension and incubated in red blood cell lysis buffer (8.4 mg/mL NH4Cl and 1 mg/mL 

KHCO3 in dH2O) for 5 min. Lung cells were washed and resuspended in 0.5 % w/v BSA 

in PBS. GFP-positive MDA-MB-231 cells were detected at FL1 using a FACSCalibur 

(BD Bioscience, Mississauga, ON). All cells were included in cell counts and 2 × 104 

cells were counted. 
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Figure 2.1. Syngeneic and xenograft mouse models of mammary carcinoma cell 

growth and metastasis. 

Tumor suppressor activity and anti-metastatic activity of PZ-DHA was investigated using 

two mouse models of metastatic breast cancer. (A) 4T1 mouse mammary carcinoma cells 

(1 × 105 cells) were injected into the left inguinal mammary fat pad of Balb/c female 

mice. Intraperitoneal injections of saline or PZ-DHA were started on day 8 and continued 

every second day until day 16. Caliper measurements of tumors were recorded and tumor 

volumes were determined as mean (mm3)±SEM. On day 17, mice were euthanized and 

photographed. The primary tumors were harvested, weighed and photographed. Lungs 

were harvested to study the metastasis. Primary tumors were fixed in 10% buffered 

formalin and histological analysis was performed on sectioned tumors. Homogenized 

lungs were cultured on cDMEM containing 6-thioguanine (to promote selective growth 

of 4T1 cells) and incubated for 14 days at 37°C in a humidified incubator with 5% CO2 

and 95% filtered air. The number of cells metastasized into lungs were determined by 

colony-forming assay. (B) GFP-transfected MDA-MB 231 breast cancer cells (2 × 106 

cells) were injected into the left inguinal mammary fat pad of NOD-SCID female mice. 

Intraperitoneal administration of saline or PZ-DHA were started in day 21 and injections 

were continued every second day until day 59. Caliper measurements of tumors were 

recorded and tumor volumes were determined as mean (mm3)±SEM. On day 60, mice 

were euthanized and photographed. The primary tumors were harvested, weighed and 

photographed. Lungs were harvested to study the metastasis. Primary tumors were fixed 

in 10% buffered formalin and sectioned. Sectioned tumors were subjected to histological 

analysis. The number of cells metastasized into lungs were determined by the FL1 

detector of flow cytometry. 
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2.11.7 In vivo Matrigel plug assay 

In vivo anti-angiogenic activity of PZ-DHA was assessed using the Matrigel plug assay, 

as previously described (Mader et al., 2006) with minor modifications. Phenol red-free 

Matrigel (300 µL) containing human VEGF165 (2 µg/mL) and bFGF (2 µg/mL) was 

implanted by subcutaneous injection on both left and right sides along the mid-dorsal line 

of the lower posterior area of Balb/c female mice (Day 0). On day 1, mice were randomly 

assigned into two groups (n=12), and saline or PZ-DHA (100 mg/kg) was administered 

by intraperitoneal injection. Altogether, 5 doses of saline or PZ-DHA was administered 

every second day (Day 1, 3, 5, 7 and 9) for 9 days. Mice were euthanized by cervical 

dislocation and Matrigel plugs were harvested and photographed. One Matrigel plug from 

each mouse was weighed and hemoglobin concentration was determined. 

2.11.8 Cyanmethemoglobin assay 

The hemoglobin concentration in Matrigel plugs was determined using the 

cyanmethemoglobin method (Malinda, 2009; Pratheeshkumar et al., 2012). A human 

hemoglobin (0.717 mg/mL) solution made in Drabkin’s reagent (containing 0.0005% v/v 

30% Brij 23 solution) (cyanmethemoglobin solution) was used to generate the standard 

curve of cyanmethemoglobin (R2=1.00). Matrigel plugs were homogenized in 500 µL of 

Drabkin’s reagent and homogenates were centrifuged at 9600 ×g at 4°C for 6 min. The 

supernatant was collected and transferred into 96-well plates in triplicate. Absorbance 

was measured at 540 nm and cyanmethemoglobin concentration in Matrigel plugs was 

calculated using SoftMax software. 

2.11.9 Histology 

4T1 and MDA-MB-231 primary tumors harvested from Balb/c and NOD-SCID mice, 

respectively were subjected to histological analysis to detect tumor necrosis and test the 

effect of PZ-DHA on the expression of the proliferation marker Ki67, the invasion 

marker MMP2, and endothelial marker CD31. Tumors were fixed in 10% buffered-

formalin and embedded in paraffin. Tumors were sectioned into 5 µm thick sections, 

mounted on glass slides and oven dried overnight. Dried sections were used for 

hematoxylin and eosin staining and immunohistochemistry. 
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2.11.9.1 Hematoxylin and eosin staining 

Tumor sections were deparaffinized using xylene and rehydrated using graded ethanol to 

water. The sections were rinsed under running tap water and incubated in Harris 

hematoxylin for 2 min at room temperature. Excess stain was rinsed under running tap 

water and incubated in Scott’s water for 2 min at room temperature. Excess reagents were 

rinsed under running tap water and quickly dipped in 2% nitric acid to remove any 

possible calcification of the tumors. After a thorough rinse in water, sections were 

retuned into Scott’s water and incubated until tumor sections turned into blue. After 

rinsing excess reagent, the sections were stained with eosin Y and dehydrated using 

graded ethanol to water. Dehydration was completed by immersing in xylene and 

sectioned were covered and observed under a bright-field microscope at ×200 and ×400 

magnification. A number of tumor-associated blood vessels were counted and Pearson 

correlation statistics were performed. 

2.11.9.2 Immunohistochemistry 

Deparaffinized tumor sections were pre-treated with sodium acetate (pH 6.0) (Ki67 and 

MMP2) or TAE buffer (pH 9.0) (CD31) for heat-mediated antigen retrieval. Sections 

designated for Ki67 and MMP2 were incubated in 3% v/v H2O2 for 10 min. Then tumor 

sections were blocked for non-specific binding using Rodent M block and incubated with 

mouse monoclonal anti-Ki67, mouse monoclonal anti-MMP2 or rabbit monoclonal anti-

CD31 Ab overnight at room temperature. Slides incubated with rabbit monoclonal anti-

CD31 Ab were then incubated in 3% v/v H2O2 for 10 min. Ki67-stained tumor sections 

were incubated with MACH 4 MR AP polymer and detected using Vulcan fast red 

chromogen kit 2. MMP2-stained sections were incubated with mouse-on-mouse HRP-

polymer for 30 min at room temperature and detected using HRP/DAB detection system. 

CD31-stained sections were incubated with anti-rabbit HRP-polymer and detected using 

HRP/DAB detection system. Tumor sections were thoroughly washed using Tween20-

tris-buffered saline (pH=8.4) between each step and counter stained using Mayer’s 

hematoxylin and aqueous mounting was carried out. Dried sections were examined under 

a bright-field microscope at ×200 and ×400 magnification and expression of Ki67, 
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MMP2 or CD31 in the tumor interior and tumor periphery was examined (AxioPlan 11 

MOT AxioCam HRc, Carl Zeiss Canada Ltd, Toronto, ON). 

2.12 Statistical analysis 

All experiments were conducted in triplicate or quadruplicate except for flow cytometric 

assays and cellular uptake assays in which one sample per treatment was included. 

Results of all experiments are expressed as mean±SEM of three or more independent 

experiments. A growth medium-treated control was used in all in vitro and ex vivo 

experiments, and data generated by DMSO vehicle or test compound-treated cells/tissues 

were normalized against the medium control. Statistical analyses were performed using 

GraphPad Prism software (version 5; La Jolla, CA) at 0.05, 0.01 or 0.001 significance 

level (α). Student’s t-test or analysis of variance (ANOVA) was performed, and 

differences among means were analyzed using Tukey’s multiple means post-comparison 

method. Differences among means were considered statistically significant when p< 0.05 

(α=0.05), p< 0.01 (α=0.01) or p< 0.001 (α=0.001). 
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CHAPTER 3 : PHARMACOKINETICS OF PZ-DHA 

3.1 Introduction 

Establishment of pharmacokinetic parameters is a necessary prelude in the early stages of 

drug development (Hassan et al., 2011). Pharmacokinetics explains the absorption, 

distribution, metabolism and excretion of drugs/xenobiotics introduced into the body. 

Pharmacological activity of a drug depends on the ability of the drug of interest to reach 

the target site of action, as well being available in adequate concentrations. Even though 

the dose largely determines the availability of a drug in the systemic circulation and at the 

target site of action, dose is not the sole determinant of these parameters (MacGowan, 

2001; Rizk et al., 2017). Absorption, tissue distribution, phase I and II metabolism, and 

clearance also play a major role as critical contributing factors toward the 

pharmacological activity of a drug. In addition, drug-induced toxicity and adverse side 

effects may also be explained by impaired distribution, metabolism and/or excretion of a 

particular drug (Archer, 2013; Benet, 1993; Eason et al., 1990; Hassan et al., 2011). 

Flavonoids, a sub-group of plant polyphenols, possess a wide-range of disease-fighting 

properties, including anti-cancer activities (Hui et al., 2013; Kozłowska and Szostak-

Wegierek, 2014; Obakan-Yerlikaya et al., 2017; Xiao et al., 2011) and some of them 

have been studied broadly for their anti-metastatic activity (Ni et al., 2012; Weng et al., 

2012; Yan et al., 2016). Flavonoids known to undergo phase II metabolism and the 

metabolites also show similar or stronger biological effects compared to parent 

flavonoids (Manach et al., 1998; Petri et al., 2003; Sesink et al., 2001; Walle, 2004). 

However, their clinical applications are restricted by poor cellular uptake and 

bioavailability; therefore, attempts have been made to synthesize flavonoid derivatives, 

aiming to overcome these limitations. With such an objective, PZ-DHA was synthesized 

by acylation of PZ with DHA through an enzyme-catalyzed esterification reaction. In this 

chapter, the ability of PZ-DHA to penetrate the cell membrane of mammary 

carcinoma/non-malignant mammary epithelial cells and the stability of PZ-DHA in the 

cellular environment over a prolonged period was studied. For comparison purposes, the 

parent compounds of PZ-DHA were also included in the experiments. In addition, the 
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biological fate and toxicity of PZ-DHA was investigated following its intraperitoneal 

administration to Balb/c female mice. 

3.2 Results 

3.2.1 Determination of sub-cytotoxic concentrations of PZ, DHA and PZ-DHA to 

MDA-MB-231 cells 

The Sub-cytotoxic concentrations of PZ-DHA were identified by 7AAD staining of 

MDA-MB-231 TNBC cells. A right-ward shift of fluorescence on the FL3 detector of 

flow cytometer indicates dead cells. PZ, DHA and PZ-DHA concentrations up to 30 µM 

did not decrease the % live cell population significantly in comparison to DMSO vehicle 

treated cells, suggesting that below 30 µM the drugs did not affect the viability of MDA-

MB-231 cells (Figure 3.1). However, at concentrations higher than 30 µM (40 and 50 

µM), DHA and PZ-DHA induced the death of MDA-MB-231 cells. Therefore, all in vitro 

cellular uptake (Chapter 3), anti-proliferative (Chapter 4) and anti-metastatic (Chapter 5) 

assays were conducted using 10, 20 or 30 µM concentrations of PZ, DHA and PZ-DHA 

within 72 h post-treatment. 
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Figure 3.1. Determination of sub-cytotoxic concentrations of PZ-DHA for MDA-

MB-231 breast cancer cells. 

MDA-MB-231 cells were seeded and treated with PZ, DHA, PZ-DHA (10 to 50 µM), 

vehicle or medium control alone, cultured for 72 h and stained with 7AAD for analysis 

by flow cytometry. Percent live cells were determined. Data shown are (A) representative 

histograms of drug-treated cells (M1; Marker 1: Live cells and M2; Marker 2: Dead cells) 

and (B) % mean live cell counts±SEM of three independent experiments. ANOVA 

multiple means comparison statistical method was performed and differences among 

means were compared using Tukey’s test; ns: not significant. 
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3.2.2 PZ-DHA cellular uptake by breast cancer cells 

An analysis of PZ, DHA and PZ-DHA uptake by mammary carcinoma cells and 

mammary epithelial cells was carried out using LC/MS analysis of cell lysates made in 

acetone followed by reconstitution in methanol. Cell uptake was quantified using 

standard curves of PZ (R2=0.99), DHA (R2=0.98) or PZ-DHA (R2=0.99) made in 

methanol. A 0.25 mg/mL standard PZ-DHA stock made in methanol was used to 

determine the retention time (RT) (8.96 min) (Figure 3.2A) of PZ-DHA on a Resteck 

column. Four malignant (MDA-MB-231, MDA-MB-468, 4T1, and MCF-7) and one non-

malignant mammary epithelial cell type (MCF-10A) were used in the assay with the aim 

of investigating whether PZ-DHA cellular uptake is cell type-dependent. Cells were 

grown as monolayers in T-75 cell culture flasks and when treated with a sub-cytotoxic 

concentration (20 µM), PZ-DHA crossed the cell membrane and accumulated in the cells 

(Figure 3.2A). Acylation of PZ with DHA increased the intra-cellular availability of PZ 

and DHA by 319.6±205.9 and 149.5±89.6 fold, respectively, in MDA-MB-231 cells. 

This was reflected by a significant increase in cellular uptake of PZ-DHA (percentage 

mean cellular uptake±SEM) versus PZ and DHA; (PZ, 0.6±0.3%; DHA, 1.1±0.8%; PZ-

DHA, 51.5±15.2%) (p<0.05). Of all malignant cells, the highest PZ-DHA internalization 

was shown by MDA-MB-468 cells (PZ, 0.6±0.3%; DHA, 5.81±5.1%; PZ-DHA, 

84.7±33.7%) (p<0.05); however, the fold increase of intra-cellular PZ and DHA 

availability was not as high as in MDA-MB-231 cells (PZ, 248.9±106.1; DHA, 

56.6±32.2). PZ-DHA was also readily taken-up by 4T1 mouse mammary carcinoma cells 

(PZ, 0.8±0.4%; DHA, 3.8±2.5%; PZ-DHA, 43.8±20.2%) (p<0.05). The availability of PZ 

and DHA was increased by 181.4±138.4 and 24.8±10.8, respectively, in 4T1 cells. 

Interestingly, the lowest % PZ-DHA cellular uptake of 21.4±6.6% (in comparison to PZ, 

0.7±0.3%; DHA, 2.9±2.2%) (p<0.05) was observed in MCF-7, ER+ breast cancer cells. 

However, a significant increase of stability and availability of PZ by 150.3±119.1 fold 

and DHA by 40.9±21.7 fold resulted when introduced as a conjugated single compound 

(PZ-DHA) to MCF-7 cells. PZ-DHA was taken up by MCF-10A non-malignant 

mammary epithelial cells (PZ, 1.1±0.9%; DHA, 0.6±0.5%; PZ-DHA, 105.2±17.7%) 

(p<0.001) and resulted in a 543.8±400.4 and 299.1±223.1 increase of intracellular PZ and 

DHA concentrations, respectively (Figure 3.2B and C). 
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Figure 3.2. PZ-DHA is absorbed by mammary carcinoma cells and non-malignant 

mammary epithelial cells. 

MDA-MB-231, MDA-MB-468, 4T1, MCF-7, and MCF-10A cells were treated with 20 

μM of PZ, DHA or PZ-DHA and cultured for 72 h at 37°C. Cells were harvested and 

washed thoroughly using cold PBS. Cells were lysed in cold acetone containing 0.05 

mg/mL quercetin and cell lysates were collected by centrifugation. Acetone was 

evaporated, and the lysate was reconstituted in methanol to analyze using a 

UPLC/ESI/MS system. (A) Representative chromatograms (B) mean % cellular 

uptake±SEM and (C) mean fold increase of PZ and DHA concentrations±SEM of three 

independent experiments are shown. ANOVA multiple means comparison statistical 

method was performed and differences among means were compared using Tukey’s test; 

*p<0.05. 
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3.2.3 PZ-DHA undergoes phase I metabolism in vitro 

In vitro formation of PZ-DHA metabolites was determined following the incubation of 

PZ-DHA (300 µM) at 37°C for 1 h, in the presence of freshly prepared microsomes from 

C57BL/6 female mouse livers. Protein concentration of microsome preparations was 

determined using a BSA standard curve (R2=1.00) followed by Bradford protein assay 

(Figure 3.3).  

Four potential phase I reactions, namely, hydrolysis of PZ-DHA, hydroxylation of PZ, 

hydroxylation of PZ-DHA, epoxidation of DHA and epoxidation of PZ-DHA were 

predicted and tested. Metabolites matching the molecular weights of PZ (MW=436.4 

g/mol) and DHA (MW=328.47 g/mol) were identified as the products of hydrolysis of 

PZ-DHA (Figure 3.4A). Two hydroxylated metabolites of PZ (3-hydroxy-phloridzin, 

MW=451.41 g/mol; 3,5’-dihydroxy-phloridzin, MW=467.41 g/mol) (Figure 3.4B) and 

one mono-hydroxylated metabolite of PZ-DHA (3-hydroxy-phloridzin 

docosahexaenoate, MW=761.88 g/mol) (Figure 3.4C) were identified. Three epoxy 

metabolites of PZ-DHA were also identified; however, collected data was not adequate to 

predict the precise sites of epoxidation on the long carbon chain (mono-epoxy-phloridzin 

docosahexaenoate, MW=761.88 g/mol; tri-epoxy-phloridzin docosahexaenoate, 

MW=793.2 g/mol; tetra-epoxy-phloridzin docosahexaenoate, MW=809.2 g/mol;) (Figure 

3.4D). No epoxy-DHA metabolites were detected during the study. 
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Figure 3.3. Protein assay of mouse liver microsome preparation.  

Mouse hepatic microsomes were freshly isolated from the livers of C57BL/6 female 

mice. Livers were minced using sterile scalpel and forceps. Minced livers were 

homogenized in homogenizing buffer (0.154 M KCl, 0.25 M sucrose in 50 mM 

potassium phosphate buffer (K2HPO4/KH2PO4) pH 7.5) using a hand-held homogenizer. 

Cell/tissue debris were removed by centrifuging homogenized livers at 12,000 ×g for 22 

min at 4°C. Supernatant was collected and centrifuged at 100,000 ×g for 70 min at 4°C. 

The pellet was gently rinsed using 50 mM potassium phosphate buffer and resuspended 

in glycerol/phosphate buffer (20% glycerol (v/v), 80% 0.1 M potassium phosphate buffer 

pH 7.5). The protein concentration was assayed using the Bradford assay and SoftMax 

software and microsomes were stored at -80°C. 
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Figure 3.4. PZ-DHA undergoes phase I metabolism in the presence of freshly 

prepared mouse liver microsomes. 

PZ-DHA (300 µM) was incubated with 100 mM NADPH in the presence of mouse liver 

microsome for 1 h at 37°C. The reaction was halted by adding an ice-cold mixture of 

acetone:acetonitrile (20:80) containing quercetin (0.05 mg/mL) as the internal standard. 

Reaction mixture was incubated at 4°C overnight to precipitate proteins. Supernatant was 

collected at centrifuging at 14,000 ×g for 15 min and concentrated under nitrogen gas. 

Metabolites from PZ-DHA (A) Hydrolysis, (B) and (C) hydroxylation and (D) 

epoxidation were identified using single ion monitoring of UPLC/ESI/MS analysis. 
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3.2.4 PZ-DHA undergoes phase II metabolism in vitro 

Phase II metabolites of PZ-DHA were identified by incubating PZ-DHA with SAM, 

UDPGA or PAPS in the presence of freshly prepared mouse hepatic microsomal 

preparations. One methylated-metabolite (4,4',6'-tri-O-methyl-phloridzin 

docosahexaenoate, MW=788.88 g/mol, RT =14.10 min) (Figure 3.5), two glucuronides 

(phloridzin docosahexaenoate-4-O-glucuronide, MW=923.02 g/mol, RT=3.78 min and 

phloridzin docosahexaenoate-4’-O-glucuronide, MW=923.02 g/mol, RT=4.68 min) 

(Figure 3.6) and one sulphated-metabolite (phloridzin docosahexaenoate-4,4'-di-O-

sulphide MW=906.20 g/mol, RT=11.40 min) (Figure 3.7) were identified. Control 

experiments were performed to investigate the stability of PZ-DHA and co-factors in the 

reaction mixtures, as well as the role of microsome and co-factors in conjugation 

reactions (Supplementary Figure 2). 
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Figure 3.5. PZ-DHA undergoes phase II methylation in the presence of freshly 

prepared mouse liver microsomes. 

PZ-DHA (300 µM) was incubated with S-(5′-Adenosyl)-L-methionine chloride 

dihydrochloride (1 mM) in the presence of mouse liver microsomal enzymes (3 mg/mL) 

at 37°C for 1 h. The reaction was halted by adding an ice-cold mixture of 

acetone:acetonitrile  (20:80) containing quercetin (0.05 mg/mL) as the internal standard. 

Reaction mixture was incubated at 4°C overnight to precipitate proteins. Supernatant was 

collected at centrifuging at 14,000 ×g for 15 min and concentrated under nitrogen gas. 

Tri-methylated-PZ-DHA (4,4',6'-tri-O-methyl-phloridzin docosahexaenoate) metabolite 

(MW=788.88 g/mol) was identified using single ion monitoring of UPLC/ESI/MS 

analysis. 
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Figure 3.6. PZ-DHA undergoes phase II glucuronidation in the presence of freshly 

prepared mouse liver microsomes. 

PZ-DHA (300 µM) was incubated with glucuronic acid (2 mM) and alamethicin (25 

µg/mL) in the presence of mouse liver microsomal enzymes (3 mg/mL) at 37°C for 1 h. 

The reaction was halted by adding an ice-cold mixture of acetone:acetonitrile  (20:80) 

containing quercetin (0.05 mg/mL) as the internal standard. Reaction mixture was 

incubated at 4°C overnight to precipitate proteins. Supernatant was collected at 

centrifuging at 14,000 ×g for 15 min and concentrated under nitrogen gas. (A)  Phloridzin 

docosahexaenoate-4-O-glucuronide (MW=923.02 g/mol) and phloridzin 

docosahexaenoate-4'-O-glucuronide (MW=923.02 g/mol) were identified using single ion 

monitoring and m/e ratios were confirmed by (B) mass scan of UPLC/ESI/MS analysis. 
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Figure 3.7. PZ-DHA undergoes phase II sulphation in the presence of freshly 

prepared mouse liver microsomes. 

PZ-DHA (300 µM) was incubated with adenosine 3-phosphate 5-phosphosulfate lithium 

salt, hydrate (0.5 mM) in the presence of mouse liver microsomal enzymes (3 mg/mL) at 

37°C for 1 h. The reaction was halted by adding an ice-cold mixture of 

acetone:acetonitrile  (20:80) containing quercetin (0.05 mg/mL) as the internal standard. 

Reaction mixture was incubated at 4°C overnight to precipitate proteins. Supernatant was 

collected at centrifuging at 14,000 ×g for 15 min and concentrated under nitrogen gas. 

Disulphated-PZ-DHA (phloridzin docosahexaenoate-4,4'-di-O-sulphide) metabolite 

(MW=906.20 g/mol) was identified using single ion monitoring of UPLC/ESI/MS 

analysis. 
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3.2.5 PZ-DHA is absorbed through intraperitoneal route and undergoes phase I 

and phase II metabolism in Balb/c female mice 

Pharmacokinetic parameters and in vivo metabolism of PZ-DHA was tested by 

intraperitoneal administration of PZ-DHA (100 mg/kg) to Balb/c female mice. Blood 

collection was performed periodically and PZ-DHA and its metabolites in serum was 

detected by LC/MS analysis. To understand the organ distribution of PZ-DHA and its 

metabolites, liver, lungs, kidneys, spleen and brain were also harvested and subjected to 

LC/MS analysis. 

PZ-DHA was available in systemic circulation in a detectable amount following 

intraperitoneal administration as early as 15 min post administration (0.9±0.4 µM). 

Systemic availability of PZ-DHA rapidly increased; however, PZ-DHA was continuously 

detected up to 240 min post administration (Figure 3.8A). Phase I metabolism of PZ-

DHA in mice was evident by the availability of PZ and DHA in serum. In addition, PZ-

DHA was detected in all organs tested; its distribution was highest in the liver (6.2±1.3 

µM). Concentration vs time curve showed that PZ-DHA continued to accumulate in all 

organs; the highest detected concentrations in kidneys, lungs, spleen, and brain were 

1.2±0.3 µM, 0.2±0.1 µM, 1.6±0.3 µM, and 1.0±0.2 µM, respectively (Figure 3.9A). 

Further, tri-methylated PZ-DHA phase II metabolite (4,4',6'-tri-O-methyl-phloridzin 

docosahexaenoate) was also quantified in comparison to PZ-DHA concentrations in each 

tissue. This metabolite was detected in the liver, lungs, and kidneys; however, it was not 

found in the spleen or brain. 4,4',6'-tri-O-methyl-phloridzin docosahexaenoate reached 

the maximum concentration before 1 h of post injections in all organs except for serum in 

which the concentration remained constant (Figure 3.9B) throughout the experimental 

period. The di-sulphide metabolite of PZ-DHA, phloridzin docosahexaenoate-4,4'-di-O-

sulphide, was also studied; it was detected in the liver for a short period of time but was 

not found in any other organ or in serum at a detectable concentration (Figure 3.9C). 
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Figure 3.8. Intraperitoneal administration of PZ-DHA results in absorption into the 

systemic circulation of Balb/c female mice. 

Mice were randomly divided in to six groups (n=4) and PZ-DHA (100 mg/kg) was 

administered intraperitoneally. Blood (800 µL) collection was performed by cardiac 

puncture, from each group at six different time points (t=15, 30, 60, 90, 120 and 240 

min). Serum was separated and serum proteins were precipitated by incubating an aliquot 

of serum (500 µL) with a mixture of acetonitrile:acetone (80:20) (1 mL) containing 0.1 

mg/mL quercetin (internal standard) at 4°C overnight. Supernatant was separated by 

centrifuging at 14,000 ×g for 10 min at 4°C. Solvent was evaporated to 200 µL using 

nitrogen flush and mixed with 200 µL methanol and filtered. Filtrate (200 µL) was 

transferred into HPLC inserts and PZ-DHA was identified and quantified using a 

calibration curve (R2=0.99) generated using a standard series of PZ-DHA concentrations 

made in mouse serum (spiked with 0.1 mg/mL quercetin). (A) PZ-DHA concentration 

was plotted against time. (B) Elimination rate of PZ-DHA was determined using a semi-

log curve of PZ-DHA concentration vs time curve. 
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Figure 3.9. Organ distribution of PZ-DHA and its metabolites in Balb/c female mice. 

PZ-DHA (100 mg/kg) was administered by intraperitoneal injection and liver, lungs, 

kidneys, spleen and brain were harvested from Balb/c female mice at six different time 

points (t=15, 30, 60, 90, 120 and 240 min). Organs were homogenized in PBS (1:5 w/v) 

and supernatants were collected by centrifugation at 14,000×g for 15 min at 4°C. Proteins 

were precipitated by incubating 1 volume of homogenates with 2 volumes of 

acetonitrile:acetone (80:20) containing 0.1 mg/mL quercetin (internal standard) at 4°C 

overnight. Supernatant was separated by centrifuging at 14,000 ×g for 10 min at 4°C. 

Solvent was evaporated to 200 µL using nitrogen flush and the former solute was mixed 

with 200 µL methanol and filtered. Filtrate (200 µL) was transferred into HPLC inserts 

and PZ-DHA in (A) liver (right y-axis), kidneys, lungs, spleen, and brain (left y-axis) was 

identified and quantified using a calibration curve (R2=0.99) generated using a standard 

series of PZ-DHA concentrations made in mouse serum (spiked with 0.1 mg/mL 

quercetin). Abundance of (B) 4,4',6'-tri-O-methyl-phloridzin docosahexaenoate in liver 

(right y-axis), kidneys, lungs, and serum) (left y-axis) and (C) phloridzin 

docosahexaenoate-4,4'-di-O-sulphide in liver was determined in PZ-DHA equivalence. 
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3.2.6 Pharmacokinetic parameters of PZ-DHA in Balb/c female mice 

PZ-DHA was absorbed into systemic circulation upon intraperitoneal administration and 

accumulated in blood, reaching a highest serum concentration (Cmax) of 24.4 µM at 68.6 

min (Tmax) post administration (Figure 3.8A). The distribution of PZ-DHA in blood 

followed a log Gaussian curve and the elimination of PZ-DHA from serum followed a 

first order curve. The elimination rate (Ke) was 0.011 µM/min-1 (Figure 3.8B) and T1/2 

was estimated as 27.3 min (Table 3.1). 

Table 3.1. Pharmacokinetic parameters of PZ-DHA in Balb/c female mice 

Pharmacokinetic parameter Symbol Estimated value 

Maximum serum concentration Cmax 24.4 µM 

Time to reach maximum serum concentration Tmax 68.6 min 

Biological half life T1/2 27.3 min 

Area under the curve AUC 2168.4 µM.min 

Elimination rate Ke 0.011 µM/min-1 

 

3.2.7 PZ-DHA does not induce liver or kidney toxicity in Balb/c female mice 

Since PZ-DHA is absorbed and available in the systemic circulation, the potential to 

cause liver and kidney toxicity was tested by measuring serum ALT and creatinine, 

respectively. PZ-DHA did not increase ALT activity when compared to saline-treated 

mice (mean ALT activity±SEM: saline, 0.013±0.002 U/mL; PZ-DHA, 0.012±0.002 

U/mL) (p=0.7942) (Figure 3.10A and B). Similarly, creatinine concentration in the serum 

of saline- and PZ-DHA-treated mice was also determined, and no significant difference 

was noted (mean creatinine concentration±SEM: saline, 61.7±3.3 µM; PZ-DHA, 

62.3±3.8 µM) (p=0.904) (Figure 3.10C and D). However, intraperitoneal administration 

of PZ-DHA significantly affected the body weight of mice (p<0.05) (Figure 3.11A); 

therefore, correlation statistics were carried out to understand whether kidney and/or liver 

function was influenced by the reduction in body weight. No positive or negative 

correlation between the body weights and liver (saline, Pearson r=0.2242; p=0.5075; PZ-
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DHA, Pearson r=-0.1883) (p=0.5792) or kidney (saline, Pearson r=-0.1744; p=0.6080; 

PZ-DHA, Pearson r=-0.2599) (p=0.4402) function was revealed (Figure 3.11B and C). 
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Figure 3.10. PZ-DHA does not induce liver or kidney toxicity in Balb/c female mice. 

Saline or PZ-DHA (100 mg/kg) was administered to 8-week old Balb/c female mice 

every second day for 9 days (5 doses). On day 10, blood (500 µL) was collected by 

cardiac puncture and serum was separated. Using (A) standard calibration of NADH 

decay, (B) mean ALT activity±SEM was determined. (C) A standard calibration curve of 

creatinine was generated and (D) mean concentration of creatinine in serum±SEM was 

determined. ANOVA multiple means comparison statistical method was performed and 

differences among means were compared using Tukey’s test; ns: not significant. 
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Figure 3.11. Correlation of body weight to liver and kidney function of PZ-DHA-

treated Balb/c female mice. 

Saline or PZ-DHA (100 mg/kg) was intraperitoneally administered by intraperitoneal 

injection to 8-week old Balb/c female mice every second day for 9 days (5 doses). (A) 

Body weights were recorded as mean±SEM. Best fit line was determined using non-

linear regression method and the difference between regression curves was statistically 

tested using Student’s t-test; **p<0.01. On day 10, blood (500 µL) was collected by 

cardiac puncture and serum was separated for ALT activity and creatinine level 

determination. Correlation between body weights and (B) ALT activity and (C) 

creatinine concentration was determined using Pearson correlation test. 
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Figure 3.12. Chemical structures of potential phase I metabolites of PZ-DHA. 

(A) PZ (MW=436.4 g/mol) (B) DHA (MW=328.47 g/mol) (C) 3-hydroxy-phloridzin 

docosahexaenoate (MW=761.88 g/mol) (D) 3-hydroxy-phloridzin (MW=451.41 g/mol) 

(E) 3,5’-dihydroxy-phloridzin (MW=467.41 g/mol) (F) mono-epoxy-phloridzin 

docosahexaenoate (MW=761.88 g/mol) tri-epoxy-phloridzin docosahexaenoate 

(MW=793.2 g/mol) tetra-epoxy-phloridzin docosahexaenoate (MW=809.2 g/mol) 
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Figure 3.13. Chemical structures of potential phase II metabolites of PZ-DHA. 

(A) 4,4',6'-tri-O-methyl-phloridzin docosahexaenoate (MW=788.88 g/mol) (B) phloridzin 

docosahexaenoate-4-O-glucuronide (MW=923.02 g/mol) (C) phloridzin 

docosahexaenoate-4’-O-glucuronide (MW=923.02 g/mol) (D) phloridzin 

docosahexaenoate-4,4'-di-O-sulphide (MW=906.20 g/mol) 
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3.3 Discussion 

The rationale of combining PZ with DHA through an acylation reaction was to improve 

the cellular uptake and stability of PZ and DHA, respectively. This hypothesis was tested 

by conducting cellular uptake experiments of PZ, DHA and PZ-DHA using mammary 

carcinoma cells and non-malignant mammary epithelial cells. The metabolism, 

pharmacokinetics and toxicity of PZ-DHA was also investigated using in vitro and in 

vivo pharmacokinetic models with the aim of establishing the most appropriate in vitro 

and in vivo doses of PZ-DHA and time points to be used to study the pharmacological 

activities of PZ-DHA reported in subsequent chapters (Chapter 4, 5 and 6). 

PZ-DHA was taken-up by all tested mammary carcinoma (MDA-MB-231, MDA-MB-

468, 4T1 and MCF-7) and non-malignant mammary epithelial cells (MCF-10A), when 

treated with a sub-cytotoxic concentration (20 µM). Notably, MCF-7, ER+ breast cancer 

cells showed the lowest PZ-DHA internalization. Quercetin, a commonly used internal 

standard in LC/MS analysis of flavonoids, was used to determine the % recovery of test 

compounds. As anticipated, PZ was absorbed into cells in trace amounts; however, intra-

cellular DHA concentrations were also low (Figure 3.2B). The metabolism of DHA is 

highly cell type-dependent. Park et al. (2016) shows that, following initial metabolism, 

DHA is esterified into cell lipids and retroconversion of DHA (22: 6n-3) to EPA (20: 5n-

3) is 5-6 fold greater in non-neural cells compared to neural cells (Park et al., 2016). 

Further, Parks et al. (2017) reveals red blood cells as long-term stable intakes of DHA 

(Parks et al., 2017). Another study conducted using bovine aortic endothelial cell cultures 

shows that DHA is taken up by endothelial cells; however, the majority of DHA is 

incorporated into phospholipids (Hadjiagapiou and Spector, 1987). Incubation with 20 

µM 13C-(22: 6n-3) shows a cellular uptake by MCF-7 and HepG2 epithelial cells up to 24 

h, as well as retroconverted products, 13C-(20: 5n-3), 13C-(22: 6n-3), and 

tetracosahexaenoic acid (13C-(24: 6n-3)) (Park et al., 2016). However, little is known 

about the stability and intra-cellular availability of DHA with prolonged incubation. On 

the other hand, DHA undergoes extensive auto-oxidation, oxidative degradation and lipid 

peroxidation, resulting in a number of oxidative products such as mono/poly 

hydroxylated-DHA and epoxides (Brand et al., 2010; Ismail et al., 2016; Lee et al., 2003; 

Mason and Sherratt, 2017; Pogash et al., 2015; Shin et al., 2017; Suphioglu et al., 2010). 
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Therefore, it is possible that DHA was also readily taken up by all mammary 

carcinoma/mammary epithelial cells used in the current study, but the detection was low 

as a result of its incorporation into phospholipids and other compartments of the cells 

and/or extensive degradation. However, PZ-DHA showed a stable abundance throughout 

the experimental period (72 h), suggesting that conjugation of PZ with DHA increases the 

stability and availability of both PZ and DHA, which may lead to an increased biological 

activity. Collectively, PZ-DHA increased the intra-cellular availability of PZ by at least 

200-300-fold and DHA by 20-200-fold in mammary carcinoma cells. 

In vitro phase I and phase II metabolism of PZ-DHA was studied using freshly prepared 

liver microsomal enzymes from the livers of C57BL/6 female mice. Liver microsome 

preparations were stored at -80°C in 20% glycerol PPB and repeated freeze-thaw cycles 

were avoided to prevent degradation of microsomal enzymes. Three major NADPH-

dependent phase I bio-transformations (hydrolysis, hydroxylation and epoxidation) of 

PZ-DHA were identified and potential structures were suggested (Figure 3.12). PZ and 

DHA were recorded along with intact PZ-DHA as the two major products of PZ-DHA 

hydrolysis (Figure 3.4B) and further metabolism of PZ was indicated by the formation of 

3-hydroxy-phloridzin and 3,5’-dihydroxy-phloridzin (Figure 3.4B). Further, the 

unsaturated long carbon chain of PZ-DHA was subjected to epoxidation (Figure 3.4D); 

however, no further metabolism of DHA was recorded, suggesting a rapid degradation 

and/or accumulation of DHA into cellular compartments such as phospholipid bilayer 

when hydrolyzed from PZ-DHA.  

PZ-DHA undergoes at least three phase II conjugation reactions (methylation, 

glucuronidation and sulphation) resulting in four major metabolites (Figure 3.13). Phase 

II conjugation reactions typically serve as detoxifying reactions; however, certain phase 

II metabolites could be more potent or toxic than the parent compounds (Jancova et al., 

2010). On the other hand, certain phase II conjugated metabolites are less or as equally 

potent as parent compounds; yet, results in an improved pharmacological activity by 

significantly increasing the retention time/duration of action of parent drugs in the 

systemic circulation. Manach et al. (1998) shows that 3'-O-methylquercetin, quercetin-3-

O-sulfate, quercetin glucuronides retain their antioxidant activities by prolonging the lag 

phase of the antioxidant activity (Manach et al., 1998). Another study shows that 
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glucuronide conjugates of quercetin (quercetin-4′-glucuronide, quercetin-3′-glucuronide, 

quercetin-7-glucuronide and quercetin-3-glucuronide) act as potent xanthine oxidase and 

lipoxygenase inhibitors in vitro (Day et al., 2000b). Access of drugs/xenobiotics to the 

brain is strictly controlled by the BBB. Multiple in vitro studies have shown that 

methylated and glucuronide conjugates of flavonoids cross the BBB and enter the brain 

(Faria et al., 2012, 2014; Youdim et al., 2003).  In addition, some of the studies have 

discussed the clinical application of flavonoid conjugates (Ho et al., 2013; Ishisaka et al., 

2014). 

Intact PZ-DHA was found in all the organs tested; the highest concentration was seen in 

the liver, suggesting that PZ-DHA is rapidly localized to the liver. Furthermore, two 

phase II conjugated metabolites, 4,4',6'-tri-O-methyl-phloridzin docosahexaenoate and 

phloridzin docosahexaenoate-4,4'-di-O-sulphide, were abundant in the liver, reaching 

peak concentrations within 1 h suggesting that PZ-DHA was readily metabolized by liver 

microsomal enzymes in vivo (Figure 3.9). PZ-DHA and tri-methylated-metabolite 

accumulated in the kidneys during the serum elimination phase of PZ-DHA, signifying 

renal excretion of PZ-DHA both in intact and methylated forms. Interestingly, PZ-DHA 

was detected in the spleen and in the brain, suggesting potential clinical applications of 

PZ-DHA in the disorders related to the immune system and central nervous system. 

Toxicological studies confirmed that PZ-DHA did not induce liver or kidney toxicity in 

Balb/c female mice. However, a reduction in body weights was observed with PZ-DHA 

treatment. In general, body weights of both saline- and PZ-DHA-treated groups showed a 

trend towards weight loss with the start of intraperitoneal injections. The significant body 

weight reduction in PZ-DHA-treated mice may partially be attributed to the distress 

caused by experimental conditions such as handling, as well PZ-induced glucose uptake 

inhibition through inhibition of sodium/glucose co-transporter-1 (SGLT1) activity (Ho et 

al., 2013; Ishisaka et al., 2014). Other studies have shown that prolonged DHA intake 

results body weight reduction through increased-lipid metabolism (Buckley and Howe, 

2010; Howe et al., 2014; Innis, 2014; Vasickova et al., 2011). 

Taken together, in vivo pharmacokinetic experiments and related LC/MS analysis shows 

that following intraperitoneal administration, PZ-DHA is readily absorbed into the 

systemic circulation and distributed widely throughout the body. PZ-DHA undergoes 
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both phase I (hydrolysis) and phase II metabolism in the liver, and is then eliminated, 

possibly by conjugation followed by renal excretion. The findings presented in this 

chapter provides the basis and justification for most appropriate in vitro and in vivo 

experimental conditions to be employed in experiments detailed in the following chapters 

of the thesis. 
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CHAPTER 4 : PZ-DHA IS SELECTIVELY CYTOTOXIC TO BREAST CANCER 

CELLS 

4.1 Introduction 

 Many significant improvements such as advanced non-invasive early detection methods 

(Campuzano et al., 2017; Trecate et al., 2016), and novel treatment strategies (Germa et 

al., 2017; Kingston and Johnston, 2016; Lux et al., 2017), have been introduced over the 

past few decades, resulting in a significant reduction in breast cancer mortality (Gunsoy 

et al., 2014; Narod et al., 2015; van Schoor et al., 2011; Sighoko et al., 2018; Weedon-

Fekjær et al., 2014); yet, breast cancer continues to be a major health burden world-wide. 

Patients bearing ER+ and HER2+ breast cancers are largely benefited by these 

improvements in targeted treatments (Tolcher, 2001). Chemotherapy remains the major 

therapeutic option in the management of TNBC; however, these patients have not 

benefited from recent advances in targeted therapy directed against hormone receptors 

and HER2. Due to the lack of targeted therapies for TNBC, this disease is associated with 

development of drug-resistance and, thereby, recurrence of metastatic disease. 

Furthermore, the selectivity of most chemotherapeutic drugs is poor and causes a 

considerable amount of toxicity to non-malignant normal cells. Therefore, it is essential 

that these issues are carefully addressed when developing novel therapies to treat TNBC. 

In vitro and in vivo cytotoxic and anti-proliferative effects, as well as potential clinical 

applications of flavonoids and ω-3 fatty acids have been studied extensively. Studies 

have shown that regular intake of flavonoids is inversely proportional to breast cancer 

risk in humans (Fink et al., 2006, 2007; Peterson et al., 2003). A case-control study 

conducted by Peterson et al. (2003) found a strong statistically significant inverse 

correlation of flavone intake with breast cancer risk; however, flavanones, flavan-3-ols, 

flavonols, anthocyanidins or isoflavones intake had no such correlation with breast cancer 

risk (Peterson et al., 2003). Interestingly, Wang and colleagues reported that the negative 

correlation of flavan-3-ol intake was evident with ER- but  not ER+ breast cancer risk, 

suggesting a protective effect of plant-based diets against ER- breast cancer development 

(Wang et al., 2014b). Furthermore, many studies suggest that anti-oxidant activity of 

dietary flavonoids play a significant role in alleviating adverse side effects of 
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chemotherapy, as well as in cancer chemo-prevention (Amawi et al., 2017; Kuo et al., 

2016; Sak, 2012). Flavonoid-induced cytotoxic and chemo-preventive activities are 

linked to the ability of flavonoids to influence multiple cellular events in biological 

systems such as inhibition of protein kinases, cell cycle progression, metastasis, 

angiogenesis, multi-drug resistance, metabolism of carcinogens and pro-oxidant enzymes 

(Batra and Sharma, 2013). However, Matsuo et al. (2005) showed that high 

concentrations of flavonoids exhibit cytotoxic activity in cultured normal human cells via 

increased intracellular ROS production (Matsuo et al., 2005). ω-3 fatty acid intake also 

shows an inverse association with breast cancer risk (Fabian et al., 2015a, 2015b; Hidaka 

et al., 2015; Iyengar et al., 2013; Rahman et al., 2013; Zheng et al., 2013). Hidaka et al. 

(2015) suggest associations between tissue levels of ω -3 (including docosahexaenoic 

acid, DHA) with ω -6 fatty acids and a reversible tissue biomarker of breast cancer risk 

(Hidaka et al., 2015). Long-term (6 months) daily intake of large doses of EPA (1,860 

mg) and DHA (1500 mg) ethyl esters demonstrate favorable effects in a proteomics array 

for proteins involved in mitogen signaling and cell-cycle arrest; however, the downstream 

effector of Akt, mTOR, is not affected (Fabian et al., 2015a). 

In the current chapter, the selective cytotoxic activity of PZ-DHA toward malignant 

mammary epithelial cells was shown by culturing MDA-MB-231, MCF-10A and HDF 

cells in the presence or absence of PZ-DHA. Furthermore, the antiproliferative effect and 

impact of PZ-DHA on the expression of Ki67/cell cycle regulatory proteins and MDA-

MB-231 cell cycle progression was shown using sub-cytotoxic concentrations of PZ-

DHA. The effect of PZ-DHA on Akt- and MAPK-mediated cell survival and mitogenic 

signaling was also investigated. Because chemotherapy often fails due to the 

development of chemoresistance, the effectiveness of PZ-DHA on the suppression of 

paclitaxel-resistant MDA-MB-231 cell growth and inhibition of MCF-7 spheroid 

formation was also tested. PZ and DHA were included in all in vitro experiments for 

comparison purposes. My previous work shows that intra-tumoral administration of PZ-

DHA significantly inhibits the growth of MDA-MB-231 cells xenografted into the flasks 

of NOD-SCID female mice (Fernando, 2014; Fernando et al., 2016). In the present study, 

the systemic activity of PZ-DHA (intraperitoneal administration) was studied using 

Balb/c and NOD-SCID female mice orthotopically implanted/xenografted with 4T1 
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mouse mammary carcinoma cells and GFP-transfected MDA-MB-231 human mammary 

carcinoma cells, respectively. 

4.2 Results  

Chapter 3 showed that culture of malignant and non-malignant cells with 10-30 µM 

concentration of PZ-DHA for 72 h confirms drug internalization without induction of a 

cytotoxic effect in breast cancer cells and non-malignant mammary epithelial cells. 

Therefore, these concentrations and incubations were chosen to investigate the anti-

proliferative activities of PZ-DHA in in vitro cell culture systems in Chapter 4. In vivo 

tumor suppression experiments were conducted using 100 mg/kg PZ-DHA dose. 

4.2.1 PZ-DHA causes morphological changes in mammary carcinoma cells 

Cells undergoing apoptosis are characterized by a series of energy-dependent 

biochemical and morphological changes taking place in the cells (Elmore, 2007). These 

changes are observed during naturally occurring and experimentally-induced cell death 

(Elmore, 2007; Häcker, 2000; Ziegler and Groscurth, 2004). One of the key changes in 

the cell morphology during apoptosis is the condensation of chromatin and nuclear 

material. Toward the end of the apoptotic process, the cytoplasmic contents are 

condensed and form apoptotic bodies (Elmore, 2007; Häcker, 2000). Both DHA and PZ-

DHA induce morphological changes in MDA-MB-231 cells (Supplementary figure 3A). 

In the current study, 4 different mammary carcinoma cell types were cultured in the 

presence of 50 µM (low) and 100 µM (high) concentrations of PZ, DHA and PZ-DHA 

for 24 h and morphological changes were recorded using a Nikon eclipse TS 100 phase-

contrast microscope at 200× magnification. PZ did not cause any distinguishable changes 

to the cellular morphology of mammary carcinoma cells. DHA-induced morphological 

changes at the low concentration were evident by the condensation of nuclear material in 

all cells; most clearly in MDA-MB-468 cells and MCF-7 cells (indicated by solid-line 

arrows in Figure 4.1A). When treated with a high concentration of DHA, the entire 

morphology of the cells was notably changed; however, cytoplasmic condensation 

(except for a few MDA-MB-468 cells) and formation of apoptotic bodies were not 

observed in any type of cells. Nuclear (solid-line arrows) and cytoplasmic condensation 

(dashed-line arrows) of PZ-DHA-treated cells were noted at both low and high 
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concentrations (Figure 4.1A and B). In addition, apoptotic bodies (dotted-line arrows) 

were also seen in PZ-DHA-treated cell cultures, and all three morphological changes 

were dramatically increased with the incubation of cells in the presence of a high 

concentration of PZ-DHA (Figure 4.1B). 

4.2.2 PZ-DHA inhibits the metabolic activity of mammary carcinoma cells 

The effect of PZ-DHA and its parent compounds on the metabolic activity of mammary 

carcinoma cells was measured using an MTS assay. With the aim of understanding 

whether drugs-induced growth inhibitory effects are cell line specific, a panel of 

mammary carcinoma cell lines with different molecular sub-type profiles (ER, PR, HER2 

receptor expression; p53 status) was tested. MDA-MB-468 (ER-, PR-, HER2-, p53 

mutant), 4T1 (murine ER-, PR-, ERB-, p53 null), MCF-7 (ER+, PR+, HER2-, p53 wild-

type) and T-47D (ER+, PR+, HER2-, p53 mutant) cells were treated using a series of 

drug concentrations and cultured for different periods of time. All cell lines were 

consistently resistant to all tested concentrations of PZ; although, at 24 h, metabolic 

activity of MCF-7 cells was slightly affected (Figure 4.2A, D, G, and J). DHA had no 

significant effect at concentrations up to 75 µM; however, a concentration- and time-

dependent cell growth inhibition was noted with higher (100-200 µM) concentrations in 

all cell lines (Figure 4.2B, E, H, and K). My previous work highlights the inhibitory 

effects of PZ-DHA against MDA-MB-231 cells (Supplementary Figure 3B). In the 

present study, PZ-DHA attenuated the growth of all mammary carcinoma cells tested at 

50-200 µM in a concentration- and time-dependent manner, suggesting a broad spectrum 

of growth inhibitory activity of PZ-DHA (Figure 4.2C, F, I, and L). Interestingly, ER+ 

mammary carcinoma cells seemed to be more vulnerable to PZ-DHA treatment in 

comparison to ER- mammary carcinoma cells. 
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Figure 4.1. PZ-DHA induces morphological changes in mammary carcinoma cells in 

vitro. (Figure 4.1 is continued on the next page.) 
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Figure 4.1. PZ-DHA induces morphological changes in mammary carcinoma cells in 

vitro. 

MDA-MB-468, 4T1, MCF-7 and T-47D mammary carcinoma cells were seeded into 12-

well plates, and adherent cells were treated vehicle, (A) 50 µM or (B) 100 μM of PZ, 

DHA, or PZ-DHA and cultured for 24 h. Following culture, cells were photographed 

using a Nikon eclipse TS 100 phase contrast microscope equipped with Infinity 1 camera 

at ×200 magnification. 
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Figure 4.2. PZ-DHA inhibits the metabolic activity of mammary carcinoma cells in a 

concentration- and time-dependent manner. 

(Figure 4.2 is continued on the next page.) 
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Figure 4.2. PZ-DHA inhibits the metabolic activity of mammary carcinoma cells in a 

concentration- and time-dependent manner. 

MDA-MB-468 cells ((A) PZ, (B) DHA, (C) PZ-DHA), 4T1 cells ((D) PZ, (E) DHA, (F) 

PZ-DHA), MCF-7 cells ((G) PZ, (H) DHA, (I) PZ-DHA), and T-47D cells ((J) PZ, (K) 

DHA, (L) PZ-DHA) were treated and cultured for 24 h. At the end of culture, cells were 

incubated in the presence of MTS/PMS for 3 h and development of the formazan product 

was determined by measuring the absorbance at 490 nm. Metabolic activity of the cells 

was calculated using the equation, % relative metabolic activity= ((AT-ATB)⁄( AC- ACB)) 

×100, where, AT: absorbance of cells treated with drugs; ATB: absorbance of treatment 

blank; AC: absorbance of cells treated with vehicle control; ACB: absorbance of vehicle 

blank at 24 and 48 h post-treatment compared using one-way ANOVA multiple means 

comparison method and differences among means were compared using Tukey’s multiple 

means comparison method. Data presented as mean ± SEM are averaged results of three 

independent experiments performed in quadruplicates. *p<0.05.
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4.2.3 PZ-DHA-induced cytotoxic activity is greater than PZ and DHA combined 

effect 

Sections 4.2.1 and 4.2.2 outlined that, when conjugated into a single chemical entity, PZ-

DHA showed greater cytotoxic activity than its two parent compounds, PZ and DHA. 

MDA-MB-231 cells were treated with a mixture of PZ and DHA with the aim of 

comparing the effects of combined PZ and DHA to PZ-DHA. When used at a high 

concentration (100 µM) for 18 h, PZ-DHA caused a significant reduction in the 

metabolic activity of MDA-MB-231 cells (% mean metabolic activity±SEM: PZ and 

DHA, 66.7±5.4%; PZ-DHA, 27.8±4.8%) (p<0.001) when compared to the PZ and DHA 

mixture. At concentrations lower than 100 µM, the mixture was as equally potent as PZ-

DHA (Figure 4.3A). However, following prolonged exposure (24 h), PZ-DHA-induced 

inhibition of metabolic activity of MDA-MB-231 cells was significantly greater from 

than that of combined PZ and DHA, even at concentrations as low as 50 µM (% mean 

metabolic activity±SEM : PZ and DHA, 82.7±4.9%; PZ-DHA, 49.4±2.2) (p<0.001) and 

75 µM (% mean metabolic activity ± SEM: PZ and DHA, 53.2±4.2%; PZ-DHA, 

10.6±1.1) (p<0.001) and at 100 µM (% mean metabolic activity±SEM: PZ and DHA, 

26.7±3.5%; PZ-DHA, 12.1±1.8) (p<0.01) (Figure 4.3B). 

4.2.4 PZ-DHA induces early and late apoptosis of breast cancer cells 

The effect of PZ-DHA on the induction of early/late apoptosis of MDA-MB-231 cells 

was tested using a 50 µM concentration that caused 53.9±8.3% cell death by 7AAD 

staining at 72 h post-treatment (Chapter 3, Figure 3.1). DHA significantly increased the 

% number of MDA-MB-231 cells undergoing early apoptosis (Annexin-V-

FLUOS(+)/PI(-)-stained cells) (% mean number of cells ± SEM by the vehicle, 3.9±1.3; 

PZ, 4.3±0.7; DHA, 9.4±1.5; and PZ-DHA, 6.6±0.7) (p<0.05), as well as late apoptosis 

along with PZ-DHA (Annexin-V-FLUOS(+)/PI(+)-stained cells) (% mean number of 

cells±SEM by the vehicle, 6.6±1.9; PZ, 6.4±2.1; DHA, 25.5±4.2; and PZ-DHA, 

44.4±4.9) (p<0.001) (Figure 4.4A). Furthermore, PZ-DHA caused an increase in MDA-

MB-231 cell death that was statistically different from its parent compounds (p<0.001) 

(Figure 4.4B). 
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Figure 4.3. PZ-DHA-induced In vitro cytotoxic activity in MDA-MB-231 cells is 

greater than the effect of combined PZ and DHA. 

PZ-DHA-induced cytotoxic activity against MDA-MB-231 cells was compared to PZ-, 

DHA- and PZ+DHA-induced cytotoxic activities using MTS assays. Cells were treated 

with PZ, DHA, PZ+DHA, PZ-DHA or vehicle and cultured for (A) 18 h or (B) 24 h. 

Cells were incubated in the presence of MTS for 3 h, and the absorbance was measured at 

490 nm. Metabolic activity of the cells was compared using one-way ANOVA multiple 

means comparison method and differences among means were compared using Tukey’s 

post means comparison method. Data presented as mean±SEM are averaged results of 

three independent experiments performed in quadruplicates. *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 4.4. PZ-DHA induces early and late apoptosis/necrosis of MDA-MB-231 

cells. 

MDA-MB-231 cells were in 6-well plates treated with PZ, DHA, PZ-DHA (50 µM), 

vehicle or medium and cultured for 24 h. Cells were stained with Annexin-V-FLUOS/PI 

and analyzed by flow cytometry on FL1 and FL2. Data shown are (A) representative dot 

plots and (B) mean percentages of cells undergoing early apoptosis and late 

apoptosis/necrosis of three independent experiments±SEM. Data were analyzed using 

one-way ANOVA multiple means comparison method. Differences among means were 

compared using Tukey’s post mean comparison test. *p<0.05, **p<0.01, ***p<0.001. 
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4.2.5 PZ-DHA is less cytotoxic toward non-malignant cells 

Although treatment of MCF-10A cells with 50 µM or 100 µM PZ-DHA or its parent 

compounds did not inhibit metabolic activity (50 µM % mean metabolic activity±SEM: 

vehicle, 101.3±8.1; PZ, 86.43±4.12; DHA, 91.1±10.6; PZ-DHA, 83.7±14.9) (p=0.6420) 

(100 µM % mean metabolic activity ± SEM: vehicle, 101.3±8.1; PZ, 102.8±4.3; DHA, 

105.1±5.2; PZ-DHA, 83.8±6.5) (p=0.1359), 200 µM PZ-DHA significantly suppressed 

MCF-10A metabolic acitivty (% mean metabolic activity±SEM: vehicle, 101.3±8.1; PZ, 

105.6±9.3; DHA, 111.3±5.1; PZ-DHA, 48.2±0.6) (p<0.05) (Figure 4.5A). The selectivity 

of PZ-, DHA- and PZ-DHA-induced cytotoxic activity was further confirmed by treating 

MCF-10A cells and HDFs with a 50 µM concentration that was toxic to mammary 

carcinoma cells. Drug-treated non-malignant cells were stained with Annexin-V-

FLUOS/PI and subjected to flow cytometric analysis to identify early and late 

apoptotic/necrotic cells. PZ-DHA-induced MDA-MB-231 % cell death (51.1±4.3%) was 

7.7 and 8.6 times greater than that of in HDFs (6.6±1.6%) and MCF-10A cells 

(5.9±0.9%) (Figure 4.4B and Figure 4.5D), respectively. 

4.2.6 Sub-cytotoxic concentrations of PZ-DHA suppress MDA-MB-231 cell 

proliferation 

Oregon Green 488 is a cell-permeable fluorescent dye that binds to intra-cellular proteins, 

the fluorescence of which gets halved when the cell divides. Therefore, a left-ward shift 

of fluorescence by Oregon Green 488-stained cells indicates an increase in cell division 

and cell number due to proliferation. MDA-MB-231 cell proliferation was not affected by 

20 µM PZ, DHA, or PZ-DHA (mean number of cell divisions±SEM by the vehicle, 

3.0±0.1; PZ, 3.1±0.3; DHA, 3.1±0.3; PZ-DHA, 2.5±0.3) (p=0.3537); however, PZ-DHA 

at 30 µM reduced the proliferation of MDA-MB-231 cells by 2.3 fold in comparison to 

the DMSO vehicle control (mean number of cell division±SEM by the PZ, 2.5±0.4; 

DHA: 2.3±0.3; PZ-DHA, 1.3±0.3) (p<0.01) (Figure 4.6). This suggests that PZ-DHA has 

anti-proliferative activity at a sub-cytotoxic concentration. 
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Figure 4.5. PZ-DHA does not kill non-malignant cells. 

(A) Metabolic activity of PZ, DHA, and PZ-DHA-treated non-malignant mammary 

epithelial cells (MCF-10A) was measured using MTS assays. Cells were treated with 50 

µM, 100 µM, and 200 µM of PZ, DHA, PZ-DHA, vehicle or medium alone and cultured 

for 24 h. At the end of culture cells were incubated with MTS/PMS mixture for 3 h, and 

the absorbance was measured at 492 nm. Data expressed as mean ± SEM are averaged 

results of three independent experiments conducted in quadruplicate. Cells undergoing 

early and/or late apoptosis/necrosis were detected using Annexin-V-FLUOS/PI staining. 

Non-malignant MCF-10A cells and HDFs were treated with PZ, DHA, PZ-DHA (all at 

50 µM), vehicle or medium and cultured for 24 h. Cells were stained with Annexin-V-

FLUOS/PI and analyzed by flow cytometry on FL1 and FL2. Data shown are 

representative dot plots of (B) HDFs and (C) MCF-10A cells and (D) mean percentages 

of cells in early apoptosis and late apoptosis/necrosis of three independent 

experiments±SEM. Data were analyzed using one-way ANOVA multiple means 

comparison method. Differences among means were compared using Tukey’s post mean 

comparison test. *p<0.05. 
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Figure 4.6. Sub-cytotoxic concentrations of PZ-DHA inhibit the proliferation of 

MDA-MB-231 cells in vitro. 

MDA-MB-231 cells were synchronized to G0 phase by culturing cells in serum-free 

DMEM overnight. Synchronized cells were seeded and stained with Oregon Green 488 

dye, then treated with PZ, DHA, PZ-DHA (20 or 30 µM) or vehicle and cultured for 72 h 

at 37°C. At the end of culture, cells were harvested and analyzed by flow cytometry on 

FL1. Data shown are (A) representative histograms of cells treated with PZ, DHA or PZ-

DHA with respect to the vehicle and non-proliferative control and (B) mean number of 

cell divisions±SEM from three independent experiments. Differences among means were 

compared using Tukey’s post mean comparison test. **p<0.01. 
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4.2.7 Sub-cytotoxic concentrations of PZ-DHA inhibits the expression of Ki67 in 

MDA-MB-231 cells 

The antiproliferative activity of PZ-DHA at a cellular level was shown by the reduction 

in the number of cell divisions of Oregon Green 488–stained MDA-MB-231 cells. The 

anti-proliferative activity of PZ-DHA at a molecular level was confirmed by quantifying 

the expression of the proliferation marker, Ki67, in each phase of the cell cycle 

separately, as well as collectively (Figure 4.7). PZ-DHA consistently decreased Ki67 

expression in all phases of the cell cycle; although the trend in reduction did not reach 

statistical significance when each phase was considered separately (mean % relative Ki67 

expression in G1 phase±SEM: vehicle, 94.5±11.1; PZ, 103.2±5.7; DHA, 90.3±7.9; PZ-

DHA, 75.2±5.7), (mean % relative Ki67 expression in S phase±SEM: vehicle, 95.1±12.4; 

PZ, 106.4±5.3; DHA, 95.2±9.8; PZ-DHA, 79.5±8.1) and (mean % relative Ki67 

expression in G2/M phase±SEM: vehicle, 92.7±10.7; PZ, 102.3±4.1; DHA, 90.7±9.9; PZ-

DHA, 70.3±7.1) (Figure 4.7B). However, when all phases were considered together, the 

PZ-DHA-induced reduction in Ki67 expression was statistically significant, suggesting a 

reduction in MDA-MB-231 cell proliferation (mean % relative Ki67 expression±SEM: 

vehicle, 93.9±2.9; PZ, 100.4±7.3; DHA, 81.5±5.9; PZ-DHA, 70.7±2.7) (p<0.05) (Figure 

4.7C). 
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Figure 4.7. A sub-cytotoxic concentration of PZ-DHA suppress the expression of 

Ki67 proliferation marker in MDA-MB-231 cells in vitro. 

MDA-MB-231 cells were synchronized, treated with PZ, DHA, PZ-DHA (30 µM) or 

vehicle l and cultured for 72 h. Cells were harvested and fixed in 70% cold ethanol. Fixed 

cells were stained with FITC-conjugated Ki67 Ab and/or PI in the presence of RNase and 

analyzed by flow cytometry on FL1 and FL2. Data shown are (A) representative dot plots 

showing gating for cell cycle phases, Ki67 expression of MDA-MB-231 cells gated at (B) 

G1, S and G2/M phases and (C) overall Ki67 expression. Mean % relative Ki67 

expression±SEM were determined after four independent experiments. Statistical 

analysis was performed using one-way ANOVA multiple means comparison method and 

differences among means were compared using Tukey’s post mean comparison method. 

*p<0.05. 
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4.2.8 Sub-cytotoxic concentrations of PZ-DHA arrest MDA-MB-231 cell cycle at 

G2/M phase 

Cell cycle analysis was performed to understand whether PZ-DHA arrested the growth of 

MDA-MB-231 cells at any particular phase(s) of the cell cycle. Treatment of MDA-MB-

231 cells with 30 µM PZ-DHA arrested cell proliferation at G2/M phase (Figure 4.8); 

however, at 20 µM, none of the drugs influenced cell cycle progression (Figure 4.8A and 

B). At 30 µM, neither PZ nor DHA arrested MDA-MB-231 cell cycle progression at 

G2/M (mean % cell number in G2/M phase±SEM, vehicle, 15.9±1.6; PZ, 16.9±1.6; DHA, 

16.5±0.2; PZ-DHA, 25.5±0.6) (p<0.05). Furthermore, % mean cell number in the G0/G1 

phase was significantly reduced by PZ-DHA treatment (mean % cell number in G0/G1 

phase±SEM, vehicle, 51.9±0.9; PZ, 51.1±0.1; DHA, 51.4±2.2; PZ-DHA, 41.5±1.6); 

however, S phase (mean % cell number in S phase±SEM, vehicle, 32.2±1.5; PZ, 

32.0±1.6; DHA, 31.9±2.3; and PZ-DHA, 33.0±2.1) was not affected, suggesting that PZ-

DHA-induced cell cycle arrest is confined to the G2/M phase of the cell cycle (Figure 

4.8A and C). The effects of PZ-DHA, PZ and DHA on key cell cycle regulatory kinases 

and cyclins were also tested using western blot analysis. PZ-DHA and DHA significantly 

reduced the expression of cyclinB1 by 58.6% and 63.9% respectively (Figure 4.9A) (% 

mean relative expression of cyclin B1±SEM: vehicle, 93.9±5.6%; DHA, 35.3±9.4%; PZ-

DHA, 29.9±7.6%); however, only PZ-DHA (vehicle, 99.5±6.7%; PZ-DHA, 37.2±11.1%) 

inhibited the kinase activity of CDK1 (Figure 4.9B), causing a 62.3% reduction 

compared to the vehicle control. Consistent with the cell cycle analysis data, neither 

cyclin D3/CDK4 nor cyclin A/CDK2 were affected by any of the drugs (Figure 4.9C and 

D). 
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Figure 4.8. A sub-cytotoxic concentration of PZ-DHA arrests MDA-MB-231 cell 

replication at G2/M phase. 

MDA-MB-231 cells were synchronized and treated with PZ, DHA, PZ-DHA (20 or 30 

µM) or vehicle and cultured for 72 h, then cells were harvested and fixed in 70% cold 

ethanol. Fixed cells were stained with PI in the presence of RNase and analyzed by flow 

cytometry on FL2. (A) Representative histograms of cells treated with PZ, DHA, PZ-

DHA or vehicle and analyzed using ModFit software are shown. Mean % number±SEM 

of cells treated with (B) 20 µM and (C) 30 µM of test compounds in each phase of cell 

cycle was calculated after three independent experiments. Statistical analysis was 

performed using one-way ANOVA multiple means comparison method and differences 

among means were compared using Tukey’s post mean comparison method. *p<0.05. 
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Figure 4.9. A sub-cytotoxic concentration of PZ-DHA down-regulates the expression 

by MDA-MB-231 cells of cell cycle proteins involved in G2/M progression. 

MDA-MB-231 cells were treated with 20 µM of PZ, DHA, PZ-DHA, vehicle or medium 

alone and cultured for 24 h. Cell lysates were prepared, and relative expression of cell 

cycle regulatory proteins were determined using western blot analysis. Representative 

blots showing (A) cyclin B1 (B) CDK1 (C) cyclin D3 and CDK4 (D) cyclin A and CDK2 

expression from a representative experiment (n=3) are shown. Relative expression of 

cyclin B1 and CDK1 was calculated and normalized to the medium control. One-way 

ANOVA multiple mean comparison statistical analysis was performed, and differences 

among means were compared using Tukey’s post means comparison method. *p<0.05. 
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4.2.9 PZ-DHA inhibits Akt signaling in MDA-MB-231 cells 

The molecular mechanism(s) involved in the anti-proliferative activity of PZ-DHA were 

studied using western blot analysis of cell lysates prepared from medium-, vehicle-, PZ-, 

DHA-, or PZ-DHA-treated MDA-MB-231 and MCF-10A cells. PZ-DHA inhibited Akt 

signaling in MDA-MB-231 cells (Figure 4.10). Phosphorylation of PTEN (at Ser380), the 

upstream inhibitor of Akt signaling, was significantly upregulated by PZ-DHA (mean % 

relative expression±SEM: vehicle, 81.2±5.4; PZ, 85.5±5.4; DHA, 108.4±5.8; PZ-DHA, 

138.5±8.1) (p<0.001) (Figure 4.10A) and the phosphorylation of PDK1 (at Ser241), the 

upstream Akt inducer, was downregulated (mean % relative expression±SEM: vehicle, 

103.7±8.4; PZ, 57.2±4.8; DHA, 56.7±2.9; PZ-DHA, 34.1±5.2) (p<0.001) (Figure 4.10B). 

Furthermore, reduced Akt activity in PZ-DHA-treated MDA-MB-231 cells was also 

evident by the decreased phosphorylation of the downstream Akt-effector molecule, 

mTOR (mean % relative expression±SEM: vehicle, 101.6±8.4; PZ, 87.8±3.6; DHA, 

83.3±5.8; PZ-DHA, 64.1±6.6) (p<0.05) (Figure 4.10C), at Ser2448. PZ-DHA treatment 

had the opposite effect on the phosphorylation of GSK3β at serine and tyrosine sites; 

phosphorylation at Ser9 (mean % relative expression±SEM: vehicle, 94.0±5.8; PZ, 

91.6±8.3; DHA, 148.6±4.3; PZ-DHA, 179.6±10.1) (p<0.001)  (Figure 4.10D) was 

increased while Tyr216 phosphorylation was not affected (mean % relative 

expression±SEM: vehicle, 80.6±0.6; PZ, 88.6±4.2; DHA, 74.1±7.2; PZ-DHA, 66.9±8.1) 

(p=0.3054) (Figure 4.10E). In contrast, PZ-DHA had either no effect or the opposite 

effect on MCF-10A cells, with the exception of mTOR phosphorylation (Figure 4.11B). 



116 

 

 
Figure 4.10. A sub-cytotoxic concentration of PZ-DHA inhibits PI3K/Akt/mTOR 

pathway in vitro. 

MDA-MB-231 cells were treated with PZ, DHA, PZ-DHA (20 µM) or vehicle alone and 

cultured for 72 h. Cells were harvested, and protein-rich cell lysates were prepared. Equal 

amounts of protein (20 µg) were loaded on to 10%, 12% or 15% SDS-polyacrylamide 

gels and electrophoresed. Proteins were transferred to nitrocellulose membranes and blots 

probed with Ab against (A) phospho-PTEN (Ser380)/total-PTEN, (B) phospho-PDK1 

(Ser241)/total-PDK1, (C) phospho-mTOR (Ser2448)/total-mTOR, (D) phospho-GSK3β 

(Ser9)/total-GSK3β and (E) phospho-GSK3β (Tyr216)/total-GSK3β. Blots were 

incubated with the respective secondary Ab and equal protein loading was confirmed by 

β-actin or α-tubulin expression. Data shown are mean % relative expression±SEM of 

three independent experiments. ANOVA multiple means comparison statistical method 

was performed and differences among means were compared using Tukey’s test; 

*p<0.05, **p<0.01 and ***p<0.001. 
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Figure 4.11. A concentration of PZ-DHA that is cytotoxic to MDA-MB-231 cells 

does not affect the morphology of MCF-10A cells; a sub-cytotoxic concentration of 

PZ-DHA does not inhibit the PI3K/Akt/mTOR pathway in MCF-10A cells in vitro. 

(A) MCF-10A mammary epithelial cells were seeded into 12-well plates, and adherent 

cells were treated with vehicle, 50 µM of PZ, DHA, or PZ-DHA and cultured for 24 h. 

Following culture, cells were photographed using a Nikon eclipse TS 100 phase contrast 

microscope equipped with Infinity 1 camera at ×100 and ×200 magnification.  (B) MCF-

10A cells were treated with PZ, DHA, PZ-DHA (20 µM) or vehicle alone and cultured 

for 72 h. Cells were harvested, and protein-rich cell lysates were prepared. Equal amounts 

of protein (20 µg) were loaded on to SDS-polyacrylamide gels and electrophoresed. 

Proteins were transferred to nitrocellulose membranes and blots probed with Ab against 

phospho-PTEN (Ser380)/total-PTEN, phospho-PDK1 (Ser241)/total-PDK1, and 

phospho-mTOR (Ser2448)/total-mTOR. Blots were incubated with the respective 

secondary Ab and equal protein loading was confirmed by β-actin. 
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4.2.10 PZ-DHA inhibits MAPK signaling in MDA-MB-231 cells 

Next, the effect of PZ-DHA on MAPK signaling was studied since cell proliferation and 

differentiation are largely regulated by MAPK signaling pathways (Seger and Krebs, 

1995). Phosphorylation of RAF and ERK1/2 was detected by western blot analysis. 

Activation of RAF, the upstream inducer of ERK1/2, was markedly reduced by PZ-DHA, 

which inhibited phosphorylation at Ser259 (mean % relative expression±SEM: vehicle, 

104.2±7.2; PZ, 85.4±6.3; DHA, 39.2±6.4; PZ-DHA, 19.6±5.9) (p<0.001) (Figure 4.12A). 

PZ-DHA significantly decreased the phosphorylation of ERK1 and ERK2 at Thr202 and 

Tyr204, respectively. PZ and DHA also significantly reduced ERK1/2 phosphorylation; 

however, the PZ-DHA-induced inhibitory effect was significantly lower than that of both 

parent compounds (mean % relative ERK1 expression±SEM: vehicle, 89.4±3.5; PZ, 

54.5±7.8; DHA, 41.9±2.5; PZ-DHA, 24.5±4.7) and (mean % relative ERK2 

expression±SEM: vehicle, 94.7±1.4; PZ, 47.8±6.5; DHA, 36.3±3.4; PZ-DHA, 12.3±4.6) 

(p<0.001) (Figure 4.12B). 

4.2.11 PZ-DHA inhibits stem cell-like activity of breast cancer cells 

Cancer stem cells are a dormant rare cancer cell sub-population with a distinct genetic 

signature which allows them to possess characteristics associated with normal stem cells 

such as self-renewal and differentiation (Batlle and Clevers, 2017). Therefore, cancer 

stem cells are more tumorigenic and drug-resistance compared to other cancer cells from 

the same tumor. Cancer stem cell targeted therapy is therefore important for killing 

chemotherapy-resistant cancer stem cells and overcoming cancer relapse. PZ-DHA 

attenuated spheroid formation by MCF-7 cells and decreased the acid phosphatase 

activity of MCF-7 cells in spheroids (mean % acid phosphatase activity±SEM: vehicle, 

96.9±7.5; PZ, 100.1±9.2; DHA, 70.1±14.4; PZ-DHA, 23.5±2.6) at a concentration that 

was non-toxic to non-malignant MCF-10A mammary epithelial cells (50 µM) (p<0.001) 

(Figure 4.13A and B). Furthermore, PZ-DHA also inhibited the formation of secondary 

spheroids by MCF-7 cells isolated from primary spheroids (Figure 4.13C). 
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Figure 4.12. A sub-cytotoxic concentration of PZ-DHA inhibits MAPK signaling in 

vitro. 

MDA-MB-231 cells were treated with PZ, DHA, PZ-DHA (20 µM) or vehicle alone and 

cultured for 72 h. Cells were harvested, and protein-rich cell lysates were prepared. Equal 

amounts of protein (20 µg) were loaded on to 10%, 12% or 15% SDS-polyacrylamide 

gels and electrophoresed. Proteins were transferred on to nitrocellulose membranes, and 

blots were probed with primary Ab against (A) phospho-c-RAF (Ser259)/total-c-RAF, 

(B) phospho-ERK1/2 p44 (Thr202)/p42 (Tyr204)/total-ERK1/2 p44/p42. Equal protein 

loading was confirmed by β-actin or α-tubulin expression. Data shown are mean % 

relative expression±SEM of three independent experiments. ANOVA multiple means 

comparison statistical method was performed and differences among means were 

compared using Tukey’s test; *p<0.05, and ***p<0.001. 
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Figure 4.13. PZ-DHA inhibits spheroid formation by breast cancer cells in vitro. 

MCF-7, which are ER+ breast cancer cells, were grown in ultra-low adherent cell culture 

plates in spheroid growth medium for 48 h, treated with PZ, DHA, PZ-DHA (50 µM) or 

vehicle alone, and cultured for 72 h. (A) Spheroids were photographed and (B) the 

metabolic activity of spheroid cells was measured by acid phosphatase assay. Data shown 

are mean acid phosphatase activity±SEM of three independent experiments. ANOVA 

multiple means comparison statistical method was performed and differences among 

means were compared using Tukey’s test; ns: not significant, *p<0.05 and ***p<0.001. 

(C) MCF-7 spheroids were dispersed into single cell suspensions and the growth of 

secondary spheroids was monitored in the presence or absence of PZ, DHA, and PZ-

DHA.
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4.2.12 PZ-DHA is cytotoxic to paclitaxel-resistant MDA-MB-231 (MDA-MB-231-

TXL) cells 

TNBC cells lack ER, PR and HER2; therefore, TNBC cells develop resistance to current 

conventional chemotherapy. Paclitaxel is one of the leading drugs used in the treatment 

of TNBC. The efficacy of PZ-DHA against paclitaxel-resistant MDA-MB-231 (MDA-

MB-231-TXL) cells was tested using MTT assays, 7AAD and Annexin-V-488/PI 

staining, and western blot analysis. PZ-DHA caused morphological changes to MDA-

MB-231-TXL cells and reduced the number of cells in the culture, suggesting anti-

proliferative and/or cytotoxic activity (Figure 4.14A). The metabolic activity of drug-

treated MDA-MB-231-TXL cells was tested using MTT assays and inhibition induced by 

PZ-DHA was compared to its parent compounds. PZ-DHA treatment at low 

concentrations (10 and 25 µM) for 24 h did not affect the metabolic activity of MDA-

MB-231-TXL cells; however, a dose-dependent significant reduction of the metabolic 

activity was noted with longer treatment. High concentrations of PZ-DHA induced a 

significant inhibitory effect within 24 h (50 µM, 88.6±0.8%; 100 µM, 41.1±3.9%) and 

continued to be active for at least 48 h (50 µM,70.4±2.5%; 100 µM,24.2±3.3%) 

(p<0.001) (Figure 4.14B and C). MDA-MB-231-TXL cells were 15% more resistant to 

PZ-DHA treatment compared to MDA-MB-231 cells when cultured for 24 h (p<0.05); 

however, the resistance of MDA-MB-231-TXL cells diminished with further culture in 

the presence of PZ-DHA (Figure 4.14D). 

Flow cytometric analysis of PZ-DHA-treated MDA-MB-231-TXL cells showed a 

significant increase in cell death (Figure 4.15A) due to early and late apoptosis/necrosis 

(Figure 4.15B). A reduction of the pro-caspase3 level in MDA-MB-231-TXL cells was 

evident following treatment with PZ-DHA; however; cleaved-caspase3 was not detected. 

Treatment with DHA resulted in an increase in cleaved-caspase3 (fraction 2, 

MW=17kDa), suggesting the involvement of caspase3 activation in DHA-induced death 

of MDA-MB-231-TXL cells (Figure 4.15C). The effect of PZ-DHA and its parent 

compounds on two drug transporters (ABCG2 and MRP1) was also investigated using 

western blot analysis; however, no effect was noted (Figure 4.15D). 
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Figure 4.14. PZ-DHA inhibits the metabolic activity of paclitaxel-resistant MDA-

MB-231 (MDA-MB-231-TXL) breast cancer cells in a concentration- and time-

dependent manner. 

Paclitaxel-resistant MDA-MB-231 (MDA-MB-231-TXL) cells and parental MDA-MB-

231 cells were treated with PZ, DHA, PZ-DHA (10 - 100 µM), vehicle, or medium alone 

and cultured for 24 or 48h, and then an MTT assay was performed. (A) Morphological 

changes of MDA-MB-231-TXL cells were observed after 48 h, and the metabolic activity 

of MDA-MB-231-TXL cells was determined at (B) 24 and (C) 48 h post-treatment. (D) 

The effect of PZ-DHA on the resistance of MDA-MB-231-TXL cells was compared to 

the parental cell line. Data shown are mean metabolic activity±SEM from three 

independent experiments. ANOVA multiple means comparison statistical method was 

performed and differences among means were compared using Tukey’s test; ns: not 

significant, *p<0.05, **p<0.01, and ***p<0.001. 
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Figure 4.15. PZ-DHA kills paclitaxel-resistant MDA-MB-231 (MDA-MB-231-TXL) 

breast cancer cells. 

(A) MDA-MB-231-TXL cells were treated with PZ, DHA, PZ-DHA (25, 50 or 100 µM) 

or the vehicle alone, cultured for 48 h, and stained with 7-AAD for analysis by flow 

cytometry. Representative histograms; M1: live cells and M2: dead cells are shown, and 

data are expressed as mean % cell death ± SEM of three independent experiments.  (B) 

MDA-MB-231-TXL cells were treated with PZ, DHA, PZ-DHA (50 or 100 µM) or 

vehicle alone for 24 h and then stained with Annexin-V-488/PI and analyzed by flow 

cytometry. Data shown are representative dot plots of cells treated with 50 µM of the 

drugs and the mean % of cells in early apoptosis and late apoptosis/necrosis of three 

independent experiments±SEM. ANOVA multiple means comparison statistical method 

was performed and differences among means were compared using Tukey’s test; 

***p<0.001. Effect of PZ-DHA (20 µM) on (C) caspase 3 activation and the expression 

of (D) drug efflux transporters was determined using western blot analysis. Equal protein 

loading was confirmed by probing blots for β-actin. 
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4.2.13 PZ-DHA suppresses the growth of orthotopically implanted/xenografted 

mammary carcinoma cell growth in mice 

A syngeneic model (4T1 mouse mammary carcinoma cells implanted into Balb/c female 

mice) and a xenograft model (GFP-transfected-MDA-MB-231 cells xenografted into 

NOD-SCID female mice) of breast cancer were used to test the in vivo tumor suppressor 

activity of PZ-DHA. In both models, mammary carcinoma cells were implanted 

orthotopically into the inguinal mammary fat pad by subcutaneous injection and PZ-DHA 

(100 mg/kg body weight) or saline was administered by intraperitoneal injection. PZ-

DHA significantly reduced the volume of the primary tumor in both models (mean 4T1 

tumor volume±SEM: saline, 283.4±30.1 mm3; PZ-DHA, 165.9±27.4 mm3) (p<0.001) 

(Figure 4.16A); mean MDA-MB-231 xenograft volume ± SEM: saline, 691.4±77.3 mm3; 

PZ-DHA, 456.1±52.6 mm3) (p<0.001) (Figure 4.17A); however, the tumor weight was 

significantly reduced only in the xenograft model (mean 4T1 tumor weight±SEM: saline, 

269.4±29.9 mg; PZ-DHA, 184.4±32.1 mg) (p=0.0705) (Figure 4.16D); (mean MDA-MB-

231 xenograft weight±SEM: saline, 700.8±49.1 mg; PZ-DHA, 530.9±36.7 mg) (p<0.05) 

(Figure 4.17D). Major internal organs (except lungs, in which metastasis was anticipated 

and evident) of all mice from both models appeared normal and healthy. Furthermore, 

there was no evidence of any significant body weight loss, reduced food/water intake, 

motility or morbidity in any treatment group, suggesting that the systemic administration 

of PZ-DHA did not induce adverse side effects or physical distress. Tumors excised from 

mice (Figure 4.16C and Figure 4.17C) were fixed in 10% buffered-formalin and necrotic 

tumor regions were identified by hematoxylin and eosin staining; interestingly, tumor 

necrosis was more distinct in the xenograft model. Sections from primary tumors were 

also subjected to immunohistochemical staining to visualize Ki67 expression. A slight 

reduction of Ki67 was observed in PZ-DHA-treated tumors from the syngeneic model 

(Figure 4.18A). The number of cells expressing Ki67 in the PZ-DHA-treated tumors from 

the xenograft model was markedly lower than the saline-treated mice (Figure 4.18B). 
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Figure 4.16. Intraperitoneal administration of PZ-DHA inhibits 4T1 tumor growth 

in Balb/c mice. 

4T1 mouse mammary carcinoma cells (1 × 105 cells) were injected into the left 

abdominal mammary fat pad of Balb/c female mice. Intraperitoneal injections of saline or 

PZ-DHA (100 mg/kg) were started on day 8 and continued every second day (days 8, 10, 

12, 14 and 16) until day 16. Caliper measurements of tumors were recorded on days 6, 8, 

10, 12, 14, 16, and 17 using a digital caliper. (A) Tumor volume was calculated according 

to the equation, (L × P2)⁄2 where L is longest tumor diameter and P is diameter 

perpendicular to the longest diameter and shown as mean±SEM. On day 17, the mice 

were euthanized. (B) Mice and their (C) tumors were photographed and tumors were (D) 

weighed and tumor weights are shown as mean±SEM. Statistical differences between 

means were compared using Student’s t-test; ***p<0.001. 
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Figure 4.17. Intraperitoneal administration of PZ-DHA inhibits GFP-tagged MDA-

MB-231 tumor growth in NOD-SCID mice. 

MDA-MB-231 human breast cancer cells (2 × 106 cells) were injected into the left 

abdominal mammary fat pad of NOS/SCID female mice. Intraperitoneal injections of 

saline or PZ-DHA (100 mg/kg) were started on day 21 and continued every second day 

from day 21 until day 59. Caliper measurements of tumors were recorded on every 

injection day using a digital caliper. (A) Tumor volume was calculated according to the 

equation, (L × P2)⁄2 where L is longest tumor diameter and P is diameter perpendicular to 

the longest diameter and shown as mean ± SEM. On day 60, the mice were euthanized. 

(B) Mice and their (C) tumors were photographed and tumors were (D) weighed and 

tumor weights are shown as mean±SEM. Statistical differences between means were 

compared using Student’s t-test; *p<0.05, ***p<0.001. 
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Figure 4.18. PZ-DHA induces necrosis and decreases Ki67 expression of 4T1 and 

MDA-MB-231 tumors. 

Formalin-fixed (A) 4T1 tumor sections and (B) GFP-MDA-MB-231 xenograft sections 

were stained with haematoxylin and eosin to visualize tumor necrosis. IHC was carried 

out using anti-rabbit Ki67 Ab to test the effect of PZ-DHA on the proliferation of tumor 

cells. Necrotic tumor regions are shown by eosin-stained (pink-colored) cells (N) and live 

tumor regions are denoted by (L). 
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4.3  Discussion 

In the current chapter, the selectivity of PZ-DHA and its impact on breast cancer cell 

proliferation, cell survival signaling pathways, as well as the in vivo efficacy of PZ-DHA 

were studied in detail. My previous work shows that PZ-DHA is less cytotoxic for 

primary human mammary epithelial cells when compared to MDA-MB-231 cells in an 

MTS assay (Fernando et al., 2016). Here, four additional mammary carcinoma cell lines 

(MDA-MB-468, 4T1, MCF-7 and T-47D), one drug-resistant mammary carcinoma cell 

line (MDA-MB-231-TXL) and two more non-malignant cell types (MCF-10A and HDF) 

were studied to further understand the selectivity of PZ-DHA-induced cytotoxicity. 

Both DHA and PZ-DHA killed TNBC cells, and ER+ breast cancer cells; however, PZ-

DHA-induced cytotoxic activity was greater than that of DHA. PZ did not significantly 

influence the viability of any malignant cells. Wang et al. (2010) reported that PZ 

exhibits estrogenic activity in MCF-7 cells in the absence of 17β-estradiol and shows an 

opposite (anti-estrogenic) activity in the presence of 17β-estradiol (Wang et al., 2010a). 

My findings are not in line with those of Wang et al. (2010), most likely because of 

differences between the two experimental models. Ester linkages are readily hydrolyzed 

by hydrolytic enzymes such as lipases, esterases and proteases (Antonopoulou et al., 

2016; De Araújo et al., 2017; Stauffer and Zeffren, 1970; Viskupicova et al., 2012). 

Hydrolysis takes place at the hydrophilic-hydrophobic interphase and results in the 

release of free fatty acid and the flavonoid/flavonoid glycoside. Therefore, the potential 

of PZ and DHA to initiate an antagonistic, additive or synergistic reaction following 

hydrolysis was modeled and tested using MTS assay. Screening of PZ-DHA for sub-

cytotoxic concentrations, which was explained and discussed in chapter 3, showed that 

none of the drugs at 10-30 µM showed cytotoxic activity to MDA-MB-231 cells. 

Similarly, the combination of PZ and DHA at 10 µM was not cytotoxic to MDA-MB-231 

cells. The PZ and DHA-combined effect was not significantly different from that of PZ-

DHA-induced cytotoxic activity at low concentrations; however, with prolonged 

incubation, PZ-DHA significantly decreased the metabolic activity of breast cancer cells, 

even at low concentrations (Figure 4.3). When employed at high concentrations, PZ-

DHA was more potent than the combined effect of PZ and DHA suggesting that MDA-

MB-231 cells were more sensitive to PZ-DHA-induced cytotoxic activity than 
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cytotoxicity by the combination of PZ and DHA. When conjugated, PZ and DHA uptake 

is enhanced; this is likely responsible for the increased potency of the conjugate. 

Therefore, it is important to look further into the pharmacological effects of PZ-DHA. 

Chemotherapy-associated adverse side effects and complications are directly or indirectly 

related to drug-induced toxicities to non-malignant cells (Chen et al., 2000; Liu et al., 

2015a; Robinson, 1993; Sak, 2012). Therefore, it is necessary that the selectivity of a 

drug candidate is tested during early stages of the drug development. The selectivity of 

PZ-DHA in killing malignant cells was studied against non-malignant human mammary 

epithelial cells and HDFs. PZ-DHA caused morphological changes and reduced the 

metabolic activity of all malignant cell types (Figure 4.1 and 4.2); however, the 

morphology (Figure 4.11A) and viability of the non-malignant cells was not affected. 

Furthermore, PZ-DHA induced early and late apoptosis/necrosis of cancer cells without 

harming normal cells (Figure 4.5). At sub-cytotoxic concentrations, PZ-DHA inhibited 

Akt and MAPK signaling in MDA-MB-231 cells, while the phosphorylation of Akt 

pathway components (PTEN and PDK1) in MCF-10A cells were not affected, suggesting 

that the selective activity of PZ-DHA is extended to the molecular level. However, PZ-

DHA inhibited the phosphorylation of mTOR in MCF-10A cells, which may indicate the 

activation of stress response pathways. 

Flavonoids kill various types of cancer cells, including breast cancer cells, while having 

little or no effect on normal cells (Hrvatsko prirodoslovno društvo. Biološka sekcija. et 

al., 2009; Matsuo et al., 2005; Romanouskaya and Grinev, 2009; Sak, 2014; Srivastava et 

al., 2016; Yadegarynia et al., 2012). The cytotoxic/anti-proliferative activities of 

flavonoids result in cell cycle arrest, caspase activation and dysregulation of oxidative 

stress (Nair et al., 2014; Rupasinghe et al., 2012; Sak, 2014; Smith et al., 2016; 

Yadegarynia et al., 2012). Similarly, flavonoid derivatives inhibit the proliferation of 

breast cancer cells while, in certain cases, showing improved biological activities 

(Martínez-Pérez et al., 2016; Rhodes et al., 2012). At a sub-cytotoxic concentration, PZ-

DHA inhibited the proliferation of MDA-MB-231 cells, decreasing cell division by 2.3-

fold (Figure 4.6). The antiproliferative activity of PZ-DHA was confirmed by a reduction 

in the expression of the cell proliferation marker, Ki67 (Figure 4.7), which is expressed in 

all active phases (G1, S, and G2/M) of the cell cycle (Yuan et al., 2015). Therefore, it 
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allows the quantification of Ki67 expression in each individual phase. PZ-DHA treatment 

caused an overall significant reduction in Ki67 expression. Flavonoids are known to 

cause G2/M cell cycle arrest of various cancer cell types, including breast cancer cells 

(Choi et al., 1999; Vidya Priyadarsini et al., 2010; Zhao et al., 2009). PZ-DHA had a 

similar effect since PZ-DHA arrested MDA-MB-231 cells at G2/M (Figure 4.8), which 

was associated with reduced expression of cyclin B1 and CDK1 (Figure 4.9). In contrast, 

Nair et al. (2014) showed that PZ-DHA arrests HepG2 liver cancer cells at G0/G1 (Nair et 

al., 2014); however, unlike HepG2 cells that have wild-type p53 (Vollmer et al., 1999), 

MDA-MB-231 cells express abundant mutated p53 (Hui et al., 2006). It is therefore 

possible that p53 status may partly explain the absence of G0/G1 arrest in PZ-DHA-

treated MDA-MB-231 cells since p53 mutant cells are more likely to be arrested at G2/M 

instead of G0/G1 (Abu et al., 2014). Consistent with cell cycle analysis, the expression of 

proteins that regulate the transition of a cell through G0/G1 (cyclin D3 and CDK4) or S 

(cyclin A and CDK2) phase was not affected by PZ-DHA or its parent compounds 

(Figure 4.9). 

Dietary biomolecules have received distinct attention as anti-cancer and chemo-

preventive agents and, as such, they have been extensively studied to understand their 

mode(s) of action. Flavonoids, the largest naturally-occurring phytochemical group, is 

known to have anti-cancer activity through targeting multiple cell signaling pathways at 

different levels. These mechanisms mainly involve transcriptional and post-

transcriptional regulation, protein activation/inactivation and modulation of intracellular 

cell signaling associated with cell proliferation and survival (Chen and Liu, 2018; Surh, 

2003; Upadhyay and Dixit, 2015). Among many cell signaling pathways impacted by 

flavonoids, PI3K/Akt/mTOR and MAPK pathways play central roles in the anti-cancer 

activities of flavonoids (Adhami et al., 2012; Borah et al., 2017; Fang et al., 2005; 

Granado-Serrano et al., 2006; Kim et al., 2007; Lee et al., 2011b; Mirzoeva et al., 2008; 

Pratheeshkumar et al., 2012; Ruiz and Haller, 2006; Zhang et al., 2014). Furthermore, ω-

3 fatty acids also inhibit PI3K/Akt/mTOR and MAPK pathways of human cells (Akbar et 

al., 2005; Kim et al., 2015; Shin et al., 2013; Yin et al., 2017). Therefore, in the current 

project, the effects of PZ-DHA on PI3K/Akt/mTOR and MAPK pathways in MDA-MB-

231 cells were tested in detail and compared with the parent compounds. The inhibitory 
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effect of PZ-DHA on Akt signaling was evident both upstream and downstream of Akt 

(Figure 4.10). PTEN antagonizes the activation of PI3K by converting PIP3 into PIP2 

(Chalhoub and Baker, 2009). The negative regulatory effects of PZ-DHA on Akt 

signaling were associated with activation of PTEN by phosphorylation at Ser380. The 

effect of PZ-DHA on PTEN was significantly greater than that of its parent compounds. 

Akt is activated by its upstream kinase PDK1 and studies have shown that PDK1 

phosphorylation at Ser241 is essential for its kinase activity (Casamayor et al., 1999; 

Ding et al., 2010). PZ-DHA, as well as its both parent compounds, inhibited the 

phosphorylation of PDK1 at Ser241. PZ-DHA also significantly inhibited the 

phosphorylation of mTOR, which is needed for activation of anabolic pathways that 

include protein, ribosome and nucleotide synthesis that are collectively important for cell 

and tissue growth (Kennedy and Lamming, 2016; Xie et al., 2016). Significant inhibition 

of mTOR phosphorylation at Ser2448 by PZ-DHA suggests a clear mechanism for the 

anti-proliferative effect of PZ-DHA on MDA-MB-231 cells. In addition, an overall 

reduction in GSK3β kinase activity was evident by increased phosphorylation of GSK3β 

at Ser9 (inactive form) and unchanged phosphorylation of GSK3β at Tyr216 (active 

form). Furthermore, Ding et al. (2000) suggested that at least two distinct pools of 

GSK3β are present in a cell, one being resistant to phosphorylation by Akt while the 

other is regulated by Akt-induced kinase activity (Ding et al., 2000). Although, PZ-DHA-

induced inhibitory effects on PI3K/Akt/mTOR signaling pathway is promising, detection 

of phosphorylated Akt was not successful during the current project. Therefore, this 

limitation demands further clarification during future studies. PZ-DHA inhibited the 

phosphorylation of c-RAF and ERK1/2 at Ser259 and Thr202/Thy204, respectively, 

suggesting that decreased MAPK signaling contributes to PZ-DHA-induced cytotoxic 

and anti-proliferative activities (Figure 4.12). In agreement with Shin et al. (2013) and 

Yin et al. (2017), DHA also inhibited Akt activation and ERK1/2 phosphorylation, albeit 

to a lesser extent than PZ-DHA (Shin et al., 2013; Yin et al., 2017). PZ did not affect the 

phosphorylation of any Akt or MAPK pathway component except for PDK1 and 

ERK1/2; however, the inhibitory activity of PZ did not extend to downstream signaling 

molecules such as mTOR and/or GSK3β. Little is known about the effect of PZ on 

signaling pathways in malignant cells. However, the potent SGLT1/2 inhibitory activity 
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of PZ increases Akt activation in human umbilical vein endothelial cells, providing a 

protective effect against palmitic acid-induced endothelial dysfunction (Li et al., 2018), 

as well as preventing epithelial barrier damage and bacterial translocation in intestinal 

ischemia (Huang et al., 2011). PZ-DHA did not affect the morphology, metabolic activity 

or viability of non-malignant cells, suggesting selectivity of PZ-DHA-mediated inhibitory 

effects at the cellular level. To further understand the effects of PZ-DHA on non-

malignant cells at a molecular level, the impact of PZ-DHA on Akt signaling pathways 

was investigated in MCF-10A mammary epithelial cells. As expected, PZ-DHA had 

either an opposite or no effect on Akt signaling in MCF-10A cells, although the 

phosphorylation of mTOR was inhibited by PZ-DHA. The inability of PZ-DHA to affect 

Akt signaling may partially explain the resistance of MCF-10A cells to PZ-DHA 

treatment.  

Many cancers acquire resistance to conventional chemotherapy, which is considered as 

one of the major limitations of chemotherapeutic drugs (Dennis et al., 1998; Nooter and 

Stoter, 1996; Ozben, 2006). Nonetheless, chemotherapy remains the first-line treatment 

option for TNBC due to the lack of targeted therapeutic agents for TNBC. TNBC cells 

develop resistance to chemotherapy quite frequently, leading to more complicated 

clinical situations such as treatment failure, disease recurrence, and metastasis (Bao et al., 

2017; Kennecke et al., 2010). Cancer stem cells, a sub population of cells in tumors, 

demonstrate distinct phenotypic and genotypic signatures (Chen et al., 2013; Lobo et al., 

2007), which allows them to escape chemotherapy that targets rapidly-proliferating 

cancer cells (Chang, 2016; Liu et al., 2015b; Peitzsch et al., 2017). Suppression of stem 

cell-like activity in breast cancer cells by PZ-DHA was evident by the PZ-DHA-mediated 

inhibition of MCF-7 spheroid growth (Figure 4.13). Little is known about the inhibitory 

activity of phytochemicals on drug-resistant TNBC cells. A study conducted using 

methoxy and hydroxy flavones, and their 4-thio analogs, showed that these novel 

flavonoid derivatives reduce the viability of anthracycline-resistant MCF-7 cells and 

inhibit their proliferation by ER-dependent PARP cleavage and downregulation of 

GSK3β (Ravishankar et al., 2016). Furthermore, flavonoids (3',4',7-trimethoxyflavone 

and acacetin) also inhibit breast cancer resistance protein-mediated drug resistance of 

K562 cells, but do not inhibit MRP1. PZ-DHA inhibited the metabolic activity of MDA-
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MB-231-TXL in a time- and concentration-dependent manner. PZ-DHA-induced MDA-

MB-231-TXL cell death was also dose-dependent. PZ-DHA treatment decreased pro-

caspase 3 levels, but, did not have any effect on cleaved-caspase 3. A previous study has 

shown DHA-induced caspase 3/7 activation in parental MDA-MB-231 cells (Fernando, 

2014). DHA also increased levels of cleaved-caspase 3 while decreasing pro-caspase 3 in 

MDA-MB-231-TXL cells. None of the drugs affected the basal expression of drug 

transporters (ABCG2 or MRP1) in MDA-MB-231-TXL cells (Figure 4.14 and 4.15). 

However, the affinity of flavonoids to ABC family drug efflux transporters has been 

discussed widely (Di Pietro et al., 2002; Vázquez et al., 2014). Therefore, the interaction 

of PZ-DHA with other drug transporters need to be further evaluated during future 

studies. 

Lastly, in vivo tumor suppressor activity of PZ-DHA was tested using two mouse models 

of breast cancer (4T1-implanted Balb/c mice and MDA-MB-231-xenografted NOD-

SCID mice). Intraperitoneal administration of PZ-DHA caused a reduction in tumor 

volume in both models, suggesting an in vivo activity of PZ-DHA as a potent tumor 

suppressor. PZ-DHA-induced tumor cell necrosis was evident by hematoxylin and eosin 

staining, whilst immunohistochemistry of Ki67 of tumors confirmed the reduction of PZ-

DHA-mediated cancer cell proliferation in vivo. Importantly, in chapter 3, I showed that 

chronic systemic exposure to PZ-DHA did not induce liver or kidney toxicity in Balb/c 

female mice. When taken together, these findings demonstrate that PZ-DHA systemic 

administration suppressed the growth of orthotopically implanted mouse and human 

mammary carcinoma cells without having any adverse organ toxicity. 

In summary, this chapter discusses the selective cytotoxic activity of PZ-DHA toward 

malignant mammary epithelial cells and reveals PZ-DHA-mediated regulation of two 

major cell survival pathways in MDA-MB-231 cells. The mechanism(s) by which PZ-

DHA exerts antiproliferative activity was also studied in-detail, exposing the effect of 

PZ-DHA on Ki67 expression, cell cycle progression and the expression of cell cycle-

associated regulatory proteins. The efficacy of PZ-DHA against paclitaxel-resistant 

MDA-MB-231 cells and its inhibitory effect on MCF-7 spheroid growth suggested a 

potential use of PZ-DHA in the treatment of drug-resistant breast cancer and cancer stem 

cell targeted therapy. Most notably, PZ-DHA suppressed the growth of two aggressive 
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mammary carcinoma cell types in mice without being toxic for critical drug/xenobiotic 

metabolizing organs such as liver and kidneys. Further studies to investigate the anti-

metastatic activity of PZ-DHA were designed based on the findings of this chapter and 

will be discussed in detail in chapter 5.
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CHAPTER 5 : PZ-DHA INHIBITS THE METASTASIS OF TRIPLE-NEGATIVE 

MAMMARY CARCINOMA CELLS 

5.1 Introduction 

TNBC, which lacks hormone receptors (ER, PR) and HER2, is one of the most 

aggressive types of breast cancers with poor prognosis (Dent et al., 2009; Königsberg et 

al., 2012; Ovcaricek et al., 2011) . Even though TNBC responds to chemotherapy 

initially, these cancer cells develop chemo-resistance following cancer recurrence. 

Therefore, TNBC metastasize into adjacent and/or distant organs via lymph and blood. 

Cancer cells disseminated from a primary tumor form secondary metastatic lesions, 

mostly in the lungs, bones, liver and brain (Anders and Carey, 2009; Choi et al., 2013; 

Gao et al., 2008; Ma et al., 2015; Ogata et al., 2015; Tseng et al., 2013). The vascular 

flow patterns, to a certain extent, explain the most potential sites of metastasis of a given 

cancer (Chambers et al., 2002; Ring and Ross, 2005; Sleeman et al., 2011); however, the 

exact mechanisms are not yet fully understood. Among many hypotheses of cancer 

metastasis mechanisms (Hunter et al., 2008), the concept of “seed and soil”, which was 

first introduced in 1889 by Paget, is still widely accepted (Paget, 1889). For example, 

excessive expression of chemokine receptor 4 by breast cancer cells and its ligand 12 by 

cells in lymph nodes, lungs, liver, and bones may explain the secondary relapse of breast 

cancer at these sites. Aberrant activation of signaling pathways, including Akt, MAPK 

and small molecular Rho GTPase, trigger survival and migration of breast cancer cells 

(Burbelo et al., 2004; Ebi et al., 2013; Zhu et al., 2011). Rho GTPase signaling-induced 

cytoskeletal changes, together with the activation of EMT, cause phenotypic 

transformations of cancer cells resulting in a mesenchymal-like phenotype (Fedele et al., 

2017). During this process, epithelial characteristics of the cancer cells are diminished, 

resulting in a decrease in expression of epithelial-like markers such as E-cadherin. These 

cellular events may initiate dissemination of cancer cells from a primary tumor, during 

which TGF-β functions as one of the potent stimulants of cell migration (Clark and 

Vignjevic, 2015; Moustakas and Heldin, 2014; Parri and Chiarugi, 2010; van Zijl et al., 

2011). However, recent studies challenge this well-accepted concept suggesting that 

EMT is not always required for metastasis (Fischer et al., 2015; Zheng et al., 2015). 
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Degradation of extra-cellular matrix proteins by MMPs is also essential for several key 

steps of the metastasis including, intravasation, extravasation, and angiogenesis (Jin and 

Mu, 2015; Rundhaug, 2005; Stetler-Stevenson, 1999). 

Anti-metastatic activities of many plant polyphenols (Abdal Dayem et al., 2016; Doo and 

Maskarinec, 2014; Sun et al., 2012), as well as flavonoids (Ni et al., 2012; Weng et al., 

2012; Yan et al., 2016), have been tested using breast cancer cell lines. For example, a 

panel of myricetin-based novel flavonoids shows in vitro and pre-clinical anti-cancer 

activity through mitochondrial targeted-redox active mechanisms (Martínez-Pérez et al., 

2016). VI-14, a novel flavonoid derivative, shows anti-metastatic activity against MDA-

MB-231 and MDA-MB-435 breast cancer cells by inhibiting ECM degradation-

associated proteins (Li et al., 2012). Yao et al. (2011) report imidazole ring-independent 

anti-proliferative activity of a series of flavone analogs that selectively bind to eukaryotic 

elongation factor 2A of breast cancer cells (Yao et al., 2011b). In addition, Rose et al. 

(1996) suggest that dietary intake of ω-3 fatty acids inhibits metastatic progression after 

surgical removal of human breast cancer xenografts grown in nude mice (Rose et al., 

1996). 

Since PZ, DHA or PZ-DHA at concentrations below 30 µM did not have anti-

proliferative or cytotoxic effects, 10-20 µM concentrations were used to study the in vitro 

anti-metastatic activity of these compounds, as discussed in the current chapter. In this 

chapter, the anti-metastatic activity of PZ-DHA was tested using in vitro and in vivo 

models of breast cancer. The effects of PZ-DHA on breast cancer cell migration, 

invasion, TGF-β signaling and EMT was tested in vitro using 4T1 mouse mammary 

carcinoma cells and MDA-MB-231 human breast cancer cells. Anti-metastatic activity 

was tested using two mouse models of aggressive metastatic breast cancer in which 4T1 

cells were implanted in immune-competent BABL/c female mice and GFP transfected-

MDA-MB-231 cells were xenografted in to NOD-SCID female mice. 

Immunohistochemical analysis of primary tumors suggested potential explanations for in 

vivo anti-metastatic activity of PZ-DHA. 
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5.2 Results 

According to chapter 3, culture of TNBC cells with 10-30 µM concentration of PZ-DHA 

for 72 h confirms drug internalization without induction of a cytotoxic effect. Therefore, 

these concentrations and incubations were chosen to investigate the anti-metastatic 

activities of PZ-DHA in in vitro cell culture systems in this chapter. In vivo anti-

metastatic experiments were conducted using 100 mg/kg PZ-DHA dose. 

5.2.1 A sub-cytotoxic concentration of PZ-DHA inhibits the migration of MDA-

MB-231 and 4T1 cells in vitro 

The effect of a sub-cytotoxic concentration of PZ-DHA (20 µM) and its parent 

compounds PZ and DHA on the migration of two aggressive mammary carcinoma cell 

lines was first tested using a gap closure assay. A “gap” was created by growing cells in 

culture inserts and the proliferation of cells was inhibited by mitomycin C treatment. PZ 

or DHA alone did not have a significant inhibitory effect on the motility of mammary 

carcinoma cells; in contrast, PZ-DHA significantly inhibited the migration of 4T1 (Figure 

5.1A, B) and MDA-MB-231 (Figure 5.1C, D) cells by 46.2% (% mean migration±SEM: 

vehicle, 103.1±10.8%; PZ, 93.6±12.1%; DHA, 75.7±5.4%; PZ-DHA, 56.9±9.6%) 

(p<0.05) and 60.0% (% mean migration±SEM: vehicle, 108.3±21.7%; PZ, 63.3±6.2%; 

DHA, 70.4±7.0; PZ-DHA, 48.3±4.3%) (p<0.05), respectively. The migration of MDA-

MB-231 cells was further tested using a trans-well cell migration assay. MDA-MB-231 

cells (1 × 106 cells/mL) were seeded into trans-well inserts in serum-free medium and 

migration toward serum was measured. Both DHA and PZ-DHA, but not PZ, suppressed 

the migration of MDA-MB-231 cells by 31.5% and 68.0%, respectively (Figure 5.2). 

Notably, the PZ-DHA-induced inhibitory effect on the directed migration of MDA-MB-

231 cells (17.1±1.2%) was significantly greater than that of the vehicle control 

(85.1±2.9%) and both of PZ-DHA’s parent compounds (PZ, 80.4±3.6% and DHA, 

53.6±4.8%) (p<0.001). 
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Figure 5.1. A sub-cytotoxic concentration of PZ-DHA inhibits the migration of 4T1 

and MDA-MB-231 cells in vitro in gap-closure assays. 

MDA-MB-231 (1 × 104 cells) and 4T1 (8 × 103 cells) cells were seeded into cell culture 

inserts and cultured overnight.  Cell monolayers were then incubated with 10 µg/mL 

(MDA-MB-231) or 20 µg/mL (4T1) mitomycin C for 2h and were then allowed to 

recover overnight. Cells were then treated with PZ, DHA, PZ-DHA (20 µM), vehicle or 

medium and cultured for 24 h. Inserts were removed after 24 h, cells were rinsed with 1 × 

PBS and treatments were continued. The gap was photographed periodically until the gap 

was closed in medium controls. The number of cells migrated into the gap was quantified 

using ImageJ software and normalized to the medium control. Data shown are (A) 

representative pictures of 4T1 cells in the gap, (B) mean % migrated 4T1 cells±SEM (C) 

representative pictures of MDA-MB-231 cells in the gap (D) mean % migrated MDA-

MB-231 cells±SEM from three independent experiments. One-way ANOVA multiple 

means comparison statistical analysis was performed and differences among means were 

compared using Tukey’s multiple means comparison method; *p<0.05. 
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Figure 5.2. A sub-cytotoxic concentration of PZ-DHA inhibits serum-induced 

chemotactic migration of MDA-MB-231 cells in vitro in trans-well cell migration 

assays. 

MDA-MB-231 cells were treated with PZ, DHA, PZ-DHA (20 µM) or vehicle alone and 

cultured for 24 h. Cells were then serum starved, resuspended in serum-free DMEM and 

migration toward serum through a 8 µm pore-sized membrane was determined. Images 

were analyzed using ImageJ software and % migration was calculated. Data shown are 

(A) representative pictures of MDA-MB-231 cells migrated through the porous 

membrane and (B) mean % migration±SEM of three independent experiments. ANOVA 

multiple means comparison statistical method was performed and differences among 

means were compared using Tukey’s test; ***p<0.001. 
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5.2.2 A sub-cytotoxic concentration of PZ-DHA inhibits TGF-β-induced migration 

by MCF-10A and MDA-MB-231 cells in vitro 

TGF-β is a potent regulator of cell migration and TGF-β-induced cell migration is 

mediated through Rho family small GTPases (Edlund et al., 2002). Therefore, the effects 

of PZ-DHA and its parent compounds on the expression of three Rho family GTPases 

(RhoA, Cdc42 and Rac1/2/3) in MCF-10A and MDA-MB-231 cells were measured in 

the presence and absence of TGF-β. Section 5.2.1 showed that PZ-DHA significantly 

inhibited the migration of MDA-MB-231 cells in both gap closure and trans-well cell 

migration assays. PZ-DHA and DHA, but not PZ, down-regulated the baseline RhoA and 

Cdc42 expression in MDA-MB-231 cells but not in MCF-10A cells. None of the drugs 

affected baseline Rac1/2/3 expression in MDA-MB-231 cells and MCF-10A cells (Figure 

5.3). TGF-β increased MCF-10A cell migration (Figure 5.4A), as well as the expression 

of RhoA, Cdc42 and Rac1/2/3 expression by 71.3%, 37.1% and 60.5%, respectively. PZ-

DHA and both parent compounds significantly decreased TGF-β-induced RhoA 

overexpression by MCF-10A cells (% mean relative expression±SEM: vehicle, 

98.3±12.6%; PZ, 25.0±3.9%; DHA, 33.7±6.2%; PZ-DHA, 40.4±5.9%) (p<0.001) (Figure 

5.4B). PZ-DHA, but not DHA and PZ, reversed TGF-β-induced Cdc42 overexpression 

(% mean relative expression±SEM: vehicle, 96.8±2.3%; PZ, 86.0±0.5%; DHA, 

85.2±4.8%; PZ-DHA, 55.0±2.5%) (p<0.05) (Figure 5.4C); however, none of the drugs 

decreased TGF-β-induced Rac1/2/3 expression (% mean relative expression±SEM: 

vehicle, 83.3±1.1%; PZ, 81.4±1.0%; DHA, 87.3±1.8%; PZ-DHA, 81.4±0.9%) (p=0.136) 

(Figure 5.4D). TGF-β also increased the migration of MDA-MB-231 cells (Figure 5.4A). 

Since background Rho GTPase expression is greater in MDA-MB-231 cells than in 

MCF-10A cells, the % increase resulted by TGF-β treatment was not as high as that seen 

in MCF-10A cells. An increase of 32.3% (RhoA), 28.3% (Cdc42) and 32.4% (Rac1/2/3) 

was seen in MDA-MB-231 cells following TGF-β treatment. In contrast to the effect in 

MCF-10A cells, PZ-DHA significantly down-regulated expression of all three TGF-β-

induced -proteins in MDA-MB-231 cells (% mean relative RhoA expression±SEM: 

vehicle, 111.1±3.2%; PZ, 81.3±2.1%; DHA, 75.1±11.1%; PZ-DHA, 55.0±9.0%) 

(p<0.01) (Figure 5.4B), (% mean relative Cdc42 expression±SEM: vehicle, 98.1±5.1%; 

PZ, 43.8±10.1%; DHA, 34.1±10.7%; PZ-DHA, 26.2±4.5%) (p<0.001) (Figure 5.4C) and 



141 

 

(% mean relative Rac1/2/3 expression±SEM: vehicle, 97.9±1.7%; PZ, 106.2±11.2%; 

DHA, 77.5±1.0%; PZ-DHA, 28.1±11.2%) (p<0.001) (Figure 5.4D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



142 

 

 

Figure 5.3. A sub-cytotoxic concentration of PZ-DHA inhibits baseline expression of 

small Rho GTPase in MDA-MB-231 cells but not in MCF-10A cells in vitro. 

The effect of PZ-DHA on background expression of small molecular Rho GTPases was 

determined using western blot analysis. (A) MDA-MB-231 and (B) MCF-10A cells were 

treated with PZ, DHA, PZ-DHA (20 µM), vehicle or medium alone and cultured in the 

absence of TGF-β for 72 h. Cells were harvested, lysed and protein concentration in 

lysates were determined using a Bradford assay and 20 µg of proteins were loaded in to 

15% SDS-polyacrylamide gels. Blots were probed with Ab against RhoA, Cdc42 and 

Rac1/2/3. Equal protein loading was confirmed by β-actin expression. 
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Figure 5.4. A sub-cytotoxic concentration of PZ-DHA inhibits TGF-β-induced 

migration by MDA-MB-231 and MCF-10A cells in vitro. 

(A) MCF-10A and MDA-MB-231 cells were pre-treated with 10 ng/mL TGF-β or 

medium and then treated with PZ, DHA, PZ-DHA (20 µM) or vehicle alone and cultured 

for 24 h in the presence or absence of 5 ng/mL TGF-β. Treated cells were serum starved 

and resuspended in serum-free F12/DMEM or DMEM and migration toward serum 

through a membrane with 8 µm pores was determined. MCF-10A and MDA-MB-231 

cells that were pre-incubated with/without 10 ng/mL TGF-β were then treated with PZ, 

DHA, PZ-DHA (20 µM) or vehicle alone in the presence or absence of 5 ng/mL TGF- β 

and cultured for 72 h. Relative expression of TGF-β-induced (B) RhoA, (C) Cdc42 and 

(D) Rac1/2/3 was determined using western blot analysis. Equal protein loading was 

confirmed by β-actin expression. Data shown are mean % relative expression±SEM of 

three independent experiments. ANOVA multiple means comparison statistical method 

was performed and differences among means were compared using Tukey’s test; 

*p<0.05, **p<0.01 and ***p<0.001. 
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5.2.3 A sub-cytotoxic concentration of PZ-DHA inhibits the expression of 

transcription factors involved in EMT of MDA-MB-231 cells 

The effect of PZ-DHA and its parent compounds on EMT was tested using western blot 

analysis of whole cell lysates. Transcription factors involved in EMT such as Slug, Snail, 

Twist, and ZEB1 play a central role in phenotypic transformation of epithelial cells into 

more mesenchymal-like cells (Jin and Mu, 2015; Yang and Weinberg, 2008). PZ-DHA 

significantly inhibited the stabilization of β-catenin in MDA-MB-231 cells by 47.2% (% 

mean relative expression±SEM: vehicle, 104.0±5.3%; PZ, 87.3±6.6%; DHA, 

85.3±13.6%; PZ-DHA, 56.8±12.2%) (p<0.05) (Figure 5.5A). The effect of PZ-DHA on 

two EMT-transcription factors, Slug (Snail family) and ZEB1 (ZEB family) were tested. 

PZ-DHA inhibited the expression of Slug by 58.9% (% mean relative expression±SEM: 

vehicle, 101.7±13.6%; PZ, 97.7±11.0%; DHA, 61.0±8.0%; PZ-DHA, 42.8±8.6%) 

(p<0.05) (Figure 5.5B) and ZEB1 by 52.0% (% mean relative expression±SEM: vehicle, 

107.4±6.7%; PZ, 103.8±8.1%; DHA, 77.1±8.5%; PZ-DHA, 55.4±3.9%) (p<0.05) (Figure 

5.5C). However, the expression of the EMT marker vimentin was not significantly 

affected by PZ-DHA or its parent compounds (% mean relative expression±SEM: 

Vehicle, 108.5±8.5%; PZ, 87.0±14.1%; DHA, 97.8±15.4%; PZ-DHA, 57.6±6.3%) 

(p=0.1197) (Figure 5.5D). 

E-cadherin, which is the most important cell adhesion molecule of epithelial cells, is 

down-regulated during EMT and another adhesion molecule, N-cadherin, which is 

expressed by invasive cancer cells, is up-regulated during EMT(Hazan et al., 2004; 

Pećina-Slaus, 2003). This is known as EMT-induced cadherin switch.  The effect of PZ-

DHA on this process was investigated using western blot analysis of MDA-MB-231 

cells. Treatment with a sub-cytotoxic concentration of PZ-DHA, but not PZ or DHA, 

resulted in a 48.9% significant increase of E-cadherin in MDA-MB-231 cells; (% mean 

relative expression±SEM: vehicle, 99.6±0.4%; PZ, 97.3±11.4%; DHA, 109.3±14.6%; 

PZ-DHA, 148.5±8.8%) (p<0.05) (Figure 5.6). Although PZ, DHA and PZ-DHA 

treatment resulted in a decreasing trend in N-cadherin expression compared to the vehicle 

control, the effect of these drugs failed to reach statistical significance (% mean relative 

expression±SEM: vehicle, 104.7±3.8%; PZ, 78.3±8.5%; DHA, 63.6±13.4%; PZ-DHA, 

77.4±6.7%) (p=0.1153) (Figure 5.6). 
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Figure 5.5. A sub-cytotoxic concentration of PZ-DHA inhibits the expression of 

transcription factors involved in EMT of MDA-MB-231 cells in vitro. 

MDA-MB-231 cells were treated with PZ, DHA, PZ-DHA (20 µM) or vehicle alone and 

cultured for 72 h. Cells were harvested, lysed and relative expression of proteins involved 

in EMT was determined using western blot analysis. Blots were probed with Ab against 

(A) β-catenin (B) Slug, (C) TCF8/ ZEB1 or (D) vimentin. Equal protein loading was 

confirmed by β-actin expression. Data shown are mean % migration±SEM of three or 

more independent experiments. ANOVA multiple means comparison statistical method 

was performed and differences among means were compared using Tukey’s test; 

*p<0.05, **p<0.01. 
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Figure 5.6. A sub-cytotoxic concentration of PZ-DHA reverses the EMT-induced 

cadherin switch in MDA-MB-231 cells in vitro. 

MDA-MB-231 cells were treated with PZ, DHA, PZ-DHA (20 µM) vehicle or medium 

alone and cultured for 72 h. Cells were harvested, lysed and protein concentration in 

lysates was determined using a Bradford assay. Protein (40 µg) was then loaded on to 6% 

SDS-polyacrylamide gels. Blots were probed with Ab against pan-cadherin, and E-

cadherin and N-cadherin bands were visualized based on their molecular weights (E-

cadherin, 135 kDa, N-cadherin, 140 kDa). Equal protein loading was confirmed by β-

actin expression. Data shown are mean % relative expression±SEM of three independent 

experiments. ANOVA multiple means comparison statistical method was performed and 

differences among means were compared using Tukey’s test; *p<0.05. 
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5.2.4 A sub-cytotoxic concentration of PZ-DHA inhibits serum-induced invasive 

activity of MDA-MB-231 cells 

During intravasation and extravasation, cancer cells that become dispersed from a 

primary tumor invade through the ECM and basement membrane of the epithelium, as 

well as the vascular endothelium (Chiang et al., 2016; Jeon et al., 2013; van Zijl et al., 

2011). This process involves degradation of the ECM, which is often triggered by the 

MMPs secreted by the tumor cells in the primary tumor site. To model intravasation and 

extravasation in vitro, porous polycarbonate membranes were coated with ECM proteins 

(fibronectin and gelatin) and invasion of MDA-MB-231 cells through the ECM protein-

coated membranes was observed. PZ-DHA decreased the invasion of MDA-MB-231 

cells through fibronectin-coated membranes by 79.3% (% mean relative migration±SEM: 

vehicle, 107.7±8.7%; PZ, 95.5±12.8%; DHA, 68.7±7.3%; PZ-DHA, 28.4±6.7%) 

(p<0.001) (Figure 5.7A and B), which was a significantly greater effect compared to 

vehicle, PZ and DHA. Furthermore, PZ-DHA decreased the invasion of MDA-MB-231 

breast cancer cells through a gelatin-coated membrane by 90%, which was also 

significantly greater than vehicle-, PZ- and DHA-induced anti-invasive activities (% 

mean relative migration±SEM: vehicle, 96.0±9.3%; PZ, 99.7±3.8%; DHA, 51.4±4.7%; 

PZ-DHA, 6.0±0.6%) (p<0.001) (Figure 5.7C and D). 

5.2.5 A sub-cytotoxic concentration of PZ-DHA inhibits the expression of matrix 

metalloproteinases in MDA-MB-231 cells 

The effect of PZ-DHA on the expression of matrix metalloproteinases, which are ECM 

degradation proteins was assessed using western blot analysis. Both PZ-DHA and DHA 

significantly inhibited the expression of MMP2 in MDA-MB-231 cells (% mean relative 

expression±SEM: vehicle, 114.5±4.2%; PZ, 120.8±6.7%; DHA, 60.7±16.9%; PZ-DHA, 

42.1±12.8%) (p<0.01) (Figure 5.8). 
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Figure 5.7. A sub-cytotoxic concentration of PZ-DHA inhibits serum-induced 

invasion of MDA-MB-231 cells in vitro. 

MDA-MB-231 cells were treated with PZ, DHA, PZ-DHA (20 µM) or vehicle alone and 

cultured for 24 h. Treated cells were serum starved and resuspended in serum-free 

DMEM and migration toward serum through a 8 µm pore-sized membrane coated with 

(A) and (B) 10 µg/mL fibronectin or (C) and (D) 10 µg/mL gelatin was determined. 

Images were analyzed using ImageJ software and % invasion was calculated. Data shown 

are representative images and mean % invasion±SEM of three independent experiments. 

ANOVA multiple means comparison statistical method was performed and differences 

among means were compared using Tukey’s test; *p<0.05 and ***p<0.001. 
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Figure 5.8. A sub-cytotoxic concentration of PZ-DHA inhibits the expression MMP2 

in MDA-MB-231 cells in vitro. 

MDA-MB-231 cells were treated with PZ, DHA, PZ-DHA (20 µM) or vehicle alone and 

cultured for 72 h. Cells were harvested and protein-rich cell lysates were prepared. Equal 

amounts of protein (40 µg) were loaded on to 12% SDS-polyacrylamide gels and 

electrophoresed. Proteins were transferred to nitrocellulose membranes and blots probed 

overnight at 4°C with primary Ab against MMP2. Equal protein loading was confirmed 

by β-actin expression. Data shown are mean % relative expression±SEM of three 

independent experiments. ANOVA multiple means comparison statistical method was 

performed and differences among means were compared using Tukey’s test; *p<0.05, 

**p<0.01. 
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5.2.6 PZ-DHA does not affect the adhesion of MDA-MB-231 and 4T1 cells  

Intravasation and extravasation were modeled in vitro using GFP transfected-MDA-MB-

231 cells and HUVEC monolayers, which were activated using TNF-α.  MDA-MB-231-

GFP cells were treated with PZ, DHA, PZ-DHA, vehicle or medium and seeded on to 

activated HUVEC monolayer. In comparison to untreated HUVECs, TNF-α treatment 

increased carcinoma cell adhesion by 44%; however, none of the drugs significantly 

affected the adhesion of MDA-MB-231-GFP cells to endothelial cells (% mean relative 

adhesion±SEM: vehicle, 99.9±3.6%; PZ, 85.2±13.7%; DHA, 71.1±11.5%; PZ-DHA, 

70.0±11.0%) (p=0.2368) (Figure 5.9). 

5.2.7 PZ-DHA suppresses the metastasis of 4T1 cells to the lungs of Balb/c female 

mice 

The effect of PZ-DHA on the metastasis of orthotopically implanted mouse mammary 

carcinoma cells was first investigated using a syngeneic mouse model of breast cancer. 

PZ-DHA was administered by intraperitoneal injection to 4T1-tumor bearing Balb/c 

female mice and metastasis of 4T1 cells into the lungs was measured using a colony-

forming assay (Figure 5.10A). PZ-DHA reduced the metastasis of 4T1 cells by 71.2% in 

comparison to a saline-treated control group (mean number of cells metastasized into the 

lungs±SEM: saline, 94.4±22.1; PZ-DHA, 27.2±8.1) (p<0.05) (Figure 5.10B). Pearson 

correlation statistics showed that the anti-metastatic activity of PZ-DHA was independent 

from inhibition of primary tumor growth (Pearson r, 0.2891; p=0.4505), while metastasis 

was correlated to the tumor growth in the saline-treated mice (Pearson r, 0.7596; p<0.05) 

(Figure 5.10C). Tumors were fixed, sectioned and stained with hematoxylin and eosin. 

The number of tumor-associated blood vessels in the tumor periphery was determined 

(Figure 5.10D). PZ-DHA significantly reduced the development of blood vessels around 

the tumor (mean number of blood vessels±SEM: saline, 176.2±27.4; PZ-DHA, 

80.6±21.0) (p<0.05) (Figure 5.10E) and Pearson correlation statistics indicated that the 

reduction of blood vessel development was independent from the tumor volume (saline: 

Pearson r, 0.5509; p=0.1242 and PZ-DHA, Pearson r, 0.5732; p=0.1067) (Figure 5.10F). 
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Figure 5.9. A sub-cytotoxic concentration of PZ-DHA does not inhibit the adhesion 

of MDA-MB-231 cells to HUVECs. 

HUVECs were grown as a monolayer in 12-well plates. GFP-transfected MDA-MB-231 

cells were treated with 20 µM of PZ, DHA, PZ-DHA, or vehicle or medium alone and 

cultured for 24 h. Confluent HUVEC monolayers were activated by treatment with 20 

ng/mL TNF-α for 4 h. PZ-, DHA-, PZ-DHA-, vehicle- or medium-treated GFP-MDA-

MB-231 cells were seeded on to HUVEC monolayers at a 5×104 cells/well density and 

incubated for 30 min at 37°C. At the end of the incubation, supernatant was removed and 

HUVEC monolayers with attached MDA-MB-231 cells were carefully rinsed with PBS. 

All cells were detached and GFP-expressing MDA-MB-231 cells were detected by flow 

cytometry. Data shown are (A) representative SSCH vs FL1 dot plots (arrows indicate 

GFP-MDA-MB-231 cells) and (B) mean % relative number of GFP-MDA-MB-231 

cells±SEM attached to the HUVEC monolayers. 
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Figure 5.10. Intraperitoneal administration of PZ-DHA suppresses the metastasis of 

orthotopically implanted-4T1 cells to the lungs of Balb/c mice. 

4T1 mouse mammary carcinoma cells were injected into the left inguinal mammary fat 

pad of syngeneic female Balb/c mice and saline or PZ-DHA (100 mg/kg) were 

administered every second day beginning at day 8 by intraperitoneal injection. The 

number of cells that metastasized into lungs was determined by colony-forming assay. 

(A) 4T1 cell colonies were visualized by staining with 0.4% crystal violet solution after 

14 days. (B) Tumor cell colonies were counted and data shown as mean±SEM. (C) 

Correlation of primary tumor weight to number of 4T1 cells metastasized into lungs was 

determined using Pearson correlation statistical method. (D) The number of tumor-

associated blood vessels in hematoxylin and eosin stained tumor sections was determined 

and (E) data are shown as mean±SEM. (F) Correlation of primary tumor volume to 

number of tumor associated-blood vessels was determined using Pearson correlation 

statistical method. Statistical differences between means were compared using Student’s 

t-test; *p<0.05. 
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5.2.8 PZ-DHA suppresses the metastasis of GFP-transfected MDA-MB-231 cells to 

the lungs of NOD-SCID female mice 

In vivo anti-metastatic activity of PZ-DHA was then tested using a xenograft mouse 

model, in which GFP transfected-MDA-MB-231 (Supplementary Figure 4) human breast 

cancer cells were orthotopically xenografted into the left inguinal mammary fat pad of 

NOD-SCID female mice. Intraperitoneal administration of PZ-DHA inhibited the 

metastasis of MDA-MB-231 breast cancer cells into the lungs of NOD-SCID mice by 

45.7% compared to the saline-treated control group (% mean number of cells 

metastasized into the lungs±SEM: saline, 7.4±1.3%; PZ-DHA, 3.4±1.0%) (p<0.05) 

(Figure 5.11A and B). PZ-DHA-induced reduction in tumor metastasis was independent 

from primary tumor growth (Pearson r, 0.4568; p=0.2164), and a significant correlation 

between tumor growth and metastasis was indicated by the Pearson statistical correlation 

test in saline-treated control group (Pearson r, 0.6416; p<0.05) (Figure 5.11C). 

Furthermore, PZ-DHA treatment significantly reduced the formation of tumor-associated 

blood vessels (mean number of blood vessels±SEM: saline, 114.8±15.0%; PZ-DHA, 

73.3±10.3%) (p<0.05) (Figure 5.11D and E). PZ-DHA-induced inhibitory activity toward 

tumor-associated blood vessel growth was also independent from tumor growth (saline: 

Pearson r, -0.3914; p=0.2634 and PZ-DHA, Pearson r, -0.2869; p=0.4541) (Figure 

5.11F). 

5.2.9 Immunohistochemical determination of MMP2 and CD31 expression in 4T1 

and MDA-MB-231 tumor sections 

Saline- and PZ-DHA-treated 4T1 and MDA-MB-231 tumor were subjected to 

immunohistochemical analysis to quantify the expression of MMP2 and CD31. MMP2 

was down regulated by PZ-DHA in both tumors, with the reduction being most notable in 

the tumor periphery. PZ-DHA also down regulated the expression of the endothelial cell 

marker CD31. Fewer blood vessels were observed in the periphery of PZ-DHA-treated 

tumors in comparison to saline-treated tumors (Figure 5.12). 
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Figure 5.11. Intraperitoneal administration of PZ-DHA suppresses the metastasis of 

orthotopically xenografted-MDA-MB-231 cells to the lungs of NOD-SCID mice. 

GFP-tagged MDA-MB 231 breast cancer cells were mixed with Matrigel and injected 

into the left inguinal mammary fat pad of female NOD-SCID mice and saline or PZ-DHA 

(100 mg/kg) were administered every second day beginning at day 21 by intraperitoneal 

injection. On day 59, mice were euthanized, and lungs were harvested. Lungs were 

minced, and single cellular suspensions were analyzed by (A) flow cytometry and (B) % 

lung metastasis was determined as mean±SEM. (C) Correlation of primary tumor weight 

to number of 4T1 cells metastasized into lungs was determined using Pearson correlation 

statistical method. Statistical differences between means were compared using Student’s 

t-test; *p<0.05. (D) Tumor-associated blood vessels were counted in a hematoxylin and 

eosin-stained tumor sections and (E) data are shown as mean±SEM. (F) Correlation of 

primary tumor volume to number of tumor associated-blood vessels was determined 

using Pearson correlation statistical method. Statistical differences between means were 

compared using Student’s t-test; *p<0.05. 
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Figure 5.12. PZ-DHA decreases the expression of MMP2 and CD31 in 4T1 and 

MDA-MB-231 tumors. 

Fixed tumors were embedded in paraffin and cut into 5 µm thick sections. Sections were 

mounted on glass slides and deparaffinized using xylene and rehydrated using graded 

ethanol to water. Deparaffinized tumor sections were pre-treated using heat-mediated 

antigen retrieval with sodium acetate (pH 6.0) (for MMP2) or TAE buffer (pH 9.0) (for 

CD31) and incubated in H2O2. Then tumor sections were blocked for non-specific 

binding using Rodent M block and incubated with mouse monoclonal anti-MMP2 Ab or 

rabbit monoclonal anti-CD31 Ab overnight at room temperature. MMP2-stained sections 

were incubated with mouse-on-mouse HRP-polymer and detected using HRP/DAB 

detection system. CD31-stained tumor sections were incubated with anti-rabbit HRP-

polymer and detected using HRP/DAB detection system. Data shown are stained tumor 

sections photographed at ×200 and ×400 magnification using a bright-field microscope. 
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5.3 Discussion 

Advanced cancer is characterized by metastasis, which is an enormously complex 

process.  Completion of the entire process of metastasis by a cancer cell is a rare event 

(Hynes, 2003); yet, metastasis is a life-threatening disease which is responsible for nearly 

90% of cancer-related deaths. According to Canadian Cancer Society, 10% of  breast 

cancers are already metastatic when they are diagnosed and 30% of women who are 

diagnosed with early stages breast cancer will go on to develop metastatic disease 

(Canadian Cancer Statistics, 2017b). The main objective of this chapter is to study the 

anti-metastatic activity of PZ-DHA using in vitro and in vivo models of metastatic breast 

cancer. The effect of PZ-DHA on major steps of the metastatic cascade such as 

migration, invasion, EMT, intravasation/extravasation and formation of secondary 

metastatic lesions were modeled and tested during this chapter. Two aggressive 

mammary carcinoma cell lines were used in in vitro and in vivo experiments. 4T1 mouse 

mammary carcinoma cells were used to study metastasis in a syngeneic mouse model and 

GFP-transfected MDA-MB-231 cells were used to study metastasis in a xenograft model. 

The number of cells that disseminate from a tumor is directly related to the rate of tumor 

cell proliferation (von Fournier et al., 1989). Furthermore, studies have shown that the 

pathological grade of a primary tumor is closely related to the growth rate of the 

metastatic lesions (Oda et al., 2001). Anti-proliferative effects of PZ-DHA, which were 

discussed in-detail in chapter 4, suggested that this primary determinant of cancer 

metastasis was blocked by sub-cytotoxic concentrations of PZ-DHA, leading to a 

potential decrease in the number of cancer cells shed into the circulation. However, this 

does not necessarily suggest that the metastatic ability of tumor cells circulating in the 

blood is inhibited. Therefore, experiments were carried out to investigate PZ-DHA-

induced anti-metastatic effects using concentrations of drug (10 and 20 μM) that spare 

mammary carcinoma cell proliferation, but effectively inhibit metastasis. The effect of 

PZ-DHA on the migration of mammary carcinoma cells was tested using gap-closure 

(4T1 and MDA-MB-231) and trans-well cell migration (MDA-MB-231) assays. It was 

necessary to inhibit the proliferation of 4T1 and MDA-MB-231 cells with mitomycin C 

prior to drug treatment in gap-closure assays to ensure that cell migration is the sole 

determinant of the assay outcome. Mitomycin C-induced antiproliferative effects were 
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confirmed by flow cytometric analysis of Oregon Green-488-stained cells 

(Supplementary Figure 5 and 6). PZ-DHA inhibited the migration of both 4T1 and MDA-

MB-231 cells in the gap-closure assay, suggesting an inhibitory effect on the migration of 

TNBC cells (Figure 5.1). This inhibitory effect was confirmed in a trans-well cell 

migration assay, in which PZ-DHA significantly suppressed the directed migration of 

serum-starved MDA-MB-231 cells toward serum (Figure 5.2). Migration of MDA-MB-

231 cells through a 8 µm pore-sized membrane coated with fibronectin and gelatin was 

also inhibited by PZ-DHA, suggesting an inhibitory effect on the invasive capacity of 

MDA-MB-231 cells (Figure 5.7). MMPs secreted from tumor cells and surrounding 

stromal cells degrade ECM proteins and pave the path for invading cancer cells 

(Bhowmick et al., 2004; Finger and Giaccia, 2010; Kessenbrock et al., 2010; 

Westermarck and Kahari, 1999). MMP2 is a type IV collagenase- and gelatinase-

degrading enzyme that plays a significant proteolytic role in tumor cell invasion (Gialeli 

et al., 2011; Kumar et al., 2000; Stankovic et al., 2010). PZ-DHA significantly inhibited 

the expression of MMP2 by MDA-MB-231 cells, indicating a likely mechanism for PZ-

DHA-mediated in vitro anti-invasive effects in the trans-well migration assay (Figure 

5.8). 

TGF-β regulates cellular events such as growth, differentiation, and EMT that play a 

major role in the embryogenesis (Hogan et al., 1994; Johnson et al., 1993; Millan et al., 

1991; Wu and Hill, 2009). However, TGF-β is also important for cancer progression by 

acting as a potent stimulator of tumorigenesis, migration, cancer-associated type III EMT 

and metastasis (de Caestecker et al., 2000; Derynck et al., 2001; Kalluri and Weinberg, 

2009; Lebrun, 2012; Padua and Massagué, 2009; Pickup et al., 2013). Small molecular 

Rho GTPase family proteins and their up-stream and down-stream signaling molecules 

play a significant role in cancer metastasis by promoting actin polymerization-mediated 

cell motility (Guilluy et al., 2011; Hanna and El-Sibai, 2013; Jansen et al., 2018; Ridley, 

2015). Furthermore, TGF-β-mediated EMT and cancer cell migration occur through a 

RhoA-dependent mechanism (Bhowmick et al., 2001). Over-expression of RhoA, Cdc42 

and Rac1/2/3 is associated with cell migration through formation of lamellipodia and 

filopodia (Hanna and El-Sibai, 2013). Rho GTPase signaling also plays a central role in 

actin dynamics and highly deregulated in many cancers (Porter et al., 2016; Raftopoulou 
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and Hall, 2004; Tojkander et al., 2012). The effect of flavonoids on Rho GTPase 

signaling has been shown in relation to the development of the nervous system and the 

progression of multiple sclerosis (Hendriks et al., 2004; Palazzolo et al., 2012); however, 

little is known about the role of flavonoids on Rho GTPase signaling in cancers. The 

effect of PZ-DHA on the expression of Rho GTPase proteins was tested in the presence 

and absence of TGF-β using non-malignant MCF-10A cells and malignant MDA-MB-

231 cells. In the absence of TGF-β, PZ-DHA inhibited cell migration and decreased 

baseline levels of RhoA and Cdc42, but not Rac1/2/3, expression in MDA-MB-231 cells. 

This suggests that PZ-DHA might inhibit the formation of filopodia but not lamellipodia 

during the migration of MDA-MB-231 cells. In contrast, PZ-DHA or its parent 

compounds did not affect baseline expression of Rho GTPase levels in MCF-10A cells, 

indicating a selective activity towards malignant cells (Figure 5.3). TGF-β signaling 

(confirmed by Smad3 phosphorylation at Ser423/425) (Supplementary Figure 7) 

stimulated MCF-10A and MDA-MB-231 cell migration and expression of Rho GTPases. 

PZ-DHA inhibited TGF-β-induced RhoA and Cdc42 expression in both MCF-10A and 

MDA-MB-231 cells; however, TGF-β-induced Rac1/2/3 expression was decreased only 

in MDA-MB-231 cells following PZ-DHA treatment (Figure 5.4). Taken together, these 

findings imply that PZ-DHA-induced suppression of Rho GTPases signaling is restricted 

to malignant cells. 

It was initially believed that GSK3β is a constitutively activated kinase (Zhang et al., 

2003); however, more recent research suggests that the kinase activity of GSK3β is 

regulated by a variety of means such as phosphorylation, protein complex association, 

priming/substrate specificity, subcellular localization, and proteolytic cleavage (Medina 

and Wandosell, 2011). Phosphorylation at Ser9 inhibits the kinase activity of GSK3β 

(Fang et al., 2000) whereas  GSK3β  is activated by phosphorylation at Tyr216 (Hartigan 

et al., 2001). However, Simón et al. (2008) report that the pharmacological inhibition of 

GSK3β is not strictly correlated with decreased phosphorylation at Tyr216 (Simón et al., 

2008). Section 4.2.9 of chapter 4 showed that PZ-DHA increased the phosphorylation of 

GSK3β at ser9 but did not significantly affect Tyr216 phosphorylation. Regardless, PZ-

DHA significantly decreased β-catenin stabilization, implying a potential for upstream 

activation of GSK3β. However, this was not evident by any increased phosphorylation of 
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GSK3β at Tyr216 or decreased phosphorylation at Ser9. Kern et al. (2006) showed that a 

mixture of apple polyphenols containing PZ and PT decrease GSK3β activity in HT29 

colorectal adenocarcinoma cells in a dose-dependent manner, even though the decrease 

was not associated with the stabilization of β-catenin (Kern et al., 2006). On the other 

hand, Antika and co-workers suggest a GSK3β/β-catenin-dependent beneficial effect of 

PT and PZ on non-malignant MC3T3 murine osteoblast cells and femoral bone tissue of 

senescence-accelerated resistant mouse strain prone-6 mice employed in a senile 

osteoporosis study (Antika et al., 2017). Therefore, it is possible that apple polyphenols 

such as PT and PZ have effects on β-catenin that are associated with GSK3β activation in 

non-malignant cells but not in malignant cells. This may explain PZ-DHA-induced 

downregulation of β-catenin stabilization in the cytoplasm and/or nuclear translocation, 

even when GSK3β activation was not observed in MDA-MB-231 cells. Furthermore, 

decreased-β-catenin activity was consistent with increased expression of E-cadherin in 

PZ-DHA-treated MDA-MB-231cells (Figure 5.6). TGF-β acts as a key regulator of the 

EMT process (Katsuno et al., 2013; Pang et al., 2016; Papageorgis, 2015). Increased 

activity of EMT transcription factors in epithelial cells causes loss of epithelial markers, 

thereby stabilizing the mesenchymal phenotype (Liu et al., 2016; Wu et al., 2016b). PZ-

DHA treatment decreased the expression of EMT transcription factors Slug and ZEB-1; 

however, PZ-DHA  had no significant effect on the expression of vimentin, which 

regulates the formation of lamellipodia during cell migration (Hunter et al., 2008). This 

re-confirms that PZ-DHA does not inhibit the formation of lamellipodia or baseline levels 

of signaling molecules associated with lamellipodia formation such as Rac1/2/3 and 

vimentin in MDA-MB-231 cells. Rac1 and its endogenous inhibitor Rac1b control TGF-

β responses in cancer cells in an antagonistic manner (Melzer et al., 2017; Ungefroren et 

al., 2014). When TGF-β signaling was activated, a further increase of Rac1/2/3 was 

observed that PZ-DHA was not expected to reverse. As expected, TGF-β-induced 

Rac1/2/3 overexpression remained unchanged in PZ-DHA-treated MCF-10A cells 

(Figure 5.4). Surprisingly, PZ-DHA significantly decreased TGF-β-induced expression of 

Rac1/2/3 in MDA-MB-231 cells. Therefore, it is possible that PZ-DHA may have an 

additional stimulating effect on Rac1b when TGF-β signaling is activated in malignant 
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cells. However, further experiments are needed to confirm the effects of PZ-DHA on 

TGF-β-dependent and -independent activation of Rac and Rac1b signaling. 

Intravasation and extravasation requires the adhesion of cancer cells to the endothelium 

lining of blood vessel walls. Several growth factors and adhesion molecules are involved 

in the regulation of breast cancer cell adhesion to the endothelium (Dippel et al., 2013; 

Mine et al., 2003; Narita et al., 1996). However, PZ-DHA did not affect the adhesion of 

MDA-MB-231 cells to HUVEC monolayers, suggesting that PZ-DHA likely did not 

affect the expression of cell adhesion molecules on MDA-MB-231 cells (Figure 5.9). 

However, it is important to note that PZ-DHA increased the expression of E-cadherin in 

MDA-MB-231 cells. Studies have shown that epithelial cells that survive in a suspension 

extensively undergo cellular aggregation with increased E-cadherin expression (Day et 

al., 1999; Hsu et al., 2011). Therefore, PZ-DHA-induced upregulation of E-cadherin may 

have affected, to some extent, the adhesion of MDA-MB-231 cells to HUVECs. 

The site of the metastatic lesion development is specific to the molecular subtype of the 

primary breast tumor (Smid et al., 2008). Lung and brain metastases are common among 

TNBC patients (Kelly et al., 2017; Kimbung et al., 2015; Smid et al., 2008; Soni et al., 

2015). Therefore, in the current study, the metastasis of mammary carcinoma cells to the 

lungs was studied. The in vivo anti-metastatic activity of PZ-DHA was studied using two 

different mouse models. In both models, PZ-DHA inhibited the metastasis of 

orthotopically implanted mammary carcinoma cells to the lungs. Section 4.2.13 of 

chapter 4 shows that systemic administration of PZ-DHA inhibited the growth of 

mammary carcinoma cells in immune-competent and immune-deficient mice. Pearson 

correlation statistics were conducted to determine whether there is a correlation between 

inhibition of tumor growth and the anti-metastatic potential of PZ-DHA. In saline-treated 

Balb/c and NOD-SCID mice, the metastatic burden was significantly correlated with 

primary tumor burden (as measured by tumor weight), implying that the number of 4T1 

or MDA-MB-231 cells disseminated into the systemic circulation was proportional to the 

primary tumor growth rate. However, no such correlation was found between the primary 

tumor weight and metastasis in PZ-DHA-treated mice (Figure 5.10 and 5.11). This 

strongly suggests that in vivo anti-metastatic activities of PZ-DHA are independent of its 

tumour suppressor potential and are not merely an artefact of reduced tumor burden. 
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Furthermore, PZ-DHA caused a strong reduction in MMP2 expression in 4T1 and MDA-

MB-231 primary tumors, suggesting a reduction in proteolytic activity and, as a result, a 

diminished tumor cell mobilization (Figure 5.12). Tumor-associated blood vessels 

capture cancer cells from the primary tumor site and deliver these cells to secondary 

organs; therefore, this process serves as one of the main routes of metastatic cancer cell 

spread (Jahroudi and Greenberger, 1995). In contrast, inhibition of neo-angiogenesis 

minimizes the hematogenic spread of cancer cells (Bielenberg and Zetter, 2015). The 

effect of PZ-DHA on neo-angiogenesis was investigated by studying the tumor-

associated vasculature in 4T1 and MDA-MB-231 tumors excised from mice. Exposure to 

PZ-DHA significantly reduced the number of tumor-surrounding blood vessels in a tumor 

volume-independent manner (Figure 5.10 and 5.11). A reduction in the endothelial 

marker, CD31 was also noted following immunohistochemical staining of primary 

tumors (Figure 5.12). 

In summary, PZ-DHA suppressed the migration of aggressive 4T1 and MDA-MB-231 

mammary carcinoma cell types in vitro and reduced the invasive capacity of MDA-MB-

231 cells. Inhibition of EMT, TGF-β-induced Rho GTPase signaling and re-

establishment of E-cadherin cell-cell adhesion molecules suggested molecular 

mechanisms for the observed in vitro inhibition of MDA-MB-231 cell motility by PZ-

DHA. In vivo experiments revealed that PZ-DHA inhibited the metastasis of 4T1 and 

MDA-MB-231 cells in mice without necessarily reducing primary tumor burden. PZ-

DHA also reduced MMP2 expression in primary tumors, as well as tumor-associated 

angiogenesis. Further experiments to investigate the effects of PZ-DHA on angiogenesis 

will be detailed in chapter 6. 
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CHAPTER 6 : PZ-DHA INHIBITS ANGIOGENESIS 

6.1 Introduction  

PZ-DHA-induced anti-proliferative and anti-metastatic activities toward mammary 

carcinoma cells were shown in chapter 4 and 5 respectively. In this chapter, another 

important aspect of metastasis, angiogenesis, is the focus. Anti-angiogenic activity of PZ-

DHA was studied using in vitro, ex vivo and in vivo models. 

An oxygen and nutrient supply is essential for the continuous growth of solid tumors, as 

well as promoting their metastatic potential. In fact, early studies have shown that the size 

of an avascularised solid tumor is restricted to 1-2 mm3 (Folkman, 1990; Folkman et al., 

1966; Lien and Ackerman, 1970). In a growing solid tumor, vasculature is mostly located 

around the tumor, creating a hypoxic environment in the tumor interior. Development of 

a hypoxic environment in the tumor interior contributes to stabilization of the 

transcription factor, HIF-1α, leading to the activation of target genes such as VEGF 

(Chua et al., 2010; Liu et al., 2012; Wang et al., 1995). Studies have shown that the 

partial pressure of oxygen does not correlate with the increased tumor interstitial 

pressure, suggesting that tumor hypoxia does not contribute to unusual elevation of 

interstitial pressure in the tumor microenvironment (Boucher et al., 1995). However, 

hypoxia-induced VEGF activation stimulates the growth of new blood vessels to the 

tumor interior (Chua et al., 2010; Liu et al., 2012; Wang et al., 1995). Mechanisms that 

determine the increased interstitial pressure in the tumor interior are not clearly 

understood; however, it is believed that VEGF-induced formation of large numbers of 

leaky, irregular-shaped blood vessels, as well as fibroblast-mediated tumor contractility 

play a significant role (Heldin et al., 2004; McDonald and Baluk, 2002; Nagy et al., 

2009). In addition, many studies suggest that increased interstitial pressure within solid 

tumors restricts the delivery of chemotherapy into the tumor core (Heldin et al., 2004; 

Lunt et al., 2008; Salnikov et al., 2003). Tumor-associated blood vessels also serve as the 

main route by which cancer cells enter the systemic circulation and become disseminated. 

Therefore, inhibition of angiogenesis suppresses cancer progression by reducing the 

metastatic spread of cancer cells, as well as by increasing the penetration of 
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chemotherapy into the tumor interior (Bielenberg and Zetter, 2015; Folkman, 2002; 

Zetter, 1998). 

Because of the above-mentioned roles of angiogenesis in tumor progression and 

metastasis, strategies for suppression of angiogenesis have been extensively studied. The 

majority of approaches are aimed at blocking receptors such as VEGFR2, which 

functions as the principal endogenous target of pro-angiogenic signaling molecules 

(Falcon et al., 2016). In addition, endothelial cell survival pathways such as Akt and 

MAPK signaling have also received distinct attention as therapeutic targets in the 

development of anti-angiogenic drugs (Dormond-Meuwly et al., 2011; Liu et al., 2006). 

Flavonoids have also been studied widely for their anti-angiogenic activity and 

chalcones, in particular, are known to inhibit Akt and MAPK signaling, as well as 

VEGFR2-mediated angiogenic signals in endothelial cells (Fernando et al., 2015; Kim, 

2003; Mirossay et al., 2018; Mojzis et al., 2008). Furthermore, anti-angiogenic activity of 

dietary ω-3 fatty acids, including DHA and its metabolites, have been shown by many 

research groups (Matesanz et al., 2009; Zhang et al., 2013); however, one study shows 

that DHA stimulates angiogenesis in the first trimester placental cells via increased 

synthesis of VEGF (Duttaroy and Basak, 2012). Nevertheless, Sun et al., demonstrate 

that flavonoid fatty acid conjugates show at least comparable, if not higher, anti-

angiogenic activity when compared to parent flavonoids (Sun et al., 2017). 

In this study, the impact of PZ-DHA on proliferation, migration and tube formation by 

HUVECs and HMVECs was tested in vitro. PZ-DHA-induced inhibitory effects on Akt 

and small molecular Rho GTPase signaling in HUVECs was tested in the presence or 

absence of VEGF using western blot analysis. Ex vivo anti-angiogenic activity was tested 

using thoracic aortic sections harvested from male Wistar rats. Finally, the in vivo anti-

angiogenic activity of systemically administered PZ-DHA was investigated using Balb/c 

female mice implanted with VEGF- and bFGF-containing Matrigel plugs. 
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6.2 Results  

6.2.1 PZ-DHA inhibits the metabolic activity of HUVECs and HMVECs 

First, the effect of 10 μM – 40 μM PZ-DHA on the metabolic activity of HUVECs and 

HMVECs was tested using an MTT assay and compared to its parent compounds. Neither 

PZ nor DHA inhibited the metabolic activity of HUVECs; however, PZ-DHA suppressed 

the growth of HUVECs at 40 µM, but not at 10 µM- 30 µM (mean % metabolic 

activity±SEM: 29.0±8.3) (p<0.05) (Figure 6.1A). In contrast, PZ-DHA inhibited the 

metabolic activity of HMVECs in a concentration-dependent manner (10 μM – 40 μM), 

suggesting that HMVECs are more sensitive to PZ-DHA than HUVECs (mean % 

metabolic activity±SEM: 10 µM, 83.4±4.4; 20 µM, 69.3±4.4; 30 µM, 47.0±4.1; 40 µM, 

33.2±8.2) (p<0.05) (Figure 6.1B). PZ did not affect the growth of HMVECs; however, 

DHA significantly inhibited HMVEC growth at the highest (40 µM) concentration (mean 

% metabolic activity±SEM: 68.7±8.1) (p<0.05) (Figure 6.1A). 

6.2.2 Sub-cytotoxic concentrations of PZ-DHA inhibit the proliferation of 

HUVECs and HMVECs 

Sub-cytotoxic concentrations of PZ-DHA and its parent compounds for HUVECs and 

HMVECs were identified using a 7AAD assay. Since 40 μM PZ-DHA inhibited the 

metabolic activity of both HUVECs and HMVECs by 59.0% and 61.4%, respectively, the 

viability of endothelial cells was tested using only 10 µM - 30 μM concentrations of the 

drugs. Drug-induced morphological changes were also observed. Endothelial cells are 

polygonal in shape. None of the tested concentrations of PZ altered the 

shape/morphology or number of HUVECs or HMVECs in the cultures. DHA, when used 

at a high concentration (30 μM), changed the polygonal morphology of HUVECs and 

prevented the formation of an endothelial cell monolayer (indicated by arrows in Figure 

6.2A). At 30 μM concentration, the morphology of HMVECs was not affected by DHA; 

however, number of HMVECs was reduced. PZ-DHA, at up to 20μM concentration, did 

not change the morphology of HUVECs; however, HUVEC morphology as well as the 

cell number was drastically affected by treatment with 30 μM PZ-DHA (indicated by 

arrows in Figure 6.2A). 
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Figure 6.1. PZ-DHA, at high concentrations, inhibits the metabolic activity of 

HUVECs and HMVECs in vitro. 

(A) HUVECs and (B) HMVECs were seeded and cultured overnight to promote cell 

adhesion. Adherent cells were treated with PZ, DHA, PZ-DHA (10 - 40 µM), DMSO 

vehicle or medium alone and incubated for 72 h at 37°C. At the end of culture, cells were 

incubated with MTT reagent for 3 h and formazan crystals were collected by 

centrifugation. Formazan crystals were dissolved in DMSO and absorbance was 

measured at 570 nm. Data shown are % mean metabolic activity±SEM of three 

independent experiments. Differences among means of PZ-DHA-treated endothelial cells 

were compared with respect to vehicle (*), PZ (#) and DHA ($) using ANOVA multiple 

means comparison method followed by Tukey’s post mean comparison test. * and 

$p<0.05, ##p<0.01, ***, ### and $$$p<0.001. 
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HMVECs were more sensitive to PZ-DHA at 20 μM, but the polygonal morphology of 

most of the cells were not altered. In contrast, a high concentration (30 μM) of PZ-DHA 

altered the morphology of almost all HMVECs and the number of cells in the culture was 

also reduced (Figure 6.3A). As explained in the section 3.2.1 of chapter 3, a right-ward 

shift in the 7AAD staining indicates cell death. Neither PZ-DHA nor its parent 

compounds at 10-30 μM significantly reduced the number of live HUVECs (% mean live 

PZ-DHA-treated cells ± SEM: 10 μM, 98.9±0.8; 20 μM, 98.9±0.4; 30 μM, 94.1±2.6) 

(p=0.3050) (Figure 6.2B and C). Even though MTT assays suggested a decreased 

metabolic activity of PZ-DHA-treated HMVECs at 20μM, 7AAD assays did not indicate 

any cell death. However, a significant reduction in live HMVEC was noted following 

treatment with 30 μM PZ-DHA, but not PZ or DHA (% mean live cells±SEM: 10 μM, 

98.9±0.8; 20 μM, 98.9±0.4; 30 μM, 94.1±2.6) (p<0.05) (Figure 6.3B and C). Therefore, 

further experiments to study the anti-angiogenic activity of PZ-DHA on HUVECs and 

HMVECs were conducted at 10-20 μM and 10 μM, respectively.  

At sub-cytotoxic concentrations, PZ-DHA inhibited the proliferation of both HUVECs 

and HMVECs, whilst DHA was active only against HUVECs. PZ did not influence the 

proliferation of HUVECs and HMVECs. Note that the HUVEC proliferation rate was 2.8 

times greater than HMVECs. At 10 μM, PZ-DHA decreased HUVEC proliferation by 

1.7-fold (mean number of cell divisions±SEM: vehicle, 4.9±0.2; PZ, 4.8±0.3; DHA, 

3.1±0.3; PZ-DHA, 2.8±0.2) and the fold decrease was 2.8 when treated with 20 μM 

(mean number of cell divisions±SEM: vehicle, 4.9±0.2; PZ, 4.4±0.5, DHA, 2.7±0.2, PZ-

DHA, 1.7±0.1) (p<0.05) (Figure 6.4A and B). PZ-DHA suppressed HMVEC 

proliferation by 3.4-fold (mean number of cell divisions±SEM: vehicle, 1.7±0.2; PZ, 

1.8±0.2; DHA, 1.6±0.2; PZ-DHA, 0.5±0.2) (p<0.05) (Figure 6.4C and D). 

Antiproliferative activity of PZ-DHA for HUVECs was significantly lower than the 

vehicle control, as well as PZ, but not DHA. Importantly, PZ-DHA almost completely 

inhibited the proliferation of HMVECs and this activity was significantly lower than the 

vehicle control, as well as its both parent compounds. 
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Figure 6.2. Determination of sub-cytotoxic concentrations of PZ-DHA for HUVECs 

in vitro. 

HUVECs were seeded and treated with 10 µM - 30 µM PZ, DHA, PZ-DHA, vehicle or 

medium alone and cultured for 72 h at 37°C. (A) Cells were photographed using a Nikon 

eclipse TS 100 phase contrast microscope equipped with Infinity 1 camera at ×200 

magnification. Arrows indicate cells that lost the polygonal shape following drug 

treatment. Cells were then harvested and stained with 7AAD for 5 min at room 

temperature and the live cell population was identified by reading samples at FL3 

detector of the flow cytometer. Data shown are (B) representative histograms (M1: live 

cells, M2: dead cells) and (C) mean % live cells±SEM of four experiments conducted 

independently; ns: not significant. 
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Figure 6.3. Determination of sub-cytotoxic concentrations of PZ-DHA for HMVECs 

in vitro. 

HMVECs were seeded and treated with 10 µM - 30 µM PZ, DHA, PZ-DHA, vehicle or 

medium alone and cultured for 72 h at 37°C. (A) Cells were photographed using a Nikon 

eclipse TS 100 phase contrast microscope equipped with Infinity 1 camera at ×200 

magnification. Arrows indicate cells that lost the polygonal endothelial cell shape 

following PZ-DHA treatment. Cells were then harvested and stained with 7AAD for 5 

min at room temperature and the live cell population was identified by reading samples at 

FL3 detector of the flow cytometer. Data shown are (B) representative histograms (M1: 

live cells, M2: dead cells) and (C) mean % live cells±SEM of three experiments 

conducted independently; ns: not significant. 
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Figure 6.4. Sub-cytotoxic concentrations of PZ-DHA inhibit the proliferation of 

HUVECs and HMVECs in vitro. 

Endothelial cells were synchronized to G0 phase by culturing cells in serum-free DMEM 

medium overnight. Synchronized cells were seeded and stained with Oregon Green 488 

dye. HUVECs were treated with PZ, DHA, PZ-DHA (10 and 20 µM) or the vehicle and 

HMVECs were treated with 10 µM drugs or the vehicle and cultured for 72 h at 37°C. At 

the end of incubation, cells were harvested and analyzed by FL1 detector of the flow 

cytometer. Data shown are (A) representative histograms of HUVECs treated with PZ, 

DHA or PZ-DHA relative to the vehicle control and non-proliferative control and (B) 

mean number of cell divisions±SEM from three independent experiment. Representative 

histograms of HMVECs treated with PZ, DHA or PZ-DHA relative to the vehicle control 

and non-proliferative control and mean number of cell divisions±SEM from three 

independent experiments are shown in (C) and (D), respectively. ANOVA multiple mean 

comparison test was performed and differences among means were compared using 

Tukey’s post mean comparison test; *p<0.05, **p<0.01. 
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6.2.3 Sub-cytotoxic concentrations of PZ-DHA arrest the replication of HUVECs 

at G0/G1 phase 

PZ-DHA arrested the HUVEC cell cycle at G0/G1 while significantly decreasing the 

number of cells progressing to G2/M phase. PZ-DHA-treated cells accumulated in the 

G0/G1 phase, resulting in a 16.6% increase in cell number (mean % number of cells in 

G0/G1 phase ± SEM: vehicle, 66.4±3.1; PZ, 67.9±1.8; DHA, 69.1±1.3; PZ-DHA, 

83.0±4.8) (p<0.05) (Figure 6.5A and B); however, cells in the S phase were not affected 

(mean % number of cells in S phase±SEM: vehicle, 7.9±0.5; PZ, 7.0±0.9; DHA, 7.6±2.4; 

PZ-DHA, 7.3±1.7) (Figure 6.5A and B). The significant reduction of number of cells in 

the G2/M phase suggests that the transition of HUVECs from the S phase to G2 and 

subsequent progression to the mitotic phase was also inhibited by PZ-DHA (mean % 

number of cells in G2/M phase±SEM: vehicle, 25.7±2.6; PZ, 25.0±0.5; DHA, 23.2±2.4; 

PZ-DHA, 9.8±3.4) (p<0.05) (Figure 6.5A and B). The effect of PZ-DHA on the 

expression of cell cycle proteins which regulate the transition of a cell through G1 (cyclin 

D3 and CDK4) was also tested. PZ-DHA significantly decreased cyclin D3 levels in 

HUVECs by 27.9% (mean % relative cyclin D3 expression±SEM: vehicle, 103.0±3.0; 

PZ, 97.9±6.3; DHA, 102.5±2.8; PZ-DHA, 75.1±5.3) (p<0.05) (Figure 6.5C). The 

expression of CDK4 was suppressed by both DHA and PZ-DHA by 47.0% and 72.3%, 

respectively (mean % relative CDK4 expression±SEM: vehicle, 93.6±6.3; PZ, 75.3±1.6; 

DHA, 46.6±10.7; PZ-DHA, 21.4±7.4) (p<0.05) (Figure 6.5D); however, PZ had no effect 

on any of the cell cycle regulatory proteins tested. 

6.2.4 Sub-cytotoxic concentrations of PZ-DHA inhibit Akt signaling in HUVECs 

PZ-DHA inhibited the Akt signaling pathway of HUVECs at several levels. At 10 μM, 

PZ-DHA decreased the phosphorylation of PDK1 at Ser241 in HUVECs (Figure 6.6A). 

PZ-DHA-induced increase in phosphatase activity was evident by the augmented 

phosphorylation of PTEN at Ser380 (Figure 6.6B). As a result of the upstream decreased 

kinase activity and increased phosphatase activity of the pathway, Akt phosphorylation 

was also inhibited at Ser473 (Figure 6.6C). Activation of two Akt-dependent downstream 

kinases were also tested. As a result of decreased Akt kinase activity, phosphorylation of 

mTOR at Ser2448 (Figure 6.6D) and CREB (Figure 6.6E) at Ser133 was also decreased. 
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Figure 6.5. A sub-cytotoxic concentration of PZ-DHA arrests HUVEC replication at 

G0/G1 phase. 

HUVECs were synchronized and treated with PZ, DHA, PZ-DHA (10 µM), vehicle or 

medium alone and cultured for 72 h at 37°C. Cells were harvested and fixed in 70% cold 

ethanol. Fixed cells were stained with PI in the presence of RNase for analysis by flow 

cytometry. (A) Representative histograms were generated using ModFit software. (B) 

Mean % number±SEM of cells in each phase of the cell cycle was calculated from three 

independent experiments. HUVECs that were treated with PZ, DHA, PZ-DHA (10 µM), 

vehicle or medium alone for 72 h were harvested and protein-rich cell lysates were 

prepared. Relative expression of cyclin D3 and CDK4 were determined using western 

blot analysis. Data shown are representative blots and mean % relative expression±SEM 

of (C) cyclin D3 and (D) CDK4 after three independent experiments. Statistical analysis 

was performed using one-way ANOVA multiple means comparison method and 

differences among means were compared using Tukey’s post mean comparison method. 

*p<0.05. 
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Figure 6.6. A sub-cytotoxic concentration of PZ-DHA inhibits Akt signaling in 

HUVECs. 

HUVECs were treated with PZ, DHA, PZ-DHA (10 µM) or vehicle alone and cultured 

for 72 h. Cells were harvested and protein-rich cell lysates were prepared. Equal amounts 

of protein (20 µg) were loaded into 10%, 12% or 15% SDS-polyacrylamide gels, as 

needed, and electrophoresed. Proteins were transferred onto nitrocellulose membranes 

and blots probed overnight at 4°C with primary antibodies against (A) phospho-PDK1 

(Ser241)/total-PDK1, (B) phospho-PTEN (Ser380)/total-PTEN, (C) phospho-Akt 

(Ser473)/total-Akt, (D) phospho-mTOR (Ser2448)/total-mTOR and (E) phospho-CREB 

(Ser133)/total-CREB. Equal protein loading was confirmed by β-actin expression. 
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6.2.5 A sub-cytotoxic concentration of PZ-DHA inhibits the migration of HUVECs 

Endothelial cell migration is an essential step of angiogenesis. The effect of PZ-DHA and 

its parent compounds on the migration of endothelial cells was tested using HUVECs. 

PZ-DHA significantly reduced the migration of HUVEC by 59.4% in a gap closure assay 

(mean % migration±SEM: vehicle, 94.9±6.4; PZ, 91.7±6.6; DHA, 57.7±7.5; PZ-DHA, 

35.5±7.9) (p<0.05) (Figure 6.7A and B). The effect of PZ-DHA on the chemotactic 

migration of serum starved-HUVEC was then tested using a trans-well cell migration 

assay. PZ-DHA significantly suppressed the migration of HUVECs by 39.6% and this 

inhibitory effect was significantly lower than that of its parent compounds (mean % 

migration±SEM: vehicle, 86.7±7.6; PZ, 70.1±4.0; DHA, 66.2±3.7; P-DHA, 47.2±3.6) 

(p<0.01) (Figure 6.7C and D). The polygonal cellular shape was restored by vehicle-, PZ- 

and DHA-treated HUVEC following migration; however, the shape of PZ-DHA-treated 

cells was still distorted after migration (Figure 6.7C). 

6.2.6 A sub-cytotoxic concentration of PZ-DHA inhibits in vitro and ex vivo 

angiogenesis 

Before studying the anti-angiogenic activity of PZ-DHA in vivo, angiogenesis was 

modeled and tested in vitro and ex vivo using human endothelial cells and rat aorta 

sections, respectively. In vitro angiogenesis was scored according to the stage/complexity 

of the tube formation. PZ-DHA decreased the in vitro HUVEC angiogenesis by 6.5-fold 

(mean angiogenesis score±SEM: vehicle, 4.3±0.7; PZ, 4.0±0.6; DHA, 3.3±0.3; PZ-DHA, 

0.7±0.3) (p<0.001) (Figure 6.8A and B). PZ-DHA, as well as DHA, significantly 

attenuated the tube formation by HMVECs by 2.8-fold and 1.8-fold, respectively (mean 

angiogenesis score±SEM: vehicle, 4.7±0.3; PZ, 3.3±0.3; DHA, 2.6±0.3; PZ-DHA, 

1.7±0.3) (p<0.01) (Figure 6.8C and D). 

PZ-DHA suppressed the sprouting of microvessels from rat aorta endothelium embedded 

in a Matrigel matrix (Figure 6.9A top panel and B). The statistical significance of the data 

was not evaluated because the shown data are the mean of two independent experiment; 

however, a clear reduction in the microvessel sprouting area was observed when the aorta 

sections were cultured in the presence of PZ-DHA. When the culture period was 

extended by another three days, endothelial cells that sprouted from the aorta sections 
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started forming tubules on the Matrigel matrix. However, PZ-DHA-treated cells aligned, 

but did not differentiate to form tubules (Figure 6.9A bottom panel). 
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Figure 6.7. A sub-cytotoxic concentration of PZ-DHA inhibits the migration of 

HUVECs in vitro. 

HUVECs were seeded in cell culture inserts and incubated with 10 µg/mL mitomycin C 

for 2 h. Cells were then treated with PZ, DHA, PZ-DHA (10 µM), vehicle or medium 

alone and cultured for 24 h. Inserts were removed and the number of cells that migrated 

into the gap was quantified using ImageJ software. Data shown are (A) representative 

pictures of HUVECs in the gap, (B) % means migrated HUVECs±SEM from three 

independent experiments. HUVECs were seeded and treated with PZ, DHA, PZ-DHA 

(10 µM), vehicle or medium alone and cultured for 24 h. Treated cells were serum-

starved and migration toward serum through a porous membrane was determined. Data 

shown are (C) representative pictures of migrated cells and (D) mean % migration±SEM 

of three independent experiments. ANOVA multiple means comparison statistical 

method was performed and differences among means were compared using Tukey’s test; 

*p<0.05, **p<0.01, ***p<0.001. 
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Figure 6.8. A sub-cytotoxic concentration of PZ-DHA inhibits in vitro tube 

formation by HUVECs and HMVECs. 

HUVECs or HMVECs were treated with PZ, DHA, PZ-DHA (HUVECs: 20 µM and 

HMVECs: 10 µM), vehicle or medium alone and cultured for 24 h in 6-well plates. Cells 

were harvested and 7500 cells were resuspended in 50 µL of EGM and seeded onto 

polymerized ECMatrix. Tube formation by HUVECs and HMVECs was monitored and 

photographed after 6 h and 4 h, respectively. Images were analyzed and tube formation 

was quantified according to the complexity of the tube network. Representative images of 

(A) HUVECs and (C) HMVECs grown on the ECMatrix and mean angiogenesis 

scores±SEM of (B) HUVECs and (D) HMVECs calculated from three independent 

experiments are shown. Statistical analysis was performed using ANOVA multiple 

means comparison method and differences among means were compared using Tukey’s 

post mean comparison method; *p<0.05, **p<0.01, ***p<0.001. 
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Figure 6.9. A sub-cytotoxic concentration of PZ-DHA inhibits ex vivo angiogenesis 

from rat aortas. 

Thoracic aortas from adult male Wistar rats were harvested. Inside and outside surface of 

the aortas were cleaned using sterile saline and aortas were cut into 1×3 mm sections. 

Sectioned aortas were then placed in a 48-well plate coated with 100 µL growth factor-

reduced phenol red-free Matrigel and incubated in a humidified incubator supplied with 

5% CO2 at 37°C for 1 h. Aorta sections were covered with another 100 µL Matrigel and 

incubation was continued for another 30 min. Matrigel was covered with 200 µL EGM-2 

supplemented with VEGF and bFGF and the cultures were incubated overnight at 37°C 

(day 0). On day 1, aorta sections embedded in Matrigel were treated with PZ, DHA, PZ-

DHA (20 µM), vehicle, or medium alone and cultured for 8 days. Medium/treatment was 

replenished on day 4. Development of tubules from aortic endothelium was monitored 

and photographed on day 5 and 8. (A) Sprouting and branching of endothelial cells from 

the aortas are shown by dashed-arrows in the top panel and tube formation on Matrigel 

matrix is shown by solid arrows in the bottom panel. (B) The surface area covered by 

sprouted microvessels was calculated using ImageJ software. Data shown are the mean 

microvessel sprouting area from two independent experiments. 

 



180 

 

6.2.7 Sub-cytotoxic concentrations of PZ-DHA inhibit VEGF165-induced small 

molecular Rho GTPase signaling in HUVECs 

Rho GTPase signaling plays a major role in migration, differentiation and subsequent 

tube formation by endothelial cells (Van Nieuw Amerongen et al., 2003; Yao et al., 

2010). Sections 6.2.5 and 6.2.6 showed that PZ-DHA inhibited migration and tube 

formation by HUVECs grown in a VEGF165-supplemented medium. Therefore, the effect 

of PZ-DHA on basal as well as VEGF165-induced small molecular Rho GTPase signaling 

in HUVECs was studied using western blot analysis. DHA and PZ-DHA, when used at a 

sub-cytotoxic concentration, significantly inhibited the expression of RhoA in HUVECs 

by 46.2% and 52.5%, respectively (mean % RhoA expression±SEM: vehicle, 101.0±1.0; 

64.8±2.0; DHA, 54.8±12.4; PZ-DHA, 48.5±8.2) (p<0.05) (Figure 6.10A). The expression 

of Cdc42 was also decreased following DHA (by 42.6%) and PZ-DHA (by 46.2%) 

treatment (mean % Cdc42 expression±SEM: vehicle, 102.2±2.2; 81.2±12.1; DHA, 

59.6±0.2; PZ-DHA, 56.0±7.8) (p<0.05) (Figure 6.10B); however, the expression of 

Rac1/2/3 remained unchanged (mean % Rac1/2/3 expression±SEM: vehicle, 95.4±4.6; 

103.2±10.5; DHA, 102.0±16.9; PZ-DHA, 95.6±9.7) (p= 0.9349) (Figure 6.10C). 

VEGF165 increased RhoA expression by 30.3%; however, VEGF165-induced RhoA over-

activation did not reduce in the presence of PZ, DHA, or PZ-DHA (mean % RhoA 

expression±SEM: vehicle, 93.6±9.0; PZ, 110.9±9.4; DHA, 112.8±6.0; PZ-DHA, 

100.2±9.9) (p= 0.0576) (Figure 6.10D). A 22.8% increase in Cdc42 expression was noted 

following VEGF165 treatment, which PZ-DHA decreased by 62.1% (mean % Cdc42 

expression±SEM: vehicle, 100.4±9.6; PZ, 82.2±14.7; DHA, 61.7±17.0; PZ-DHA, 

38.3±3.9) (p<0.05) (Figure 6.10E). As a result of VEGF165 treatment, Rac1/2/3 

expression was also increased by 29.7% and, surprisingly, PZ-DHA significantly 

decreased VEGF165-induced Rac1/2/3 expression by 46.5%, even though basal 

Rac1/2/3expression was not affected by PZ-DHA (mean % Rac1/2/3 expression±SEM: 

vehicle, 90.5±10.5; PZ, 71.9±2.5; DHA, 69.8±3.9; PZ-DHA, 43.9±7.7) (p<0.05) (Figure 

6.10F). 
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Figure 6.10. A sub-cytotoxic concentration of PZ-DHA inhibits endogenous and 

VEGF-induced small GTPase signaling in HUVECs. 

The effect of PZ-DHA on endogenous and VEGF165-induced expression of small 

molecular Rho GTPases was determined using western blot analysis. HUVECs were 

seeded and treated with PZ, DHA, PZ-DHA (10 µM), vehicle or medium alone and 

cultured in the absence of VEGF165 for 72 h. Cells were harvested, lysed and protein 

concentration in lysates were determined using a Bradford assay and 20 µg of proteins 

were loaded in to 15% SDS-polyacrylamide gels. Blots were probed with antibodies 

against (A) RhoA, (B) Cdc42 and (C) Rac1/2/3. Equal protein loading was confirmed by 

β-actin expression. In a separate experiment, HUVECs that were pre-incubated 

with/without 10 ng/mL VEGF165 were then treated with PZ, DHA, PZ-DHA (10 µM), 

vehicle or medium alone and cultured in the presence or absence of 5 ng/mL VEGF165 for 

72 h. Relative expression of VEGF165-induced (D) RhoA, (E) Cdc42 and (F) Rac1/2/3 

was determined using western blot analysis. Equal protein loading was confirmed by β-

actin expression. Data shown are mean % relative expression±SEM from three 

independent experiments. ANOVA multiple means comparison statistical method was 

performed and differences among means were compared using Tukey’s test; *p<0.05. 
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Figure 6.11. Systemic administration of PZ-DHA suppresses VEGF165- and bFGF-

induced angiogenesis in Balb/c female mice. 

Phenol red-free Matrigel (300 µL) mixed with/without human VEGF165 (2 µg/mL) and 

bFGF (2 µg/mL) was subcutaneously implanted on both left and right sides along the mid 

dorsal line of lower posterior area of Balb/c female mice (Day 0). On day 1, mice were 

randomly assigned into two groups (n=12) and saline or PZ-DHA (100 mg/kg) was 

administered by intraperitoneal injection. Altogether, 5 doses of saline or PZ-DHA was 

administered every second day (Day 1, 3, 5, 7 and 9) for 9 days. Mice were euthanized on 

day 10; Matrigel plugs injected (A) without and (B) with proangiogenic factors were 

photographed. (C) Matrigel plugs from each mouse were weighed and mean hemoglobin 

concentration±SEM was determined using cyanmethemoglobin method. Statistical 

differences between means were compared using Student’s t-test; *p<0.05. (D) Growth 

of blood vessels on the body wall, toward the Matrigel plugs was also photographed. 
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6.2.8 PZ-DHA inhibits in vivo angiogenesis in Balb/c female mice 

In vivo anti-angiogenic activity of PZ-DHA was investigated using a Matrigel plug assay 

and Balb/c female mice. VEGF and bFGF induced angiogenesis in Matrigel plugs, which 

was inhibited by intraperitoneal administration of PZ-DHA (Figure 6.11A and B). PZ-

DHA-mediated reduction in blood vessel formation was measured by quantifying 

hemoglobin concentration in Matrigel plugs. Hemoglobin in Matrigel plugs was 

converted into a cyanmethemoglobin complex by a reaction with cyanide ions in the 

Drabkin’s reagent. A 2.3-fold reduction in the formation of cyanmethemoglobin complex 

was noted in Matrigel plugs excised from PZ-DHA-received mice. (mean 

cyanmethemoglobin concentration (mg/mL)±SEM: saline, 611.9±147.1; PZ-DHA, 

270.4±68.6) (p<0.05) (Figure 6.11C). Moreover, PZ-DHA-induced reduction in the 

growth of blood vessels in the body wall (around the Matrigel plugs) was also observed 

(Figure 6.11D). 

6.3 Discussion 

This chapter is dedicated to investigating the effects of PZ-DHA on different aspects of 

angiogenesis. The impact of PZ-DHA on endothelial cell proliferation, migration and 

differentiation in order to form tubules in vitro was tested using HUVECs and HMVECs. 

Thoracic aorta sections harvested from Wistar rats were used to study the ex vivo anti-

angiogenic activity of PZ-DHA and in vivo anti-angiogenic activity was tested using 

Balb/c mice implanted with Matrigel plugs containing proangiogenic factors.  

MTT assays suggested that PZ-DHA suppressed the metabolic activity of HUVECs at 40 

μM but not 10 μM - 30 μM. Similarly, 7AAD assays showed that PZ-DHA did not affect 

HUVEC viability, confirming that PZ-DHA was not toxic to HUVEC at 10 μM - 30 μM 

(Figure 6.1 and 6.2). In contrast, a concentration-dependent decrease in the metabolic 

activity of HMVECs was noted in the presence of PZ-DHA (10 μM - 40 μM); however, 

7AAD assay confirmed that PZ-DHA was not toxic up to 20 μM concentration, 

suggesting that the decrease in the metabolic activity may be attributed to a decrease in 

HMVEC number at 20 μM, and not necessarily to cell death (Figure 6.3). PZ-DHA 

attenuated the proliferation of HUVECs and HMVECs at sub-cytotoxic concentrations 

(Figure 6.4) and inhibited the S phase entry of HUVECs as a result of G0/G1 cell cycle 
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arrest. PZ-DHA inhibited the expression of cyclin D3 and CDK4, suggesting a decreased 

formation of cyclin D/CDK4 complex which was consistent with the increased 

accumulation of HUVECs in G0/G1 phase (Figure 6.5). DHA downregulated the 

expression of CDK4 but not the expression of Cyclin D3 or the number of HUVECs 

passing the G1 checkpoint to enter the S phase. In contrast, Kim et al., 2005 showed that 

DHA induces G0/G1 cell cycle arrest, as well as an increase in the sub-G1 peak that 

suggests an apoptotic effect on proliferating HUVECs (Kim et al., 2005). My findings did 

not agree with this study, possibly because the study by Kim and colleagues used 40 μM 

DHA concentration and 24 h post treatment whereas my research was conducted using 10 

μM - 20 μM DHA at a 72h time point. Kim et al. (2005) also suggest an increased 

incorporation of Annexin-V-FITC/PI into HUVEC when treated with DHA, suggesting 

that their treatment was not sub-cytotoxic. An interplay of cell cycle regulators and pro-

apoptotic factors determines the fate of a cell during stress conditions (Pietenpol and 

Stewart, 2002; Pucci et al., 2000). Therefore, it is possible that the activation of p53 and 

apoptotic signals played a partial role through the p53-p21 axis in the G0/G1 cell cycle 

arrest reported by Kim et al. (2005). 

Phosphorylation of Akt affects multiple substrates which lead to cell proliferation (cell 

cycle regulators), migration through actin reorganization (small molecular RhoGTPases) 

and angiogenesis in endothelial cells (Ma et al., 2009; Somanath et al., 2006; Yao et al., 

2010). Flavonoid-induced inhibitory effects on Akt signaling in endothelial cells and its 

connection to angiogenesis and cancer progression has been demonstrated by many 

studies (Fang et al., 2005; Huang et al., 2017; Kim, 2017; Mirossay et al., 2018; Mojzis et 

al., 2008; Ohga et al., 2009). Effects of DHA and other ω-3 fatty acids on Akt signaling 

in endothelial cells have been shown in relation to cardiovascular effects (Jump et al., 

2012; Yamagata, 2017); however, little is known in relation to cancer progression. To the 

best of my knowledge, the effects of flavonoid fatty acid derivatives on Akt signaling in 

endothelial cells have not yet been reported. PZ-DHA inhibited the phosphorylation of 

PDK1 at Ser241 and increased the phosphatase activity of PTEN by increasing its 

phosphorylation at Ser380. This upstream negative regulation resulted in the decreased 

phosphorylation of Akt at Ser473. PZ-DHA also downregulated the phosphorylation of 

mTOR, which is a Akt downstream effector, suggesting that PZ-DHA-induced anti-
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proliferative effects may be regulated through Akt/mTOR signaling. Furthermore, PZ-

DHA also inhibited the phosphorylation of CREB at Ser133, suggesting a potential 

reduction of phosphorylated-CREB nuclear translocation and subsequent activation of 

VEGF-mediated HUVEC proliferation, migration and tube formation (Figure 6.6). 

PZ-DHA-induced anti-migratory effects were shown using gap closure and trans-well 

cell migration assays (Figure 6.7). Migration assays of HUVECs used 10 μM PZ-DHA, 

which also significantly inhibited HUVEC proliferation. However, the cell migration in 

gap closure assay was not impacted by reduced HUVEC proliferation since this was 

arrested by mitomycin C pre-treatment. It is also highly unlikely that PZ-DHA-induced 

antiproliferative effects altered HUVEC migration in trans-well cell migration assay 

because PZ-DHA treatment was limited to 24 h. PZ-DHA inhibited the migration of 

HUVECs and also inhibited the expression of RhoA and Cdc42, but not Rac1/2/3, 

suggesting that PZ-DHA inhibited filopodia-driven migration of HUVECs but not 

lamellipodia formation. This is consistent with the presence of abundant lamellipodia 

(indicated by arrows in Figure 6.7), but not many filopodia in PZ-DHA-treated HUVECs 

that migrated on a gelatin-coated surface.  

The role of small molecular Rho GTPases in angiogenesis have been studied extensively 

(Bryan and D’Amore, 2007; Fryer and Field, 2005; van der Meel et al., 2011; Van Nieuw 

Amerongen et al., 2003). RhoA, Cdc42 and Rac1/2/3 play distinct roles in many steps of 

angiogenesis such as the integrity of the endothelial cell barrier, basement membrane 

degradation, endothelial cell proliferation and migration, morphogenesis and capillary 

formation (van der Meel et al., 2011). Endothelial cell proliferation and cell assembly is 

regulated by well known cell survival and proliferation pathways such as Akt and MAPK 

(Gerber et al., 1998; Liu et al., 2006; Wang et al., 2015). Cross-talk of these pathways 

with each other and other signaling cascades such as Rho GTPase and MMP signaling 

have been shown in relation to the regulation of angiogenesis at various steps (Boyd et 

al., 2005; Dimmeler et al., 2000; Mavria et al., 2005). In addition, Ras and Rho family 

GTPase signaling is also coordinated by divergent and convergent regulatory 

mechanisms during cell cycle regulation (Bar-Sagi and Hall, 2000). Transition of a cell 

through G1 phase is mainly regulated by the complexes of D-type cyclins with CDK4 or 

CDK6 (Dong et al., 2018); these complexes then inactivate Rb by phosphorylation at 
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serine sites (Ser608, 612, 788, 795) (Rubin, 2013; Weinberg, 1995). Phosphorylation of 

Rb releases the transcription factor E2F and activates S phase entry of cells (Chellappan 

et al., 1991; Dimova and Dyson, 2005; Harbour and Dean, 2000). RAS family proteins 

also play a role in the G1/S cell cycle progression by relieving cells from the inhibitory 

effects of Rb (Coleman and Olson, 2004; Mittnacht et al., 1997; Peeper et al., 1997). 

HUVECs used in my cell cycle analysis experiments were serum-starved with the aim of 

synchronizing them to G0 phase prior to PZ-DHA treatment. A low phosphorylation 

status of Rb is maintained normally in quiescent cells; therefore, cells that lack Rb 

activity no longer depend upon RAS-induced Rb inactivation (Coleman and Olson, 2004; 

Lin et al., 2014). However, Pillai et al. (2010) report that a significant amount of Rb is 

found in serum starved-HUVECs, suggesting potential RAS activity during G1/S 

transition (Pillai et al., 2010). Therefore, it is possible that PZ-DHA-induced G0/G1 arrest 

of HUVECs may be exerted through inhibition of RAS activity; however, additional 

work is required to confirm this hypothesis. 

Rho, another GTPase family protein, is also involved in the regulation of cell cycle, 

specially G1/S transition (David et al., 2012). Furthermore, accumulation of p21WAF1/CIP1 

negatively regulates the G1/S transition by inhibiting CDK activity (Niculescu et al., 

1998). Hsu and colleagues suggest an inverse correlation between RhoA and the 

transcription of p21WAF1/CIP1 in HUVECs and mouse cerebral vascular endothelial cells 

(Hsu et al., 2014). Inhibition of RAS-related Rho expression blocks entry of cells into the 

S phase through the activation of p21WAF1/CIP1 by constitutively expressed RAS, 

suggesting that Rho and p21WAF1/CIP1 are inversely related during cell cycle regulation 

(Olson et al., 1998). Two other Rho family small molecules, Rac1 and Cdc42, rapidly 

increase the ubiquitin-independent proteasome-mediated degradation of p21WAF1/CIP1 

when HUVECs are attached to ECM proteins (Bao et al., 2002). PZ-DHA inhibited the 

endogenous expression of both RhoA and Cdc42. Additionally, PZ-DHA also attenuated 

VEGF165-induced Cdc42 and Rac1/2/3 expression (Figure 6.10). Taken together, it is 

apparent that PZ-DHA-induced anti-proliferative activity was exerted through the 

inhibition of cell cycle regulatory proteins, as well as small molecular Rho GTPase 

molecules. It is widely accepted that Rho GTPase signaling regulates endothelial cell 

rearrangement and organization during angiogenesis (Fryer and Field, 2005; Van Nieuw 
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Amerongen et al., 2003; Soga et al., 2001). Lumen formation during angiogenesis 

requires early cytoskeletal remodelling and lateral cell–cell contacts, mediated through 

the Rac1 guanine nucleotide exchange factor DOCK4. VEGF165-dependent Rac 

activation via DOCK4 is also necessary for Cdc42 activation and filopodia formation 

(Abraham et al., 2015). VEGF165-simulated RhoA, Cdc42 and Rac1/2/3 expression was 

noted in HUVECs in the current project, and PZ-DHA down-regulated Cdc42 and 

Rac1/2/3 but not RhoA (Figure 6.10). However, PZ-DHA significantly decreased tube 

formation by HUVECs and HMVECs in vitro, as well as VEGF165-induced sprouting of 

tubes from rat aortic sections ex vivo. This implies that PZ-DHA-induced anti-angiogenic 

activity was not necessarily mediated through RhoA-dependent mechanisms, but possibly 

through inhibition of VEGF165-stimulated Cdc42 and Rac 1/2/3. 

Lastly, anti-angiogenic activity of PZ-DHA was evaluated in vivo using the Matrigel plug 

assay of Balb/c mice. Flavonoids such as quercetin (Pratheeshkumar et al., 2012), 

apigenin (Bassino et al., 2016) and EGCG (Moyle et al., 2015) demonstrate anti-

angiogenic activities through their inhibition of Akt phosphorylation, HIF signaling and 

expression of cell-cell adhesion molecules. However, some flavonoids such as visnadin, 

hesperidin and baicalin exert pro-angiogenic activities on microvascular cells by 

increasing their proliferation, survival and tubulogenesis (Bassino et al., 2016). 

Therefore, to confirm that PZ-DHA did not have proangiogenic activity in vivo, two mice 

were subcutaneously implanted with pro-angiogenic factor-reduced Matrigel plugs and 

treated with saline or PZ-DHA by intraperitoneal injection. No blood vessel growth was 

detected in Matrigel plugs placed in the PZ-DHA-treated mouse or saline-treated mouse, 

suggesting that PZ-DHA did not promote the synthesis of endogenous pro-angiogenic 

factors and/or did not exert direct pro-angiogenic activity. PZ-DHA attenuated VEGF- 

and bFGF-induced angiogenesis in vivo, as indicated by significantly decreased 

hemoglobin content in Matrigel plugs (Figure 6.11). Vessel formation in Matrigel plugs 

can be used to quantify angiogenesis (Tahergorabi and Khazaei, 2012). Taken together, 

PZ-DHA-induced in vitro, ex vivo and in vivo anti-angiogenic activity suggests this effect 

inhibited the hematogenic spread of mammary carcinoma cells, thereby contributing to 

the anti-metastatic activity of PZ-DHA reported in the chapter 5. This chapter concludes 

all the data gathered to evaluate the anti-metastatic activity of PZ-DHA during the 
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project; research limitations and suggested improvements to experiments will be 

discussed in chapter 7. 
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CHAPTER 7 : DISCUSSION 

7.1 Summary of the major findings of the thesis research  

7.1.1 Conjugation of DHA to PZ increases the cellular uptake of PZ and 

stabilization of DHA 

PZ-DHA is a novel polyphenol-fatty acid derivative that combines two dietary 

biomolecules through an ester linkage. The regioselective reaction between the two 

molecules was catalyzed by CA-LB (Ziaullah and Rupasinghe, 2016; Ziaullah et al., 

2013). The goal behind the esterification was to increase the pharmacological activities of 

both compounds by increasing the cellular intake of PZ and the stability of DHA in a 

biological system. Cellular uptake of flavonoids has been extensively studied using 

intestinal epithelial cells such as Caco-2 monocultures and/or Caco-2 co-cultures with 

HT-29 and TC-7, a clone isolated from late passage of Caco-2 cells which are 

characterised by higher expression of the glucose transporters (SGLT and GLUT) 

(Chabane et al., 2009; Jailani and Williamson, 2014; Qiu et al., 2012; Soler et al., 2010). 

A few studies have also been conducted using liver cells (Wong et al., 2012), kidney cells 

(Glaeser et al., 2014), endothelial cells (Faria et al., 2010), neuroblastoma cells 

(Bandaruk et al., 2014), and ovarian cancer cells (Walgren et al., 2000). Most of these 

cellular uptake assays have been conducted using green tea catechins, quercetin, and 

quercetin metabolites. Schramm and co-workers report a special flavonoid transport 

system in bovine and human aortic endothelial cells that mediates rapid uptake of 

flavonoids (Schramm et al., 1999). García-Villalba et al. (2012) report that the cellular 

uptake of luteolin (4 hydroxyl groups) is significantly greater than apigenin (3 hydroxyl 

groups) by JIMT-1 human breast cancer cells and suggest that the % cellular uptake is 

proportional to the degree of hydroxylation/hydrophilicity of the flavonoid. However, this 

argument is flawed since the passive diffusion of molecules through the cell membrane 

occurs through the dissolution in the lipid bi-layer (Grime et al., 2008). In contrast, 

Grootaert et al. (2016) show that flavonoid aglycones (quercetin and hesperetin) are 

absorbed better than flavonoid glucosides (rutin and hesperidin) by Caco-2 cells, 

suggesting that increased hydrophilicity is inversely proportional to the cellular uptake of 

a flavonoid. This idea is further supported by the necessity for LPH-mediated hydrolysis 
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of quercetin-3-glucoside to promote intestinal uptake in rats (García-Villalba et al., 

2012). This proposed requirement also explains the extremely low uptake of PZ 

(phloretin-2'-β-D-glucopyranoside) by all cell lines tested in the current thesis research. 

The cellular uptake of flavonoids and their metabolites has been reported extensively 

(Spencer et al., 2004). Enzyme-catalyzed acylation has been used as a method of 

improving the bioavailability of flavonoids (Chebil et al., 2007; Thilakarathna and 

Rupasinghe, 2013; Viskupič Ová et al., 2009); however, to the best of my knowledge, the 

validity of this approach has not yet been shown using cultured cells in vitro. 

Nevertheless, the conjugation of DHA with PZ through an esterification reaction was 

predicted to improve the cellular uptake of PZ by cultured epithelial cells. Using cultured 

epithelial cells and LC/MS methods, for the first time, my research proves that the 

esterification of flavonoids with fatty acids improves the cellular uptake of flavonoids. 

Furthermore, my research showed that the stability of DHA was also enhanced when 

conjugated to PZ. Taken together, my findings indicate that through these two 

mechanisms, the intracellular concentration of PZ and DHA was increased by combining 

them into a single chemical entity. 

7.1.2 Pharmacokinetics of PZ-DHA 

Another objective of this study was to use a mouse model to establish the 

pharmacokinetic parameters of PZ-DHA. The pharmacokinetics of flavonoids is a 

complicated area of study. In plants, flavonoids exist as glucosides, except for catechins, 

and therefore, it is debatable whether flavonoids are better absorbed as aglycones or 

glucosides. In any case, intestinal absorption of ingested flavonoids is low. When PZ-

DHA was administered by intraperitoneal injection, the highest serum concentration 

reached was 24.4 µM at the 68th minute post administration. PZ-DHA was eliminated 

from serum at a rate of 0.011 µM/min rate. The biological half-life of PZ-DHA was 

determined to be 27.3 min. Total PZ-DHA exposure, calculated in terms of the area under 

the curve of drug concentration vs time curve, was 2168.4 µmol.min/L. It is possible that 

a fraction of PZ-DHA absorbed into the systemic circulation may also exist in a serum 

protein-bound form. In general, flavonoids show high affinity for plasma proteins, as well 

as high distribution into fat tissue (Bolli et al., 2010; Dangles et al., 2001; Zhang et al., 

2017). Boulton et al. (1998) showed that 99.1% of quercetin is bound to human plasma 



192 

 

proteins, leaving only 0.9% of quercetin freely available in the plasma. Another study 

shows that the binding of four flavonoids (orientin, vitexin, cynaroside and quercetin) to 

plasma proteins ranged from 74-89% (Huang et al., 2013). Flavonoids accumulate in the 

liver, lungs and kidneys following parenteral or oral administration (Hung et al., 2018; 

Walle et al., 2007). In my study, PZ-DHA was found in the liver, lungs, kidneys, spleen 

and brain, suggesting that PZ-DHA was readily distributed throughout the body. 

Interestingly, the presence of detectable amounts of PZ-DHA in the brain indicate a 

capacity to cross the BBB, which opens up the possibility of a therapeutic effect on brain 

tumors. Substances that are administered by intraperitoneal injection are mainly absorbed 

by the superior and inferior mesenteric veins, which drain into the portal vein (Lukas et 

al., 1971; Turner et al., 2011). Therefore, following intraperitoneal administration, PZ-

DHA must pass through the liver before entering the systemic circulation and, as a result, 

may undergo hepatic metabolism to generate phase II metabolites, which would also 

affect the availability of intact PZ-DHA in blood. This was evident by the presence of the 

PZ-DHA metabolite 4,4',6'-tri-O-methyl-phloridzin docosahexaenoate in the liver, 

kidneys and lungs within 30 min of intraperitoneal administration of PZ-DHA. Two 

additional conjugation reactions of PZ-DHA occur in the liver; glucuronidation and 

sulphation. Phloridzin docosahexaenoate-4,4'-di-O-sulphide was detected in the liver; 

however, phloridzin docosahexaenoate-4-O-glucuronide and phloridzin 

docosahexaenoate-4’-O-glucuronide were detected only in in vitro experiments, 

suggesting that in vivo of these compounds are produced at levels too low to meet the 

minimum limit for detection or are rapidly degraded in mice. The presence of PZ-DHA 

and 4,4',6'-tri-O-methyl-phloridzin docosahexaenoate in kidneys implies the renal 

excretion of PZ-DHA as the parent drug and the methylated form. 

7.1.3 Scheme of ADME of PZ-DHA 

The ADME of PZ-DHA following intraperitoneal administration is outlined in Figure 

7.1. Absorption of PZ-DHA: Following intraperitoneal administration, PZ-DHA is 

distributed in the peritoneal cavity of Balb/c female mice and readily absorbed by the 

veins of the mesentery and transported into the liver via the superior mesenteric vein and 

the inferior mesenteric vein. Distribution of PZ-DHA: Superior and inferior mesenteric 

veins (together with the splenic vein) converge, forming the portal vein through which 
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PZ-DHA in mesenteric vein blood drains into the liver. Then PZ-DHA in the liver is 

carried to the right atrium of the heart via the inferior vena cava and returned to the heart 

through the route of right atrium of the heart→ right ventricle of the heart→ pulmonary 

artery→ lungs→ pulmonary veins→ left atrium of the heart. PZ-DHA-containing 

oxygenated blood then enters the aorta and is pumped throughout the body. Blood vessels 

supplying the brain originate at the arch of the aorta; hence, PZ-DHA is distributed to the 

brain via left and right carotid arteries. After crossing the BBB, PZ-DHA enters and 

accumulates in the brain. PZ-DHA is distributed to the lungs via bronchial arteries 

branched from the descending aorta. PZ-DHA is returned to liver via hepatic artery 

branched from descending aorta. The spleen receives PZ-DHA via the splenic artery. 

Some PZ-DHA accumulates in the spleen and some goes to the liver via splenic vein. PZ-

DHA is distributed to the kidneys via renal arteries and accumulates. Metabolism of PZ-

DHA: PZ-DHA undergoes phase II metabolism in the liver. Methylation of PZ-DHA is 

catalyzed by methyltransferases to produce 4,4',6'-tri-O-methyl-phloridzin 

docosahexaenoate. Glucuronidation of PZ-DHA is catalyzed by UDP-

glucuronosyltransferase to produce phloridzin docosahexaenoate-4-O-glucuronide and 

phloridzin docosahexaenoate-4’-O-glucuronide. PZ-DHA is sulphated to generate 

phloridzin docosahexaenoate-4,4'-di-O-sulphide, a conversion that is catalyzed by 

sulphotransferases. Metabolites may also follow the above-mentioned distribution 

patterns. PZ-DHA and its metabolites may also enter into bile and circulate through the 

entero-hepatic circulation; however, this step was not confirmed in the current study. 

Excretion of PZ-DHA: PZ-DHA is excreted via the kidneys in its intact form as well as in 

its methylated form. 
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Figure 7.1. Proposed scheme for the fate of PZ-DHA upon intraperitoneal 

administration into Balb/c female mice 

Absorption of intraperitoneally administered PZ-DHA via ① superior mesenteric vein 

and ② inferior mesenteric vein; ③ Phase II metabolism of PZ-DHA in the liver; ④ 

Biliary secretion and entero-hepatic circulation of PZ-DHA and its metabolites; 

Distribution of PZ-DHA and its metabolites via ⑤ inferior vena cava, ⑥ left and right 

carotid arteries, ⑦ bronchial arteries branched from the descending aorta; ⑧ hepatic 

artery branched from descending aorta, ⑨ splenic artery, and ⑩ renal arteries branched 

from descending aorta; ⑪ PZ-DHA may be excreted via kidneys. Solid-lined arrows 

(→) indicate confirmed processes and dashed-line arrows (⇢) indicate suggested 

potential processes which need to be confirmed in future studies. 

BBB: blood brain barrier; METs: Methyltransferases; UGTs: UDP-

glucuronosyltransferase; SULTs: Sulphotransferases. 
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7.1.4 PZ-DHA is selectively cytotoxic toward breast cancer cells 

PZ-DHA inhibited the metabolic activity of triple-negative (MDA-MB-231, MDA-MB-

468 and 4T1) and ER+ (MCF-7 and T-47D) mammary carcinoma cells, and caused cell 

death; however, the viability of non-malignant cells was not affected by PZ-DHA, 

suggesting a significant selectivity of PZ-DHA-induced cytotoxic effects for malignant 

cells (sections 4.2.1-4.2.6). Despite of the observed differences in PZ-DHA-induced 

cytotoxic activities in malignant and non-malignant cells, section 3.2.2 indicates that 

absorption of PZ-DHA is similar for malignant and non-malignant cells. Studies have 

shown differences in the structural and biochemical composition of the cell membranes in 

malignant and non-malignant cells (Alves et al., 2016; Coman and Anderson, 1955). The 

lipid, protein and saccharide composition of malignant cell membranes is distinctly 

different from that of non-malignant cells, and these differences affect the association of 

the plasma membrane with cytoskeletal structures and intra-cellular organelles (Kojima, 

1993). Specific changes identified in the plasma membrane of malignant cells include 

lipid composition and fatty acid composition of phospholipid bi-layer (Canuto et al., 

1989; Koizumi et al., 1980; Nihon Seikagakkai. et al., 1985). Therefore, it is possible that 

after crossing the plasma membrane of non-malignant cells, PZ-DHA binds to the inner 

leaflet of the phospholipid bi-layer and does not move into the cell interior. This would 

account for the unchanged Akt pathway activities in MCF-10A cells following PZ-DHA 

treatment. Intact morphology/cell membrane integrity of MCF-10A seen under the 

microscope and by Annexin-V/PI staining also indicate that PZ-DHA did not harm non-

malignant cells. Malignant cells are more vulnerable to cytotoxic agents due to their loss 

of DNA damage repair pathways (Kelley et al., 2014; O ’connor, 2015; Willers et al., 

2002), increased level of replication stress (Sarni and Kerem, 2017; Zhang et al., 2016) 

and endogenous DNA damage (O’Connor, 2015; Tubbs and Nussenzweig, 2017). 

Therefore, the key differences between DNA damage repair mechanisms of malignant 

and non-malignant cells may have provided non-malignant cells with protection against 

PZ-DHA-induced DNA damage and cytotoxicity (Fernando, 2014). PZ-DHA also 

exhibited minimal toxicity toward normal cells in mice. Mice did not show signs of 

distress or adverse side effects following administration of PZ-DHA and PZ-DHA did not 

affect liver or kidney function. This implies that PZ-DHA effectively inhibits tumor 
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growth, metastasis and tumor-associated angiogenesis but does not affect the functions of 

normal cells. 

Even though the viability of both TNBC cells and ER+ breast cancer cells was similarly 

affected by PZ-DHA, the cellular uptake of PZ-DHA was notably less by ER+ breast 

cancer cells. ERs belong to the steroid hormone superfamily of nuclear receptors and are 

mainly located in the cytoplasm of estrogen-sensitive cells (Lee et al., 2012).  Upon 

binding of estrogen to ERs, the  estrogen-ER complex is translocated into the nucleus 

where it acts as a transcription factor by binding to the estrogen response element 

(Björnström and Sjöberg, 2005; Kumar et al., 2011; Lee et al., 2012). However, studies 

show that ERs are also located on the surface of estrogen-sensitive cells, where 

phytoestrogens such as PZ and its aglycone PT may interact with the cell through cell 

surface ERs (Levin, 2002; Martin et al., 1978; Olson et al., 2006, 2007; Poola et al., 

2008; Watson et al., 2005). Kuiper et al. (1998) suggest that the estrogenic potency of 

phytoestrogens is significant, unlike the limited estrogenic activity of industrial-derived 

estrogenic chemicals. PZ-DHA-induced cytotoxic activity in MCF-7 cells may therefore 

be mediated via both intra-cellular and cell surface ERs, since the chemical structure of 

PZ is intact in PZ-DHA. Thus, it is possible that PZ-DHA may not necessarily require 

entry into the cell to be cytotoxic for MCF-7 cells. Schramm et al. (1999) note that one of 

the question yet to be addressed is, “Are the effects of flavonoids on animal cells initiated 

through their interaction with extracellular targets or intracellular targets?”. Many 

studies have been conducted in the past few decades to understand specific extracellular 

and/or intracellular targets of flavonoids; however, this area of research is still active and 

has not yet provided a clear answer to this question. 

7.1.5 Scheme of the molecular mechanisms of PZ-DHA-induced anti-proliferative 

activity in TNBC cells 

The molecular mechanisms of PZ-DHA-induced anti-proliferative activities at a sub-

cytotoxic concentration are outlined in Figure 7.2. PZ-DHA inhibits the proliferation of 

TNBC cells by blockade of PI3K/Akt/mTOR and RAS/RAF/ERK signaling pathways. 

Binding of growth factors to the extracellular domain of RTK induces dimerization of 

RTK and leads to the heterologous autophosphorylation of receptor monomers at the 
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intracellular domain. This results in activation of an intracellular docking site, PI3K is 

then recruited to the activated docking site and becomes activated. At the second level of 

the pathway, activated PI3K induces the conversion PIP2 to PIP3, leading to the 

activation of Akt by phosphorylation at serine and threonine sites (Vara et al., 2004).  

PZ-DHA-induced inhibitory effects on Akt signaling are initiated at a higher level of the 

signaling cascade by the downregulation of PDK1 phosphorylation and the upregulation 

of PTEN phosphorylation, which inhibits the activation of PIP2 (Georgescu, 2010). Both 

these events lead to decreased phosphorylation of Akt, which is a serine/threonine kinase 

proto-oncoprotein with many substrates. Akt-induced down-stream activation of mTOR 

leads to cell proliferation and survival through development of resistance to apoptosis and 

chemotherapy-induced cell death (Mahajan and Mahajan, 2012). PZ-DHA inhibited the 

phosphorylation of mTOR; however, PZ-DHA did not affect the activation of GSK3β. 

Activation of RTK by binding of an extracellular signaling molecule to its extracellular 

domain activates the MAPK (ERK) pathway. Following dimerization, activated RTK 

communicates with membrane-bound RAS through the adaptor protein GRB2 and RAS 

guanine nucleotide exchange factor protein SOS (Katz et al., 2007). The efficiency of 

ERK signaling is regulated by the scaffolding protein KSR, kinase suppressor of RAS 

(Raabe and Rapp, 2002). Activated RAS triggers a phosphorylation cascade involving 

RAF, MEK and ERK (Mebratu and Tesfaigzi, 2009). PZ-DHA inhibited two proteins of 

this cascade, RAF and ERK1/2. Phosphorylation of ERK1/2 leads to its activation and 

subsequent translocation to the nucleus. In the nucleus, ERK activates transcription 

factors such as ELK which send mitogenic signals that lead to cell proliferation and 

survival (Lee et al., 2016; Mebratu and Tesfaigzi, 2009). PZ-DHA inhibits Akt and ERK 

signaling at multiple levels, suggesting that the anti-proliferative effect of PZ-DHA on 

TNBC cells may be mediated through these two pathways. 
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Figure 7.2. Proposed scheme for PZ-DHA-induced anti-proliferative activities in 

TNBC cells in vitro. 

At sub-cytotoxic concentrations, PZ-DHA suppresses the proliferation of TNBC cells. 

PZ-DHA inhibits activation of the Akt pathway by inhibiting the phosphorylation of 

PDK1, Akt and mTOR and inducing the activation of the Akt suppressor, PTEN. In 

addition, PZ-DHA suppresses the activation of MAPK by inhibiting the phosphorylation 

of c-RAF and ERK1/2. 

Akt: protein kinase B; AP: activator protein; c-RAF: proto-oncogene serine/threonine-

protein kinase; ELK: Ets-like protein-1; ERK: extracellular signal-regulated kinase; 

GRB2: growth factor receptor-bound protein 2; GSK3-β: glycogen synthase kinase 3-β; 

MEK: mitogen-activated protein kinase kinase; mTOR: mammalian target of rapamycin; 

PDK1: phosphoinositide-dependent kinase-1; PI3K: phosphoinositide 3-kinase; PIP2: 

phosphatidylinositol-4,5-bisphosphate; PIP3: phosphatidylinositol-3,4,5-trisphosphate; 

PTEN: phosphatase and tensin homolog; PZ-DHA: phloridzin docosahexaenoate; RAS: 

small molecular GTPase family proteins; RTK: receptor tyrosine kinase; SOS: son of 

sevenless. 
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7.1.6 PZ-DHA inhibits metastasis of TNBC cells 

The principle goal of this project was to test the anti-metastatic effects of PZ-DHA using 

in vitro and in vivo models of TNBC. PZ-DHA likely inhibited filopodia-driven 

migration of TNBC cells, as indicated by the down-regulation of Cdc42 but not Rac1/2/3. 

PZ-DHA did not alter basal levels of Rho GTPase in non-malignant MCF-10A cells; 

however, TGF-β-induced migration, as well as RhoA and Cdc42 expression were 

decreased. The phenotypic transformation of epithelial cells at an early stage of 

metastasis facilitates detachment of cancer cells from a primary tumor and migration (Le 

Bras et al., 2012; Gavert and Ben-Ze’ev, 2010). Although it is well-accepted that type III 

EMT triggers the metastatic process (Felipe Lima et al., 2016; Schaeffer et al., 2014; 

Yang and Weinberg, 2008), recent studies in some model systems show that EMT is not 

required for metastasis. Fischer et al. (2015) show that metastasis of breast cancer cells 

into the lungs of triple-transgenic mice carrying polyoma middle-T or Neu oncogenes 

does not depend on EMT. Furthermore, Zheng et al. (2015) also demonstrate that 

metastasis of pancreatic cancer cells to the liver and lungs does not require EMT in a 

mouse model of pancreatic ductal carcinoma with deletion of Snail and Twist, two 

transcription factors involved in EMT (Zheng et al., 2015). The contradicting 

observations on the role of EMT and/or MET in metastasis have been discussed widely, 

leading to the conclusion that multiple hypotheses may exist to explain this complex 

phenomenon (Jolly et al., 2017b; Wang et al., 2016). As such, EMT and MET are 

critically important during single-cell dissemination and migration, even though cells do 

not need to lose cell-cell adhesions completely during collective migration and cluster-

based migration (Jolly et al., 2017b). PZ-DHA inhibited the activity of β-catenin, Slug 

and ZEB-1 in in vitro cultures; however, the expression of vimentin was not affected. A 

characteristic down regulation of E-cadherin and upregulation of vimentin is displayed 

during EMT (Clark and Vignjevic, 2015). Wong et al. (2014) report that E-cadherin is 

expressed by cells that are migrating collectively, whereas vimentin is expressed during 

single-cell migration. Therefore, it is possible that PZ-DHA-induced anti-metastatic 

activity results from an inhibition of collective breast cancer cell migration rather than 

single-cell migration. This remains as a hypothesis at this point since effects of PZ-DHA 

on the expression of E-cadherin and vimentin were not tested in vivo; however, it is safe 
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to conclude that dissemination of cells from the primary tumor site was effectively 

inhibited by PZ-DHA, as shown by up-regulation of E-cadherin in MDA-MB-231 cell 

cultures. Both Fisher et al. (2015) and Zheng et al. (2015) show that EMT is a significant 

contributor to chemoresistance, even though EMT is not required for metastasis. PZ-

DHA killed paclitaxel-resistant MDA-MB-231 cells, indicating effectiveness against 

metastasis and drug-resistant breast cancer cells, most likely because of its ability to 

impact EMT. Many studies have shown that tumor cell proliferation, metastasis, and 

distant colony growth are interconnected by a complex network of signaling. In fact, the 

expression of YB-1 protein by breast cancer cells with activated MAPK signaling inhibits 

cell proliferation while inducing EMT, which suggests that proliferation is essential for 

maintaining primary tumor growth to achieve metastatic potential; however, growth 

inhibition is required for the survival of circulating cancer cells and secondary relapse 

(Evdokimova et al., 2009). Furthermore, the growth suppressor activity of p16 and p21 

promotes metastasis in basal cell carcinoma cells and hamster cheek pouch carcinoma-1 

cells, respectively (Thompson et al., 2005; Unden et al., 1996). Hoek et al. (2008) 

showed that the genetic make-up of human melanoma cells switches between 

proliferative and invasive states during tumor progression (Hoek et al., 2008). It is 

therefore apparent that inhibition of tumor growth promotes metastasis by activating 

alternative signaling pathways. Interestingly, PZ-DHA inhibited primary tumor growth in 

Balb/c and NOD-SCID mice while also inhibiting the metastasis, which suggests that PZ-

DHA is able to act on multiple signaling pathways in an in vivo model. Additionally, 

sections 5.2.7 and 5.2.8 show that the anti-metastatic activity of PZ-DHA does not 

correlate with the tumor suppression. There is a concern that PZ-DHA may stimulate a 

neutralizing antibody response in Balb/c mice upon intraperitoneal administration. 

However, this is unlikely since PZ-DHA is a poor immunogen due to its small size and 

non-protein nature. Moreover, both parent compounds of PZ-DHA are components of a 

normal diet and are therefore tolerogenic. In summary, the findings of my research 

strongly suggest that PZ-DHA inhibits the metastasis of TNBC cells by inhibiting several 

different factors that contribute to metastasis. 
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7.1.7 Scheme of the molecular mechanisms of PZ-DHA-induced anti-metastatic 

activity in TNBC cells 

The molecular pathways involved in the anti-metastatic effects of PZ-DHA are in Figure 

7.3. Even though PZ-DHA did not activate GSK3β through phosphorylation at tyrosine 

residues, there was inhibition of β-catenin, which implies that PZ-DHA inhibits the 

cytoplasmic accumulation of β-catenin and possibly its nuclear translocation. PZ-DHA 

also inhibited Slug and ZEB-1, two transcription factors involved in EMT of TNBC cells. 

PZ-DHA also reversed the EMT-induced cadherins switch. 

PZ-DHA-induced upregulation of E-cadherin indicated restoration of epithelial 

characteristics that may have been lost during EMT. TGF-β often promotes EMT and 

metastasis. Furthermore, TGF-β-induced cell migration is mediated through Rho-

dependent mechanisms (Raftopoulou and Hall, 2004; Ridley, 2015). PZ-DHA inhibited 

the TGF-β-induced migration of MDA-MB-231 and MCF-10A cells. PZ-DHA also 

suppressed RhoA, Cdc42 and Rac1/2/3 overexpression stimulated by TGF-β, suggesting 

an inhibitory effect on the cell migration that is mediated through actin cytoskeletal 

changes such as formation of stress fibers, lamellipodia and filopodia. Taken together, 

my findings suggest that PZ-DHA inhibits the migration and metastasis of TNBC cells 

mainly by inhibiting EMT and Rho GTPase signaling. 
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Figure 7.3. Proposed scheme for PZ-DHA-induced anti-metastatic activities in 

TNBC cells in vitro. 

Sub-cytotoxic concentrations of PZ-DHA inhibit migration, invasion and the expression 

of transcription factors involved in epithelial-to-mesenchymal transition of TNBC cells. 

PZ-DHA-induced inhibition of the EMT transcription factor β-catenin may contribute to 

the inhibition of other β-catenin-dependent EMT transcription factors such as Slug, and 

ZEB-1. This may lead to the upregulation of E-cadherin and inhibition of the EMT 

process, resulting in a decrease in migration, invasion and metastasis of TNBC cells. 

Furthermore, PZ-DHA also inhibits TGF-β-induced Cdc42, Rac1/2/3 and RhoA 

expression, resulting in reduced cell migration, differentiation and EMT. 

APC: adenomatous polyposis coli; E-cadherin: E-type calcium-dependent adhesion; 

EMT: epithelial-to-mesenchymal transition; GSK3-β: glycogen synthase kinase 3-β; PZ-

DHA: phloridzin docosahexaenoate; Cdc42, Rac1/2/3 and RhoA: Rho family small 

GTPases; ROCK: Rho-associated protein kinase; TGF-β: transforming growth factor-β; 

TGFβRI and TGFβII: transforming growth factor-β receptor I and II; ZEB1: zinc finger 

E-box-binding homeobox 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



206 

 

7.1.8 PZ-DHA inhibits angiogenesis 

Suppression of growth of blood vessels around solid tumors is an effective way of 

controlling metastasis (Moserle and Casanovas, 2013). PZ-DHA suppressed angiogenesis 

by inhibiting endothelial cell proliferation, migration, differentiation, and tube formation. 

At a sub-cytotoxic concentration, PZ-DHA inhibited endothelial cell proliferation by 

blocking S phase entry, most likely via inhibition of Akt signaling. The important role of 

the PI3K/Akt/mTOR signaling axis in endothelial cell proliferation and survival has been 

demonstrated in many studies (Gerber et al., 1998; Karar and Maity, 2011). In my 

experiments, PZ-DHA suppressed the phosphorylation of PDK1 and increased the 

phosphorylation of PTEN, suggesting an upstream negative regulation of Akt. PZ-DHA 

also inhibited the phosphorylation of Akt and the inhibitory activity extended to 

downstream molecules such as mTOR, CREB, and cyclin D3. Sequential inhibition of 

many signaling molecules throughout the Akt signaling pathway by PZ-DHA suggested a 

stable and persistent inhibitory effect on Akt signaling. Tumor-associated blood vessels 

are irregular in shape, highly permeable, and poorly supported by pericytes (Fakhrejahani 

and Toi, 2012; Raza et al., 2010), resulting in leaky and contorted vasculature that 

increases interstitial fluid pressure within the tumor, thereby leading to passive migration 

of cancer cells and poor penetration by chemotherapeutic drugs (Heldin et al., 2004; Lunt 

et al., 2008; Salnikov et al., 2003). It was initially believed that inhibition of angiogenesis 

would starve cancer cells to death by blocking their supply of oxygen and nutrients. 

However, recent cancer research experience suggests that “normalization” of 

angiogenesis is more effective rather than its inhibition since this approach corrects 

elevated interstitial fluid pressure, thereby allowing drug penetration and reduction of  

metastatic spread of cancer cells (Cao, 2016; Goel et al., 2011). A study conducted by 

Tsuji-Tamura and Ogawa suggested that inhibition of PI3K/Akt/mTOR signaling 

selectively promotes the abnormal elongation of vascular endothelial cells (Tsuji-Tamura 

and Ogawa, 2016). Thus, PZ-DHA-mediated inhibition of Akt signaling may contribute 

to the correction of abnormal vasculature. PZ-DHA-induced anti-proliferative effects 

were also mediated via Rho GTPase signaling. Furthermore, PZ-DHA-mediated 

inhibition of RhoA- Cdc42- and Rac1/2/3-mediated degradation of p21WAF1/CIP1 may have 

contributed to PZ-DHA-induced G1 cell cycle arrest of endothelial cells. PZ-DHA also 
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inhibited endothelial cell migration and VEGF-induced expression of small molecular 

Rho GTPases. The inhibitory effect of PZ-DHA on tube formation by endothelial cells 

and sprouting of tubules from rat aorta endothelium confirms that PZ-DHA has the 

capacity to inhibit endothelial cell rearrangement and alignment. Finally, the inhibition of 

in vivo angiogenesis in Balb/c mice by PZ-DHA provided the strongest evidence for PZ-

DHA-mediated anti-angiogenic activity. 

Inhibition of angiogenesis promised to be an effective approach to suppressing metastasis 

(Folkman, 1971; Loges et al., 2009). However, following anti-VEGF treatment, tumors 

often develop resistance. Angiogenesis is strictly controlled by the intricate balance 

between pro-angiogenic and anti-angiogenic factors; therefore, when VEGF signaling is 

blocked, tumors tend to activate local adaptation mechanisms that keep angiogenesis 

active by inducing pro-angiogenic bFGF and PDGF secretion by tumor-associated 

fibroblasts (Francia et al., 2009; Ribatti, 2016). This results in a sudden surge in tumor 

metastasis as a result of activation of multiple alternative mechanisms that increase blood 

flow to and from the tumor (Loges et al., 2009; Moserle and Casanovas, 2013). However, 

my findings suggest concurrent inhibitory effects of PZ-DHA on metastasis and 

angiogenesis, which would eliminate this limitation of anti-angiogenic treatment. There 

might also be several more mechanisms underlying the biological activities of PZ-DHA 

which need to be further investigated in future experiments. 

7.1.9 Scheme of the molecular mechanisms of PZ-DHA-induced anti-angiogenic 

activity 

The proposed mechanism of PZ-DHA-induced anti-angiogenic activity is depicted in 

Figure 7.4. Angiogenesis is a multi-step process that includes endothelial cell 

proliferation, migration, differentiation and tube formation (Senger and Davis, 2011). PZ-

DHA inhibited the angiogenesis process at several steps. PZ-DHA-stimulated 

phosphorylation of PTEN results in increased phosphatase activity in endothelial cells. A 

PZ-DHA-mediated decrease in kinase activity of PDK1 together with increased 

phosphatase activity of PTEN inhibits the phosphorylation of Akt at the serine site, 

leading to reduced mTOR activation. The activity of the downstream effector of Akt, 

CREB transcription factor, was also suppressed, which may lead to decreased nuclear 
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translocation of CREB and subsequent activation of its target genes such as VEGF via 

binding to CRE. PZ-DHA also inhibited the expression of cyclin D3, leading to a G1 cell 

cycle arrest. This suggests another mechanism for the anti-proliferative activity of PZ-

DHA on endothelial cells. S phase entry of endothelial cells was blocked by PZ-DHA-

induced inhibition of Rho GTPase-mediated p21 degradation. PZ-DHA inhibited the 

endogenous RhoA, Cdc42 and VEGF-induced Cdc42 and Rac1/2/3 expression, 

suggesting that its anti-migratory effects are mediated through the inhibition of small 

molecular Rho GTPases. Subsequent inhibition of tube formation by blocking VEGF 

activity and Rho GTPase signaling in addition to reduced endothelial cell proliferation 

results in decreased angiogenesis. 
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Figure 7.4. Proposed scheme for the anti-angiogenic activities of PZ-DHA in vitro. 
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PZ-DHA inhibits angiogenesis by inhibiting endothelial cell proliferation, migration and 

tube formation. The anti-proliferative effect of PZ-DHA on endothelial cells are mediated 

through inhibition of Akt signaling and Rho GTPase driven G1 arrest through the p53-

p21 axis. PZ-DHA inhibits endothelial cell migration and differentiation by inhibiting 

VEGF-induced small molecular Rho GTPase activation. 

Akt: protein kinase B; AP: activator protein; Cdc42, Rac1/2/3 and RhoA: Rho family 

small GTPases; CRE: cAMP (cyclic adenosine monophosphate) response element; 

CREB: cAMP (cyclic adenosine monophosphate) response element binding protein; 

GSK3-β: glycogen synthase kinase 3-β; mTOR: mammalian target of rapamycin; p21: 

cyclin-dependent kinase inhibitor 1; PDK1: phosphoinositide-dependent kinase-1; PI3K: 

phosphoinositide 3-kinase; PIP2: phosphatidylinositol-4,5-bisphosphate; PIP3: 

phosphatidylinositol-3,4,5-trisphosphate; PTEN: phosphatase and tensin homolog; PZ-

DHA: phloridzin docosahexaenoate; ROCK: Rho-associated protein kinase; RTK: 

receptor tyrosine kinase; VEGF: vascular endothelial growth factor; VEGFR2: vascular 

endothelial growth factor receptor 2. 
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7.2 Limitations of the research 

Since PZ-DHA is a novel polyphenol-fatty acid ester derivative, the availability of 

reports on this compound by other investigators is extremely limited. The cytotoxic 

activity of PZ-DHA has been previously studied using HepG2 and THP-1 cells (Nair et 

al., 2014), MDA-MB-231 cells (Fernando et al., 2016), and K562 and Jurkat  cells 

(Arumuggam et al., 2017). However, prior to this study, in vivo pharmacological 

activities of PZ-DHA in a rodent model had been tested only once (Fernando et al., 

2016). The current study provides strong justifications to support the anti-metastatic 

activity of PZ-DHA; however, it must be noted that limitations in study design and 

experimentation may have skewed some of the research findings. These possible 

limitations are discussed below. 

7.2.1 PZ-DHA cellular uptake assays 

The goal of combining PZ with DHA through an esterification reaction was to improve 

cellular uptake of PZ and stability of DHA; in the current project, for the first time, this 

hypothesis was tested and proven. However, cellular uptake assays were conducted using 

epithelial cells grown as monolayers; as a result, cells were exposed to test compounds on 

only from one side of the monolayer, which may underestimate the cellular uptake of PZ-

DHA and its parent compounds. Exposure of  cultured cells to drugs requires that cells be 

maintained in humidified, CO2-supplied incubators, which may result in minor, but 

possibly impactful fluctuations in pH (Friberg et al., 2003; Swietach et al., 2012; 

Vaidyanathan and Walle, 2003) and oxidative balance (Halliwell, 2003; Yokomizo and 

Moriwaki, 2006) that may affect the stability/oxidation of drugs as well as cellar 

functions. This limitation could be addressed by conducting experiments under more 

controlled conditions, as well as studies in an in vivo setting in which pH and oxidative 

stress are well controlled by homeostatic systems. Cellular uptake assays were conducted 

by culturing epithelial cells in the presence of PZ-DHA for 72 h. This time point was 

chosen with the aim of employing the same concentration and time point for subsequent 

in vitro experimentation; however, cellular uptake assays are typically performed at much 

shorter time points. 
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7.2.2 In vitro experiments 

The effect of PZ-DHA on the expression of various signaling molecules was tested 

throughout this project. Except the examination of cyclin, and CDK, and small molecular 

Rho GTPase expression, phosphorylation was used as an indirect indicator of kinase or 

phosphatase activity. Phosphorylation is one of the most important post-translational 

protein modifications and has been widely used in cell biology as a method of measuring 

enzyme activity (Nishi et al., 2011). Furthermore, phosphorylation events have been 

considered as an option for targeted therapy of cancer (Ardito et al., 2017; Nishi et al., 

2011; Peck, 2006).  However, phosphorylation does not always confirm protein 

activation (Cobb and Goldsmith, 1995); therefore, it would be appropriate to conduct 

enzyme activation assays to confirm findings from western blot analysis. Furthermore, 

the studies imply small molecular Rho GTPase expression but do not directly show their 

activation. 

The effect of PZ-DHA on the metabolic activity of cells was tested using either MTT or 

MTS assays. Mitochondrial succinate dehydrogenase and NADH-dependent 

oxidoreductases catalyze the reduction of MTT and MTS (Berridge et al., 2005; Lau et 

al., 2004). However, unlike MTT, the reduction of MTS requires an intermediate electron 

transporter (e.g.: phenazine methosulfate). Therefore, to minimize any undesirable 

cytotoxic effects caused by an additional reagent, I decided to switch to the much simpler 

MTT assay during the later part of the project. Nevertheless, the fact that both assays 

measure the activity of selected enzymes may have resulted in an underestimation of the 

overall metabolic activity of the cells. 

Since the response of TNBC cells to current chemotherapy is poor, development of 

resistance and treatment failure is common. Recurrence of TNBC is fueled by the activity 

of CSCs. The inhibitory action of PZ-DHA on stem cell-like activity was shown using an 

assay of spheroid formation that used MCF-7 ER+ breast cancer cells, even though 

MDA-MB-231 cells would be a better choice to study the activity of PZ-DHA on TNBC 

stem cells. However, the cell-cell interactions of TNBC cells is poor and as a result 

MDA-MB-231 cells did not form spheroids with distinct margins (Supplementary Figure 

8). 
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The interaction of TNBC cells with endothelial cells was modeled using HUVEC 

monolayers and PZ-DHA-treated GFP-MDA-MB-231 cells. Western blot analysis 

showed that PZ-DHA increased E-cadherin expression by MDA-MB-231 cells; however, 

the expression of E-cadherin was not blocked prior to the adhesion assays, which may 

have resulted in a confounding effect by aggregated MDA-MB-231 cells. 

7.2.3 In vivo experiments 

The effects of PZ-DHA on tumor growth and metastasis was studied in two different 

mouse models of metastatic TNBC. The use of two different models to evaluate the same 

aspects bought extra clarity to the research findings; however, these models have some 

inherent limitations. The growth of a tumor is determined by the proliferative and 

invasive capacity of the tumor cells, as well as by components of the tumor 

microenvironment such as fibroblasts, immune cells, blood/lymphatic vasculature, 

adipose cells, and ECM. (Quail and Joyce, 2013; Wang et al., 2017; Whiteside, 2008). In 

the syngeneic mouse model in which 4T1 mouse mammary carcinoma cells were 

transplanted in Balb/c female mice, the cells of the tumor microenvironment, the tumor 

cells and the host animal are genetically identical; therefore, the role of host-tumor 

interactions in tumor metastasis will be appropriately evaluated. However, tumors 

harvested from this model are not necessarily comparable to a human tumor; therefore, 

conclusions drawn from this model should be interpreted with caution. On the other hand, 

in the MDA-MB-231 xenograft model in NOD-SCID female mice, the tumor is of human 

origin; however, the cells that comprise the tumor microenvironment and the TNBC cells 

are from two different species. Furthermore, this model lacks an immune cell component. 

Thus, metastasis in this model may not accurately reflect the situation in breast cancer 

patients. However, when considered together, each model compensates for the limitations 

of the other. Furthermore, Fleming et al. (2010) suggest that tumor cell implantation into 

the abdominal/inguinal mammary fat pad (orthotopic implantation) is linked to a greater 

success in metastatic models compared to the implantation of cells into the thoracic 

mammary fat pad or flanks (Fleming et al., 2010). Therefore, even though the 

experimental models are associated with their own limitations, jointly, these studies could 

be considered informative. 



214 

 

7.3 Future directions 

7.3.1 Additions to the current in vitro work 

The current study proves an important hypothesis, namely that the combination of fatty 

acids with flavonoids improves the cellular uptake and stability of both parent 

compounds. However, this experiment could be greatly improved by introducing better 

detection methods to the experiment such as the use of radiolabeled-PZ-DHA for cell 

uptake studies. In addition, Grootaert et al. (2016) introduced a novel flow cytometric 

method of measuring flavonoid cell uptake following staining with 2-

aminoethoxydiphenyl borate, a fluorescent probe (Grootaert et al., 2016). Therefore, the 

current cellular uptake assays should be confirmed using such improved method, as well 

as more advanced methods such as the parallel artificial membrane permeability assay 

(PAPMA) (Masungi et al., 2008). Another possible addition to the current cellular uptake 

assays would be an investigation of the effects of pH on cell uptake of PZ-DHA, as 

tumors are known to have an acidic microenvironment (Vallabhajosula et al., 1982). It 

would also be interesting to check the uptake of PZ-DHA by other adherent and 

suspension cell lines to determine whether the cell uptake and metabolism is cell line-

dependent. Since metabolites increase the pharmacological activity of flavonoids because 

of increased serum retention time of metabolites (Manach et al., 1998), it would be worth 

testing the anti-proliferative, anti-metastatic and anti-angiogenic activities of PZ-DHA-

metabolites in comparison to PZ-DHA. PZ-DHA down-regulated the expression of β-

catenin in MDA-MB-231 cells in a GSK3β-independent mechanism. The literature 

supports the idea that apple flavonoids-mediated GSK3β regulation in malignant cells 

follows a different mechanism from non-malignant cells (Antika et al., 2017; Kern et al., 

2006); however, this was not confirmed with PZ-DHA. Therefore, the effects of PZ-DHA 

on GSK3β expression in non-malignant cells such as MCF-10A cells need to be tested. A 

role of RAS-Rho crosstalk in the G1/S cell cycle arrest has been suggested by previous 

studies. (Coleman and Olson, 2004; Mittnacht et al., 1997; Peeper et al., 1997). PZ-DHA 

inhibited the HUVEC proliferation at G1/S; a role of Rho GTPases in relation to cell 

cycle regulation was also suggested by the current study. Thus, the effect of PZ-DHA on 

RAS signaling in HUVECs should be investigated. 
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It is possible that the structural differences in the cell membrane of the malignant and 

non-malignant cells may play a role in the selective cytotoxic activity of PZ-DHA. 

Studies show that the interactions between caveolae, lipid rafts and the galectin lattice in 

the control of cancer cell signalling (de Laurentiis et al., 2007; Patel and Insel, 2009; 

Shankar et al., 2015). Therefore, potential membrane interactions of PZ-DHA with these 

cell membrane regions should be investigated.  

7.3.2 Additions to the current in vivo work 

The pharmacokinetic experiments that I performed suggested that PZ-DHA undergoes 

phase II conjugation reactions, and the metabolites and unconjugated PZ-DHA is 

distributed through out the body. The ultimate goal of this work is to determine the 

feasibility of formulating PZ-DHA into a form suitable for oral dosing and investigate its 

behaviour in the body. Before proceeding to these experiments, it is important to 

understand the fate of PZ-DHA in the enterohepatic circulation, which was not 

investigated during this project. Furthermore, renal excretion of PZ-DHA was assumed 

because of the presence of PZ-DHA and its tri-methylated form in the kidneys. This step 

also remains to be confirmed by assessing PZ-DHA concentration in urine. Experiments 

also need to be designed to understand the fate of PZ-DHA following oral administration. 

Oral gavage of PZ-DHA and the subsequent analysis of blood, organs and feces may 

provide information regarding the feasibility of administering PZ-DHA by the oral route. 

In order to determine the absolute bioavailability, PZ-DHA administration needs to be 

performed via intravenous route in parallel to the oral administration. 

There are a few important areas in which the application of PZ-DHA has not yet been 

tested. Firstly, it is believed that the surgical removal of a tumor mass results in a 

substantial reduction in tumor burden. The risk of recurrence due to the residual tumor 

cells following surgical excision is mainly managed by subsequent chemotherapy and 

radiation therapy. The sequence of the surgery and chemotherapy/radiation therapy is 

determined on the basis of tumor invasiveness and its ability to be cleanly resected 

(Balko et al., 2012; Buchholz et al., 2015; Lee et al., 2011a; Morris et al., 2010; Takano 

et al., 2015). Secondly, metastasis may be initiated at an early stage in the growth of 

primary tumors; indeed, mounting recent evidence suggests that dormant metastatic 
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cancer cells may have become disseminated through the circulation even before the start 

of preoperative chemo/radiation therapy and/or surgical removal of the tumor (Friberg 

and Nyström, 2015; Röcken, 2010; Yokota, 2000). Thirdly, Demicheli et al. (2008) noted 

that the surgical removal of primary tumor may be associated with the risk of surgery-

driven metastasis (Demicheli et al., 2008). Since PZ-DHA shows potent and safe anti-

metastatic activity in vivo, it would be interesting to determine whether PZ-DHA inhibits 

the in vivo metastasis in the above three contexts using a mouse model of metastatic 

breast cancer in which the primary tumors are resected in a timely fashion. 

7.3.3 Synergistic effect of PZ-DHA in combination with chemotherapeutic drugs 

The search for targeted therapies to treat TNBC is one of the top priorities in breast 

cancer research. However, the current clinical practice of TNBC treatment is still limited 

to an appropriate combination of surgery, chemotherapy, and radiation therapy (Yagata et 

al., 2011). A recent study shows that a combination drug regimen that includes 

bevacizumab (anti-angiogenic), carboplatin (alkylating agent), and paclitaxel (mitotic 

inhibitor) improves the overall response rate of TNBC patients with/without metastatic 

disease (Chalakur-Ramireddy and Pakala, 2018). Pritchard et al. (2013) explains that 

combination chemotherapy may act in two major ways; first, one drug may simply 

strengthen the activity of the other drug; second, when combined the two drugs exert a 

different effect than they would if used separately (Pritchard et al., 2013). The role of 

flavonoids in concurrent administration with chemotherapy or radiation therapy has been 

discussed widely (Conklin, 2000; D’Andrea, 2005; Simone et al., 2007). These studies 

mainly examined the role of pro-oxidant and/or anti-oxidant activity of flavonoids in 

combination with chemotherapy and/or radiation therapy to enhance the efficacy of 

treatment and/or to protect the normal cell counterparts from adverse side effects (Ebeid 

et al., 2016; Kostler et al., 2001; Lamson and Brignall, 1999; Lawenda et al., 2008). The 

role of quercetin in combination with conventional chemotherapy has been studied 

extensively (Brito et al., 2015). In addition, Aksamitiene et al. (2012) reported a 

synergistic effect of luteolin, a flavonoid, when it was combined with nilotinib or 5-

fluorouracil, two chemotherapeutic drugs that are used in the treatment of pancreatic 

cancer. Since PZ-DHA possesses several different biological activities, it would be worth 

investigating the effects of PZ-DHA in combination with conventional chemotherapeutic 
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drugs currently used in breast cancer such as doxorubicin, cisplatin and paclitaxel. It is 

possible that concurrent administration of PZ-DHA with chemotherapeutic agents may 

inhibit the growth of tumors by accelerating the cytotoxic effects of the chemotherapeutic 

drugs. PZ-DHA may also sensitize the tumors to chemotherapy by “normalizing” the 

aberrant vasculature and thereby increasing the penetration of chemotherapeutic drugs 

into the tumor interior. 

7.3.4 Efficacy of PZ-DHA on breast cancer stem cell activity 

Drug resistance, metastasis, and cancer stem cells are tightly inter-connected aspects of 

cancer and their collective contribution leads to an extremely aggressive phenotype. The 

association of cancer stem cells and drug resistance (Phi et al., 2018; Prieto-Vila et al., 

2017; Schöning et al., 2017; Vinogradov and Wei, 2012), as well as cancer stem cells and 

metastasis (Li and Li, 2014; Li et al., 2007; Sampieri and Fodde, 2012; Shiozawa et al., 

2013), is supported by a growing body of evidence in literature. The current research 

shows that PZ-DHA inhibits TNBC metastasis. A preliminary experiment conducted 

using MCF-7 cells shows that PZ-DHA may also have stem cell suppressor activity. PZ-

DHA killed paclitaxel-resistant MDA-MB-231 cells and increased the number of chemo-

resistant cells undergoing apoptosis. Taken together, these three findings suggest that 

cancer stem cell suppressor activity of PZ-DHA may have a significant impact on the 

metastatic activity and chemoresistance of TNBC cells. However, these hypotheses 

remain to be investigated in future experiments. 

7.3.5 Identification of genes involved in the response of breast cancer cells to PZ-

DHA treatment as a basis for patient-oriented breast cancer treatment 

The complicated dynamic nature of cancer is reflected by the tremendous heterogeneity 

of solid tumors (Balogh et al., 2011; Dagogo-Jack and Shaw, 2017; Meacham and 

Morrison, 2013). The heterogeneity that exists between two tumors growing in two 

patients, but belonging to the same histological subtype is known as intra-tumoral 

heterogeneity (Bedard et al., 2013; Gerashchenko et al., 2013; Gupta and Somer, 2017). 

The heterogeneity that exists among the tumor cells of a single patient is known as inter-

tumor heterogeneity (Liu et al., 2018; Sutherland and Visvader, 2015). Breast cancer is 

an extremely heterogeneous disease; therefore, a patient-oriented approach may more 
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effectively address challenges such as drug resistance and treatment failure (Balogh et al., 

2011; Polyak, 2011; Turashvili and Brogi, 2017). Identification of drug-

resistance/sensitivity genes will allow for the selection of patients who would most likely 

benefit from treatment with a particular drug (Garnett et al., 2012). The identification of 

the genes involved in the response of breast cancer cells to PZ-DHA treatment through a 

genome-wide RNAi screening approach may provide more precise information on which 

patients will receive the greatest benefit from PZ-DHA treatment. Identification such 

genes in future experiments will be very useful going forward. 

7.3.6 Encapsulation of PZ-DHA in nanoparticles as an approach to targeted drug 

delivery 

Targeted nanoparticle drug delivery is an emerging approach to overcoming biological 

barriers to cancer chemotherapy (Mudshinge et al., 2011; Singh et al., 2009b; 

Wilczewska et al., 2012). Even though PZ-DHA shows impressive and safe biological 

activities both in vitro and in vivo, the majority of PZ-DHA administered by the 

intraperitoneal route did not reach the systemic circulation. PZ-DHA is potent in 

biological systems; however, a higher dose of PZ-DHA is needed to reach an effective 

concentration at the site of action. Incorporation of flavonoids into nanoparticles has been 

examined as one possible approach to improving their cellular uptake and bioavailability 

(Wang et al., 2013). Polylactic-co-glycolic acid (PLGA)-based nanoparticles loaded with 

quercetin show a 56% increase in the cellular uptake of quercetin by MDA-MB-231 cells 

and a significant reduction in the viability of the breast cancer cells (Halder et al., 2018). 

Another study shows PLGA nanoparticles loaded with etoposide or etoposide combined 

with quercetin caused the IC50 of etoposide to decrease by 9-10-fold in MCF-7 breast 

cancer cells. Furthermore, in rats incorporation of etoposide with quercetin in the 

nanoparticle improves the bioavailability of etoposide by 2.4-fold when compared to 

nanoparticle loaded with etoposide alone (Fatma et al., 2016). Oil-based lipid 

nanoparticles protected encapsulated quercetin, naringenin, and hesperetin from 

biodegradation and improved the bioaccessibility of these compounds by 56% (Ban et al., 

2015). Thus, nanoparticle encapsulation of flavonoids improves their bioavailability by 

several means. Similarly, incorporation of PZ-DHA into a suitable delivery vehicle such 

as liposomes, polymeric nanoparticles, micelles or dendrimers may decrease the dose 
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required to exert maximal biological effects and may also minimize any side effects that 

might occur due to the overaccumulation of PZ-DHA in body fat. 

7.4 Significance of the research and concluding remarks  

As it has been repeatedly highlighted throughout this thesis, metastatic cancer is a deadly 

and devastating disease, regardless of the primary tumor site. In particular, TNBC is one 

of the most aggressive types of breast cancer as recurrence is likely following 

conventional chemotherapy. Metastatic-TNBC therefore brings two extremely lethal 

disease conditions together, thereby creating disease that is clinically incurable using 

current treatment strategies. The overall objective of the current project was to establish 

pharmacokinetic parameters of a novel polyphenol fatty acid ester derivative and then 

study its potential to block TNBC metastasis in mice as a first step in possible translation 

to the clinic. 

Here, I tested the efficacy of a novel dietary biomolecule derived-compound known as 

PZ-DHA against metastatic TNBC. My study utilized in vitro, ex vivo and in vivo models 

and revealed several major mechanisms by which PZ-DHA inhibits the growth and 

metastasis of TNBC cells, as well as angiogenesis associated with tumor progression. PZ-

DHA suppressed Akt, MAPK, TGF-β, and Rho GTPase signaling pathways in TNBC 

cells and inhibited TNBC tumor growth and metastasis in mice. Furthermore, PZ-DHA-

induced Akt and Rho GTPase signaling was also observed in endothelial cells. The anti-

angiogenic activity of PZ-DHA in mice suggested a PZ-DHA-induced reduction in 

hematogenic spread of TNBC cells. Pharmacokinetic experiments showed that PZ-DHA 

undergoes phase I and II metabolism and PZ-DHA is readily distributed throughout the 

body without causing toxic side effects. In addition, the conjugation of PZ with DHA 

improved the cellular uptake and stability of both compounds. 

Findings of this project suggest that metastatic TNBC may be manageable using this 

novel polyphenol fatty acid ester derivative alone or in combination with other 

chemotherapeutic drugs. It is still too early to consider a place for PZ-DHA in the clinical 

setting; however, this research makes a significant contribution to the existing knowledge 

of the role of dietary biomolecules in the management of metastatic TNBC and reveals 

the potential of PZ-DHA to inhibit the progression of metastatic TNBC in patients.
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APPENDIX: SUPPLEMENTARY FIGURES 

 
Supplementary Figure 1. HPLC chromatogram of standard PZ, DHA and PZ-DHA 

used for in vitro and in vivo experiments. 

PZ, DHA and PZ-DHA (0.25 mg/mL) standard solutions prepared in methanol were 

identified using single ion monitoring of UPLC-ESI-MS analysis. PZ, MW=436.413 

g/mol, RT=1.03 min; DHA, MW=328.496 g/mol, RT=10.37 min; PZ-DHA: MW=746.88 

g/mol, RT=9.04 min. 
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Supplementary Figure 2. Chromatograms of in vitro PZ-DHA phase II metabolite 

formation control experiments. 

The quercetin was recorded in all control experiments as the internal standard and intact 

PZ-DHA was recorded in the absence of microsomes and respective cofactors, suggesting 

that the reactions are microsome-dependent and cofactor-dependent. 
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Supplementary Figure 3. PZ-DHA inhibits the metabolic activity of MDA-MB-231 human 

triple- negative breast cancer cells in a concentration- and time-dependent manner 

(Adapted from my MSc thesis) 

(Fernando, 2014) 

(A) MDA-MB-231 TNBC cells were seeded and adherent cells were treated with vehicle, 

50 µM or 100 μM of PZ, DHA, or PZ-DHA and cultured for 24 h. Following culture, 

cells were photographed using a Nikon eclipse TS 100 phase contrast microscope 

equipped with Infinity 1 camera at ×200 magnification. (B) MDA-MB-231 cells were 

treated with PZ, DHA and PZ-DHA and cultured for the indicated time points. At the end 

of culture, cells were incubated in the presence of MTS/PMS for 3 h and development of 

the formazan product was determined by measuring the absorbance at 490 nm. Metabolic 

activity of the cells was calculated using the equation, % relative metabolic activity= 

((AT-ATB)⁄( AC- ACB)) ×100, where, AT: absorbance of cells treated with drugs; ATB: 

absorbance of treatment blank; AC: absorbance of cells treated with vehicle control; ACB: 

absorbance of vehicle blank at 24 and 48 h post-treatment compared using one-way 

ANOVA multiple means comparison method and differences among means were 

compared using Tukey’s multiple means comparison method. Data presented as mean ± 

SEM are averaged results of three independent experiments performed in quadruplicates. 
Values with different letters for each concentration level are significantly different at α = 0.05 

(p<0.05). 
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Supplementary Figure 4. Detection of GFP-tagged MDA-MB-231 cells using flow 

cytometry. 

Green fluorescence protein (GFP) transfection of MDA-MB-231 cells was confirmed 

using flow cytometric analysis of parent MDA-MB-231 and GFP-tagged MDA-MB-231 

cells. Data shown are (A) FSC-H vs SSC-H dot plots and increased GFP fluorescence of 

MDA-MB-231 on (B) SSC-H vs FL1 dot plot and (C) histogram of cells acquired by FL1 

detector following transfection. 
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Supplementary Figure 5. Mitomycin C inhibits the proliferation of MDA-MB-231 

cells in vitro. 

MDA-MB-231 cells were synchronized to G0 phase by culture in serum-free DMEM 

overnight. Synchronized cells were seeded and stained with Oregon Green 488 dye, then 

treated with 10 µM mitomycin C and incubated for 2 h. Cells were then washed and 

cultured for 48 h. At the end of culture, cells were harvested and analyzed by flow 

cytometry on FL1. Data shown are representative histograms of cells incubated in the (A) 

absence and (B) presence of the DMSO control in comparison to the non-proliferative 

control and (C) number of cell divisions. 
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Supplementary Figure 6. Mitomycin C inhibits the proliferation of 4T1 cells in vitro. 

4T1 cells were synchronized to G0 phase by culture in serum-free DMEM overnight. 

Synchronized cells were seeded and stained with Oregon Green 488 dye, then treated 

with 10 µM or 20 µM mitomycin C and incubated for 2 h. Cells were then washed and 

cultured for 48 h. At the end of culture, cells were harvested and analyzed by flow 

cytometry on FL1. Data shown are representative histograms of cells incubated in the (A) 

absence and (B) presence of DMSO control in comparison to the non-proliferative 

control and (C) number of cell divisions. 

10 µM Mitomycin C 20 µM Mitomycin C 

10 µM Mitomycin C 20 µM Mitomycin C 
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Supplementary Figure 7. Confirmation of TGF-β signaling in MCF-10A non-

malignant mammary epithelial cells. 

(A) MCF-10A cells were seeded and cultured in the presence or absence of 10 ng/mL 

TGF-β, and then TGF-β-induced morphological changes (dashed-arrows: membrane 

blebs; dotted arrows: lamellipodia; solid arrows: filopodia) were photographed using a 

Nikon eclipse TS 100 phase contrast microscope equipped with Infinity 1 camera at ×100 

and ×200 magnification. (B) MCF-10A cells were treated with 10 ng/mL TGF-β for 24 h 

and the induction of TGF-β-mediated Smad3 phosphorylation at Ser423/425 was 

detected by western blot analysis. Equal protein loading was confirmed by β-actin 

expression. 
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Supplementary Figure 8. MDA-MB-231 mammospheres lack definite margins. 

MDA-MB-231, which are TNBC cells, were grown in ultra-low adherent cell culture 

plates in spheroid growth medium for 5 days. Medium was replenished every 48 h and 

mammospheres were photographed using a Nikon eclipse TS 100 phase contrast 

microscope equipped with Infinity 1 camera at ×200 magnification.
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